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Abstract 10 

MidThe analysis of mid-ocean ridges and hotspots that are sourced by deep-rooted mantle plumes are 11 

two attractive windows to allowallows us to get a glimpse of mantle structure and dynamics. 12 

Dynamical interaction between ridge and plume processes have been widely proposed and studied, 13 

particularly in terms of ridge suction.-ward plume flow. However, the effects of plate drag on 14 

plumesplume-lithosphere and plume-ridge interaction remainsremain poorly understood. 15 

Quantification of suction versus plate drag between ridges and plumes remains absent. In particular, 16 

the mechanisms that control plume flow towards vs. away from the ridge have not yet been 17 

systematically studied. Here, we use 2D thermomechanical numerical models to study theof plume-18 

ridge interaction, exploring to systematically explore the effects of (i) theridge spreading rate of ridge, 19 

(ii) theinitial plume head radius, and (iii) the plume-ridge distance systematically. Our numerical 20 
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experiments suggest two different geodynamic regimes: (1) plume motion prone toflow towards the 21 

ridge suction is favored by strong buoyant mantle plumes and small plume-ridge distances; (2) plume 22 

drag away from the ridge is in turn promoted by fast ridge spreading, at least for small-to-intermediate 23 

plumes. We find that the pressure gradient between the buoyant plume and short plume-ridge distance, 24 

and (2) plume migration driven byspreading ridge at first drives ridge-ward flow, but eventually the 25 

competition between plate drag is promoted by fast-ridge spreading rate.and the gravitational force of 26 

plume flow along the base of the sloping lithosphere controls the fate of plume (spreading towards vs. 27 

away from the ridge). Our results highlight that fast-spreading ridges exert strong plate dragging force, 28 

rather than suction on plume motion, which sheds new light on the natural observations of largely 29 

absent plume absence-lithosphere interaction along the fast-spreading ridges, such as the East Pacific 30 

RisesRise. 31 

 32 

  33 
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1 Introduction 34 

Mid-ocean ridges (MORs) and hotspots are two main regions for deep material recycling to the 35 

surface of the Earth. However, these two units are not always isolated but showing strong interactions 36 

in some cases, termed as plume-ridge interaction (Morgan, 1971). Of up to 50 mantle plumes revealed 37 

by seismic tomography (French and Romanowicz, 2015; Montelli et al., 2004), more than 20 plumes 38 

are found to be associated with nearby ridges (Ito et al., 2003). The plume-ridge interaction is 39 

manifested by some geophysical and geochemical anomalies along ridge axis, e.g., high mantle 40 

potential temperature (Dalton, 2014), enriched radiogenic isotopes towards ridge axis (Cushman et al., 41 

2004; Douglass and Schilling, 1999; Yang et al. 2017), and the lineament of volcanoes on the seafloor 42 

(Geissler et al., 2020; Lénat and Merle, 2009). Besides, plumes may also promote migration of MORs  43 

(Müller and Roest, 1998; Mittelstaedt et al., 2008, 2011;Whittaker et al., 2015), which was evidenced 44 

by successive ridge jumps towards mantle plumes, e.g., Hawaii, Amsterdam (Li and Detrick, 2003). 45 

The major factors affecting ridge suction on plumes includes ridge spreading rate, plume buoyancy 46 

flux and their spatial distance (Fig. 1b; François et al., 2018; Kincaid et al., 1996; Ribe et al., 1995; 47 

Ribe, 1996; Sleep, 1997). Most plume-ridge interaction systems links to slow-spreading ridges (< 2.5 48 

cm/yr; Gerya, 2012) and small mantle plumes and short plume-ridge distances. However, systematical 49 

studies investigating these parameters remain scarce regarding the effects of these parameters on the 50 

behavior of plume-ridge interaction. 51 

Additionally, among the interacted systems, plumes interacting with ridges appear more abundant near 52 

the Mid-Atlantic ridge (MAR), comparing to the East Pacific Rise (EPR). The reason attributed to such 53 

a distribution is still enigmatic. A previous study (Jellinek et al., 2003) proposed that fast-spreading 54 

ridges  55 



 

4 

 

  56 



 

5 

 

1 Introduction 57 

Mid-ocean ridges (MORs) and hotspots are two main regions for deep material recycling to the 58 

surface of the Earth. However, these two units are not always isolated, but rather show strong 59 

interactions in some cases, termed as plume-ridge interaction (Morgan, 1978). Of up to 50 mantle 60 

plumes revealed by seismic tomography (French and Romanowicz, 2015; Montelli et al., 2004), more 61 

than 20 plumes are found to be associated with nearby ridges (Fig.1a; Ito et al., 2003). Plume-ridge 62 

interaction is manifested by geophysical and geochemical anomalies along the ridge axis, e.g., high 63 

mantle potential temperature (Dalton et al., 2014), enriched radiogenic isotope anomalies (Cushman 64 

et al., 2004; Douglass and Schilling, 1999; Yang et al. 2017), and adjacent lineations of seamounts 65 

(Ballmer et al., 2013b; Geissler et al., 2020; Lénat and Merle, 2009). Furthermore, plumes may 66 

promote migration of MOR spreading centers (Müller et al., 1998; Mittelstaedt et al., 2008, 2011; 67 

Whittaker et al., 2015), as evidenced by successive ridge jumps towards mantle plumes, e.g., at Iceland, 68 

Amsterdam-Saint Paul and Galapagos hotspots (Hardarson et al., 1997; Maia et al., 2011; Mittelstaedt 69 

et al., 2012). The interaction dynamics of a ridge with an on-axis and off-axis plume has been widely 70 

studied and modeled in analogue and numerical experiments, revealing that the major controlling 71 

factors involve the ridge spreading rate, plume buoyancy flux and their spatial distance (François et 72 

al., 2018; Ito et al., 1997; Kincaid et al., 1996; Ribe et al., 1995; Ribe, 1996; Sleep, 1997). Indeed, 73 

most plume-ridge interaction systems are associated with slow-spreading ridges and small mantle 74 

plumes and short plume-ridge distances (Fig.1b). However, numerical studies systematically 75 

investigating the effects of these parameters on plume-ridge interaction and quantify the controlling 76 

forces remain scarce. 77 
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As has been noted previously, buoyant plumes tend to spread ridge-ward along the sloping base 78 

of the lithosphere (Morgan, 1978; Schilling, 1991; Small, 1995). Regions of divergent mantle flow 79 

beneath MORs represent the lowest dynamic-pressure regions in the oceanic asthenosphere, and thus 80 

tend to suck ambient asthenospheric and plume materials towards the spreading center (Niu, 2014). 81 

On the other hand, the viscous drag at the base of the plate tends to convey the spreading plume material 82 

away from the MOR (Ribe and Christensen, 1994, 1999). Indeed, plume spreading at the base of the 83 

lithosphere is governed by the competition of trench-ward viscous plate drag vs. ridge-ward 84 

gravitational and pressure-driven forces (Kincaid et al.,1996). These gravitational and tectonic forces 85 

compete with other to control the regime of plume-ridge interaction, but their balance remains to be 86 

quantified. 87 

The distribution of hotspots with classified as plume-ridge interaction (ridge-ward spreading) vs. 88 

no interaction (plate-drag spreading) also still remains enigmatic. Plume-ridge interaction is much 89 

more common near the Mid-Atlantic ridge (MAR) than near the East Pacific Rise (EPR) (Fig. 1a). 90 

Near the EPR, only the Pukapuka and Sojourn ridges display clear evidence of ridge-ward flow of the 91 

magmatic source, but these volcanic ridges have been attributed to a horizontally propagating viscous 92 

finger or small-scale convection, and not a mantle plume (Ballmer et al., 2013b; Clouard and 93 

Bonneville, 2005; Harmon et al., 2011). A previous study (Jellinek et al., 2003) proposed that fast-94 

spreading ridges exert strong suction on plumes and attract the surrounding plumes entirely from deep 95 

depth (Fig. 1c), resulting in the absence of plumes adjacent to the EPR (Fig. 1a). However, a series of 96 

spatiotemporal volcanic chains with linear progressing age are found in different Oceans (Jackson et 97 

al., 2010). Not only do MORs suck the proximal plumes into the spreading center (Koptev et al., 2015; 98 

Niu, 2014), but they can conversely drag mantle plumes away. Therefore, an alternative explanation 99 
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to the plume absence along the fast-spreading ridges could be plate drag, i.e., fast-spreading ridges 100 

push away the surrounding plumes. Plate drag, in contrast to suction, however, remains poorly studied. 101 

Moreover, either ridge suction or plate drag acts on mantle plumes remains an intriguing question. 102 

