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Summary 

8 

It is a well-accepted hypothesis that deep-mantle primary plumes originate from a 

9 

buoyant source layer at the core-mantle boundary (CMB), where Rayleigh–Taylor (RT) 

10 

instabilities play a key role in the plume initiation process. Previous studies have characterized 

11 

their growth rates mainly in terms of the density, viscosity and layer-thickness ratios between 

12 

the denser overburden and the source layer. The RT instabilities, however, develop in the 

13 

presence of global flows in the overlying mantle, which can act as an additional factor in the 

14 

plume mechanics. Combining 2D computational fluid dynamic (CFD) model simulations and 

15 

a linear stability analysis, this article explores the influence of a horizontal global mantle flow 

16 

in the instability dynamics. Both the CFD simulation results and analytical solutions reveal that 

17 

the global flow is a dampening factor in reducing the instability growth rate. At a threshold 

18 

value of the normalized global flow velocity, short as well as long wavelength instabilities are 

19 

completely suppressed, allowing the entire system to advect in the horizontal direction. Using 

20 

a series of real-scale numerical simulations this article also investigates the growth rate as a 

21 

function of the density contrast, expressed in Atwood number 𝐴𝑇 = (𝜌1-𝜌2)/ (𝜌1+𝜌2),  and the 

22 

viscosity ratio 𝜇∗ =  𝜇1/𝜇2, where 𝜌1, 𝜇1 and 𝜌2, 𝜇2 are densities and viscosities of the

23 

overburden mantle and source-layer, respectively. It is found that increase in either 𝐴𝑇 or 𝜇∗

24 

promotes the growth rate of a plume. In addition, the stability analysis predicts a nonlinearly 

25 

increasing RT instability wavelength with increasing global flow velocity, implying that the 

26 

resulting plumes widen their spacing preferentially in the flow direction of kinematically active 

27 

mantle regions. The theory accounts for additional physical parameters: source-layer viscosity 

28 

and thickness in the analysis of the dominant wavelengths and their corresponding growth 

29 

rates. The article finally discusses the problem of unusually large inter-hotspot spacing, 

30 

providing a new conceptual framework for the origin of sporadically distributed hotspots of 

31 

deep-mantle sources.  

32 

Keywords: Hotspots, Mantle processes, Dynamics: convection currents, and mantle plumes, 33 

Numerical modelling, Instability analysis  34 
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1. Introduction 35 

Rayleigh-Taylor (RT) instability, primarily driven by gravitational forces in inverted 36 

density stratification, i.e., a heavy fluid resting upon a relatively light fluid, governs a wide 37 

range of atmospheric and oceanic processes, e.g., global air circulation, cloud formation, 38 

oceanic currents as well as many interstellar, and planetary phenomena, e.g., supernova 39 

explosion and silicate-metal segregation. Lord Rayleigh and G.I. Taylor first predicted the RT 40 

instability growth rate from a linear stability analysis, considering the effects of inertial and 41 

body forces between two immiscible inviscid fluids (Rayleigh 1882; Taylor 1950). Since then, 42 

the RT theory continued to proliferate in diverse directions (Zhou 2017a; b; Zhou et al. 2019, 43 

2021) with the addition of increasing physical variables to the theoretical treatment, such as, 44 

surface tension (Pullin 1982; Mikaelian 1996), density gradient (Munro 1988; Song et al. 45 

2021), diffusion (Masse 2007), temperature gradient and mass transfer (Gerashchenko & 46 

Livescu 2016), effect of rotation (Baldwin et al. 2015) and magnetic field (Zrnić & Hendricks 47 

2003). A category of these variables (density gradient, temperature gradient, mass transfer, and 48 

diffusion) facilitates the growth of instabilities, whereas the others (surface tension, magnetic 49 

field, and rotational forces), in contrast, act as dampening agencies. A complete theory thus 50 

demands an account of both the driving and dampening factors to predict the dynamics of 51 

gravitational instabilities in natural systems as well as practical applications. The RT instability 52 

mechanics has been also extensively applied in solid earth geophysics to conceptualize many 53 

important geodynamic processes (Turcotte & Schubert 2002), such as salt dome formation in 54 

sedimentary basins (Ramberg 1968a; b, 1972; Miller & Behn 2012; Louis-Napoleon et al. 55 

2022), magma transport (Whitehead 1986; Wilcock & Whitehead 1991), intraplate orogenic 56 

collapse (Neil & Houseman 1999; Louis-Napoléon et al. 2020), downwelling at the 57 

lithospheric base (Conrad & Molnar 1997; Houseman & Molnar 1997), silicate mantle-metallic 58 

core segregation in the Earth (Ida et al. 1987; Mondal & Korenaga 2018). The success of these 59 
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applications has greatly widened the research scope of mantle dynamics in the light of 60 

gravitational instabilities.  61 

Plume formation is recognized as the most effective geodynamic process to drive 62 

focused upwelling in Earth’s mantle, and it is a well-accepted hypothesis that they originate 63 

mostly from RT instabilities in the thermal boundary layer (TBL) at the core-mantle boundary 64 

(CMB) (Morgan 1972; Nolet et al. 2007; Burke et al. 2008; Styles et al. 2011) and other regions 65 

at relatively shallower depths, such as melt-rich zones above sinking slabs in subduction zones 66 

(Gerya & Yuen 2003; Ghosh, Maiti, Mandal, et al. 2020) and transition zones (Brunet & Yuen 67 

2000; Kumagai et al. 2007). Plumes initiated by instabilities in the TBL ascend under buoyancy 68 

forces of their large heads (~500 to >1000 km in diameter), which trail into narrow tails (~100 69 

to 200 km in diameter). Scaled laboratory experiments and numerical simulations have 70 

provided significant insights into their ascent behaviour (Whitehead & Luther 1975; Olson & 71 

Singer 1985; Bercovici & Kelly 1997; Lowman et al. 2004; Ballmer et al. 2011). Jellinek et al. 72 

(2002) demonstrated from analogue experiments that, under a thermal equilibrium condition 73 

the dynamic topography in the TBL formed as a consequence of RT instabilities determines 74 

the relative spacing of upwelling zones. Similar laboratory experiments showed entrainment 75 

of surrounding materials by the bulbous plume heads during their ascent (van Keken et al., 76 

1997). Several experimental studies have reported the transient behaviour of thermal plumes 77 

(Davaille & Vatteville 2005) and their geometrical asymmetry as a function of source-layer 78 

inclination (Dutta et al. 2016). On the other direction, a number of CFD models, both 2D and 79 

3D, have shown the formation of thermal plumes from the D" layer in Earth’s mantle 80 

(Montague & Kellogg 2000; Jones et al. 2016; Li & Zhong 2017; Frazer & Korenaga 2022). 81 

This approach has set a new ground for the plume research to deal with complex ascent 82 

dynamics resulting from the interplay of multiple physical factors, e.g., viscoplastic rheology 83 
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in the lower mantle (Davaille et al. 2018) and thermo-mechanical heterogeneities in TBL (Heyn 84 

et al. 2018).  85 

To tackle the problem of mantle plume generation, a line of earlier experimental, 86 

theoretical and numerical studies, as discussed above investigated the mechanics of plume 87 

formation within a framework of RT instability theory applicable for initially rest stratified 88 

fluid systems (Jellinek & Manga 2004).  The overlying heavy fluid chosen to represent the 89 

mantle  is set to flow entirely under the destabilizing gravity effect of inverted density 90 

stratification. However, the assumption of an initially rest kinematic state  is hardly valid in 91 

Earth’s interior because the mantle regions are inherently under the influence of large-scale 92 

global flows that originate from various geodynamic processes (Fig. 1), such as  down-going 93 

slab movement, lithospheric plate motions, global convection and mantle winds (Bekaert et al. 94 

2021). Plumes, irrespective of their thermal or thermo-chemical origin, therefore, evolve 95 

through kinematic interactions with the ambient mantle flows. Some of the recent studies  96 

showed their complex development under the influence of mantle convection (Li & Zhong 97 

2017; Negredo et al. 2022; Bredow et al. 2023). However, how horizontal global mantle flows 98 

can modulate their ascent behaviour is still debated. For example, Korenaga (2005) 99 

hypothesized that mantle plumes remain fixed in their spatial positions despite an active 100 

background flow in the mantle, as observed from seismic images of deep-mantle plumes. 101 

Another school holds a completely opposite view, claiming that deep-sourced plumes undergo 102 

horizontal deflections under the influence of global flows (e.g., Steinberger & O’Connell 103 

1998), which are also demonstrated from laboratory experiments (Griffiths & Richards 1989; 104 

Mark A. Richards & Griffiths 1989; Kerr & Mériaux 2004; Kerr et al. 2008). Despite a 105 

significant progress in the plume study, it is yet to address the most critical questions: 1) in 106 

what way does a background flow influence the onset of RT instabilities for plume formation; 107 
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2) does the flow facilitates or dampens the instability growth? These unresolved issues 108 

constitute the central theme of our present article. 109 

         Using a 2D finite element particle-in-cell numerical method we performed computational 110 

fluid dynamics (CFD) simulation experiments to investigate the problem of RT instability 111 

growth at the CMB in mantle subjected to a global horizontal flow. The CFD simulations are 112 

utilized to explore the existence of a threshold global velocity at which the instability can be 113 

completely suppressed, allowing no plume to grow from the buoyant basal layer. We also 114 

develop a linear stability analysis to derive a dispersion relation of RT instabilities as a function 115 

of layer-parallel flow in the overlying mantle and support our findings from the simulations. 116 

Based on the numerical model findings and analytical solution, this study finally provides a 117 

possible explanation for the sporadic spatial distribution of hotspots on Earth’s surface.   118 

