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Abstract

Within the Western Branch of the East African Rift (EAR), volcanism is highly localized, which is distinct from the voluminous

magmatism seen throughout the Eastern Branch of the EAR. Voluminous magmatism in the Eastern Branch results from plume-

lithosphere interactions, but the origin of magmatism in the Western Branch remains enigmatic. Previous investigations of melt

generation beneath the Rungwe Volcanic Province (RVP), the southernmost volcanic center in the Western Branch, suggest

plume materials are present. Here, we develop a model of tomography-based convection (TBC) with melt generation to test the

hypothesis that melt beneath the RVP is sourced from plume materials. To test our hypothesis, we use seismically constrained

lithospheric thickness and sublithospheric mantle structure to develop a fully adiabatic 3D thermomechanical model of TBC

with melt generation using ASPECT. We test a range of mantle potential temperatures and find values ranging from 1250-1350

°C are unable to generate melt beneath the RVP. However, when the sublithospheric mantle temperature is increased by ˜250 K

based on constraints from shear wave velocity anomalies, decompression melt generation occurs at a maximum depth of ˜150 km

beneath the RVP. Our work suggests that excess sublithospheric mantle temperatures are necessary for melt generation beneath

the RVP, and that shear wave velocity anomalies can provide a first order estimate of these anomalous mantle conditions. Excess

sublithospheric mantle temperature in the RVP suggests the influence of a plume-source for the seismic anomalies and supports

existing geochemical interpretations of a mantle plume contribution to magmatism in the RVP.
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Abstract 35 
Within the Western Branch of the East African Rift (EAR), volcanism is highly localized, which 36 

is distinct from the voluminous magmatism seen throughout the Eastern Branch of the EAR. 37 

Voluminous magmatism in the Eastern Branch results from plume-lithosphere interactions, but 38 

the origin of magmatism in the Western Branch remains enigmatic. Previous investigations of 39 

melt generation beneath the Rungwe Volcanic Province (RVP), the southernmost volcanic center 40 

in the Western Branch, suggest plume materials are present. Here, we develop a model of 41 

tomography-based convection (TBC) with melt generation to test the hypothesis that melt 42 

beneath the RVP is sourced from plume materials. To test our hypothesis, we use seismically 43 

constrained lithospheric thickness and sublithospheric mantle structure to develop a fully 44 

adiabatic 3D thermomechanical model of TBC with melt generation using ASPECT. We test a 45 

range of mantle potential temperatures and find values ranging from 1250-1350 °C are unable to 46 

generate melt beneath the RVP. However, when the sublithospheric mantle temperature is 47 

increased by ~250 K based on constraints from shear wave velocity anomalies, decompression 48 

melt generation occurs at a maximum depth of ~150 km beneath the RVP. Our work suggests 49 

that excess sublithospheric mantle temperatures are necessary for melt generation beneath the 50 

RVP, and that shear wave velocity anomalies can provide a first order estimate of these 51 

anomalous mantle conditions. Excess sublithospheric mantle temperature in the RVP suggests 52 

the influence of a plume-source for the seismic anomalies and supports existing geochemical 53 

interpretations of a mantle plume contribution to magmatism in the RVP. 54 

1. Introduction 55 

The presence of thermochemically anomalous plume material within the upper mantle 56 

can result in voluminous magmatism, in particular where decompression of this material is 57 
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facilitated by continental rifting such as in East Africa (e.g., Nielsen & Hopper, 2002; van Wijk 58 

et al., 2001; White & McKenzie, 1989). The Eastern Branch of the East African Rift (EAR; 59 

Figure 1A) includes widespread magmatism with flood basalts extending hundreds of kilometers. 60 

For example, the Kenyan Rift alone in the Eastern Branch has an estimated 924,000 km3 of 61 

mafic magma and underplated material generated in the past 30 Ma (Latin et al., 1993). The 62 

voluminous magmatism in the Eastern Branch of the EAR originates from thermal perturbations 63 

due to plume-lithosphere interactions (e.g., Rogers et al., 2000; MacDonald et al., 2001; Rooney 64 

et al., 2012). However, the Western Branch is characterized by limited and sparse magmatism 65 

and the source of melt is not well understood (e.g., O’Donnell et al., 2016; Hudgins et al., 2015; 66 

Njinju et al., 2021; Rosenthal et al., 2009). Determining the source of melt in the magma-poor 67 

Western Branch of the EAR may improve our understanding of the role of melt during the 68 

evolution of continental rifting.  69 

The Rungwe Volcanic Province (RVP; Figure 1B) provides a natural laboratory to 70 

investigate the source of melt in the magma-poor Western Branch of the EAR. The RVP is the 71 

southernmost volcanic center in the Western Branch that lies at the triple junction formed by the 72 

Rukwa Rift, Malawi Rift, and the Usangu Rift (Figures 1A and B), which may link the magma-73 

rich Eastern Branch to the Western Branch of the EAR (Purcell, 2018). The RVP lies within the 74 

1.8 Ga Ubendian-Usagaran mobile belts that circumvent the thick lithosphere of the Tanzanian 75 

and Bangweulu cratons (Figure 1B; e.g., Corti et al., 2007; Fritz et al., 2013;  Bahame et al., 76 

2016; Ganbat et al., 2021) and consists of three large volcanoes, Ngozi,  Rungwe, and Kyejo that 77 

were respectively last active about 1 ka (erupted trachytic tuff), 1.2 ka (erupted trachytic tephra) 78 

and 0.2 ka (erupted tephrite lava flow) (Harkin, 1955; Ebinger et al., 1989; Fontijn et al. 2010, 79 

2012; black triangles, Figure 1B). Magmatism in the RVP is highly localized with past eruptions 80 
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covering ~1500 km2 (Figure 1B; Ebinger et al., 1989, 1997; Fontijn et al., 2012). 40Ar/39Ar 81 

radiometric dating of samples from the RVP suggest that magmatism in the RVP started at least 82 

by 19 Ma (Mesko et al., 2014; Mesko, 2020) and possibly as early as ~25 Ma (Roberts et al., 83 

2012), which predates rifting in the northern Malawi Rift that started at ~8.6 Ma (Ebinger et al., 84 

1993) and the reactivation of the Rukwa Rift at ~8.7 Ma (Hilbert-Wolf et al., 2017). These ages 85 

suggest that magmatism in the RVP might have played an important role in thermally weakening 86 

the lithosphere, thereby facilitating rifting, yet the source of the magma beneath the RVP remains 87 

enigmatic (i.e., Furman, 1995; Fontjin et al., 2012; Kimani et al., 2021; Njinju et al., 2021). 88 