This study utilizes two-dimensional (2D) numerical modelsguide upwelling mantle flow towards 103 

the spreading center to convey the surrounding plumes from deep depth entirely into the MOR melting 104 

zone (Fig. 1c), resulting in the absence of hotspots adjacent to the EPR (see also Rowley et al., 2016; 105 

Rowley and Forte, 2022). However, fast plate spreading also tends to drag mantle plumes away from 106 

the MOR (Kincaid et al., 1995, 1996), leading to the typically parabolic shapes of hotspot swells such 107 

as near Hawaii (Ribe and Christensen, 1994). Whether the increased spreading rates in the Pacific vs. 108 

Atlantic promote ridge-ward vs. plate-drag plume flow remains an intriguing question. 109 

The principal goal of this study is to investigate the process of plume-ridge interaction, with 110 

emphasizingan emphasis on the effects of model parameters on the ridge suction versus plate drag. We 111 

demonstrate that ridge suction and-ward vs. plate-drag on plumes are influenced by the distinctive 112 

parameters. Slow-spreading rate, short distance and large plume radius promote ridge suction, whereas 113 

the oppositeplume spreading. We explore the effects of thesevarious model parameters favor pushing 114 

plumes away. We further propose that fast-spreading ridges exerts strong dragging on plumes due to , 115 

such as the large shear force along the basesize of the oceanic plate. This process of plate drag, instead 116 

ofplume, ridge suction, on plume may support the explanation of thespreading rate, and plume-ridge 117 

distance. Finally, we use our model results to interpret the difference of natural plume-ridge interaction 118 

absence alongsystems in different oceans, particularly the striking difference between the East Pacific 119 

Rise. and Atlantic in this regard. 120 

121 
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122 

 123 

Figure 1. Global plume-ridge interaction systems. (a) Global distribution of mid-ocean ridges and 124 

mantle plumes. Residual bathymetry of the ocean basins come from Straume et al. (2019). Mid-ocean 125 

ridges are painted in color solid lines corresponding to half-spreading rate. Plumes not interacting with 126 

a ridge are shown by green circles, and hotspots linked to ridges are in red dots (Ito et al., 2003); size 127 
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refers to the plume buoyancy flux from Hoggard (2020). Black lines denote the regions of two LLSVPs 128 

under the South Africa and Pacific Ocean (Torsvik et al., 2006). (b) Histograms of influential factors 129 

of plume-ridge interaction systems. Figure 1. Global plume-ridge interaction systems. (a) Residual 130 

bathymetry of the ocean basins (Straume et al., 2019). Mid-ocean ridges are painted in color solid lines 131 

corresponding to half-spreading rate. Plumes not interacting with a ridge are shown by green circles, 132 

and hotspots linked to ridges are in red dots (Ito et al., 2003), and size refers to the plume buoyancy 133 

flux from Hoggard (2020). Black lines denote the regions of two LLSVPs under the South Africa and 134 

Pacific Ocean (Torsvik et al., 2006). (b) Histograms of influential factors of plume-ridge interaction 135 

systems. Half spreading rate and plume-ridge distance come from GplatesHalf spreading rate and 136 

plume-ridge distance is taken from GPlates (Müller et al., 2016; Whittaker et al., 2015). Plume-ridge 137 

interaction systems link to slow-spreading ridge and small mantle plumes and short plume-ridge 138 

distance. (c) Sketches of ridge suction-ward (top panel) and plate -drag plume flow (bottom panel) 139 

mode proposed, respectively. 140 
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 142 

Figure 2. Model setup. (a) Initial composition and boundary conditions. The oceanic plate consists of 143 

half-space cooling part and the thermal equilibrium part. A 50-Myrs-old mid-ocean ridge sets in the 144 

middle of the model based on half-space cooling temperature structure. A thermal and chemical 145 

anormal mantle plume locates at 660 km. Colored boxes refer to Different colors indicate the initial 146 

rock type,types and corresponding newly formed molten rock types. Yellow arrows are also showthe 147 

half-spreading rates imposed internal in the rock boxeslithosphere (i.e., from 20 km to 120 km in depth) 148 

to simulate ridge spreading. (b) Initial tested ridge and plume configurations. (c) Initial tested plume-149 

ridge distances.  150 

 151 

 152 

2 Numerical modelling 153 
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2.1 Modelling methods 154 

WeTo explore plume-lithosphere and plume-ridge interaction, we conduct numerical simulations 155 

by utilizing the 2D thermo-mechanical coupled codescode I2VIS, which is based on staggered finite 156 

difference method combined with marker-in-cell techniques (Gerya and Yuen, 2003, 2007). This 157 

modeling framework uses both Eulerian gridgrids and fully randomly-distributed Lagrangian markers 158 

to jointly solve equations of conservation of mass, momentum and energy (Eq. (1)-(3), respectively): 159 

∇ ∙𝑣⃗ = 0  (1) 160 

𝜕𝜎𝑖𝑗
′

𝜕𝑥𝑗
−

𝜕𝑃

𝜕𝑥𝑖
+ 𝜌𝑔𝑖 = 0  (2) 161 

𝜌𝐶𝑝 (
𝐷𝑇

𝐷𝑡
) = −∇ ∙ 𝑞⃗ + 𝐻𝑟 + 𝐻𝑎 + 𝐻𝑠 + 𝐻𝑙  (3) 162 

where v refers to the velocity, 𝜎𝑖𝑗
′  the deviatoric stress tensor, P the pressure, ρ the density, 𝑔 the 163 

gravity acceleration, 
𝐷

𝐷𝑡
 the Lagrangian time derivative, Cp the heat capacity, and 𝑞⃗𝑞 the heat flux. 164 

Additionally, Hr, Ha, Hs, and Hl are the radioactive, adiabatic, shear, and latent heat productions, 165 

respectively. 166 

We employ thea non-Newtonian visco-plastic rheology (Gerya and Yuen, 2007) in the models. 167 

The viscous rheology depends on the stress rate, temperature and pressure, and can be. The appropriate 168 

viscosity is expressed by the effective viscosity as that of thea composite diffusion and dislocation-169 

creep material (Eq. (4)). 170 

1

𝜂𝑒𝑓𝑓

1

𝜂𝑣𝑖𝑠
=  

1

𝜂𝑑𝑖𝑓𝑓
+

1

𝜂𝑑𝑖𝑠𝑙
 (4) 171 

in which 𝜂𝑑𝑖𝑓𝑓 and 𝜂𝑑𝑖𝑠𝑙 are the diffusion and dislocation creep viscosity, respectively, and can be 172 

further computed as Eq. (5) and Eq. (6): 173 

𝜂𝑑𝑖𝑓𝑓 =
1

2
𝐴𝜎𝑐𝑟𝑖𝑡

1−𝑛exp (
𝑃𝑉𝑎+𝐸𝑎

𝑅𝑇
)  (5) 174 

𝜂𝑑𝑖𝑠𝑙 =
1

2
𝐴

1

𝑛𝜀𝐼̇𝐼

1−𝑛

𝑛 exp (
𝑃𝑉𝑎+𝐸𝑎

𝑛𝑅𝑇
)  (6) 175 
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where P is the pressure, T is the temperature, 𝜀𝐼̇𝐼 is the second invariant of the strain rate tensor, 𝜎𝑐𝑟𝑖𝑡 176 

is the diffusion‐dislocation creep transition stress, and A , Ea, Va, and n are the strain rate pre‐177 

exponential faсtorfactor, activation energy, activation volume, and stress exponent, respectively. The 178 

plastic behavior 𝜂𝑝𝑙𝑎 is described by the Drucker-Prager yield criterion (Byerlee, 1978; Ranalli, 1995) 179 

according to Eq. (7) and Eq. (8):  180 

𝜎𝑦 = 𝐶 + 𝑃𝜑 (7) 181 

𝜂𝑝𝑙𝑎 =
𝜎𝑦

2𝜀̇𝐼𝐼
   (8) 182 

in which 𝜎𝑦 asis the yield stress, C is the rock cohesion and 𝜑 is the effective friction coefficient. 183 