 119 

2. CFD Modelling 120 

2.1. Model Approach 121 

We model mantle plumes initiated by Rayleigh Taylor Instability (RTI) in a 1×122 

2.69  rectangular domain (Fig. 2), considering the lower-mantle thickness (2230 km) as the 123 

reference length scale (Lo) to normalize the model length dimensions. The model consists of a 124 

thin, low-density layer with thickness ℎ2 = 0.045 at its base, overlain by a denser layer with 125 

much greater thickness ℎ1 = 0.955.  The thin layer at the model base is chosen to mechanically 126 

replicate a buoyant boundary layer above the Core-Mantle boundary (CMB), described as 127 

source layer in the foregoing discussion. The source layer faces gravity driven RTI due to 128 

density inversion, forming plumes in course of the instability evolution. We develop our CFD 129 

modelling in the framework of incompressible Stokes flow mechanics, using the mass and 130 

momentum conservation equations: 131 

                                           ∇. 𝒖 = 0, (1) 
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where, u is the velocity, 𝜇𝑖 is the viscosity of the medium i, P is the total pressure, g is the 132 

acceleration due to gravity, and 𝜌𝑖 is the density of the medium i. Earlier studies have provided 133 

different estimates for the lower-mantle viscosity, e.g., ~1022 Pa s from geoid anomalies 134 

(Richards & Hager 1984), slightly higher than 1021 Pa s from postglacial rebound (Cathles 135 

1975; Spada et al. 1991). Numerical modelling, on the other hand, yields an estimate of ~3x1022 136 

Pa s from the slab sinking rates (Čížková et al. 2012). Considering these estimates, we set the 137 

reference viscosity 𝜇0 at 1022 Pa s to normalize the model-layer viscosities. The overburden 138 

layer is assigned a normalized viscosity 𝜇1 = 1, which is held constant to represent the average 139 

lower-mantle viscosity and simplify the model setup with an aim to find additional effects of 140 

global horizontal flows on the dynamics of plume formation in Earth’s mantle. We, however, 141 

varied the source-layer viscosity 𝜇2 in the range 0.0001 - 0.1 (Nakada et al. 2012) to account 142 

for the mechanical effects of various lateral thermal and chemical heterogeneities at the base 143 

of lower mantle reported by several authors (Davies et al. 2012; Farnetani et al. 2018). In our 144 

model we introduce an initial perturbation 𝐹(𝑦) at the interface between the two fluid layers 145 

as,  146 

where ∆𝐴 = 8.97 × 10−6, 𝑘 =
2𝜋

𝜆
, and  =  0.54 . 147 

 To describe the simulation results, we express the source-layer viscosity 𝜇2 relative to 148 

the overlying mantle viscosity 𝜇1as, 𝜇∗ =  
𝜇1

𝜇2
. Similarly, the density contrast (buoyancy factor) 149 

of the fluids is non-dimensionalized in terms of Atwood number (AT), expressed by: 150 

 where 𝜌1 and 𝜌2 are the densities of heavier overburden and lighter source-layer, respectively. 151 

All the notations and their corresponding physical variables are summarised in Table 1. AT is 152 

 −𝛻𝑃 +  𝛻. (𝜇𝑖(𝛻𝒖 +  𝛻𝑇𝒖)) +  𝜌𝑖𝒈  =  𝟎 (2) 

                                           𝐹(𝑦)  =   ℎ2  + ∆𝐴(cos(𝑘𝑥)) (3) 

                                           𝐴𝑇 =  
𝜌1 −  𝜌2

𝜌1 +  𝜌2
 (4) 
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varied in the range 0.01 to 0.04 (Nipin & Tomar 2015). We also normalize the RTI wavelength 153 

(𝑐)with source-layer thickness (h2) as ∗ =
𝑐 

ℎ2
. 154 

We impose a kinematic boundary condition at the upper model boundary to introduce 155 

a global flow in the model mantle, which is the prime concern of our present study (Fig. 2). 156 

The bottom wall is assigned a no-slip boundary condition (choice of bottom boundary 157 

condition elaborated in Supplementary S1), whereas the two side walls are subjected to 158 

periodic boundary condition. We use the open-source finite element code UNDERWORLD2 159 

(http://www.underworldcode.org/) to solve the mass and momentum conservation equations 160 

(Eq. 1 and 2) for the CFD simulations. This code works within a continuum mechanics 161 

approximation, and has been extensively used to deal with a range of geological and 162 

geophysical problems (Mansour et al. 2020). As explained in Moresi et al. (2007) and Mansour 163 

et al. (2020), the code discretizes the geometrical domain into a standard Eulerian finite element 164 

mesh and the domain is coupled with the particle-in-cell approach (Evans et al. 1957). In this 165 

numerical approach each fluid space is discretised into Lagrangian material points, ensuring 166 

the accurate tracking of material interfaces and history information using particle swarms = 167 

20971520, over the entire simulation run. The mass and momentum conservation equations are 168 

solved to find the pressure and velocity conditions within the model domain. Physical 169 

parameters, such as density and viscosity associated with Earth’s interior are coupled to these 170 

equations through particle indexing (Roy et al. 2021; Roy et al. 2022). The numerical model 171 

domain is discretized into 1024 x 512 rectangular elements. Mesh resolution tests were 172 

performed to assess the mesh resolution effects on simulation results (details in Supplementary 173 

S2). To verify the applicability of the UNDERWORLD2 code in solving the problems of RT 174 

instability in a mechanical setting with large viscosity contrasts, we have carried out the 175 

Rayleigh–Taylor instability and falling block benchmark experiments and compared the results 176 

http://www.underworldcode.org/
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with the solutions available in previous studies (van Keken et al. 1997; Thieulot 2011, 2014; 177 

Gerya 2019). The details of these benchmark tests are provided separately in Appendix A.   178 

2.2. Model Results 179 

2.2.1. Dampening effects of horizontal global flows 180 

 We systematically increased the top model-boundary velocity (Uo) to evaluate the 181 

effect of global flows on the growth rates of instabilities in the source layer, estimated from the 182 

vertical ascent-velocity component of instability-driven domes. Following Ramberg’s (1968) 183 

theoretical formulation, Uo is normalised with the absolute value of instantaneous ascent 184 

velocity 𝑣𝑦 , 185 

where K is a non-dimensional constant that depends on the viscosity and the wavelength of the 186 

system under consideration (details provided in Supplementary S3). ∆𝐴𝑡𝑖𝑚𝑒  denotes the 187 

amplitude of interface perturbations calculated from numerical simulations at the time (t ~ 188 

0.052) the instability starts to grow exponentially. This ascent velocity value (0.833 cm/year) 189 

is set as the reference velocity 𝑣0 value for all the simulations. The normalised boundary 190 

velocity, U* = 
𝑈0

|𝑣0|
 was varied in the range 0 to ~36, keeping AT (= 0.02) and 𝜇∗ (=102) constant. 191 

 The reference experiment run for an initially rest mantle condition (U*= 0) shows that 192 

the RT instabilities start to amplify with an appreciable rate (~1) at a model run time, 𝑡 ≈193 

0.052. The instabilities then grow with exponentially increasing rates to form typical plume 194 

structures (bulbous heads trailing into narrow tails) at 𝑡 ≈ 0.1 (Fig. 3). At this stage, the plume 195 

heads ascend vertically through the mantle at the rates of 14.4 - 18, which is approximately in 196 

the same order of magnitudes obtained from the Stokes formula (Turcotte and Schubert, 2002).  197 

In a simulation with U*= ~18 (Fig.S4) the global flow is found to dampen the instability growth 198 

in the initial stage, allowing them to grow at a relatively lower rate (~0.84) on a longer time 199 

scale (𝑡 ≈ 0.067), and the fastest growing instabilities attain a typical plume structure at 𝑡 ≈200 

                                           
 𝑣𝑦

∆𝐴𝑡𝑖𝑚𝑒
= −𝐾

𝜌1−𝜌2

2𝜇2
ℎ2𝑔, (5) 
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0.13. The dampening effect strengthens further when U*= ~36, where the instabilities grow in 201 

amplitude at much slower rates (~0.72 at 𝑡 ≈ 0.067) (Fig. 3) that becomes almost steady with 202 

time. Under this kinematic condition the instabilities eventually do not form any typical plume 203 

structure even after a very long model run time (𝑡 ≈ 0.187) (Fig. 4).  204 

The CFD simulation results described above clearly suggest that, under a given set of 205 

physical parameters, such as AT, 𝜇∗and layer thickness ratio, horizontal global flows in the 206 

mantle can act as a dampening factor in the RT instability dynamics to suppress the process of 207 

plume formation in the basal buoyant layer. Fig 4a and b show reducing plume ascent heights 208 

and vertical ascent velocities of the fastest growing instabilities with increasing U*. 209 

 210 

2.2.2. Role of source-layer buoyancy 211 

We ran a set of simulations by varying AT in the range 0.01-0.04 for U* = 0, keeping 212 

𝜇∗= 102. For low buoyancy (AT = 0.01), the instabilities start to grow in amplitude at significant 213 

rates (0.36 at 𝑡 ≈ 0.089), and the fastest growing wave forms a typical head-tail structure of 214 

the plume at 𝑡 ≈ 0.149 that continued to ascend vertically through the mantle layer. Increase 215 

in AT greatly facilitates the RT instability growth as expected, and develops mature plume 216 

structures on much shorter time scales, for example, (𝑡 ≈ 0.049) when AT = 0.03. For a given 217 

simulation run time, the growth rate of instabilities increases with increasing AT (Fig. 5), but 218 

showing little variations in their wavelengths. Fig 7a and b present sets of graphical plots to 219 

show temporal variations of the ascent height of the fastest growing plumes and their ascent 220 

velocity, respectively as a function of AT.  221 

 222 

2.2.3. Effects of source-layer viscosity  223 

 We ran another set of simulations by varying the viscosity ratio (𝜇∗) in the range 101 – 224 

104 for U* = 0, assigning AT = 0.02. For a lower viscosity ratio (𝜇∗ = 102), the instabilities are 225 
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initiated with a non-dimensional wavelength, * = 12 – 15, and they grow at significant rates 226 

(2.4) on a model run time, 𝑡 ≈ 0.075 (Fig. 6) and subsequently give rise to plume structures 227 

on a time scale of ~0.112.  In addition to the fastest growing waves, several secondary waves 228 

evolve (Fig S5) into plume structures at relatively shorter wavelengths (* = 300 – 400).  229 