Njinju et al. (2021) tested a non-plume hypothesis for the source of the melt beneath the RVP by 89 

developing a 3D regional thermomechanical model of passive upwelling driven by lithospheric 90 

modulated convection (LMC) and constrained the parameters required for sublithospheric melt 91 

generation due to LMC. The model by Njinju et al. (2021) is unable to generate melt except for 92 

cases that have elevated mantle potential temperatures (Tp ≥ 1800 K), which suggests an 93 

anomalous heat source consistent with existing geochemical interpretations (Rooney et al., 94 

2012). 95 

The aim of this study is to investigate the source of melt beneath the RVP by testing the 96 

hypothesis that the melt beneath the RVP is sourced from mantle plume materials, which can be 97 

constrained by shear wave seismic velocities using a model of tomography-based convection 98 

(TBC). Here, we develop a 3D thermomechanical model of TBC and melt generation beneath the 99 

RVP using the finite element code ASPECT (Advanced Solver for Problems in Earth’s 100 

ConvecTion; Bangerth et al., 2018a; Bangerth et al., 2018b; Heister et al., 2017; Dannberg & 101 

Heister, 2016). TBC is defined as a model of mantle convection that is generated from 102 

temperature variations derived from seismic velocity perturbations. We impose a laterally 103 
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varying rigid lithosphere (Fishwick, 2010) with an approximately conductive geotherm that is 104 

modeled as a linear gradient from the surface (293 K) to the base of the lithosphere (TLAB; 105 

temperature at lithosphere-asthenosphere boundary), which is an adiabatic boundary defined by 106 

Tp (McKenzie and Bickle, 1988). For the sublithospheric mantle, we implement a fully adiabatic 107 

initial temperature condition with additional temperature perturbations derived from shear wave 108 

seismic velocity constraints from Emry et al. (2019). We also use rheological flow laws that 109 

account for melt generation in a continental setting following Njinju et al. (2021). 110 

We find upwelling asthenosphere from TBC beneath the RVP where the lithosphere is 111 

relatively thin and slow seismic velocity anomalies are present. This work builds upon our 112 

previous study (Njinju et al., 2021), which suggests that asthenospheric upwelling arising from 113 

ambient mantle potential temperature is unable to generate melt beneath the RVP. Here, our 114 

results show that with a seismically derived excess temperature of ~250 K beneath the RVP, 115 

upwelling from TBC generates decompression melt at a maximum depth of ~150 km beneath the 116 

RVP. Since the seismically-derived excess temperature is consistent with the temperature range 117 

for mantle plumes (200 – 300 K, i.e., McKenzie and O’Nions, 1991; Watson and McKenzie, 118 

1991; Schilling, 1991; Herzberg and O’Hara, 2002; Herzberg et al., 2007; Putirka, 2008), we 119 

suggest that plume materials are necessary for melt generation beneath the RVP, consistent with 120 

existing geochemical interpretations (Hilton et al., 2011; Furman, 2007; Castillo et al., 2014).  121 
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 122 

Figure 1. (A). Map of the East African Rift (EAR) showing the Eastern and Western Branches. 123 
The Western Branch of the EAR has fewer volcanic centers (red triangles are Holocene 124 
volcanoes) and more earthquakes (orange dots are earthquakes with >M2) than the Eastern 125 
Branch. The Holocene volcanoes are from the Smithsonian Global Volcanism Project and the 126 
earthquakes are from the NEIC catalog (Beauval et al., 2013). The Cenozoic volcanic rocks 127 
(gray) are outlined after Thiéblemont (2016) and indicate the large igneous province in East 128 
Africa. RVP = Rungwe Volcanic Province. KR = Kenyan Rift. MER = Main Ethiopian Rift. The 129 
black rectangle shows the location of Figure 1B. Dashed lines represent plate boundaries from 130 
Stamps et al. (2008). RVP lies at the Mbeya triple junction. The inset map shows the relative 131 
location of part of the EAR (pink rectangle) on Earth. The diffuse deformation offshore of the 132 
Eastern Branch is based on a geodetic study by Stamps et al. (2021). (B). Map of major terranes 133 
and geological features in the southern part of the Western Branch of the EAR that are based on 134 
Fritz et al. (2013). The major rift faults are extracted from Muirhead et al. (2019). Black triangles 135 
from north to south represent the three large active volcanoes (Ngozi, Rungwe and Kyejo; 136 
Fontijn et al., 2010; Harkin, 1960) of the RVP. 137 
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2. Methods 138 

We model time-dependent TBC in a 3D regional domain that incorporates melt 139 

generation in the sublithospheric mantle using the finite element code ASPECT (Bangerth et al., 140 

2018a; Bangerth et al., 2018b; Heister et al., 2017; Dannberg & Heister, 2016) to test the 141 

hypothesis that the melt beneath the RVP is sourced from mantle plume materials that can be 142 

constrained by seismic velocity perturbations. 143 

2.1. 3D Tomography-Based Convection Modeling 144 

2.1.1. Governing Equations 145 

We apply the anelastic liquid approximation (Jarvis & McKenzie, 1980) for compressible 146 

fluid flow to calculate TBC beneath the RVP. The anelastic liquid approximation is based on two 147 

assumptions. The first assumption is that lateral density variations relative to a reference density 148 

profile 𝜌̅(𝑝̅, 𝑇')	are small and can be accurately described by a Taylor expansion. i.e.: 149 

																			𝜌(𝑝, 𝑇) ≈ 𝜌̅(𝑝̅, 𝑇') +
𝜕𝜌̅(𝑝̅, 𝑇')
𝜕𝑝 𝑝! +

𝜕𝜌̅(𝑝̅, 𝑇')
𝜕𝑇 𝑇!																																					(1) 150 

where 𝑝! = 𝑝 − 𝑝̅ and 𝑇! = 𝑇 − 𝑇'		are, respectively, perturbations of the pressure (p) and 151 

temperature (T) relative to the reference pressure profile (𝑝̅) and the reference temperature 152 

profile 𝑇'. 𝑇'  and 𝑝̅ are defined by the adiabatic conditions below: 153 

																																														
𝑑𝑇'	
𝑑𝑧 =

𝛼𝑇'𝒈
𝐶"

																																																																									(2) 154 

																																															
𝑑𝑝̅
𝑑𝑧 = 𝜌̅. 𝒈																																																																											(3) 155 