The effective viscosity 𝜂𝑒𝑓𝑓 of rocks is thus constrained by all abovementioned both viscous and 184 

plastic deformation, where the rheological laws in our models.behavior depends on the minimum 185 

viscosity attained between ductile and brittle fields: 186 

𝜂𝑒𝑓𝑓 = min (𝜂𝑣𝑖𝑠, 𝜂𝑝𝑙𝑎) (9) 187 

Partial melting, melt extraction and percolation to the base of the crust are also considered and 188 

completedin the model in a simplified way (Gerya, 2013). In the model, the melt extraction and 189 

percolation is modeled indirectly and considered as an instantaneous process. We calculate the melt 190 

fraction (i.e. without melt extraction), 𝑀0, of the mantle based on a nonlinear parameterized batch 191 

melting model of Katz (2003). For other lithologies, the melt fraction (𝑀0) are assumed to increase 192 

linearly with temperature and are calculated as Eq. (8The melt fraction (𝑀0) of the crust are assumed 193 

to increase with temperature and are calculated according to Eq. (10): 194 

𝑀0 = 0 when 𝑇 ≤ 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠  195 

𝑀0 =
(𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠)

(𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠)
 when 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠  (810) 196 

𝑀0 = 1 when 𝑇 ≥ 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 197 
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Wherewhere 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 and 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 are the solidus and liquidus temperature of different rock 198 

typetypes, respectively., taken from Katz et al. (2003). 199 

In our model, melt extraction is modeled indirectly and considered as an instantaneous process 200 

(Gerya et al., 2015). The extracted melt is assumed to move vertically from the molten source and then 201 

added to the bottom of the crust. Partial melt is extracted from the mantle and instantaneously displaced 202 

to the bottom of the crust and converted into hot mafic magma, obeying the conservation of material. 203 

The amount of extracted melt during the evolution of each experiment is traced by the 204 

lagrangianLagrangian markers (Gerya, 2013). The total amount of melt, M, for every marker takes 205 

intoexcludes the amount of previously extracted melt according to Eq. (9):11):  206 

𝑀 = 𝑀0 − Σ𝑛𝑀𝑒𝑥𝑡  (911) 207 

where Σ𝑛𝑀𝑒𝑥𝑡  refers to the total melt fraction extracted during the previous n melt extraction 208 

timesteps. Rocks are assumed non-molten if the extracted melt fraction (Σ𝑛𝑀𝑒𝑥𝑡 ) surpasses the 209 

standard melt fraction (Σ𝑛𝑀𝑒𝑥𝑡 > 𝑀0). The modeled melt is extracted upwards when the total amount 210 

of melt 𝑀  exceeds the given extraction threshold 𝑀𝑚𝑖𝑛 = 2 wt %. Hence, the extracted melt is 211 

assumed to move vertically instantaneously from the molten source and then added to the bottom of 212 

the crust. 213 

The effective density of mafic magma and molten crust depends on its melt fraction and is 214 

calculated as (Gerya et al., 2015; Gülcher et al., 2020): 215 

𝜌𝑒𝑓𝑓 = 𝜌𝑠𝑜𝑙𝑖𝑑(1 − 𝑀 + 𝑀
𝜌0,𝑚𝑜𝑙𝑡𝑒𝑛

𝜌0,𝑠𝑜𝑙𝑖𝑑
)  (12) 216 

where 𝜌0,𝑚𝑜𝑙𝑡𝑒𝑛 and 𝜌0,𝑠𝑜𝑙𝑖𝑑 are the reference densities of the molten and solid crust. 𝜌𝑠𝑜𝑙𝑖𝑑 is the 217 

crust density at given pressure and temperature, which can be computed as:  218 

𝜌𝑠𝑜𝑙𝑖𝑑 = 𝜌0,𝑠𝑜𝑙𝑖𝑑[1 − 𝛼(𝑇 − 298)][1 + 𝛽(𝑃 − 0.1)]  (13) 219 
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with thermal expansion 𝛼 = 3 × 10−5𝐾−1 and compressibility 𝛽 = 10−11𝑃𝑎−1. 220 

 Surface processes, such as erosion and sedimentation, are considered by solving the transport 221 

equation on the Eulerian nodes at each time step (Gerya and Yuen, 2003). Our erosion/sedimentation 222 

model uses gross-scale erosion/sedimentation rates which are independent of local elevation and 223 

topography (Burov and Cloetingh, 1997). We use constant and moderate rates of erosion (0.315 mm/yr) 224 

and sedimentation (0.0315 mm/yr), respectively, which falls within naturally observed ranges. 225 

 226 

2.2 Model setup 227 

The initialsize of the model dimensions are set as box is 6600 × 1200 km, with a nonuniform grid 228 

of 501 × 301 computational nodes in length and depth, respectively (Fig. 2). We use a variableThe 229 

densest grid spacing, so as to reach a higher grid resolutionis located in the middle partcenter of the 230 

model domain (i.e., grid size decreases linearly from 20 km at the edges to 2 km at the ridge axis), 231 

where the plume-ridge interaction would happen. The model consists of a 20 km thick sticky air layer 232 

fittingto accommodate crustal surface deformation, an oceanic lithosphere and asthenosphere till depth 233 

of 660 km.. To reproduce the oceanic lithosphere, we choose a typical layered model from the 234 

uppermost mantle to the surface, and, where the crustal part of this lithospherecrust is composed of a 235 

water level (2 km), a sediment layer (1.5 km), and a basalt layer (7.5 km). The oceanic lithosphere and 236 

asthenosphere in the model are both modelledmodeled as dry olivine (the different colors for the mantle 237 

lithosphere and asthenosphere in the figures of this paper are only for better visualization). Besides, a 238 

50‐Myrs‐old mid-ocean ridge is set on central part of the lithosphere, splitting the model domain into 239 

two parts. At the depth of 660 km, a 200-km-wide semicircular plume is located on the left of model 240 

domain, corresponding to the onset of plume-ridge interaction from the mantle transition zone. 241 
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Detailed rock parameters are listed in TabelTable 1. 242 

The thermal conditions of the top and bottom boundaries are fixed at 273 and 2513 K, respectively. 243 

The left and right boundaries are both insulating, with no external heat flow across them. The 244 

temperature configuration of the oceanic lithosphere is interpolated with a linear gradient constrained 245 

by constant temperatures of 273 and 1573 K at the top and bottom of the lithosphere. Below the oceanic 246 

lithosphere, an adiabatic temperature gradient of 0.5 K km-1 is applied. In terms of ridge, the thermal 247 

structure and thickness of the lithosphere are calculated by the infinite half‐space cooling formulation 248 

(Turcotte and Schubert, 2014). The hot plume is set an excess temperature of 250 K to trigger a 249 

thermal-compositional plume rising from the model box. All the velocity boundaries are free slip 250 

boundaries. An additional velocity is imposed on both sides of the ridge to represent the half spreading 251 

rate.  252 

 253 

TabelThe thermal conditions at the top and bottom boundaries are fixed at 273 and 2513 K, 254 

respectively. The left and right boundaries are both insulating, with no external heat flow across them. 255 

The initial temperature structure of the mantle is adiabatic (0.5 K km-1), which results in a temperature 256 

at 660 km depth of 1843 K. The initial temperature structure of the oceanic plate consists of half-space 257 

cooling part and thermal equilibrium part (Fig. 2a). The half-space cooling model is used to describe 258 

the oceanic plate younger than 50 Myr, and the thermal equilibrium structure is used to describe older 259 

oceanic parts. In other words, the thermal age of the lithosphere far away from the ridge is fixed at 50 260 

Myr with a constant plate thickness (i.e., ~100 km). The hot plume is set a circular thermal and 261 

compositional (see Table 1) anomaly with an excess temperature of 250 K to trigger a rising 262 

thermochemical plume. All the velocity boundaries are free slip boundaries. Additional internal 263 
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boundary velocities are imposed at 500 km from each side boundary in the lithosphere to maintain the 264 

imposed half spreading rate (Fig. 2a).  265 

 266 

Table 1. Rock physical properties used in the numerical models. 267 

Parameters Sediments Ocean Crust Mantle Plume Reference 
a
 

Flow law Wet quartz Basalt Dry olivine Wet olivine  

Preexponential factor 𝐴(Pans) 1.97×1017 4.80×1022 3.98×1016 5.01×1020 1 

Activation energy 𝐸𝑎(KJ mol
-1

) 154 238 532 470 1 

Activation volume 𝑉𝑎(J bar
-1

mol
-1

) 0 0 1 0.8 1 

Exponent 𝑛 2.3 3.2 3.5 4 1 

Cohesion 𝐶(Pa) 2×107 2×107 2×107 2×107 1 

Effective friction coefficient 𝜑 0.6/0.3 0.6/0.3 0.6/0.3 0.6/0.3 1 

Density 𝜌(Kg m
-3

) 2600 3000 3300 3270 2 

Radioactive heating 𝐻𝑟(W m
-3

) 2×10-6 2.2×10-7 2.2×10-8 2.5×10-8 2 

a: 1-(Ranalli, 1995), 2-(Turcotte and Schubert, 2014) 268 

Other physical parameters used for all rocks include: gas constant R=8.314 J K-1mol-1, thermal 269 

expansion 𝛼=3×10-5 K-1, compressibility 𝛽=1×10-11 Pa-1, heat capacity Cp=1000 J kg-1K-1. 270 