Increasing 𝜇∗ facilitates the instability growth rates and thereby reduces the time scale of plume 230 

formation (Fig. 6). For example, 𝜇∗ = 104 yields fastest growing instabilities at 𝑡 ≈ 0.029, 231 

which form typical head-tail plume structures within a much shorter time scale (𝑡 ≈ 0.045). 232 

The spacing of well-developed plumes calculated from these simulations show a nonlinear, but 233 

positive correlation with the overburden to source layer viscosity ratio (Fig. S6a). We also 234 

investigated the effects of source-layer thickness, normalized to overburden thickness and 235 

obtained a similar increase of plume spacing with increasing source-layer thickness (Fig. S6b).    236 

The vertical ascent height of plumes and their corresponding ascent velocities are 237 

summarily shown in graphic plots for different 𝜇∗ values (Figs. 7c &d). Interestingly, the 238 

inverse relations of plume ascent velocity with the source-layer viscosity obtained from our 239 

models have been also reported in earlier studies (van Keken et al. 1997). 240 

 241 

3. Linear stability analysis 242 

3.1. Mathematical formulation 243 

Consider a thin, mechanically distinct layer (source layer) above the CMB, lying below 244 

the mantle, subjected to a global horizontal flow, as illustrated in Fig 8. Here we develop the 245 

theory based on a thin-layer approximation (Brun et al., 2015), which assumes layer thickness 246 

(ℎ2) much smaller than the length scale of the system. We choose a Cartesian coordinate 247 

system, xz with the z axis in the vertical direction (positive upward). The thin layer is confined 248 

between  𝑧 = 0  and 𝑧 = ℎ2(𝑥, 𝑡) that represents the interface between the layer and the 249 

overlying mantle, respectively. The thin layer is assigned a negative density contrast relative 250 
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to the overlying mantle region, and the entire system rests upon an undeformable substrate. We 251 

consider a layer parallel velocity condition at the interface 𝑧 = ℎ2(𝑥, 𝑡) that forces materials in 252 

the thin layer to advect in the horizontal direction. The linear stability analysis is developed in 253 

the framework of mass and momentum conservation conditions, as in the CFD simulations. 254 

Considering incompressible fluid in the thin-layer, using Eq. (1) we expand the mass 255 

conservation equation as,  256 

 
𝜕𝑣

𝜕𝑧
+

𝜕𝑢

𝜕𝑥
= 0, (6) 

where 𝑢 and 𝑣 denote the x- and z components of the flow velocity in the thin-layer, 257 

respectively. All the notations and their corresponding physical variables are summarised in 258 

Table 1. Applying the thin-layer approximation (Babchin et al. 1983), the momentum 259 

conservation conditions follow 260 

 
𝜕𝑝

𝜕𝑧
= −∆𝜌𝑔 (7) 

and 261 

 𝜇2

𝜕2𝑢

𝜕𝑧2
−

𝜕𝑝

𝜕𝑥
= 0, (8) 

where 𝑝 is the excess hydrostatic pressure, ∆𝜌 =  𝜌1 − 𝜌2 is the density contrast between the 262 

denser overlying medium and the lighter thin layer at the base, and 𝜇2 is the thin-layer viscosity. 263 

The differential equations are solved using a set of boundary conditions (BCs) in the following 264 

way. The bottom surface is subjected to an impenetrable boundary condition: 265 

 𝑣|𝑧=0 = 0. (9) 

In addition, assuming a free-slip condition at this boundary, we have  266 

 
𝜕𝑢

𝜕𝑧
|

𝑧=0
= 0. (10) 

The layer-interface, on the other hand, is subjected to a differential normal stress condition, 267 

given by 268 
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 𝑝 = 𝑝|𝑧=ℎ2
+ ∆𝜌𝑔(𝑧 − ℎ2), (11) 

where 𝑝|𝑧=ℎ2
 stands for the flow-induced normal stress at the mantle-thin layer interface, and 269 

the second term denotes buoyancy-induced pressure. To derive the horizontal velocity 270 

component in the thin layer, substituting Eq. (11) in Eq. (8), we have 271 

 𝜇2
𝜕2𝑢

𝜕𝑧2
−

𝜕

𝜕𝑥
(−∆𝜌𝑔ℎ2 + 𝑝|𝑧=ℎ2

) = 0. (12) 

On integration and after applying the boundary conditions (Eq. 9, 10), the differential equation 272 

(Eq. 12) yields  273 

 𝑢 = 𝑢|𝑧=ℎ2
+

1

2𝜇2

𝜕

𝜕𝑥
(−∆𝜌𝑔ℎ2 + 𝑝|𝑧=ℎ2

)(𝑧2 − ℎ2
2). (13) 

The corresponding vertical component is derived from the mass conservation equation (Eq. 6) 274 

after applying the impenetrable BC at z = 0 (Eq. 9) as, 275 

 𝑣|𝑧=ℎ2
= 𝑢|𝑧=ℎ2

𝜕ℎ2

𝜕𝑥
−

𝜕

𝜕𝑥
∫ 𝑢𝑑𝑧

ℎ2

0
. (14) 

Substituting Eq. (13) into Eq. (14), we get 276 

 𝑣|𝑧=ℎ2
+ ℎ2

𝜕𝑢|𝑧=ℎ2

𝜕𝑥
−

𝜕

𝜕𝑥
[

ℎ2
3

3𝜇2

𝜕

𝜕𝑥
(−∆𝜌𝑔ℎ2 + 𝑝|𝑧=ℎ2

)] = 0. (15) 

Considering the kinematic boundary condition at the interface,  277 

 
𝜕ℎ2

𝜕𝑡
= 𝑣|𝑧=ℎ2

− 𝑢|𝑧=ℎ2

𝜕ℎ2

𝜕𝑥
, (16) 

Eq. (15) yields,  278 

 
𝜕ℎ2

𝜕𝑡
+

𝜕

𝜕𝑥
(ℎ2𝑢|𝑧=ℎ2

) −
𝜕

𝜕𝑥
[

ℎ2
3

3𝜇2

𝜕

𝜕𝑥
(−∆𝜌𝑔ℎ2 + 𝑝|𝑧=ℎ2

)] = 0. (17) 

Eq. (17) defines the evolution of the interface, governed by the two competing forces: 1) non-279 

hydrostatic pressure forces arising from the negative density contrast between the thin-layer 280 

and the mantle (3rd term) and 2) viscous forces due to the layer-parallel advective flow at the 281 

interface (2nd term). We now introduce a horizontal velocity at the interface as 282 

 𝑢|𝑧=ℎ2
= 𝑈𝑖(𝑥, 𝑡) (18) 
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It is to note that the overlying horizontal mantle flows can be perturbed at some incipient 283 

geometrical irregularities on the thin layer, producing spatially and temporally heterogeneous 284 

layer-parallel flows close to the interface, as revealed from numerical simulations (Fig. 3). We 285 

thus generalize this theoretical problem by setting the boundary condition 𝑢|𝑧=ℎ2
 as a function 286 

of x and t. 287 

The vertical flows in the basal layer develop pure shear components at the interface, 288 

the rate of which can be expressed as (Hernlund & Bonati 2019), 289 

 𝜖̇ =  − (
𝜕𝑣

𝜕𝑧
)|

𝑧=0
. (19) 

The corresponding normal stress at the interface follows, 290 

 𝑝|𝑧=ℎ2
= 𝜇1𝜖̇, (20) 

where 𝜇1 is the viscosity of the overburden layer. The boundary condition (Eq. 18) represents 291 

a heterogeneous horizontal mantle flow condition as a function of x on the layer interface at a 292 

given instant. We choose a sine wave function with a characteristic wavenumber 𝑘𝑀 and a 293 

characteristic length-scale 𝐿 to express the spatially varying horizontal interfacial flows. We 294 

later show the linear stability analysis in the perspective of different kM versus k (instability 295 

wavelength) relations. Now, using the continuity equation (Eq. 6) in Eq. (19), the expression 296 

of strain rate at the interface follows, 297 

 𝜖̇ = −
𝑈𝑖(𝑥,𝑡)𝑘𝑀

2
cos (

𝑘𝑀𝑥

2
). (21) 

Substitution of Eq. (21) in Eq. (20) yields the normal stress at the interface as a function of x.  298 

By combining Eqs. (17, 20 and 21), we obtain the final equation that expresses the 299 

geometrical evolution of the interface between the basal thin layer and the overlying mantle in 300 

the presence of a global horizontal flow: 301 

 
𝜕ℎ2

𝜕𝑡
+

𝜕

𝜕𝑥
(ℎ2𝑢|𝑧=ℎ2

) +
𝜕

𝜕𝑥
[
ℎ2

3

3𝜇2

𝜕

𝜕𝑥
(∆𝜌𝑔ℎ2 + 𝜇1

𝑈𝑖𝑘𝑀

2
cos (

𝑘𝑀𝑥

2
))] = 0, (22) 
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where Ui stands for the maximum horizontal flow magnitude at the interface, determined by 302 

the global horizontal flow velocity in the overlying mantle.  At infinitesimal time the interfacial 303 

deflection (ℎ𝑑) is assumed to be small enough such that ℎ𝑑 ≪ 𝜀ℎ2. Under this condition the 304 

linear terms determine the growth of instabilities at the interface in the system. The first term 305 

within the third bracket in Eq. (22) represents the favoring force, where the density difference 306 

(∆𝜌) facilitates the low-density fluid in the thin-layer to push vertically up against the overlying 307 

denser mantle. On the other hand, the second term represents the normal stress at the interface 308 

set by the large-scale horizontal flow that tends to dampen the instability growth under the 309 

boundary condition within the characteristic length (L).  310 

To deal with the mathematical problem, we non-dimensionalize the governing 311 

equations and the BCs using the following variables 312 

 