 156 
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where α,	𝒈, Cp is, respectively the thermal expansivity, gravitational acceleration and specific 157 

heat. Theramal expansivity is defined as 𝛼 = − #
$%
&$%("̅,*+)
&*

		and, isothermal compressibility is 158 

defined as 𝛽 = #
$%
&$%("̅,*+)
&"

	. Thus in terms of 𝛼 and 𝛽, Eq. 1 becomes: 159 

																														𝜌(𝑝, 𝑇) ≈ 𝜌̅(1 − 𝛼(𝑇 − 𝑇') + 𝛽(𝑝 − 𝑝̅))																																					(4𝑎) 160 

and the density perturbation, 161 

																			𝜌(𝑝, 𝑇) − 𝜌̅(𝑝̅, 𝑇') ≈ −𝛼𝜌̅(𝑇 − 𝑇	;) + 𝛽𝜌̅(𝑝 − 𝑝̅)																																		(4𝑏) 162 

The second assumption in the anelastic liquid approximation is that variations in density 163 

from the reference density can be neglected in the mass and energy conservation equations and 164 

are only considered in the buoyancy term (right-hand side of the momentum equation, Eq. 5; 165 

Gassmöller et al., 2020) which describes the main driving force of the flow. With the anelastic 166 

liquid approximation, the conservation equations of momentum (Eq. 5) and mass (Eq. 6) are 167 

given by: 168 

−∇ ∙ ?2𝜂	𝜀(𝒖) − #
-
(𝛁 ∙ 𝒖)𝟏E + 	𝛁𝑝! =	 (	−𝛼𝜌̅(𝑇 − 𝑇	; ) + 𝛽𝜌̅(𝑝 − 𝑝̅))𝒈									𝑖𝑛		Ω,						(5) 169 

																																																					𝛁 ∙ 𝜌̅𝒖 = 	0																																																															𝑖𝑛	Ω,							(6) 170 

where ε(u) and η are, respectively, the strain rate and viscosity. We model the TBC by solving 171 

for the velocity, u, in Eq. 5 and Eq. 6.  172 

In order to model melt generation, we also simulate changes in temperature due to heat 173 

transfer in the model by solving for temperature T in the energy conservation equation (Eq. 7). 174 

The formulation of anelastic liquid approximation checks that shear heating (first term in the 175 

right-hand side of Eq. 7) and adiabatic heating (second term in the right-hand side of Eq. 7) are 176 

included in the heating model. We simplify the adiabatic heating term by using the hydrostatic 177 
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pressure gradient (Eq. 3). Since we are modeling melt generation, we include the latent heat of 178 

melting (third term in the right-hand side of Eq. 7) in the heating model: 179 

𝜌̅𝐶" L
&*
&.
+ 𝒖 ∙ 𝛁𝑇M − 𝛁 ∙ 𝑘𝛁𝑇 = 2𝜂O𝜀(𝒖) − !

"
(𝛁 ∙ 𝒖)𝟏P: O𝜀(𝒖) − !

"
(𝛁 ∙ 𝒖)𝟏P                                                 180 

																																																																													+𝛼𝜌̅𝑇(𝒖 ∙ 𝒈)                                                       (7) 181 

																																																																+𝜌̅𝑇∆𝑆 L&/
&.
+ 𝒖 ∙ 𝛁𝐹M                      in Ω, 182 

We assume a uniform crustal thickness of 30 km in the model with an average thermal 183 

conductivity of k = 2.5 W.m-1. K-1 (Njinju et al., 2019a) and a uniform reference density of 2700 184 

kg/m3 for the crustal domain. For the lithospheric mantle, we assume an average thermal 185 

conductivity of 3.5 W.m-1. K-1 (Burov, 2011; Koptev et al., 2018) and a uniform reference 186 

density of 3300 kg/m3.  We define a thermal conductivity of 4.7 W.m-1. K-1 for the 187 

sublithospheric mantle (Clauser & Huenges, 1995; Dannberg & Heister, 2016; Dannberg et al., 188 

2019). We consider melt buoyancy in the sublithospheric mantle by assuming a reference density 189 

defined by the effective density of partially molten rocks (𝜌011), i.e.:  190 

																																				𝜌011 = 𝜌̅ = 𝜌23456 − 𝐹(𝜌23456 − 𝜌704.)																																															(8) 191 

where F is the melt fraction (see section 2.2 below), the densities of solid rock 𝜌23456 = 3300 192 

kg/m3and the density of melt 𝜌704. = 3000 kg/m3.  193 

Our model extends to 660 km depth, but we do not model phase changes in the mantle 194 

transition zone since our focus is on shallow asthenospheric melt generation. For the Earth’s 195 

sublithospheric mantle we define α = 3 x 10-5 K-1, Cp = 1250 J.kg-1. K-1, and β = 4.2 x 10-12 Pa-1 196 

following Dannberg and Heister (2016). The latent heat consumed during melting is proportional 197 

to the melting rate Γ = 𝜌̅ L&/
&.
+ 𝒖 ∙ 𝛁𝐹M	 and the entropy change ∆S (Eq. 7). The latent heat of 198 
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melting is incorporated with an entropy change of ∆S = -300 J.kg-1. K-1 also following Dannberg 199 

and Heister (2016). 200 

2.1.2. Model Setup 201 

We use seismically constrained lithospheric structure (Figure 2A; Fishwick, 2010) and 202 

shear wave velocity perturbations in the sublithospheric mantle (Figure 2B; Emry et al., 2019) to 203 

define the initial temperature field of the model. The lithosphere is thinnest beneath the RVP 204 

(~100 – 120 km) and thickest beneath the central to southern segment of the Malawi Rift (~175 – 205 

200 km). This is consistent with gravity derived lithospheric depth estimates in Njinju et al. 206 

(2019a). We assume an approximately conductive geothermal temperature distribution for the 207 

lithosphere by implementing a linear temperature gradient from the surface (T0 = 293 K) to the 208 

base of the lithosphere (TLAB), which is an adiabatic boundary defined by the Tp (Eq. 9 derived 209 

from the adiabatic temperature gradient L&*
&8
M
2
= 9*:

;#
; Mckenzie and Bickle, 1988).   210 

																																										𝑇<=> = 𝑇" ∗ 𝑒
?𝒈𝜶	8$%&;#

C
																																																																								(9) 211 

where 𝒈,	𝜶, 𝑧<=> and 𝐶" is, respectively, the gravitational acceleration, thermal expansivity, 212 

depth to the lithosphere-asthenosphere boundary (LAB), and specific heat. We test a wide range 213 

of mantle potential temperatures (Tp = ~1250 – 1475 °C; 1523 - 1748 K; see section 3.1 below). 214 