 271 

  272 
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3 Model Results 273 

We conduct a series of numerical experiments to investigate ridge suction versus plate drag acts 274 

on plumes. The effecteffects of three major model parameters (i.e., the spreading rate of mid-ocean 275 

ridge, the initial plume head radius, and the plume-ridge distance) has beenare systematiclly studied. 276 

The typical dynamic evolution of models with ridge suction and-ward vs. plate -drag on plumesplume 277 

flow are demonstrated. 278 

3.1 Ridge suction dominated modelModel evolution 279 

In with ridge suction dominated models, the rising plume flows toward the spreading ridge as a 280 

result of ridge suction, and-ward plume flow 281 

For models with dominant ridge-ward flow, the typical model evolution is shown in Fig. 3 (the 282 

major model parameters used in this case are: the half spreading rate of 8 mm yr-1, the initial plume 283 

head radius of 200 km, and the off-axis distance of 800 km). In the early plume head stage, the buoyant 284 

mantle plume rises up rapidly in a mushroom-like shape (Fig. 3b) and thus imposes dynamic stresses 285 

at the base of the overriding oceanic plate, leading to significant surface uplift. (Figs. (Fig. 3a-b). The 286 

ascending plume experiences intensiveextensive decompression melting alongat the base of the 287 

overriding plate, and due to the dynamic overpressure, spreads laterally, forming two branches that 288 

flow in opposite directions with uplifted elevation (Fig. 3c). Along withA large amount of plume 289 

spreading, the overridingmaterial is eventually entrained towards the spreading center, ponding 290 

underneath the ridge axis, and significantly affecting the ridge dynamics. The entrainment of hot plume 291 

material promotes decompression melting (Figs. 3d, e) and increases the temperature beneath the ridge 292 

(Fig. S2). Within the overlying lithosphere, the buoyant mantle plume leads to stress localization and 293 

strongly weakens the oceanic plate begins to drag both plume branches away from the ridge. On the 294 
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other hand,(Figs. S1, S3). As the plume eventually flows upward along the increasingly sloping base 295 

of the plate divergence atnear the MOR creates a dominant, massive melting and crust production 296 

occurs (Fig. S1), forming an oceanic plateau of thickened crust. In addition to this gravitational force 297 

that guides plume material of the right branch ridge-ward, plate spreading drags both branches in the 298 

opposite direction. Moreover, convective and tectonic stresses (“plume push” and “ridge suction 299 

effect.”) affect both branches of the plume in a different way. As a consequence, the two branches 300 

evolve asymmetrically: the right branch that flows towardtowards the ridge axis is more vigorous than 301 

the left branch, and the plume tail is also tilted towards the spreading center (Figs. 3c-e).3c-e). For a 302 

more detailed discussion of the underling controlling forces, see below. 303 

 304 

 305 

Figure 3. The evolution of the reference model M12 (see Table S1 in supplementary material) with 306 

dominant ridge-ward plume flow. The main model parameters employed in this case are: half spreading 307 

rate of 8 mm yr-1, an initial plume head radius of 200 km, and an off-axis distance of 800 km. (a) 308 

surface topography over time along the flow path. (b-e) Snapshots of composition for the reference 309 
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model (M12). (f) Profiles of the horizontal velocity component over time at the sections as indicated 310 

(color-coded) in panel (c-e). 311 

 312 

 The mantle flow verticalhorizontal velocity profiles (Fig. 3f) further demonstrate the dominant 313 

effectdominance of ridge suction on-ward plume head spreading. Figure 3f showsflow, showing that 314 

plume flow is faster towards the spreading ridge than away from it. The velocity profiles elucidate 315 

dominant Poiseuille flow, with the maximum flow velocities in the middle of the flowing layer, 316 

decreasing upwards and downwards.asthenospheric channel. Such velocity profiles are well consistent 317 

with theobservations of seismic anisotropy observation at the Reunion plume (Barruol et al. 2019). 318 

The branches of the spreading plume head move significantly faster than the overriding plate moves 319 

slower than the ponding plume, and hence. Therefore, plate drag actually slows down the spreading of 320 

the plume branches. Without suction effect from in this model case. Because of the asymmetrical 321 

spreading center,of the left plume branch flows out much slower than head, the buoyancy flux carried 322 

by the right branch of the plume (density anomaly multiplied by horizontal velocity from Figure 3f) is 323 

also much larger than that carried by the left branch.  324 
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 325 

Figure 3. Reference model evolutions of ridge suction on plume flow. (a) topography evolutions along 326 

the flow path of selected snapshots. (b-e) snapshots of reference suction dominated model in 327 

compositional domain. Solid, dash and dotted lines are the velocity profiles of plume branches 100 km 328 

aside the plume stem and plot in (f). (f) mantle flow velocity structure evolutions of ridge-ward and 329 

dragged plume domains marked in red and blue lines, respectively. 330 

 331 

A large amount of plume material is entrained towards the spreading center, ponding underneath 332 

the ridge axis, and significantly affecting the ridge dynamics. The entrainment of hot plume material 333 

increases the temperatures beneath the ridge, promotes decompression melting and boosts surface heat 334 

flux (Fig. 5d). The buoyant mantle plume then strongly weakens the overlying oceanic plate and 335 

changes the stress state of the overlying oceanic plate, forming a series of tension cracks due to the 336 

forced uplift (Figs. 5c,d). Magma extracts to the surface through these cracks, especially in areas that 337 

lithosphere is thin and weak. As such, a large amount of plume material beneath the thinner lithosphere 338 

near the mid-ocean ridge is extracted to the surface, which depends on the melt temperature and 339 
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pressure. Such melt extraction via separated tension cracks may imply the formation of near-linear 340 

volcanic ridges. 341 

 342 

3.2 Plate-drag dominated model Model evolution with plate-drag plume flow 343 

In plate-drag dominatedFor models, the rising mantle with dominant plume is simulated to flow 344 

away from the spreading ridge and is dominantly driven by(“plate-drag flow”), the drag of the moving 345 

plate (typical model evolution is shown in Fig. 4). This 4. The controlling parameters of the 346 

representative model has a similar configuration as the ridge suction dominated model (shown in Fig. 347 

3)Figure 4 are the same as for the model shown in Figure 3, except withfor a smaller radius (100 km) 348 

and interacts with a faster spreading centerridge (half spreading rate: 45 mm yr-1). The At first, the 349 

ascending plume head spreads out similarly as in the case described above and interacts with the 350 

overriding oceanic platelithosphere. The largest surface uplift is producedsustained just above the 351 

plume head (Fig. 4a), slightly different from the previous model in which the highest surface elevation 352 

is observed on the twoboth sides of the plume conduit (Fig. 3a). Related to this spreading and uplift, 353 

divergent stresses are sustained in the overlying lithosphere (Fig. S4), but no weakening or yielding 354 

occurs (Fig. S6). The plume head spreads laterally underneath the oceanic plate, and undergoes 355 

significant decompression melting near the deflection point (Fig. 4c). Unlike the ridge suction 356 

dominated model, in which a large portion of plume material flows towards the ridgeHowever, thick 357 

and cold lithosphere prevents magma from extracting (Fig. S4). As the plume cools, partially molten 358 

plume gets solidified speedily (Figs. 4d-e and S5). In contrast to the reference model from section 3.1, 359 

this model displays most plume material flowing away from the ridge owing, likely due to the dragging 360 
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ofdominant plate drag (Figs. 4c-e).  Indeed, the left branch of the plume consistently displays larger 361 

buoyancy fluxes and maximum velocities than the right side over time (Fig. 4f).   362 

  363 

 364 

Figure 4. Same as Figure 3 for case M77 (i.e., the reference model for the plate-drag plume flow 365 

regime). The main model parameters employed in this case are: half spreading rate of 45 mm yr-1, an 366 

initial plume head radius of 100 km, and an off-axis distance of 800 km.  367 

 368 

The underlying mechanism offor dominant plate-drag plume flow is the shearingfrictional shear 369 

force of the spreadingmoving plate, which is further demonstrated by the plume flow velocity profiles 370 