𝑥∗ =
𝑥

𝐿
 , 𝑧∗ =

𝑧

ℎ0
, ℎ∗ =

ℎ2

ℎ0
, 𝑝∗ =

𝑝

∆𝜌𝑔ℎ0
, 𝑢∗ =

𝑢𝜇2

∆𝜌𝑔ℎ0
2 , 

𝑣∗ =
𝑣𝜇2

∆𝜌𝑔ℎ0
2 (

𝐿

ℎ0
) , 𝑡∗ =

∆𝜌𝑔ℎ0
2

𝜇2𝐿
𝑡, 

(23) 

where ℎ0 is the mean height of the interface. The governing equations then become, 313 

 
𝜕𝑣∗

𝜕𝑧∗
+

𝜕𝑢∗

𝜕𝑥∗
= 0, (24) 

 
𝜕𝑝∗

𝜕𝑧∗
= 1 (25) 

 
𝜕2𝑢∗

𝜕𝑧∗2
−

𝜕𝑝∗

𝜕𝑥∗
= 0, (26) 

and the BCs reduce to  314 

 𝑣∗|𝑧∗=0 = 0 (27) 

 
𝜕𝑢∗

𝜕𝑧∗
|

𝑧∗=0
= 0 (28) 

 𝑝∗ = 𝑝∗|𝑧∗=ℎ∗ + (𝑧∗ − ℎ∗). (29) 

With these new variables our interface evolution equation becomes 315 
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𝜕ℎ∗

𝜕𝑡∗
+

𝜕

𝜕𝑥∗
(ℎ∗𝑢∗

 
|

𝑧∗=ℎ∗) + (
ℎ0

𝐿
)

𝜕

𝜕𝑥∗
[
ℎ∗3

3

𝜕

𝜕𝑥∗
(ℎ∗ + 𝑝∗|𝑧∗=ℎ∗)] = 0, (30) 

To derive the dispersion relation of an instability at the interface, we introduce a small 316 

perturbation to the mean height of the interface, 317 

 ℎ2(𝑥, 𝑡) = ℎ0 + 𝜀ℎ𝑑(𝑥, 𝑡), (31) 

where ℎ0 is the mean height of the interface and ℎ𝑑(𝑥, 𝑡) represents the perturbation with 𝜀 ≪318 

1. Using Eq. (31) in Eq. (22) and keeping only the 𝒪(𝜀) terms, we find 319 

 
𝜕ℎ𝑑

𝜕𝑡
+

𝜕

𝜕𝑥
(ℎ𝑑𝑢|𝑧=ℎ2

) +
𝜕

𝜕𝑥
[

ℎ0
3

3𝜇2
∆𝜌𝑔

𝜕ℎ𝑑

𝜕𝑥
+

𝜇1

𝜇2

ℎ0
2ℎ𝑑𝑈𝑖𝑘𝑀

2
cos (

𝑘𝑀𝑥

2
)] = 0 (32) 

Note that any perturbation developed at the interface will simultaneously advect in the 𝑥-320 

direction in response to the layer-parallel mantle flow.  We thus choose a spatio-temporal 321 

perturbation in the following form: 322 

 ℎ𝑑(𝑥, 𝑡) = 𝐶 exp 𝑖(𝑘𝑥 − 𝜔𝑡), (33) 

where 𝐶 is a pre-factor, 𝑘 is the perturbation wavenumber, and 𝜔 is the angular frequency. 323 

Substituting the expression of ℎ𝑑(𝑥, 𝑡) in Eq. (32), and after some algebraic manipulation, we 324 

get 325 

 

𝜔 = 𝑘𝑢|𝑧=ℎ2
− 𝑖

𝜕𝑢|𝑧=ℎ2

𝜕𝑥
+ 𝑖

ℎ0
3

3𝜇2
∆𝜌𝑔𝑘2 + 𝑖

ℎ0
2𝑘𝑀

3 𝑈𝑖

8

𝜇1

𝜇2
cos (

𝑘𝑀𝑥

2
) 

−
ℎ0

2𝑘𝑀
2 𝑘𝑈𝑖

4

𝜇1

𝜇2
sin (

𝑘𝑀𝑥

2
). 

(34) 

This equation provides a dispersion relation for interfacial instability in a complex form. Its 326 

imaginary part yields the growth rate as,  327 

 𝜎 = −
𝜕𝑢|𝑧=ℎ2

𝜕𝑥
+

ℎ0
3

3𝜇2
∆𝜌𝑔𝑘2 +

ℎ0
2𝑘𝑀

3 𝑈𝑖

8

𝜇1

𝜇2
cos (

𝑘𝑀𝑥

2
). (35) 

Considering the mantle advection model, this equation takes the following form.  328 

 𝜎 =
𝑘𝑀𝑈𝑖

2
cos (

𝑘𝑀𝑥

2
) +

ℎ0
3

3𝜇2
∆𝜌𝑔𝑘2 +

ℎ0
2𝑘𝑀

3 𝑈𝑖

8

𝜇1

𝜇2
cos (

𝑘𝑀𝑥

2
) . (36) 
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The second term on the RHS of Eq. (36) favors the growth of the instability due the presence 329 

of density difference (∆𝜌), the source layer viscosity in the same term on the other hand inhibits 330 

the instability growth. The first and third term on the RHS represents the dampening force of 331 

velocity.  It is to note that the dispersion relation (Eq. 36) in the absence of any external flow 332 

(𝑈𝑖 = 0) yields the same expression reported from previous stability analyses with thin-layer 333 

approximations (Brun et al. 2015; Ghosh, Maiti, & Mandal 2020). In terms of non-334 

dimensionalized variables, Eq. (36) takes the following form, 335 

 

𝜎∗ =
𝑘𝑀

∗ 𝑈𝑖
∗

 

2
cos (

𝑘𝑀
∗ 𝑥∗

2
) +

𝑘∗2

3
+

𝑘𝑀
∗3𝑈𝑖

∗

8

𝜇1

𝜇2
cos (

𝑘𝑀
∗ 𝑥∗

2
), 

𝜎∗ =
𝜎𝜇2

∆𝜌𝑔ℎ0
 , 𝑘∗ = 𝑘ℎ0. 

(37) 

This generalized solution accounts for an initial kinematic heterogeneity (i.e., lateral flow 336 

gradient) at the interface between the two layers, which we implement by choosing the velocity 337 

boundary condition as a function of 𝑥∗. Consequently, the growth of an interfacial instability 338 

depends on its location with respect to the heterogeneity configuration, and the growth rate in 339 

the dispersion relation becomes a function of 𝑥∗. In the foregoing sections we deal with the 340 

analytical solution (Eq. 37) for 𝑥∗ = 0 to show exclusively the effect of horizontal flow 341 

magnitude (𝑈𝑖
∗) on the instability development.  342 

 343 

3.2. Analytical results  344 

We will now use Eq. 37 to study the effects of model parameters on the growth rate 𝜎∗ 345 

of Rayleigh-Taylor instabilities in the thin layer. We first undertake this study for a condition 346 

of comparable 𝑘𝑀
∗  and 𝑘∗ values (𝑘𝑀

∗  ~ 𝑘∗), i.e., the length-scale of horizontal flow 347 

heterogeneity at the layer interface is close to that of instabilities growing in the thin-layer. The 348 

analysis is then extended for a condition, 𝑘𝑀
∗ ≪ 𝑘∗ which implies the horizontal flow 349 

heterogeneity far exceeding the instabilities in length scales. For 𝑘𝑀
∗ ~ 𝑘∗, increasing Ui

* (a 350 
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non-dimensional form of Ui) facilitates the system to become more stable, as reflected from 351 

reducing amplitudes of the dispersion curve in Figure 9a. Ui
* also greatly influences the 352 

wavenumber 𝑘∗ corresponding to the most unstable modes, forming an inverse relation of 𝑘∗ 353 

with Ui
*. For example, 𝑘∗ = 0.5 for Ui

* = 10, which drops to nearly 0.2 at Ui
* = 30. The 354 

theoretical results (Fig 9a) suggest that increasing horizontal flow velocity in the mantle 355 

favours interfacial instabilities to grow at longer wavelengths, and at the same time dampens 356 

their growth rates.  357 

We now consider the second case, 𝑘𝑀
∗ ≪ 𝑘∗ to show the effects of Ui

* on the modes 358 

of instability growth in the thin layer from two graphical plots for Ui
* = 20 and 30. We compare 359 

these plots with those for 𝑘𝑀
∗ =  𝑘∗ to find additional influence of the 𝑘𝑀

∗ versus 𝑘∗ relation. 360 

Increase in Ui
* yields similar inverse impacts on both the maximum growth rates and their 361 

corresponding wave numbers, irrespective of  𝑘𝑀
∗ =  𝑘∗ and 𝑘𝑀

∗ ≪ 𝑘∗  conditions. However, 362 

for a given Ui
* a transition from 𝑘𝑀

∗ ≪ 𝑘∗ (Fig. 9c, dashed lines) to 𝑘𝑀
∗ = 𝑘∗(Fig. 9a) 363 

condition greatly reduces the dominant wavenumber and its corresponding growth rate, 364 

implying that the latter condition is less effective to produce instabilities in the basal thin layer.  365 

 The source-layer viscosity 𝜇2 is another influential factor for the dispersion of various 366 

modes, as shown from a set of graphical plots in Figure 9b.  For a given 𝑈𝑖
∗, the plots indicate 367 

that increasing 𝜇2, relative to the overburden layer viscosity 𝜇1, significantly dampens the 368 

growth rate of the RTIs (Fig. 9b, black and red lines). Secondly, the dominant wavelength of 369 

instabilities increases with decreasing source-layer viscosity (shown in the inset of Fig. 9b).  370 