The variable lithospheric structure (Figure 2A; Fishwick, 2010) produces lateral variations in 215 

temperature and pressure, which leads to lateral density perturbations in the sublithospheric 216 

mantle. The initial temperature of the sublithospheric mantle (TSLM) consists of a background 217 

temperature (TSLB) that increases adiabatically to the base of the model (Eq. 10a; McKenzie & 218 

Bickle, 1988) with an additional temperature perturbation derived from shear wave velocity 219 
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anomalies (Eq. 10b; Figures 2B and 2C; Emry et al., 2019). We first convert the shear wave 220 

velocity anomalies 𝛿vs/vs from Emry et al. (2019) to the equivalent density perturbations 𝛿ρ/ρ 221 

using a velocity-density conversion factor of 0.15 (Becker, 2006; Conrad & Lithgow‐Bertelloni, 222 

2006, Conrad and Behn, 2010), using Eq.10a. We follow the approach of Austermann et al. 223 

(2017) and multiply the derived density perturbations to the negative inverse of thermal 224 

expansivity α to obtain the temperature anomaly 𝛿T (Eq. 10b; Figure 2D). 225 

																					𝛿𝑙𝑛𝜌 =
𝛿𝜌
𝜌 = 	0.15 ∗ 𝛿𝑙𝑛𝑣2 = 0.15 ∗

𝛿𝑣2
𝑣2
																																																				(10𝑎) 226 

																																					𝛿𝑇 = −
1
𝛼 	∗ 𝛿𝑙𝑛𝜌																																																																																	(10𝑏) 227 
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 228 

Figure 2. (A) Lithospheric thickness map of the Rungwe Volcanic Province (RVP, white 229 
triangles) and surroundings, updated from Fishwick (2010), which we use as input in this study. 230 
Contours show lines of equal lithospheric thickness at 20 km intervals. The thinnest lithosphere 231 
(~100 km) adjacent to RVP occurs beneath the Mbeya triple junction. Black lines indicate the 232 
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outline of rift lakes. (B) 150 km depth slice of seismic velocity perturbation derived from Emry 233 
et al. (2019). The velocities are relative to the AK135 global average Earth Model (Kennett et al., 234 
1995). Brown line AA’ is the profile location for Figures 2C and D. (C) Cross section of seismic 235 
velocity perturbation after Emry et al. (2019) along profile AA’. The velocities are relative to the 236 
AK135 global average Earth Model (Kennett et al., 1995). (D) Temperature anomalies derived 237 
from the velocity perturbations in Figure 2C. 238 
 239 

																																				𝑇D<> = 𝑇" ∗ 𝑒
?𝒈𝜶8;#

C
																																																																				(11𝑎) 240 

																																					𝑇D<E = 𝑇D<> + 𝛿𝑇																																																																				(11𝑏) 241 

where the sublithospheric depth, z > zLAB (depth to LAB). TSLB, TSLM, g, 𝛼 and 𝐶" is, respectively, 242 

the background temperature in the sublithospheric mantle, the temperature in the sublithospheric 243 

mantle, the gravitational acceleration, thermal expansivity and specific heat. The resultant initial 244 

temperature structure is shown in Figures 3A and 3B. 245 

 246 

 247 

Figure 3. (A) Numerical model setup showing the model dimensions and the initial temperature 248 
condition as the background in 3D. Red triangles represent the RVP. White lines show the 249 
outline of rift lakes. (B) Initial temperature-depth profile beneath the RVP (red line). Blue line 250 
represents the 0.4 K/km adiabat for reference. Tp = mantle potential temperature. (C) Initial 251 
viscosity-depth profile beneath the RVP (red line). 252 
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 253 

 Our model domain has dimensions of 800 x 900 x 660 km along latitude, longitude, and 254 

depth, respectively, for a spherical chunk geometry (Figure 3A). We refine the entire model 255 

domain to a global mesh refinement of 6 such that each element is ~ 12 x 14 x 10 km with 17.5 256 

million unknowns computed on 640 processors. We set the velocities at all sides of the model to 257 

zero, which exerts minimal edge-effects on the model interior from the boundaries of the model 258 

as shown in Njinju et al. (2019a, b). The temperature boundary conditions are given by fixed 259 

temperatures at the surface and bottom of the model with zero heat flux at the sides of the model 260 

(e.g., Rajaonarison et al., 2020). The surface temperature is fixed at 293 K while the temperature 261 

at the base of the model is defined by the temperature in Eq. 11b for z = 660 km. 262 

2.1.3. Rheology 263 

We impose a strong, uniform viscosity of 1023 Pa.s for the lithosphere (Figure 3C), while 264 

for the sublithospheric mantle we use non-Newtonian, temperature-, pressure- and porosity-265 

dependent creep laws of anhydrous peridotite. The viscosity of the sublithospheric mantle (ηSLM) 266 

is given by the multiplication of a porosity dependence factor to a background viscosity 267 

governed by the composite rheology of dry olivine material parameters following Rajaonarison 268 

et al. (2020). The composite rheology (ηcomp) is the harmonic average of the viscosity from 269 

dislocation-creep (ηdisl) and diffusion-creep (ηdiff) flow laws of dry olivine (Jadamec & Billen, 270 

2010):  271 

𝜂6511,			6524 	=
1
2𝐴

F#G𝑑
7
G 𝜖̇

#FG
G 𝑒𝑥𝑝 c

𝐸H + 𝑝𝑉H
𝑛𝑅𝑇 g																																														(12𝑎) 272 

									𝜂I37" =
𝜂6511 	× 	𝜂6524
𝜂6511 	+ 	𝜂6524

																																																																									(12𝑏) 273 
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													𝜂D<E = 𝜂I37" × 𝑒JF9'KL																																																																		(12𝑐) 274 

where A is the prefactor, n is the stress exponent, ⋵ is the square root of the second invariant of 275 

the deviatoric strain rate tensor, d is the grain size, m is the grain size exponent, Ea is the 276 

activation energy, Va is the activation volume, p is pressure, R is the gas constant, and T is the 277 

temperature. The values for the parameters A, n, m, Ea and Va are obtained from experimental 278 

studies of dry olivine (Hirth & Kolhstedt, 2004; Table 1). The exponential melt-weakening factor 279 

is experimentally constrained to 25 ≤ αΦ ≤ 30 (Mei et al., 2002). We use αΦ = 27 following 280 