(Fig. 4f). In the early plume head stage (~0.911.08 Myr), the plume spreads away from the MORout 371 

faster than the plate velocity; accordingly, plate drag actually inhibits the plume spreading, which is 372 

primarily driven by the overpressure of the ponding plume head at this stage. After a certainshort 373 

amount of time (~2.32 Myr), however, plume spreading becomes significantly slower than plate 374 

velocity, and hence plate- drag drives and controls passivethe plume flow. Flow Indeed, the flow mode 375 
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in the asthenosphere rapidly shifts from Poiseuille flow (i.e., active plume flow) shifts progressively 376 

to Couette flow (i.e., passive plume flow) (Fig. 4f), indicating the increasing role of plate drag on 377 

plume flow., soon after an initial of plume-head spreading.  378 

 379 

Figure 4. Reference model evolutions of plate-drag on plume flow. The major model parameters 380 

employed in this case are: the half spreading rate of 45 mm yr-1, the plume radius of 100 km, and the 381 

off-axis distance of 800 km. (a) topography evolutions along the flow path of selected snapshots. (b-382 

e) snapshots of reference plate-drag dominated model in compositional domain. Solid, dash and dotted 383 

lines are the velocity profiles of plume branches 100 km aside the plume stem and plot in f. (f) mantle 384 

flow velocity structure evolutions of ridge-ward and dragged plume domains marked in red and blue 385 

lines, respectively. 386 

 387 

 Weakening of the overlying oceanic lithosphere and melt extracting have been observed to occur 388 

in these set of models (Figs. 5e, f). The motion between rigid plate and viscous plume material alters 389 

the lithosphere stress similarly. However, thick and cold lithosphere prevents magma from venting. 390 
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Only a small fraction of molten plume is extracted to the surface when plume is dragged away. As the 391 

plume continues to cool, plume activity decay and partially molten plume gets solidified speedily. As 392 

a result, the heat flux at the surface is much lower (Fig. 5f). 393 

 394 

 395 

Figure 5. Comparsion between model evolution leading to ridge suction and plate drag mode on 396 

mantle plume. (a) Ridge sucks mantle plume with downwelling mantle flow (reference suction 397 

dominated model results: Fig.3). (b) Plate drags plume away with upwelling mantle corner flow 398 

(reference plate drag dominated model results: Fig.4). White dash lines are the streamlines. Schematic 399 

cartoons of ridge suction and plate drag pattern plot in the right panels. (c, e) Normal stress along 400 

lithosphere of black selected area in (a), (b). (d, f) Volume of extracted basalts and heat flux in overhead 401 
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lithosphere. Red lines show the extracted basalt volume within oceanic crust, and blue lines refer to 402 

the surface heat flux. Bulk of melt extract on the surface through the tensile cracks. 403 

 404 

3.3 ridge suction versus plate drag 405 

The ridge suction and plate drag 406 

 407 

Figure 5. Comparsion between models with ridge-ward vs. plate-drag plume flow. (a) Ridge-ward 408 

flow with downwelling beneath the MOR (results from case M12 as in Figure 3). White dashed lines 409 

are streamlines; black arrows visualize the flow field. Schematic of flow in the sub-panel on the right-410 

hand side. (b) Plate-drag flow with upwelling mantle corner flow beneath the MOR (results from case 411 

M77 as in Figure 4). (c) The dynamic pressure and gravitational gradient of plume marker (i.e. green 412 

circle in (a)) over time. The yellow box in (b) marks the location for the computation of average 413 

dynamic pressure at the ridge, needed for the calculation of the dynamic pressure gradient (see text). 414 
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(d) The dynamic pressure and gravitational gradient of plume marker (i.e. green circle in (b)) over 415 

time.  416 

 417 

3.3 Two modes of plume-lithosphere interaction 418 

The dominant ridge-ward and dominant plate-drag plume flow regimes are two distinct modes of 419 

plume-ridgeplate interaction. The differences between these two types of modesregimes are further 420 

demonstrated in terms of mantle flow (Fig. 5) and parameter effectsFigs. 5a,b), driving forces (Figs. 421 

5c,d). 6,7).  422 

In the ridge suction-ward dominated models, clockwise mantle flow could formdevelops from 423 

the plume to the spreading ridge (Fig. 5a). A large amount of molten plume material flows to the 424 

spreading ridge and occupies the space underneath the ridge axis., sustaining significant asymmetry 425 

of mid-ocean ridge melting (Conder et al., 2002). As a consequence to the continuous supply of the 426 

plume material, downward mantle flow forms beneath the ridge axis. This flow pattern dramatically 427 

differs from that shown in the plate -drag dominated models, which show upward mantle flow 428 

underneath the ridge axis (Fig. 5b). Mantle corner flows are generated in5b), as typical for the plate 429 

drag dominated models, which blockflow beneath a MOR without the influence of a plume flow 430 

towards the ridge. Such mantle flow blows down the plume tail, and the moving plate carries away 431 

the subsequently upwelling plume material. These two distinct modes of plume-ridge interaction 432 

(ridge suction vs. plate drag) are controlled by model parameters (Fig. 6)..   433 

 434 
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 435 

Figure 6. Parameter regime of the contrasting plume-ridge interaction modes. Suction fractions (the 436 

ratio of net volume difference between plume material transports ridge-ward and excludes away 437 

from ridge, Eq.(10)) at ca.8 Myr after plume head expansion. Each of the circles represents one of 438 

the numerical experiments, and sizes refer to the suction fractions. Circles in green represent ridge 439 

dragging away the plumes, whereas red circles display plumes are sucked to the ridge axis 440 

dominantly. 441 

 442 

The distinct modes of plume-ridge interaction (ridge-ward vs. plate-drag flow) are controlled by 443 

the competition of the tectonic (plate drag, ridge suction) and gravitational (plume buoyancy) driving 444 

forces. On one hand, The moving plate drags sub-lithospheric plume material away from the ridge. On 445 

the other hand, the mechanism of ridge-ward flow is twofold. First, the buoyant plume material flows 446 

along the sloping base of the lithosphere towards the shallow ridge along the gravitational gradient. 447 

Second, the plume is driven along the dynamic-pressure gradient from the pressure maximum (e.g., 448 

where the plume sustains dynamic topograph) towards the pressure minumum beneath the diverging 449 

ridge. These gravitational (𝐺𝑔𝑣) and pressure-driven (𝐺𝑑𝑝 ) gradients are calculated by tracing plume 450 

markers (Figs. 5c,d) as follows: 451 
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𝐺𝑑𝑝 = (𝑃𝑚𝑘 −  𝑃𝑟)/𝐿   (12) 452 

𝐺𝑔𝑣 =  (𝜌0 −  𝜌𝑚𝑘) ∗ 𝑔 ∗ 𝑘  (13) 453 

where 𝑃𝑚𝑘 is the dynamic pressure of plume marker and 𝑃𝑟 is the averaged pressure in a 50 km box 454 

at ridge center (Fig. 5b); L is the horizontal distance from plume marker to ridge axis; 𝜌𝑚𝑘  and 𝜌0 455 

are the plume marker density and initial density, respectively; g is the gravitational acceleration; k is 456 

the local slope of the base of the lithosphere. 457 

In the early stage of model evolution, the plume head’s dynamic overpressure is dominant, driving 458 

plume spreading in both directions (Fig. 5c), in particular in the direction of the low-pressure ridge. 459 

However, this pressure gradient systematically diminishes over time as the plume (head) spreads. Once 460 

the spreading plume approaches the ridge, the lithospheric slope increases. At some point, the 461 

gravitational gradient exceeds the dynamic pressure gradient, taking over as the major driving force of 462 

guiding plume material towards the ridge. Consequently, one of the essential conditions for plume-463 

ridge interaction is that the plume must be able to reach the critical zone near the ridge, where the slope 464 

is sufficiently steep to take over for the ever diminishing pressure gradient. This implies that the plume 465 

buoyancy must (1) overcome the shearing force of plate drag, and (2) the pressure-gradient must be 466 

sustained long enough to reach the critical zone, in which the gravitational gradient can take over. The 467 

(1) shearing force scales with the rate of ridge spreading, and the (2) critical zone is more readily 468 

reached for high buoyancy fluxes at a given plume-ridge distance. 469 

 470 

 471 

3.4 Influence of model parameters 472 

We have systematically investigated the effect of the three main model parameters (i.e., the 473 
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spreading rate of the mid-ocean ridge, initial plume head radius and initial off-axisplume-ridge distance 474 

of plume) on plume-ridge interaction (Fig. 6).. We explored half spreading rates of the mid-ocean ridge 475 

of 8, 15, 30, and 45 mm yr-1, corresponding to ultra-slow, slow, medium, and fast-spreading mid-ocean 476 

ridges, respectively (Gerya, 2012). We varied initial plume head radii in the range of 100 km to 300 477 

km. Further, thewe tested off-axisplume-ridge distance ranges fromin the range of 600 to 1400 km.  478 