The instabilities which grow against the prevalent gravitational forces, undergo significantly 371 

more resistance for higher values of source-layer viscosity, leading to the observed dampening 372 

effect of 𝜇2. (Fig. 9b, blue, green lines). We also investigated the effects of source-layer 373 

viscosity for the two conditions: 𝑘𝑀
∗ =  𝑘∗ and 𝑘𝑀

∗ ≪ 𝑘∗ (Fig. 9d). For a given source-layer 374 

viscosity 𝜇2, a change in the condition from 𝑘𝑀
∗ =  𝑘∗ and 𝑘𝑀

∗ ≪ 𝑘∗ reduces the amplitude 375 
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(maximum growth rate) of dispersion relations and their corresponding wavenumbers (Fig. 9d, 376 

dashed lines). 377 

Using Eq. 36 we studied the evolution of interfacial instabilities as a function of the 378 

initial source-layer thickness ℎ0. Increasing ℎ0 facilitates their growth rate because the 379 

destabilizing force (second term in the equation) is proportional to ℎ0
3. Detailed analysis of the 380 

effect of ℎ0 is presented in Supplementary S7. 381 

 382 

4. Discussions 383 

4.1. RTI simulations and theoretical predictions: a synthesis  384 

 This study primarily shows that an interface-parallel velocity in horizontally stratified 385 

fluid layers of inverted densities results in significant dampening of the RT instabilities in the 386 

layered systems, where their growth rate is found to be inversely related to the interface-parallel 387 

velocity magnitude (U*). Our CFD simulations suggest that, under a given set of physical 388 

parameters, e.g., AT = 0.02, 𝜇∗ =102, and h2 = 0.045 (equivalent to an absolute thickness of 389 

100km), U* ≥ 18 can noticeably dampen the growth of RT instabilities, completely suppressing 390 

them to amplify into plume structures at a threshold U*. The model parameters chosen in this 391 

study yield the threshold state at U* ~36 (Fig. 4a, b). It is noteworthy that the threshold 392 

magnitude of the layer-parallel flow depends on the physical setting of the layered system 393 

defined by various parameters, such as Atwood number (AT), viscosity ratio, source-layer 394 

thickness and initial geometrical heterogeneities (A) at the layer interface. As an example, a 395 

system with large AT would require a much higher threshold U* value to absolutely dampen the 396 

instability growth. Similar effects can occur in case of a layer system containing high-397 

amplitude interfacial perturbations (i.e., large A values).  The linear stability analysis also 398 

predicts dampening effects of strong global flows on the growth of instabilities, and the 399 

existence of a threshold flow magnitude at which no instability growth occurs (Fig. 9a). In 400 
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addition, the theoretical results suggest that the global flow significantly influences the 401 

preferred wavelength at which RT instabilities can dominantly grow. Low layer-parallel 402 

velocities, e. g., 𝑈𝑖
∗~10, dampen selectively instability of shorter wavelengths, i.e., of higher 403 

wavenumbers (Fig. 9a). Consequently, ambient velocity fields, in general, facilitate RT 404 

instabilities to grow on longer wavelengths in preference to those on shorter wavelengths. The 405 

theoretical prediction implies that the ambient mantle flows reduce the spatial frequency of 406 

plumes, allowing them to form at a large horizontal spacing, as reflected in the sporadic 407 

distributions of plume-driven hotspots.  408 

 We dealt with the Atwood number AT in our CFD simulations, aiming to evaluate the 409 

effects of density contrast, ∆𝜌 = 𝜌1 − 𝜌2 between the source layer and the overlying mantle. 410 

The density contrast is an important factor in the context of our present problem as the lower 411 

mantle is compositionally as well thermally heterogeneous (Davies et al. 2012; Farnetani et al. 412 

2018), and such heterogeneities can eventually give rise to a large spatial variation in ∆𝜌. The 413 

simulation results suggest a positive relation of the instability growth rate with density contrast, 414 

as also predicted by earlier studies (van Keken et al. 1997) and the present stability analysis 415 

(Eq. 36), implying that increasing density contrast favours instabilities to amplify at fast rates 416 

(Fig. 7a, b). This finding allows us to hypothesize that inherent heterogeneities can be an 417 

important factor in preferential growth of mantle plumes initiated by RT instabilities. Thermo-418 

chemical heterogeneities in mantle, e.g., TBL piling, can also result in lateral variations of the 419 

mantle viscosity, as reported from seismic tomographic studies (McNamara & Zhong 2004, 420 

Davaille & Romanowicz 2020). Our analytical solution shows that the wavelength of RT 421 

instabilities increases nonlinearly with the mantle/source-layer viscosity ratio (
𝜇1

𝜇2
) (Fig. 10b), 422 

as shown in earlier studies (Lister & Kerr 1989). The result suggests that the number of possible 423 

plume instabilities in a mantle region with large 
𝜇1

𝜇2
 ratios should be low, but they will grow at 424 

fast rate𝑠; that means, under a given mantle viscosity condition lowering of the source-layer 425 
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viscosity facilitates the growth rate of RT instabilities, as evident from the dispersion relations 426 

shown in Fig. 9c.  427 

 428 

4.2. Impact of global flows on RT instability: geodynamic perspectives 429 

Earlier theoretical and experimental studies have extensively investigated the evolution 430 

of mantle plumes originated from deep mantle sources by RT instabilities. However, how the 431 

presence of a global horizontal flow in the mantle that may originate from various geodynamic 432 

processes, such as thermal convection (Olson et al. 1990), subducting slab driven shear flows 433 

(Čížková et al. 2012; van der Meer et al. 2018), and mantle winds (Tarduno et al. 2009) (Fig. 434 

1), can influence the instability growth dynamics demands a quantitative analysis, which is the 435 

principal focus of this article. Previous model estimates suggest that subducting slabs sink in 436 

the lower mantle with velocity magnitudes in the range 1-4 cm/yr at the top to 1-2 cm/yr at the 437 

mid-mantle depths (van der Meer et al. 2018), whereas the maximum root-mean-square vector 438 

velocity field for whole mantle convection is estimated around 30 cm/yr (Knopoff 1964) where 439 

Rayleigh number in the order of 108. Our reference CFD simulation (U* = 0) provides an 440 

estimate of 1 – 2 cm/yr for the initial growth rate of instabilities in the source layer. The global 441 

ambient flows in the overlying mantle can thus greatly influence the process of plume initiation 442 

at the TBL.  In fact, some model studies have recently shown that such global flows can force 443 

ascending plumes to deflect from the vertical trajectories (Kerr & Mériaux 2004; Kerr et al. 444 

2008; Hassan et al. 2016), as documented from the seismic tomography of natural plumes, 445 

e.g., the Hawaiian plume is strongly deflected towards the west–southwest at around 1000 km 446 

depth (French & Romanowicz 2015; Lei et al. 2020). However, these studies entirely focus on 447 

the interaction of mature plumes with global horizontal flows, giving little attention to the 448 

problem of plume initiation in a source layer, which fundamentally determines the possibility 449 

of plume formation in a geodynamic setting. The linear stability analysis also suggests that the 450 
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horizontal global flows in the mantle can critically control the initiation of plume instabilities 451 

in buoyant source layers. In extreme conditions they can completely suppress the instabilities, 452 

allowing no plume to evolve in the system. For a mechanical setting with AT = 0.01 and 𝜇∗ = 453 

101, instabilities that can amplify at a velocity of ~0.2-0.3 cm/yr in a rest mantle condition, are 454 

effectively suppressed if the mantle flows attain a threshold condition (𝑈∗≥ 36, i.e., 7-10 cm/yr 455 

in the absolute scale). This RT instability mechanics is applicable to several other geodynamic 456 

settings, which is briefly discussed below.  457 

 458 

4.3. Magmatic hotspots on Earth’s surface: some questions 459 

Morgan (1971) in his seminal work proposed deep-mantle plumes as the principal 460 

source of primary magmatic hotspots, but their origin still remains a subject of great debate 461 

(Koppers et al. 2021). Later studies have proposed a set of criteria in support of the deep-mantle 462 

hypothesis for hotspots: a) linear chain of volcanoes with monotonous age progression, b) flood 463 

basalt at the origin of this track, c) a large buoyancy flux, d) the presence of consistently high 464 

ratios of three to four helium isotopes, and e) occurrence of large low-shear-velocity provinces 465 

(LLSVPs) at the base of lower mantle. Based on these criteria, it has been possible to ascertain 466 

the following nine hotspots of deep-mantle origin: Hawaii, Pitcairn, Samoa and Louisville 467 

(Jellinek & Manga 2004; Koppers et al. 2021) in the Pacific hemisphere and Iceland, Afar, 468 

Reunion, Tristan and Kerguelen in the Indo-Atlantic hemisphere (Fig. 11). Their spatial 469 

distribution reveals that these hotspots are located at large distances from one another. For 470 

example, the Hawaii chain and the Samoan hotspot are located ~5000 km away from each 471 

other. Similarly, the Iceland and the Tristan hotspots maintain a spacing, more than 8000 km. 472 

On contrary, experimental and theoretical studies (Montague & Kellogg 2000) show mantle 473 

plumes generated in the TBL at the CMB at much smaller wavelengths, lying in the range 1400 474 

km to 1800 km. The plume frequency observed in experimental models evidently holds a clear 475 
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disagreement with the spatial density of deep-mantle hotspots across the globe. This 476 

disagreement poses the following critical question- why are hotspots of deep-mantle plume 477 

origin so rare on the earth surface? 478 

One of the reasonable ways to address this crucial question is to find some geodynamic 479 

phenomena that can counter the plume initiation process in the TBL above the CMB, allowing 480 

a few plumes to grow in the mantle and produce sporadic hotspots. Recent studies (Li et al. 481 

2018; McNamara 2019; Koppers et al. 2021) have hypothesized a linkage between LLSVPs, 482 

mantle plumes and hotspots, where the LLSVPs act as source regions of deep-mantle plume 483 

formation. From geophysical observations Thorne et al. (2004) proposed that hotspots originate 484 

selectively from the LLSVP margins than their interiors. Such a spatial constraint could result 485 

in plume formation with large separations, leading to their manifestation as sporadic hotspots. 486 

Li and Zhong (2017), on the other hand, have provided a different insight into the problem of 487 

wide plume spacing, showing that thickening of the underlying thermal boundary layer (TBL) 488 

is an influential factor to determine the plume location preferentially in regions attaining a 489 

critical TBL thickness. The present article identifies global horizontal mantle flows as another 490 

potential dampening factor for mantle plume initiation. The linear stability analysis shows that 491 

the RT instability growth rate becomes negligibly small (~ 0) when the interface parallel 492 

flow velocity is significant (Ui
*= ~20). The same global flow effect is observed in the CFD 493 

simulations, where the growth rate drops significantly due to imposition of a global flow U* = 494 