Dannberg and Heister (2016). The porosity Φ is the ratio of the volume of pore spaces between 281 

the olivine grains of peridotite to the bulk volume of the peridotite constituent of the 282 

asthenosphere. The material properties for each layer (lithosphere and sublithospheric mantle) 283 

are tracked through compositional fields with the asthenosphere and transition zone further 284 

divided into two compositional fields called “porosity” and “peridotite”. Partial melt in the 285 

model is tracked through the compositional field “porosity”. The viscosity at each quadrature 286 

point is calculated from the harmonic average of the compositional fields weighted by the 287 

volume fraction of each composition at the same location. 288 

 289 

Table 1. Rheological Parameters for Dry Olivine Used in the Viscosity Flow Law of the 

Sublithospheric Mantle 

Parameter Symbol Dislocation creep Diffusion creep Unit 

Activation energy Ea 530 x 103 375±50 x 103 J/mol 

Activation volume Va 25 x 10-6 6 x 10-6 m3/mol 
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Grain size d - 10 x 10-3 m 

Grain size exponent m - 3 - 

Stress exponent n 3.5 1.0 - 

Prefactor A 7.4 x 10-15 4.5 x 10-15 Pa-nmms-1 

The rheological parameters for the sublithospheric mantle are from Hirth & Kohlstedt (2004). The prefactor in Hirth 

& Kohlstedt (2004) (i.e., A′) is derived from uniaxial strain experiments and is converted to the plane strain 

equivalent (i.e., A) using the following relationship:  𝐴 = 3
!"1
2

21#!
× 10(6(*+,)𝐴′ for dry olivine (Becker, 2006). 

 290 

2.2. Partial Melting 291 

We model low extent batch melting of anhydrous lherzolite, which occurs prior to the 292 

exhaustion of clinopyroxene. Batch melting is considered melting of an upwelling parcel of 293 

mantle rock without instantaneous melt extraction and assumes that the melt fraction only 294 

depends on temperature, pressure, and how much melt has already been generated at a given 295 

point (Ribe, 1985; Asimow & Stolper, 1999). Like the LMC modeling by Njinju et al. (2021), 296 

we do not model melt extraction by two-phase flow. However, we mimic melt extraction by 297 

switching off the latent heat release during melt freezing. This is done by setting the melt 298 

freezing rate to zero such that the latent heat term in Eq. 7 turns off once the melting rate Γ =299 

𝜌̅ L&/
&.
+ 𝒖 ∙ 𝛁𝐹M (Eq. 7) becomes negative due to downwelling and resultant cooling in the 300 

melting region. We simulate convection and batch melting for 20 Ma to ensure that steady state 301 

is achieved. 302 
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We use the melting parameterization by Katz et al. (2003), which is valid for shallow 303 

upper mantle melting beneath continental lithosphere at pressures generally less than 13 GPa. 304 

Partial melting in the sublithospheric mantle occurs if the Tp is such that an adiabatically 305 

ascending mantle intersects the solidus (Figure 4; McKenzie & Bickle, 1988). The derived melt 306 

fraction F (p, T) depends on the pressure p (Pa) and temperature T (K) and is given by: 307 

𝐹(𝑝, 𝑇) = j
𝑇 − 𝑇23456M2

𝑇45NM56M2 − 𝑇23456M2
k
#.P

									𝑓𝑜𝑟						𝑇23456M2	 ≤ 	𝑇	 ≤ 	𝑇45NM56M2																	(13𝑎)	308 

	309 

where the mantle solidus temperature Tsolidus and liquidus temperature Tliquidus are respectively 310 

given by: 311 

𝑇23456M2 =	𝐴# + 𝐴Q𝑝 + 𝐴-𝑝Q																																																																								(13𝑏)	312 
	313 

𝑇45NM56M2 =	𝐵# + 𝐵Q𝑝 + 𝐵-𝑝Q																																																																						(13𝑐)	314 
	315 

where A1 = 1085.7 oC, A2 = 1.329 x 10-7 oC/Pa, A3 = -5.1 x 10-18 oC/Pa2, B1 = 1475.0 oC, B2 = 8.0 316 

x 10-8 oC/Pa, and B3 = -3.2 x 10-18 oC/Pa2. 317 
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 318 

Figure 4. A combined plot of temperature-depth profiles and a pressure-temperature phase 319 
diagram depicting shallow melting of anhydrous peridotite parameterized from Katz et al. 320 
(2003). Blue-dashed lines represent the geotherm for an ambient mantle (constrained with Tp = 321 
1548 K) beneath the RVP. Blue solid line is the geotherm when a tomography-based (Emry et 322 
al., 2019) excess temperature is added to the ambient mantle temperature. Black solid line 323 
represents the geotherm beneath the RVP constrained with Tp = 1748 K. The orange solid line 324 
represents the solidus (0% melt), and the orange-dashed line represents the liquidus (100% melt). 325 
The solidus and liquidus are plotted from equations (13b) and (13c) respectively. Tp represents 326 
the mantle potential temperature. 327 
 328 

3. Results 329 

3.1. Tests of Mantle Potential Temperatures and the Effect of Excess Sublithospheric Mantle 330 

Temperature in Melt Generation 331 

3.1.1. Sensitivity Tests of Mantle Potential Temperature in Melt Generation 332 
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Partial melting in the sublithospheric mantle occurs if the mantle potential temperature 333 

Tp, is such that an adiabatically ascending mantle intersects the solidus (Figure 4; i.e., Njinju et 334 

al., 2021). The derived melt fraction is proportional to the temperature in excess of the solidus. 335 

Adiabatically rising mantle with higher Tp (e.g., Tp = 1748 K, black line; Figure 4) is more likely 336 

to intersect the solidus than adiabatically rising mantle with lower Tp (e.g., 1548 K, blue dashed 337 

line; Figure 4). Therefore, partial melting in the sublithospheric mantle is highly dependent on Tp 338 

. Geochemical observations from the RVP suggest that the Tp in the RVP is elevated and ranges 339 

from ~1420-1450 °C (~1693 – 1723 K; Rooney et al., 2012). However, more recent temperature 340 

estimates of olivine thermobarometry from volcanic samples from the RVP range from 1199-341 

1375°C (1472 – 1648 K; Class et al., 2018; Mesko, 2020). These may not represent Tp in the 342 

sublithospheric mantle if they are from samples of solidified magma. However, according to 343 