Generally, the3.4.1 Plume head radius 479 

The size of the buoyant plume exerts a majoran important control on plume-ridge interaction. 480 

Small plumes tend to be dragged away from the ridge, with typically larger lateral fluxes of the left 481 

branch than the right branch of the spreading plume (Figs. 6a,b). The buoyancy flux in each branch is 482 

calculated by multiplying the velocity of the markers in7a-c). As plume pipe (Figs. 6d-f) by the density. 483 

The dynamic overpressures arepressure decreases with decreasing plume size (Fig. S8a), and the 484 

pressures gradient is thus not strong enough for small, plate plumes to reach the ridge. Plate shearing 485 

dominates mantleplume flow soon after plume head spreading. The, and the moving plate then drags 486 

plume head material, and leavesleaving a tilted plume tail (Fig. 7d6d). In contrast, plumes with larger 487 

radiiinitial plume head radius or buoyancy fluxesflux, the ponding plume spreads more vigorously (Fig. 488 

6c) and sustains much higher overpressures at the base of the plate. (Fig. S8a). This vigorous spreading 489 

can overcome plate drag to drive Poiseuille flow in both directions (Fig. 7c).. Once the right plume 490 

branch approaches the spreading center, it is attracted and further accelerated by ridge suction. The 491 

plume tail is also markedly tilted towards the ridge axis due to asymmetric spreading in the dynamic 492 

pressure field of the MOR.(Fig. 6f). The larger the plume is, the more plume material gets entrained 493 

by the spreading center.  494 
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 495 

Figure 7. Parameter regime showing ridge suction versus plate drag in the selected parameter space. 496 

(a-c) Time evolution of 497 
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 498 

Figure 6 Models varying initial plume head radii (model M53, M58, and M63, Table S1 in 499 

supplementary material) shown by buoyancy flux and viscosity . (a-c) Buoyancy flux in spreading 500 

plume branches with varied plume size and off-axis distance at plume head stage.over time. Green and 501 

red triangles are tracersmarkers used for buoyancy flux calculation. (d-f) Viscosity snapshots of 502 

models with different plume size, plume-ridge distance at ca.8 Myr after plume head ponding (tPH) 503 

beneath the plate are shown.head radii. Models with green circle represent plate -drag dominated 504 

patternplume flow and ridge suction -ward plume flow in red.  505 

 506 

Moreover, plume3.4.2 Plume-ridge distance 507 
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Plume-ridge distance also controls the regime of plume-ridge interaction. A plume at large 508 

distances spreads similarly withas a plume at a small distance, but is less likely to get affected by ridge 509 

suction (Figs. 7b,d7e,f). The dynamic pressure gradient is exactly what drives the flow between the 510 

plume and ridge. The drives the ridge-ward plume flow. However, the larger the plume-ridge distance, 511 

the smaller the pressure gredientgradient would be (Fig. S8b), resulting in a lower buoyancy flux across 512 

the plume pipe (Figs. 7a-c). .In the cases of distant plumes, the spreading of the plume head is strongly 513 

affected by plate drag (Figs. 7b, c). On the other hand, the difficulty in creating plume-sustaining ridge 514 

connection in the case-ward plume flow may also link to the heat transfer between the cold plate and 515 

the hot plume rocks. With gradually cooling from upper plate by heat conduction and diffusion, the 516 

viscosity of plume increases with the reduction of temperature.as it cools. Such increasing viscosity 517 

slows the plume down, inhibiting the flow to ridge consequently (Fig. 7d). Previous studies indicated 518 

that the extra travelling time needed for an additional 200 km of plume to reachstopping the ridge is 519 

roughly equal to the thermal diffusion time for a 20 km thick, sub-horizontal-ward plume channel 520 

cooled from above rigid lithosphere (Kincaid et al., 1996).flow eventually (Figs. 7e, f). Hence, for 521 

those distant cases, it takes longer time for cases with large plume-ridge distances and hence travel 522 

times, the ponding plume material to reach the ridge, during which the ponding plume head is 523 

exhaustedhead cools and is ultimately carried away by the moving plate.  524 
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 525 

Figure 7. Models varying plume-ridge distances (model M57-M59, Table S1 in supplementary 526 

material) shown by buoyancy flux and viscosity. (a-c) Buoyancy flux in spreading plume branches 527 

over time. Green and red triangles are markers used for buoyancy flux calculation. (d-f) Viscosity 528 

snapshots of models with different plume-ridge distances. Models with green circle represent plate-529 

drag plume flow and ridge-ward plume flow in red. 530 

 531 

3.4.3 Half spreading rate of ridge 532 

Another parameter that is worth investigating is the spreading rate of the ridge. The modeling 533 

results indicate that fast-spreading ridges promote plume flow away from the ridge due to the friction 534 

(Figs.8 and 9a). With increasing spreading rate, the effect of plate shearing on plume-lithosphere 535 

interaction increases, as quantified by the suctionspreading fraction. The suctionspreading fraction 𝛾 536 

(Eq.(1014)) is defined here as the ratio of ridge-ward vs. plate-drag plume volume fluxes transported 537 

ridgeward and dragged away from the ridge, and a proxy to evaluate the relative strengths of ridge 538 
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suction and plate drag.. We integrated the suckedridge-ward plume volume flux (right branch), 𝑉𝑠𝑝𝑉𝑟𝑤, 539 

and draggedplate-drag plume volume flux (left branch), 𝑉𝑒𝑝𝑉𝑡𝑤. 𝑉𝑝 is the total plume volume flux in 540 

the model. Ridge suction-ward plume spreading is dominant for positive 𝛾 ; plate -drag plume 541 

spreading is dominant for negative 𝛾.  542 

𝛾 =  (𝑉𝑠𝑝(𝑉𝑟𝑤 −  𝑉𝑒𝑝𝑉𝑡𝑤)/𝑉𝑝  (1014) 543 

In the early stage (~1 Myr), pressure-driven flow dominates in all models and spreading fractions 544 

are positive, mainly driven by the expansion of the overpressured plume heads along the pressure 545 

gradient. After a certain time, the spreading fractions decrease dramatically with the decay of the 546 

mantle plume activity, representing the transition from the ridge-ward to the plate-drag regime in some 547 

cases. The characteristic suctionspreading fractions after 8 Myr model time as a function of our model 548 

parameters are shown in Fig. 68. This compilation of our results indicatereveals that the dominance of 549 

ridge suction-ward flow decreases with increasing spreading rate and off-axis distance, but 550 

significantly increases with plume size significantly.. For models with fast-spreading ridges, the 551 

parameter range of plate -drag flow dominated models is expanded, indicating that plumes flow away 552 

from the mid-ocean ridges is promoted by higher plate velocities.  553 

  554 
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4 Discussion 555 

4.1 Effectscritical role of spreading rate on plate drag 556 

The spreading rate of the mid-ocean in restricting ridge affects-ward flow and plume-ridge 557 

interaction, and the modeling results show that fast-spreading ridges promote dragging of plumes due 558 

to plate friction (Figs. 6, 8a). Here, we further demonstrate the effect of spreading rate on plume motion. 559 

Firstly, the calculation of suction fractions 𝛾 (Eq.(10)) over time shows the switch from dominant 560 

ridge suction to dominant plate drag (Fig. 8b). In the early stage (ca.1 Myr), ridge suction plays the 561 

dominant role in all these models, mainly due to the active expansion of the plume heads to the low 562 

pressure centers underneath the spreading ridges. After a certain time, the suction factors decrease 563 

dramatically with the decay of the mantle plume activity, representing the transition from ridge suction 564 

to plate drag dominated stage.  565 

 566 

Figure 8. Parameter regime diagram of the contrasting modes of plume-ridge interaction. Spreading 567 

fractions γ (Eq. (14)) at ~8 Myr model time. Each of the circles represents one of the numerical 568 

experiments, and sizes refer to γ. Circles in red and green represent models with dominant ridge-ward 569 

plume flow and plate drag, respectively. 570 
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 571 

 572 

The transition from ridge suction-ward (positive 𝛾) to plate -drag (negative 𝛾) flow in some of 573 

our cases is mainly determined by the competition between the effects of pressure-driven plume head 574 

spreading (overpressure in the plume-head stage) and plate shearing. The overpressure in the plume 575 

head drives plume materials totowards the lower pressure spreading center, while the moving plate 576 

shears plume away. Hence, we quantify the shear force of the overriding oceanic plate on the plume 577 

head using an integral approach and the pressure diffenence between plume head and ridge center.:  578 