>18 (Fig. 3b). The simulation results imply that mantle plumes to ascend to the surface in the 495 

flowing mantle states would require an unusually large time scale (>100 Ma on the absolute 496 

scale). The mantle flows can also control their spatial frequency preferentially in the flow 497 

direction, as revealed from the instability wavenumber (𝑘∗) analysis as a function of Ui
*. 𝑘∗ 498 

corresponding to the fastest growing waves holds an inverse relation with Ui
*, implying that 499 

their wavelengths (𝜆∗) increase with increasing Ui
* (Fig.10a). Applying this theoretical result 500 
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to a natural equivalent system, it appears that the wavelength of instabilities in a layer of 100 501 

km thickness would be ~250 km in case of rest mantle condition, which multiplies by 10-14 502 

times when the mantle is subjected to a global flow condition of 5 cm/yr.  Our instability theory 503 

thus provides a possible explanation to the problem of large spacing, i.e. low frequency of 504 

volcanic hotspots in the light of RT instability mechanics. 505 

 506 

4.4. Model limitations 507 

Both the numerical models and the theory presented in this article have a number of 508 

limitations. 1) Both of them are developed in the framework of a mechanical approach, without 509 

considering the thermal effects. This assumption was adopted to focus upon the ambient mantle 510 

flows as the factor of our main concern in the analysis of RT instabilities. Moreover, the present 511 

model is developed entirely within the framework of linear viscous rheology. Evidently, there 512 

is a need to explore temperature and non-linear viscous rheology as additional factors in the 513 

modelling. 2) The model viscosity is held constant to represent the average mechanical state of 514 

lower mantle. Thus, there is a scope for investigating the possible effect of rheological 515 

stratification in the mantle and depth-dependent mineral phase transformations. 3) The theory 516 

linearizes the problem, excluding the non-linear terms. This approach limits us from 517 

performing an analysis for time dependent plume growth. This difference possibly results from 518 

the thin-layer approximation chosen in the theory. Furthermore, the present study is based on 519 

a 2D modelling approach, considering that the system contains irregularities at the layer 520 

interface with extremely low initial amplitudes, and thereby develops negligibly small velocity 521 

perturbations across the global flow direction. However, a 3D model study is required to 522 

generalize the problem for mechanical systems with initially large-amplitude geometrical 523 

irregularities at the interface. Finally, the present theoretical formulation excludes complex 524 

processes, such as piling at TBL, as shown by previous workers (Heyn et al. 2018). 525 
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5. Summary and conclusions 526 

 This article reports the role of horizontal global flows in controlling RT instabilities in 527 

a buoyant source layer beneath a heavier fluid medium, and addresses the problem of plume 528 

formation in the TBL above the CMB earth’s mantle. Combining CFD simulation results with 529 

a linear stability analysis, this study finally leads to the following conclusions. 1) The global 530 

flows always dampen the growth of RT instabilities, where the degree of dampening can vary 531 

depending on the initial physical setting of a two-layer system. Under a given initial condition, 532 

the system will completely impede the instabilities to grow into a characteristic plume structure 533 

at a threshold flow velocity. 2) The linear stability analysis confirms the dampening effects of 534 

global flow velocity on the instability growth, predicting that the layer-parallel mantle flow 535 

velocities > 30 times the initial plume ascent velocity suppress short as well as long-wave 536 

instabilities. The analysis also reveals that increasing normalized ambient velocity (10 to 30) 537 

causes the instabilities to increase their dominant wavelengths (10 to 40), normalized to the 538 

initial layer thickness. 3) The theory also predicts the effects of additional factors: density ratio, 539 

source-layer viscosity and layer thickness on the growth rate of an instability in an RTI system. 540 

All the three physical parameters act as a driving role in facilitating the instability growth rate. 541 

4)  The dampening effects of global flows established in this study can explain the mechanics 542 

of plume generation in various geodynamic settings, such as subduction zones and the 660 km 543 

transition zone. Finally, the theory provides a potential explanation for spatially distant primary 544 

mantle plumes, manifested in the form of a few hotspots on earth’s surface.       545 
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Appendix A: 856 

Benchmark 1: Falling block experiment  857 

This straightforward benchmark test is performed to ensure the applicability of the 858 

UNDERWORLD2 code in numerical simulation of a mechanical system consisting of 859 

substantial viscosity variations inside the simulation domain. This benchmark test comprises 860 

of an isolated square viscous object (𝜌2, 𝜇2) of higher density that sinks in a low-viscosity 861 

medium of lower density (𝜌1, 𝜇1) under its own weigh. The numerical model domain represents 862 

a square with dimensions 𝐿𝑥 = 𝐿𝑦 = 500 km, where the square (100 km x 100 km) block is 863 

initially positioned with its centre at x = 250 km, y = 400 km (see Fig. A1). The simulation is 864 

carried out on a 101 x 101 elements grid, each element initially containing 30 x 30 particles. 865 

We impose free-slip boundary conditions on all sides of the model domain. The mechanical 866 

setting considered in this benchmark test differs from that of a benchmark test for Rayleigh – 867 

Taylor instabilities in a two-layer system. In the latter case the model has both the fluid layers 868 

extended to the model domain boundaries, whereas one-fluid object (denser in our case) is 869 

entirely surrounded by a lighter fluid in the falling block benchmark test.  870 

Our benchmark test results satisfy the following criteria: (i) reducing deformation of 871 

the block with increasing viscosity contrast (Fig. A1) and (ii) sinking velocity of the block 872 

being independent to its own viscosity at large viscosity ratios (>104), as performed in earlier 873 

benchmark studies (Thieulot 2011; Gerya 2019). The benchmark experiment thus validates the 874 

application of the UNDERWORLD2 code in our study.  This benchmark test also demonstrates 875 

the accurate conservation properties of the numerical scheme in terms of preserving the block 876 

edges' geometry at significant deformation and high viscosity contrasts. These tests are run by 877 

varying the block viscosity, keeping the density (𝜌1 = 3200 kg/m3) and viscosity (1021 Pa s) of 878 

the ambient medium constant. The details of following five experiments are presented in Fig. 879 

A1. 880 
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Exp 1: 𝜌2 = 3300 kg/m3 , 𝜇2 = 1021 Pa s 881 

Exp 2: 𝜌2 = 3300 kg/m3 , 𝜇2 = 1022 Pa s 882 

Exp 3: 𝜌2 = 3300 kg/m3 , 𝜇2 = 1023 Pa s 883 

Exp 4: 𝜌2 = 3300 kg/m3 , 𝜇2 = 1025 Pa s 884 

Exp 5: 𝜌2 = 3300 kg/m3 , 𝜇2 = 1027 Pa s 885 

Figure A1: Falling-block benchmark 

experiments for ∆𝜌 = 100 𝑘𝑔/𝑚3. Initial 

model conditions are shown in the top left 

panel. Note that the degree of block 

deformation decreases with increasing 

block viscosity (indicated top left corner 

of each panel, which match well with the 

previous simulation results (Gerya, 2010; 

Thieulot, 2011) 
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From experiments the block velocity is plotted as a function of the viscosity ratio 886 

(log
𝜇𝑏𝑙𝑜𝑐𝑘

𝜇𝑚𝑒𝑑𝑖𝑢𝑚
) (Fig. A2). The experimental data follow a well-defined characteristic curve, 887 

which further allows us to confirm that the UNDERWORLD2 code can accurately capture 888 

gravity driven motion of any object within a medium characterized by significant viscosity 889 

variations.  890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

Figure A2: Calculated plot of the block-sinking velocity as a function of the block to host viscosity 

ratio (log
𝜇𝑏𝑙𝑜𝑐𝑘

𝜇𝑚𝑒𝑑𝑖𝑢𝑚
). This characteristic geometry of the curve is consistent with the available data 

(details in the text).  
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Benchmark 2: van Keken et al (1997) numerical experiment 902 

This benchmark aims to reproduce the results of van Keken et al (1997), who validated 903 

numerical experiments on the Rayleigh-Taylor instability phenomenon in a two-layer fluid 904 

system with inverted density stratification (Fig. A3). Several other authors have also 905 

benchmarked this numerical problem using various techniques, such as tracers (Tackley & 906 

King 2003), level set method (Hillebrand et al. 2014), particle level set method (Samuel & 907 

Evonuk 2010), and face-centred finite volume (Burcet et al. 2023). Our benchmark experiment 908 

uses a square model domain of height 𝐿𝑦 = 1 and width 𝐿𝑥= 0.9142, containing a lighter 909 

viscous layer with density 𝜌2 and viscosity 𝜇2, overlain by a denser layer of density 𝜌1and 910 

Figure A3: Initial model set-up and boundary conditions used for the Van Keken benchmark test. 
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viscosity 𝜇1. The initial geometrical perturbation at their interface is imposed in the form of 911 

waves as,  912 

                                            𝑦(𝑥) =  0.2 +  0.02𝑐𝑜𝑠 ( 
𝜋𝑥

 𝜆
 ),                                 (A2.1) 913 

where λ (= 0.9142) denotes the wavelength of perturbations. The bottom lighter fluid is 914 

assigned density 𝜌2 = 1000 and viscosity 𝜇2 = 100, and the density of the top heavier layer 𝜌1 915 

= 1010, keeping 𝜇1 = 𝜇2  . No-slip conditions are applied at the bottom and top boundaries of 916 

the box, whereas free-slip boundary conditions are imposed on both the lateral sides. In this 917 

benchmark study, we take snapshots of the material field at regular intervals, and compare the 918 

corresponding results with those of van Keken et al., 1997. We also compare the evolution of 919 

the root mean square velocity (𝑣𝑟𝑚𝑠) of the entire domain over time, specifically concentrating 920 

on the timing and the corresponding height of the first peak, which coincides with the rise of 921 

the first diapir. The 𝑣𝑟𝑚𝑠 of the system is given by,  922 

                                                      𝑣𝑟𝑚𝑠 = √ 
1

𝑉
 ∫‖𝑣‖2 𝑑𝑉,                                            (A2.2) 923 

 where V is the domain volume. 924 

 925 

Table A1: Comparison of 𝑣𝑟𝑚𝑠 – model run time values obtained from different numerical 926 

methods.  927 

 928 

Method (Code) Grid Time vrms (max) Source 

Tracers (ELEFANT) 400x400 208.7 0.003093 Thieulot 

(2014) 

Marker Chain 30x30 

50x50 

80x80 

213.38 

211.81 

210.75 

0.00300 

0.003016 

0.003050 

PvK in Van 

Keken et al. 