Faul and Jackson (2005) and Goes et al. (2012), who applied empirical relationships to model 344 

mantle material properties, the temperature range of 1199-1375°C is a reasonable range for 345 

normal ambient asthenosphere. We therefore test a wide range of mantle potential temperatures 346 

beneath the RVP (Tp = ~1250-1475 °C; 1523 – 1748 K). The geotherms for Tp = 1523 – 1548 K 347 

do not intersect the solidus (for example, dashed blue lines; Figure 4) and so there is no 348 

decompression melt even after running the model for 20 Ma. For Tp = 1723 K (1450 °C), the 349 

geotherm crosses the solidus producing an instantaneous decompression melt with melt fraction 350 

of 0.1% (purple lines, Figure 5). We further test a higher Tp value, that is, Tp = 1748 K (1475 °C) 351 

and observe that the geotherm crosses the solidus producing an initial decompression melt with 352 

melt fraction of ~4.3 % (black lines, Figure 5), which decreases rapidly and ceases before 0.8 353 

Ma. The transient behavior of our melting model is likely due to a transient phase of adiabatic 354 

cooling while convection reaches steady state (Njinju et al., 2021). This test demonstrates that in 355 
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order to generate decompression melt beneath the RVP, the mantle potential temperature must be 356 

elevated (Tp ≥ 1723 K) suggesting a heat source at depth. 357 

 358 

Figure 5. Sensitivity tests of mantle potential temperature and the effect of excess 359 
sublithospheric mantle temperature in melt generation. A plot of maximum melt fraction versus 360 
model time showing the evolution of melt in the model for different sublithospheric mantle 361 
temperature conditions. Models with ambient sublithospheric mantle temperatures constrained 362 
with Tp = 1523 K and Tp = 1548 K, that is, without tomography-based (Emry et al., 2019) excess 363 
temperatures generate no melt and so are not indicated. The gridded region is zoomed-in for 364 
better visibility and shown as an inset.  365 
 366 

3.1.2 Test of the Effect of Excess Sublithospheric Mantle Temperature in Melt Generation 367 

We examine a deep heat source by testing the effect of tomography-based (Emry et al., 368 

2019) excess sublithospheric mantle temperature in melt generation beneath the RVP. No melt is 369 
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generated for ambient sublithospheric mantle conditions beneath the RVP (Tp = 1523-1548 K). 370 

But adding the tomography-based excess temperature to the background mantle temperature that 371 

is constrained with Tp = 1523-1548 K, leads to geotherms hot enough to intersect the solidus (see 372 

solid blue line in Figure 4 for Tp = 1548 K) thereby generating decompression melts. For ambient 373 

sublithospheric mantle conditions constrained with Tp = 1523 K, adding the tomography-based 374 

excess temperature generates an instantaneous decompression melt with a melt fraction of 0.79 375 

% (blue solid lines, Figure 5). For ambient sublithospheric mantle conditions constrained with Tp 376 

= 1548 K, adding the tomography-based excess temperature (red lines, Figure 5), generates an 377 

initial decompression melt with melt fraction of ~6.6 % (red lines, Figure 5) beneath the RVP. 378 

With the tomography-based excess temperature, the initial geotherm is hot enough such that as 379 

the model evolves to steady state, TBC generates the second stage of decompression melting 380 

when the adiabatic gradients within the active convection cell adjust from the initial values. This 381 

test demonstrates that for ambient sublithospheric mantle conditions constrained with Tp = 1548 382 

K, TBC can generate decompression melt beneath the RVP if the excess temperature ≤ 250 K. 383 

3.2 Tomography-Based Convection  384 

In our numerical model, TBC in the sublithospheric mantle arises from our initial 385 

temperature conditions. The lithosphere, which is made rigid in the model by imposing a high 386 

viscosity (1023 Pa.s), is not deforming. We assume a rigid lithosphere so we can assess if melt 387 

generation would result from the current lithospheric thickness, which helps us determine if there 388 

is sublithospheric melt beneath the RVP at present.  Since the input shear wave seismic velocity 389 

constraints (Emry et al., 2019) are static, we run the model until at least the first instance of peak 390 

maximum melt generation (~2.5% melt) which occurs at 1.6 Ma for models with excess 391 

temperature in the sublithospheric mantle and the background sublithospheric mantle constrained 392 
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with Tp = 1548 K (red line; Figure 5). We therefore focus our interpretation of the TBC at 1.6 Ma 393 

for the model with excess temperature in the sublithospheric mantle whose background 394 

temperature is constrained with Tp = 1548 K, which is our best model. Figures 6A and 6B 395 

respectively show 150 km and 250 km depth slices of sublithospheric mantle flow patterns 396 

resulting from our numerical modeling of TBC at 1.6 Ma for our best model. Mantle upwelling 397 

occurs where there are slow (negative) seismic velocity perturbations (Figure 2B; Emry et al., 398 

2019) which tend to be slowest at shallower depths beneath the thin lithosphere of the RVP. 399 

Sublithospheric mantle downwelling occurs beneath the relatively thick lithosphere of the 400 

surrounding cratons. At 150 km depth (Figure 6A), the sublithospheric mantle upwelling (~1 401 

cm/yr) is focused beneath the RVP where the lithosphere is thin (~100-120 km) with a 402 

characteristic radial horizontal mantle flow (~4 cm/yr). At 250 km depth (Figure 6B) there is a 403 

zone of rapid mantle upwelling (~3 cm/yr) at the southwestern margin of the Tanzanian Craton, 404 

that extends southeastward through the RVP to the northern segment of the Malawi Rift (Figure 405 

6B). The mantle upwelling at 250 km depth has a horizontal flow pattern (~3 cm/yr) that is 406 

characterized by a southwestward flow between and around the thick cratonic keels of the 407 

Tanzanian and Bangweulu Cratons to the base of the lithosphere beneath the Malawi Rift. The 408 

horizontal mantle flow stagnates beneath the RVP where there is rapid mantle upwelling (~2.5 409 

cm/yr). This mantle flow pattern is consistent with earlier interpretations from seismic studies by 410 
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Grijalva et al. (2018).411 

 412 

Figure 6. Depth slices showing tomography-based convection beneath the RVP and surrounding 413 
at (A) 150 km and (B) 250 km depth at 1.6 Ma for our best model, which is the model with 414 
excess temperature in the sublithospheric mantle whose background temperature is constrained 415 
with mantle potential temperature, Tp = 1548 K. The vertical flow (background colors) is 416 
overlain by the horizontal flow field (black arrows). Red triangles represent the RVP. Blue 417 
contours show lines of equal lithospheric thickness at 20 km intervals from Fishwick (2010). 418 
Black lines indicate the outline of rift lakes.  419 