𝐹𝑠 =  ∫ 𝜎𝑥𝑧 𝑑𝐴 (1115) 579 

Equation (1115) is employed to calculate the shear force, where 𝐹𝑠 is the total shear force the 580 

spreading oceanic plate exerts on the uppermost part of the plume. 𝜎𝑥𝑧 is the shear stress on each 581 

mantle plume gird cell, A refers to the area of each grid cell. The pressure difference isgradients, both 582 

gravitational and dynamic pressure, are calculated fromby tracing the averaged pressure in a 50 km 583 

box ofplume markers according to equations (12-13). As the plume head and ridge center (Fig. 8a). As 584 

plume material rises to the base of the lithosphere base, the shear force fromexerted by the plate 585 

increases over time. We find that the integrated shear force between the spreading plate and the plume 586 

increases significantly as half spreading rate increases (Fig. 8c), indicating larger plate friction force 587 

that the fast-spreading plate exerting on the plume head.9c).  588 

Conversely, the spreading of the ridge contributes to the pressure-driven suction of plume 589 

materials. During the plume head stage, dynamic pressure of plume rises, and the ridge suction is able 590 

to overcome the plate drag, pumping plume to the ridge. However, without plume further supplies, the 591 

overpressure difference from the plume head to the spreading center decreases slowly with time (Fig. 592 
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8d). The plume branches get cool and their vitality is greatly reduced. As soon as plume push decreases, 593 

the suction fraction turns negative (Fig. 8b). More importantly, increasing the spreading rate of ridge 594 

generates a smaller overpressure difference. The faster the ridge spreads, the lower the dynamic 595 

pressure gradient driving the ridge suction. Thus, strong plate shearing force, combined with small 596 

overpressure difference, will significantly suppress the plume-ridge interaction and gradually drag the 597 

buoyant plume material away from the ridge. In addition, while all models gradually switch from ridge 598 

suction in the plume-head stage to dominant plate drag in the plume-tail stage, the model with fast- 599 

spreading rate shifts much sooner than that with slow-spreading rate. 600 

 601 

Conversely, ridge spreading rates control gravitational and pressure-driven plume driving forces 602 

(Fig. 9d). Increasing the spreading rate of the ridge implies a smaller dynamic pressure gradient, 603 

because the pressure gradient is related to the plate thickness difference at the ridge and plume, which 604 

is dependent on the spreading rate. A fast-spreading ridge also implies a smaller gravitational gradient, 605 

because it leaves a more shallowly-dipping lithospheric base. Thus, relatively strong plate shearing 606 

combined with relatively small pressure and gravitational gradients tend to advance plate-drag plume 607 

flow for high spreading rates.  608 
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 609 

Figure 89. Model results influenced by different half spreading rates. (a) Effect of spreading rate on 610 

ridge suction verse-ward flow vs. plate -drag. viscosity flow. Viscosity snapshots are shown. (model 611 

M7-M9, M82-M84, Table S1 in supplementary material). Fast-spreading ridge promote plume 612 

dragging.promotes plume material dragged. Models with green circle represent plate-drag plume flow 613 

and ridge-ward plume flow in red. (b) Dynamic evolutions of ridge suction-ward and plate -drag on 614 

plume flow, revealed by defined ridge suction fraction (the ratio of net volume difference between 615 

plume material transports ridge-ward and excluded away from ridge).spreading fraction (eq.14). (c) 616 

Shear force (Fs) between moving plate and plume material under different spreading rates. (d) 617 

Overpressure difference (𝛿𝑃: Pplume - Pridge)(d) Pressure gradient between plume head and ridge 618 

center ofin different half spreading ratesrate models. The overpressure in ridgesolid and plumedash 619 

lines are the meanplume gravitation and dynamic pressure of 50× 50 km box in (a).gradient, 620 

respectively. 621 

 622 

 623 

4  Discussion 624 
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Natural observations show that there are only very few hotspots indicative of ridge-ward plume flow 625 

close to the East Pacific Rise (EPR) (Fig. 10a), in contrast to many such hotspots in the Atlantic and 626 

Indian oceans. A previous study (Jellinek et al., 2003) proposed that fast-spreading ridges 4.2627 

 Plate drag dominated at such as the East Pacific rise? 628 

The tested plume size, plume-ridge distance and spreading rates of mid-ocean ridges largely affect 629 

the plume-ridge interaction. Natural observations show that, unlike the wide distributed of plume-ridge 630 

interactions along the Atlantic and the southwest Indian mid-ocean ridges, there is not much hotspots 631 

close to the east Pacific rise (Fig. 9a). A previous study (Jellinek et al., 2003) proposed that fast-632 

spreading ridges exert strong ridge suction on plumes and attract theEPR efficiently convey any 633 

surrounding plumes entirely tointo the spreading centerscenter from the deep mantle (Fig. 1c), which 634 

leads to fewer hotspots along the nearby fast-spreading ridges. However, based on our modeling results, 635 

we propose that fast-spreading ridges are more likelytend to push away plumespromote plate-drag flow 636 

of the spreading plume material, providing an alternative explanation to the relatively absence of 637 

hotspots along the East Pacific Rise.EPR. We discuss the possibilityviability of this assumption 638 

combinedpotential explanation by comparing with geological and geophysical observations (Fig. 910). 639 

Firstly, the plate drag effect of fast-spreading ridges on plumes is evidenced by geophysical 640 

observations. We locate the positions of the mantle plumes at the core-mantle boundary (CMB) and 641 

the associated hot spots on the surface based on the recent study (Jackson et al., 2021). The offset 642 

between the deep and surface position of plumes is a common feature, indicating the tilt of plumes due 643 

to mantle flow. Specifically, a large portion of plumes located in the Atlantic Ocean tilt to the mid-644 

ocean ridges. However, very few plumes in the Pacific Ocean tilt to the mid-ocean ridges, and the 645 

majority of plumes move away from the ridges, indicating the significant effect of dragging by the 646 
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fast-spreading ridges. These indications imply that the plumes are more likely to bend by shallow 647 

mantle flows, such as backflow due to plate subduction or ridge spreading. Such observations are 648 

consistent with the predictions of plate drag model which well explains the absence of hotspots along 649 

the East Pacific riseWe locate the positions of the mantle plumes at the core-mantle boundary (CMB) 650 

and the associated hot spots on the surface based on global seismic tomography (Jackson et al., 2021; 651 

Koppers et al., 2021). A lateral offset between the deep and surface positions of plumes is a common 652 

feature, indicating the deflection of plumes due to mantle flow. Specifically, a large portion of plumes 653 

located in the Atlantic are tilted towards the mid-ocean ridge. However, only very few plumes in the 654 

Pacific are tilted towards the mid-ocean ridge; indeed, the majority of plumes are tilted away from the 655 

ridges, indicating the significant effect of plate drag on plumes beneath fast plates. Such observations 656 

are consistent with the predictions of our models with dominant plate-drag plume spreading. 657 
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 658 

Figure 10. A compilation of hotspots along with spreading ridges in the Atlantic and the Pacific. (a) 659 

Distribution of surface hotspots (circles) together with depth-projected source locations at CMB (blue 660 

dots) of the plumes based on (Jackson et al., 2021). Plumes in magenta circles are mantle plumes 661 

interacted with ridges (Ito et al., 2003), and plumes not interacted with ridges are shown as green 662 

circles, whose size refers to the plume buoyancy flux (Hoggard et al., 2020). Yellow dots are MORB 663 

samples mapped in (b). (b) Plot of radioactive isotopes ratios along ridge MORB samples. The data 664 

are downloaded from the PetDB Database (http://portal.earthchem.org/). The colored symbols refer to 665 
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samples in different mid-ocean ridge. Main hotspots influencing MORBs are labeled with shaded 666 

bands. The black dash lines are the mean MORB isotopes ratio from Geochemical studies suggest that 667 

mantle plumes, together with interacted MORs, are enriched in light rare earth elements (LREEs) and 668 

radiogenic isotopes of Sr and Pb but depleted in Nd isotopes. We find that both the Atlantic and east 669 

Pacific Oceans display heterogeneities along the ridge axis (Fig. 9b), indicating the mixture of plume 670 

material. However, the Mid-Atlantic ridge seems slightly more heterogeneous than the East Pacific 671 

rise in terms of geochemical isotopes. The East Pacific rise is basically characterized as normal oceanic 672 

basalt, along which only several regions show composition associated with nearby plumes.Gale (2013). 673 

Red and green lines are the mean ratios of the samples in Mid-Atlantic ridge and EPR, respectively. 674 