(1997) 

Particle-in-cell 

FEM 

32x32 

128x128 

256x256 

512x512 

227.53 

214.124 

211.165 

210.165 

0.003144 

0.003120 

0.003107 

0.003102 

This Study 
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 929 

The temporal evolution of the benchmark experiments is shown in Fig A4. The long-930 

wavelength perturbation on the initial interface (Eq. A2.1) selectively grows and determines 931 

the rise of the first plume along the left edge of the domain (Fig. A4), followed by the rise of a 932 

second plume on the right edge. The fluid interface at t = 2000, shown in Fig.A4 visually 933 

matches with that in figure 2 of van Keken et al. (1997).  Table A1 shows the comparison 934 

between 𝑣𝑟𝑚𝑠/time values for different numerical methods. Fig. A5 presents 935 

the 𝑣𝑟𝑚𝑠 measurements for a 512 × 512 grids simulation, providing a comparison with those of 936 

van Keken et al. (1997). It is to note that our calculated curves match well in terms of the 937 

position and height of the peaks with theirs. 938 

 939 

 940 

 941 

 942 

Figure A4: Time-series simulations of the Rayleigh-Taylor instabilities in the van Keken benchmark test 

with viscosity ratio = 1 (model run time indicated at the top of each panel).  
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 943 

 944 

 945 

 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

Figure A5: Graphical plot of the root mean square velocity (𝑣𝑟𝑚𝑠) as a function of 

time from the present van Keken benchmark test results (black) and the earlier plot 

(red line) given by van Keken et al., (1997) PvK (Marker chain) numerical method.  
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Benchmark 3: Rayleigh-Taylor instability experiment  968 

This benchmark is based on the analytical solution by Ramberg (1968), which is extensively 969 

used in numerical modelling (Gerya 2009; Thieulot 2011). The numerical model setup consists 970 

of an initial sinusoidal wave of geometrical perturbation with a small initial amplitude ΔA and 971 

a wavelength λ= 
𝐿𝑥

2
 at the boundary between the two layers (upper: 𝜇1, ρ1) and lower: 𝜇2, ρ2) of 972 

thicknesses h1 and h2, respectively. A no-slip boundary condition is imposed at the top and the 973 

bottom of the box, while a free-slip condition on the lateral side walls. We choose 𝜌1= 3300 974 

kg/m3, 𝜌2 = 3300 kg/m3, 𝜇1 = 1021 Pa s, 1019 Pa s < 𝜇2< 1027 Pa s, ℎ1 + ℎ2 = 𝐿𝑦 = 500 km in 975 

our model simulations, similar to those used in Thieulot (2011).  976 

 977 

 978 

 979 

 980 

 981 

 982 

 983 

 984 

 985 

 986 

 987 

 988 

 989 

 990 

 991 

Figure A6: Initial model configuration and boundary conditions chosen for the Rayleigh-Taylor 

Instability benchmark test. 
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 992 

After Ramberg’s solution, the velocity of diapiric growth, vy follows, 993 

 
𝑣𝑦

∆𝐴
 =  −𝐾 

𝜌1  − 𝜌2

2𝜇2
ℎ2𝑔 , (A38) 

where the non-dimensional growth factor 𝐾 =  −
𝑎12

𝑏11𝑗22 − 𝑎12𝑖21
  , and 994 

 995 

𝜔1  =  
2𝜋ℎ1

𝜆
  , 𝜔2  =  

2𝜋ℎ2

𝜆
, 996 

 997 

𝑏11 =
𝜇12𝜔1

2

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

    −  
2𝜔2

2

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 998 

 999 

𝑎12 =
𝜇1(sinh 2𝜔1 − 2𝜔1)

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

 −  
sinh 2𝜔2 − 2𝜔2

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 1000 

 1001 

𝑖21 =
𝜇1𝜔2(sinh 2𝜔1 − 2𝜔1)

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

   +  
𝜔2(sinh 2𝜔2 + 2𝜔2)

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 1002 

 1003 

𝑗22 =
𝜇12𝜔1

2𝜔2

 𝜇2(𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

   +  
2𝜔2

3

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 1004 

 1005 

𝐿𝑥 is varied between 500 and 1500 km, leading to 
2𝜋

3
 ≤  𝜔1 ≤ 2𝜋. g is the acceleration due to 1006 

gravity.  1007 

Our benchmark test was run with a constant resolution of 75 x 75 elements for all the 1008 

simulations. We performed two sets of measurements considering the perturbation amplitude: 1009 

1) A = sy and 2) A = 
𝑠𝑦

3
, where sy (=sx) is the size of an element. The results are presented in 1010 

Fig. A7, which clearly reveals that, over a wide range of the viscosity ratio, our model estimates 1011 

agree well with the values obtained from the analytical solution (Eq. A3.1). This match 1012 

validates our application of the UNDERWORLD2 code to model the velocity fields of gravity 1013 

driven flows in a system with sharp and strong viscosity variations. 1014 
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 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

Figure A7: Benchmark test results (symbols) for two different initial amplitudes: ΔA = sy and  
𝑠𝑦

3
. 

Dashed lines represent Ramberg’s analytical solutions. 
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Figure 1: 1036 

 1037 

Figure 1: Schematic presentation of the Earth’s interior showing major locations of plume 1038 

generation in the mantle and associated volcanisms on the surface. Different types of mantle 1039 

flows, such as convection-, sinking slab-, lithospheric plate-driven flows and mantle wind are 1040 

also depicted. All deep-source plumes, forming hotspots, like the Hawaiian chain, originate 1041 

from the thermal boundary layer (TBL) at the core-mantle boundary (CMB).  1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 

 1050 

 1051 

 1052 

 1053 

 1054 

 1055 
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Figure 2: 1056 

 1057 

 1058 

Figure 2: Initial CFD model set-up and associated boundary conditions used for simulations 1059 

of Rayleigh-Taylor instabilities in the lower mantle domain. Denser (𝜌1) overburden layer 1060 

overlies a thin lighter (𝜌2) basal layer (source layer). The model domain is discretized into 1061 

elements with a mesh resolution of 1024 x 512. The side and the bottom walls are assigned 1062 

periodic and no-slip boundary conditions, respectively. The top model boundary is imposed 1063 

with a uniform horizontal velocity, which induces an initial global horizontal flow condition in 1064 

the overlying denser mantle. g is the acceleration due to gravity.  1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 
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Figure 3: 1080 

 1081 

 1082 

Figure 3: Progressive growth of Rayleigh-Taylor instabilities in CFD model simulations. a) 1083 

Reference experiment with an initially rest mantle condition (U*= 0). b) Experiment with an 1084 

initial horizontal global flow (U*=36) in the mantle. Notice in panel (b) at t = 0.119 that the 1085 

instability growth is significantly dampened by the global mantle flow. The colour bar 1086 

represents normalized flow velocity magnitudes.  1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 



45 

 

Figure 4: 1101 

 1102 

Figure 4: Graphical plots of a) plume ascent heights, and b) vertical ascent velocities of the 1103 

fastest growing instabilities as a function of time for different normalized global flow-velocity 1104 

magnitudes (U*). For this set of simulations, AT = 0.02 and 𝜇* = 102 .Note that increasing U* 1105 

strongly influences the ascent heights and velocities at t > 0.06.  1106 

 1107 

 1108 

 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 
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Figure 5: 1123 

 1124 

 1125 

 1126 

Figure 5: CFD simulations showing the effects of buoyancy factor (AT) on a) Rayleigh-Taylor 1127 

instability growth in the buoyant source layers (red colour) and b) the corresponding flow fields 1128 

represented by streamlines. The colour contours depict the magnitudes of vertical velocity 1129 

components. The snapshots of four different simulations presented in the row-wise panels 1130 

correspond to a simulation time of 0.083. 1131 

 1132 

 1133 

 1134 

 1135 

 1136 

 1137 

 1138 

 1139 
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Figure 6: 1140 

 1141 

 1142 

Figure 6: Effects of overburden- to source-layer viscosity 𝜇* on a) Rayleigh-Taylor instability 1143 

growth and b) the corresponding flow fields in CFD models. The colour contours depict the 1144 

magnitudes of vertical velocity components. The snapshots of four different simulations 1145 

presented in the row-wise panels correspond to a simulation time of 0.075. 1146 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 

 1154 

 1155 
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 1156 

 1157 

Figure 7: 1158 

 1159 

 1160 

Figure 7: Time series analyses of the plume ascent heights and the vertical ascent velocities of 1161 

the fastest growing instabilities for different AT values, keeping 𝜇* = 102 in a) and b), and 𝜇* 1162 

values, keeping AT = 0.02 in c) and d), respectively.  1163 

 1164 

 1165 

 1166 

 1167 

 1168 

 1169 

 1170 

 1171 
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Figure 8: 1172 

 1173 

 1174 

Figure 8: Two-layer fluid system chosen for the linear stability analysis: a thin buoyant layer 1175 