 420 

3.3 Melt Generation  421 

We simulate tomography-based convection (TBC) and batch melting for 20 Ma (model 422 

time) to ensure that steady-state convection is achieved. We are not running the model forward in 423 

time to simulate lithospheric thinning, rather we are reducing computational error. The evolution 424 

of our best melting model, which is the model with excess sublithospheric mantle temperature 425 
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derived from shear wave velocity perturbations (Emry et al., 2019) and whose background 426 

temperature is constrained with Tp = 1548 K (Figure 7) reveals two stages of melting. The first 427 

stage (‘the transient state’), occurs in the first 0.25 Ma of the model evolution beneath the RVP 428 

and is characterized by an initial decompression melt of ~6.6 % melt. This ‘transient state’ of 429 

melting arises from the initial conditions, which includes relatively thin lithosphere beneath the 430 

RVP and excess sublithospheric mantle temperature. The endothermic melting process consumes 431 

latent heat and there is adiabatic cooling of the upwelling mantle that rises to the melting region 432 

(Njinju et al., 2021). The melting region thus experiences a net heat loss and progressively cools, 433 

such that melting sustained by intrinsic density variations decreases rapidly from ~6.6 % at 0 Ma 434 

to ~0.72 % melt at 0.25 Ma (Ballmer et al., 2007). We suggest the second melting phase (Figure 435 

7) arises from TBC, which attains steady state at ~1.6 Ma after which the adiabatic gradients 436 

within the active convection cell have adjusted from the initial values. During this second stage 437 

of TBC-driven decompression melting, the melt fraction increases rapidly from 0.72 % at 0.25 438 

Ma to a peak value of ~2.5% at 1.6 Ma (Figure 7). Since the endothermic melting process 439 

consumes latent heat, the melting region again experiences a net heat loss and progressively 440 

cools, such that the melt fraction decreases from ~2.5 % at 1.6 Ma and ceases at 4.2 Ma. 441 
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 442 

Figure 7.  A plot of maximum melt fraction versus model time showing the evolution of melt for 443 
the model with excess temperature in the sublithospheric mantle whose background temperature 444 
is constrained with mantle potential temperature, Tp = 1548 K. Maximum melt generation due to 445 
tomography-based convection (TBC) is achieved at 1.6 Ma. The dark gray color (0 – 0.25 Ma) 446 
represents when tomography-based convection (TBC) is unstable and the initial decompression 447 
melt (~6.6 %) generated from the initial temperature conditions decreases rapidly to ~0.72 % 448 
melt at 0.25 Ma. The brown color (0.25 – 1.6 Ma) corresponds to melt generation from TBC 449 
with melt fractions increasing from 0.72 – 2.5%. 450 

 451 

The melt model at 1.6 Ma for the model with excess temperature in the sublithospheric 452 

mantle whose background temperature is constrained with Tp = 1548 K (Figures 8A, B, C, D, E, 453 

and F) indicate that the melting region is focused beneath the thin lithosphere (~110 km) of the 454 

RVP particularly beneath the Mbeya triple junction, where there is a characteristic mantle 455 
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upwelling from TBC (Figure 6A). Depth slices of the melt model (Figures 8A, B, C, D, E, and F) 456 

indicate that melt generation due to TBC is restricted to depths of ~115 – 155 km beneath the 457 

RVP. At 120 km depth, the melt fraction is < 0.5 % (Figure 8A), and at 125 km depth there are 458 

pockets of melt with melt fractions of ~ 1% at the center of the melting region (Figure 8B).  The 459 

maximum melt fraction occurs at the center of the melting region (at depths of ~130 – 140 km) 460 

with melt fractions reaching ~2% (Figures 8C and 8D).  461 

 462 

Figure 8.  (A), (B), (C), (D), (E), and (F) show depth slices of melt fractions beneath the RVP at 463 
120 km, 125 km, 130 km, 140 km, 145 km, and 150 km depth respectively at 1.6 Ma for the 464 
model with excess temperature in the sublithospheric mantle whose background temperature is 465 
constrained with mantle potential temperature, Tp = 1548 K. Red triangles represent the RVP. 466 
Thin blue contours show lines of equal lithospheric thickness at 20 km intervals from Fishwick 467 
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(2010). Black lines indicate the outline of rift lakes. Black dotted lines delineate plate boundaries 468 
from Stamps et al. (2008; 2021).  469 
 470 

4. Discussion 471 

4.1 Tomography-Based Convection versus Lithospheric Modulated Convection  472 
We compare tomography-based convection (TBC) and lithospheric modulated 473 

convection (LMC) beneath the RVP in order to better understand the influence of constraints of 474 

the upper mantle structure on mantle flow, lithosphere-asthenosphere interactions, and melt 475 

generation. Figures 9A and 9B respectively show TBC (model with excess temperature in the 476 

sublithospheric mantle whose background temperature is constrained with Tp = 1548 K at Time 477 

= 1.6 Ma) and LMC (model without tomography-based excess temperature in the sublithospheric 478 

mantle and the background temperature is constrained with for Tp = 1748 K) with melt 479 

generation beneath the RVP along profile AA’. And similarly, the TBC and LMC with melt 480 

generation beneath the RVP along profile BB’ are respectively shown in Figures 9C and 9D. The 481 

main similarity between the TBC models (Figures 9A and 9C) and the LMC models (Figures 9B 482 

and 9D) is that in both models, melt is generated beneath the thin lithosphere of the RVP with a 483 

characteristic focused upwelling.  However, melt generation from the LMC models occurs only 484 

for highly elevated mantle potential temperatures (Tp = 1748 K) as observed in Njinju et al. 485 

(2021).  486 

The TBC models (Figures 9A and 9C), which has constraints on the upper mantle 487 

structure from upper mantle velocity perturbations (Emry et al., 2019), show two regions of 488 

mantle upwelling beneath the Tanzanian Craton, a region of upwelling beneath the southwestern 489 

limit of the craton (Figure 9A), and another region of upwelling beneath the southeastern limit of 490 

the craton (Figure 9C). The upwelling beneath the Tanzanian Craton is consistent with findings 491 

of kimberlite deposits beneath the Tanzanian Craton and might be the source of the Igwisi Hills 492 
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Quaternary kimberlite (Dawson, 1994). These upwelling features are absent in the LMC models 493 

(Figures 9B and 9D). The upper mantle structure beneath the Tanzanian Craton is characterized 494 

by the presence of low velocity anomalies (Figure 2B; Emry et al., 2019) which translates to 495 

excess temperature and density perturbations (buoyancy forces) that drive upwelling beneath the 496 

craton. 497 

The TBC model along profile BB’ (Figure 9C) reveals a convection cell adjacent to the 498 

southeastern margin of the Bangweulu Block that is not evident in the LMC model along profile 499 

BB’ (Figure 9D). This difference may be because the upper mantle constraints (Emry et al., 500 