 675 

Geochemical studies suggest that mantle plumes are enriched in light rare earth elements (LREEs) 676 

and radiogenic isotopes of Sr and Pb but depleted in Nd isotopes. These geochemical anomalies are 677 

evident in MORB at the sites of active plume-ridge interaction (Cushman et al., 2004; Douglass and 678 

Schilling, 1999; Yang et al. 2017). We find that MORB sampled along both the Mid-Atlantic ridge 679 

and the EPR indeed display geochemical anomalies (Fig. 10b), indicating ridge-ward flow of plume 680 

material at specific locations. However, the Mid-Atlantic MORB dataset is slightly more 681 

heterogeneous than the East Pacific Rise in terms of geochemical isotopes. The EPR is basically 682 

characterized as normal oceanic basalt, along which only very few regions show composition 683 

associated with nearby plumes. This contradicts the view (Jellinek et al., 2003) that mantle plumes are 684 

incorporatedfully entrained into the central upwelling underneath theMOR melting zone at fast-685 

spreading ridges.  686 

Based on our modeling results, initial plume head radius and plume-ridge distance also control the 687 
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mode of plume-ridge interaction. However, there is strongly influenced by plume radius, plume-ridge 688 

distance and velocityonly a small difference in terms of the plate. Most offraction of interacting vs. 689 

non-interacting plumes in for different buoyancy fluxes B: a small majority of major plumes (5 of 8 690 

with B > 1.6 Mg/s) vs. a small minority of small-to-intermediate plumes (11 of 25 for B < 1.6 Mg/s) 691 

display interaction with the ridge (Fig. 11a). The underlying cause for this observation remains unclear, 692 

but may be related to the distribution of large plumes globally with many of them being located very 693 

far from MORs. Also note that our 2D models are limited in that plume material cannot spread in the 694 

out-of-plane direction, hence somewhat exaggerating the effects of buoyancy flux. In any case, the 695 

distribution of observed plume buoyancy fluxes (Hoggard et al., 2020) varies little across different 696 

oceans (Fig. 11a). Therefore, the effects of plume size are not a good candidate to explain the notable 697 

difference between the Atlantic and Pacific ocean, upwelling from the in terms of plume-ridge 698 

interaction mode. 699 

On the other hand, compared with the Atlantic and Indian Oceans, Pacific super plume,plumes are 700 

located significantly further from the mid-ocean ridge (Fig. 11b). Plume-ridge distances in the Pacific 701 

are mostly >2000 km, which exceeds the maximum plume-ridge interaction distance of 1400 km 702 

(Schilling, 1991). Most plumes in the Pacific exhibit the typical signatures of plume flow away from 703 

the MORridge, such as parabolic swell shapes (e.g., Society, Marquesas and Hawaii plumes; Ballmer 704 

et al., 20132013a; Ballmer et al., 2015; Cheng et al., 2015; Wolfe et al., 2009), and linear volcanic 705 

chains (Buff et al., 2021; Clouard and Bonneville, 2005; Jackson et al., 2010)(Buff et al., 2021; Clouard 706 

and Bonneville, 2005; Jackson et al., 2010). These ageAge-progressive hotspots trails indicate the 707 

effects of plate drag on mantle plumes. However, it’s noteworthyan absence of dominant ridge-ward 708 

flow. By contrast, most plumes in the Atlantic have been close to the ridge since the opening of the 709 
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ocean. These mantle plumes (e.g., Discovery, Iceland, Tristan-Gough; O’Connor et al., 2012) did not 710 

move much since the breakup of the Atlantic. One factor may be that the underlying plume generation 711 

zone (i.e., the edge of the African LLSVP) round largely parallel to the Mid-Atlantic Ridge (Fig. 1) 712 

(Torsvik et al., 2006). In this case, plume-ridge distance may play a critical role in the plume-ridge 713 

interaction, and could explain the striking difference between the Pacific and Atlantic in terms of the 714 

number of plume-ridge interacting vs. non-interacting systems. In addition, the rapid movement of the 715 

Pacific plate tends to inhibit ridge-ward plume flow at a given plume-ridge distance. The distribution 716 

of interacting (stars) vs non-interacting systems in Figure 11b is almost exactly as predicted by our 717 

models for the coupled effects of plume-ridge distance and plate velocity. For example, we note that 718 

fast-spreading ridges couldcan still probably interact with adjacent plumes under the appropriate 719 

conditions. In the case of very short off-axis distanceplume-ridge distances, there is good evidence of 720 

plume-ridge interaction in the southern EPR (Conder et al., 2002; Toomey et al., 2002; Vlastélic and 721 

Dosso, 2005). But generally, the rapid movement of plate is not helpful to the ridge suction. Chances 722 

are that ridge with high velocity will drag away rather than suck plume strongly.Pacific ocean (e.g., 723 

Louisville plume; Conder et al., 2002; Toomey et al., 2002; Vlastélic and Dosso, 2005). Based on a 724 

series of numerical modeling as well as geological and geophysical observations, we predictconclude 725 

that mantle plumes in the Pacific Ocean are more likely to be dragged away by the spreading 726 

ridgespread away from the ridge and into the direction of plate motion than in the Atlantic and Indian 727 

Oceans. The tendency of fast plate velocities to promote plume spreading away from the MOR through 728 

viscous drag may depend, however, on the details of lithosphere-asthenosphere rheological coupling 729 

such as the presence of a weak decoupling (e.g., melt) layer (Rychert et al., 2020). Further studies of 730 

plume spreading and plume-ridge interaction are needed to shed light on the coupling of the plate-731 
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mantle system. 732 

 733 

Figure 9. A compilation of hotspots along with spreading ridges in MAR and EPR. (a) Distribution of 734 

surface hotspots (circles) together with depth-projected source locations at CMB (blue dots) of the 735 

plumes based on (Jackson et al., 2021), using the plume catalogue of (Hoggard et al., 2020). Plumes 736 

in magenta circles are mantle plumes sucked by ridges (Ito et al., 2003), and plumes dragged away by 737 

ridges are shown as green circles, whose size refers to the plume buoyancy flux. Yellow dots are 738 

MORB samples mapped in (b). (b) Plot of radioactive isotopes ratios along ridge MORB samples. The 739 
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data are downloaded from the PetDB Database (http://portal.earthchem.org/). The colored symbols 740 

refer to samples in different mid-ocean ridge. Main hotspots influencing MORBs are labeled with 741 

shaded bands. The black dash lines are the mean MORB isotopes ratio from Gale (2013). Red and 742 

green lines are the mean ratios of the samples in MAR and EPR, respectively. 743 

 744 

Figure 11. Buoyancy flux, plate speed and plume-ridge distance of mantle plumes in different oceans. 745 

Mantle plumes in the Pacific, Atlantic and Indian Ocean are shown in green, red and pink circles, 746 

respectively. Blue stars marked the ridge-interacted plumes according to Ito et al. (2003). (a) Plot of 747 

plume-ridge distance and plume buoyancy flux. Data are from Hoggard et al. (2020). (b) Plot of plume-748 

ridge distance and plate speed at the location of plumes. Plume-ridge distance come from GPlates 749 

(Müller et al., 2016; Whittaker et al., 2015), and plate speed data come from Becker et al. (2015) 750 

 751 

5 Conclusion 752 

In this study, we explore the evolution of plume-ridge interaction with 2D thermomechanical 753 

numerical models. Based on model results, following conclusions are as follows.we find that: 754 

(1) Plume-ridge interaction is mainly determinedgoverned by the competition between the effects of 755 
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plume spreading (overpressure in the plume-head stage)), upward gravitationally-driven flow of 756 

the plume along the base of the sloping lithosphere and plate shearing, which is strongly influenced. 757 

These driving forces are controlled by plume size, plume-ridge distance and the spreading rate of 758 

the mid-ocean ridge. The plume size, that is, the plume buoyancy flux, may play a critical role in 759 

controlling the connection between the two units, compared with distance and 760 

(1) MOR spreading rate. 761 

(2) MORs candoes not only draw upwelling plumes into the spreading center, but plates also pushtends 762 

to drag mantle plumes away. Plate-dragged mantle plumes are largely  from the ridge. Plume flow 763 

away from the ridge is favored by week remote plume and fast-small and/or distant plumes as well 764 

as slow spreading ridgesrates, whereas those big mantle plumes are inclined to be sucked into 765 

theplume flow towards the ridge is promoted by large and/or nearby plumes, as well as slow- 766 

spreading MORsrates. 767 

(3) Mantle plumes Considering the high plate velocity and typically large plume-ridge distances, 768 

mantle plumes in the Pacific Ocean are more likely to movebe dragged away from fast-769 

spreadingthe EPR rather than sucked intobeing drawn towards the ridge center. 770 

 771 

  772 
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