(source layer) (density: 𝜌2 and viscosity: 𝜇2) underlying a denser fluid layer (density: 𝜌1 and 1176 

viscosity: 𝜇1) (ambient mantle). Dashed and solid lines denote the initial source-layer 1177 

configuration and the deformed interface geometry formed by RTI. ho and hd define the initial 1178 

source-layer thickness and the vertical deflection at the interface, respectively. 𝑈𝑖(x,t) 1179 

represents the horizontal flow velocity at the interface.  1180 

 1181 
 1182 

 1183 

 1184 

 1185 

 1186 

 1187 

 1188 

 1189 

 1190 

 1191 

 1192 

 1193 
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Figure 9: 1194 

 1195 

 1196 

Figure 9: Normalized growth rates * versus normalized wavenumber k* plots for different 1197 

values of (a) the ambient mantle velocity Ui
*, and (b) the source layer viscosity 𝜇2, normalized 1198 

to overburden viscosity 𝜇1 obtained from the linear stability analysis for x* = 0 (decreasing 1199 

wavenumber, i.e. increasing wavelength with 𝜇2 depicted in the inset).  Normalized growth 1200 

rates * versus normalized wavenumber k* plots for different values of (c) ambient mantle 1201 

velocity (Ui
*), and (d) source layer viscosity 𝜇2 obtained from the linear stability analysis under 1202 

the condition of 𝑘M* = k* and 𝑘M* ≪ k*. 1203 

 1204 
 1205 

 1206 

 1207 

 1208 

 1209 

 1210 

 1211 



51 

 

Figure 10: 1212 

 1213 

Figure 10: Variations of the instability wavelength () with (a) global flow velocity (𝑈𝑖
∗), 1214 

and (b) mantle-source layer viscosity ratio (
𝜇1

𝜇2
) from the linear stability analysis. All the 1215 

variables are presented as non-dimensional quantities.  1216 

 1217 

 1218 

 1219 

 1220 

 1221 

 1222 

 1223 

 1224 

 1225 

 1226 

 1227 

 1228 

 1229 

 1230 

 1231 

 1232 

 1233 
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Figure 11: 1234 

 1235 

 1236 

Figure 11: Global distribution of the major hotspots originating from deep-mantle plume 1237 

sources. The seismic sections (lower panels) show the plume configurations in mantle beneath 1238 

a) Pitcairn, b) Hawaii, c) Samoa, and d) Afar hotspots. Note that inter-hotspot distances are 1239 

several thousand kilometres.  1240 

 1241 
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Table1: List of physical variables and their corresponding symbols used in this study. 1242 

 1243 

Physical Variable Symbol 

Source-layer thickness ℎ2 

Overburden-layer thickness ℎ1 

Interfacial deflection ℎ𝑑 

Mean height of the interface ℎ0 

Normalized source-layer thickness ℎ∗ 

Characteristic 𝒙 − length scale 𝐿 

x- and z- component of velocity in the thin layer 𝑢, 𝑣 

Excess hydrostatic pressure 𝑝 

Density of thin-layer 𝜌2 

Density of Mantle 𝜌1 

Density contrast ∆𝜌 = (𝜌1 − 𝜌2) 

Viscosity of thin-layer 𝜇2 

Viscosity of Mantle 𝜇1 

Horizontal velocity at the interface 𝑈 

Maximum horizontal flow at the interface 𝑈𝑖 

Normalized maximum horizontal flow at the interface 𝑈𝑖
∗ 

Strain rate 𝜖̇ 
Wavenumber of wave function 𝑘𝑀 

Wavenumber of perturbation 𝑘 

Angular frequency 𝜔 

Growth rate 𝜎 

Normalized growth rate 𝜎∗ 

Atwood Number AT 

Total Pressure P 

Initial depth of the interface 𝐷𝑜 

Wavelength of initial perturbation  

Initial perturbation amplitude ∆A 

Top model-boundary velocity U0 

Normalised top model-boundary velocity U0
* 

 1244 

 1245 
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S1. Choice of the bottom boundary conditions in numerical modelling 

The boundary conditions imposed at the model base is a crucially important consideration to 

model a mechanical system. No-slip and free-slip are the two most common types of boundary 

conditions used to constrain the bottom boundary setting of a model. Our numerical modelling 

introduces a no-slip boundary condition to ensure a coherent interface of the source layer with 

the substrate, allowing no movement at its bottom boundary. Consequently, the source layer, 

in overall, is held fixed to the base although it undergoes internal flows with the overburden 

fluid. The no-slip boundary condition enables us to set a relative horizontal global flow between 

the source layer and its overburden, which is the main concern of the present study. It is 

noteworthy that this relative kinematics in the two-layer system could not be achieved if a free-

slip condition were chosen at the bottom wall. Such a boundary condition would cause both 

the layers to translate in the horizontal direction, setting little or no relative velocity in the 

horizontal direction. We thus chose a no-slip bottom boundary condition to obtain the 

maximum effect of the global mantle flow on plume growth in the source layer.  

S2. Mesh-Resolution Tests 

The mesh resolution for all the models presented in the main text is 1024 × 512. We, however, 

performed mesh resolution tests on a wide spectrum, varying from low resolutions (256 × 128, 

384 × 384, 512 × 384, 512 × 512, 784 × 512) to an extremely high resolution (2048 × 1024 

elements). The numerical domain covers a normalized length of 2.69 and a normalized height 

of 1 in the horizontal and vertical directions, respectively. The resolution tests indicate that a 

mesh resolution of 1024 × 512 provides optimum refinement in modelling the Rayleigh-Taylor 

instabilities in the buoyant basal layer. 



 

Figure S2: Graphical plots of a) plume ascent heights, and b) vertical ascent velocities of the 

fastest growing instabilities as a function of time for different mesh resolution. 

 

S3. Normalization of plume growth velocity 

We used Ramberg’s (1968) analytical solution to normalize plume growth velocity (vy) 

calculated from our CFD models in the following way. Consider an initial sinusoidal 

perturbation with a small initial amplitude (ΔA) and a wavelength (λ) at the interface between 

the two layers: upper (𝜇1, 𝜌1) and lower (𝜇2, 𝜌2) of thicknesses h1 and h2, respectively.  For the 

present problem,  𝜌1> 𝜌2 and 𝜇1 > 𝜇2 and g is the acceleration due to gravity. After Ramberg’s 

solution, the velocity of diapiric growth (vy) is expressed as, 

𝑣𝑦

∆𝐴
 =  −𝐾 

𝜌1 − 𝜌2

2𝜇2
ℎ2𝑔 ,      (S1) 

 where the non-dimensional factor, 𝐾 =  −
𝑎12

𝑏11𝑗22 − 𝑎12𝑖21
  , and 

 𝜔1  =  
2𝜋ℎ1

𝜆
  , 𝜔2  =  

2𝜋ℎ2

𝜆
, 

𝑏11 =
𝜇12𝜔1

2

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

    − 
2𝜔2

2

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 

 

𝑎12 =
𝜇1(sinh 2𝜔1 − 2𝜔1)

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

 − 
sinh 2𝜔2 − 2𝜔2

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 

 



𝑖21 =
𝜇1𝜔2(sinh 2𝜔1 − 2𝜔1)

 𝜇2 (𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

   +  
𝜔2(sinh 2𝜔2 + 2𝜔2)

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 

 

𝑗22 =
𝜇12𝜔1

2𝜔2

 𝜇2(𝑐𝑜𝑠ℎ 2𝜔1 − 1 −  2𝜔1
2)

   +  
2𝜔2

3

𝑐𝑜𝑠ℎ 2𝜔2  −  1 −  2𝜔2
2

 , 

 

S4. CFD simulation with horizontal mantle flow (U*=18): 

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* = Uo / 𝑣𝑦 was assigned a value of 18, keeping AT and 𝜇∗ constant.  

 

Figure S4: Progressive growth of Rayleigh-Taylor instabilities in CFD model simulations with 

an initial horizontal global flow (U*=18) in the mantle. 



 

S5. CFD simulations with varying Atwood Number (AT) and viscosity ratio (*) 

This section present CFD simulation results to show the evolution of Rayleigh-Taylor 

instabilities as function of AT (0.01- 0.04) and * (101- 104) (Figs. S5a-d). 



 

AT = 0.01, *= 102 AT = 0.02, *= 102 (a) (b) 



 

AT = 0.03, *= 102 AT = 0.04, *= 102 (c) (d) 



 

*= 101, AT = 0.02  *= 102, AT = 0.02  (e) (f) 



 

*= 103, AT = 0.02 *= 104, AT = 0.02  (g) (h) 



 

S6: Model plume spacing 

We performed sets of numerical experiments to study the plume spacing by varying the 

overburden to source-layer viscosity ratio, * and normalized source-layer thickness h2. The 

graphical plot shown in Fig. S6a clearly show a nonlinear increase of the spacing with 

increasing *. The spacing also increases with the normalised source-layer thickness (Fig. 

S6b).  

Figure S6: Normalized plume spacing as a function of (a) viscosity ratio (*), and (b) 

normalised source layer thickness. The plume spacing is normalized by h2 = 0.045 

 

 

 

 

 

 

 

 

 

Figure S5: (a) – (h) Progressive development of Rayleigh-Taylor instabilities in CFD models 

with varying Atwood number (AT) and viscosity ratio (*). 



S7: Analytical Results 

Using the dispersion relation (Eq. 36) from the linear stability analysis we performed 

numerical analyses of the growth rate, 𝜎 of instability for varying initial source-layer thickness, 

h0 and different km versus k relations. The graphical plots indicate that the instability can grow 

at the fastest rate on a specific wavenumber (i.e., dominant wavelength). For extremely thin 

layers (low value of ℎ0), the long waves remain marginally stable or unstable (Fig. S7a). The 

short waves, in contrast, are always stabilized, primarily due to viscous effects of the thin-layer. 

Unlike the previous factors, increasing ℎ0 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 ℎ0value, a switch over 

in the condition from 𝑘𝑀 =  𝑘 to  𝑘𝑀 ≪ 𝑘 promotes the destabilizing state in the system (Fig. 

S7b, dashed lines) both in terms of increasing growth rate and wavenumber (i.e., reducing 

wavelength). 

 

Figure S7: Growth rate 𝜎 versus wavenumber k plots for different values of initial source-

layer thickness h0 for (a) 𝑘𝑚 = 𝑘, and (b) for 𝑘𝑚 ≪ 𝑘. The plots are based on Eq. 36 (main 

text). 