2019) indicate that the base of the cratonic block is cold and the cratonic block might be thicker 501 

than the estimates from Fishwick (2010).  502 

The LMC models (Figures 9B, and 9D) indicate lateral mantle flow at the lithosphere-503 

asthenosphere boundary over a longer interval than it is in the TBC models (Figures 9A, and 504 

9C), which suggest that estimates of mantle traction (basal drag) from lithosphere-asthenosphere 505 

interactions might be overestimated for mantle convections models constrained only by the 506 

lithospheric structure (LMC) without considering the upper mantle structure. 507 

 4.2 Origin of Melt Beneath the Rungwe Volcanic Province and the Tectonic Implications 508 

The most prominent feature in our model is the isolated region of sublithospheric mantle 509 

upwelling and localized decompression melting due to TBC beneath the RVP at depths of ~115 510 

– 155 km. The melt region is spatially consistent with a pronounced low velocity anomaly 511 

beneath the RVP imaged from P-wave tomography (Grijalva et al., 2018; Yu et al., 2020). The 512 

positive temperature anomalies (~ 250 K) in the sublithospheric mantle beneath the RVP inferred 513 

from TBC (Figure 2C) suggests the presence of plume material beneath the RVP. The excess 514 

temperature of plume material based on petrological studies is ~ 200 – 300 K (i.e., McKenzie 515 
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and O’Nions, 1991; Watson and McKenzie, 1991; Schilling, 1991; Herzberg and O’Hara, 2002; 516 

Herzberg et al., 2007; Putirka, 2008). Petrological studies by Herzberg and Gazel (2009) suggest 517 

excess temperature of ~100-250 K for hotspots in general.  Thus, the low velocity anomaly 518 

beneath the RVP may be a consequence of partial melts generated from plume material that is 519 

deflected by the cratonic keels of the Tanzanian and Bangweulu Cratons and focuses beneath the 520 

thin lithosphere of the RVP as earlier suggested by Grijalva et al. (2018). Upwelling and 521 

decompression melt tend to focus beneath the thin lithosphere beneath the RVP, which suggests 522 

that lateral variations in lithospheric thickness controls the localization of magmatism beneath 523 

the RVP.  524 

Geochemical studies of lava and tephra samples from the RVP by Hilton et al. (2011) 525 

show significantly elevated 3He/4He (>15 RA, where RA is the helium isotopic ratio in air), far 526 

exceeding typical upper mantle values. Such plume-like 3He/4He ratios, suggest that mantle 527 

plume material contributes to the magmatism of the RVP. The high mantle potential temperature 528 

(1693 – 1723 K; Rooney et al., 2012) and excess temperatures of ~250 K in the sublithospheric 529 

mantle beneath the RVP are other indications of hot plume material beneath the RVP.  530 
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 532 
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Figure 9.  (A) Profile showing tomography-based convection (TBC) and melt generation 533 
beneath the Rungwe Volcanic Province (RVP) (profile AA’; see inset map) at 1.6 Ma for the 534 
model with excess temperature in the sublithospheric mantle whose background temperature is 535 
constrained with Tp = 1548 K. (B) A profile of lithospheric modulated convection (LMC; model 536 
without tomography-based excess temperature in the sublithospheric mantle and the background 537 
temperature is constrained with Tp = 1748 K) and melt generation beneath the RVP along profile 538 
AA’. (C) Same as (A) but for profile BB’ (see inset map). (D) Same as (B) but for profile BB’. 539 
The melting regions in Figures 9A, B, C and D are zoomed-in for better visibility and shown as 540 
insets. 541 
 542 

4.3 Model Limitations 543 
Important factors that control the fraction of melt generated in a geodynamic model 544 

includes the choice of parametrization for melting, which depends on temperature and pressure, 545 

and the assumed composition of the source material. We use the parametrization of Katz et al. 546 

(2003) for anhydrous peridotite. This parameterization is applicable for pressures less than 13 547 

GPa. Although we use the melting parametrization of anhydrous peridotite (Katz et al., 2003), it 548 

has been shown that high water content (Katz et al., 2003) and the use of recycled crustal 549 

material (Sobolev et al., 2007, 2011) are also known to enhance melt production by several 550 

percent. Thus, there is uncertainty in the computed melt fractions related to the constraints used 551 

for melt generation and the composition of the mantle beneath the RVP.  552 

Another simplification in this study is chemical homogeneity in the upper 660 km of the 553 

mantle. We assume the seismic anomalies (Emry et al., 2019) are due to purely thermal effects in 554 

an isochemical mantle convection framework. This approach has been successful in numerous 555 

previous studies. For example, by representing seismic structures as mantle density and 556 

buoyancy structures in a purely thermal, whole mantle convection model, geodynamic studies 557 

have not only reproduced the Earth’s geoid, but also provided constraints on the mantle viscosity 558 

structure (e.g., Hager & Richards, 1989). In another case, by assuming thermal large low shear 559 

velocity provinces (LLSVPs), Lithgow-Berterlloni and Silver (1998) explain dynamic 560 
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topography signatures which, like the geoid, has two prominent topographic highs over southeast 561 

Africa and south Pacific. Despite successful implementations of isochemical mantle convection 562 

models, the Earth’s mantle is chemically heterogeneous as indicated by a rich variety of 563 

geochemical signatures found in mantle derived basalts (i.e., Kunz et al., 1998; Rooney, 2020).  564 

Thus, the observed low velocity anomaly beneath the RVP (Emry et al., 2019) might also be due 565 

to compositional variations in the upper mantle in addition to thermal perturbations. 566 

5. Conclusions 567 
In this study, we develop a 3D thermomechanical model of tomography-based convection 568 

(TBC) beneath the Rungwe Volcanic Province (RVP) that incorporates melt generation. We 569 

assume an approximately conductive geotherm for the lithosphere, while for the sublithospheric 570 

mantle, we use an adiabatic increase in temperature with additional temperature perturbations 571 

derived from shear wave seismic velocity constraints. We assume a rigid lithosphere and use 572 

non-Newtonian, porosity-dependent creep laws of anhydrous peridotite for sublithospheric 573 

mantle convection. The seismic constraints indicate excess temperatures of ~250 K in the 574 

sublithospheric mantle beneath the RVP suggesting the presence of a plume. Our TBC 575 

simulation is characterized by an isolated sublithospheric mantle upwelling beneath the RVP, 576 

which generates decompression melt (~2.5% melt). Results of our TBC reveal some 577 

characteristic mantle flow patterns (such as mantle upwelling beneath the Tanzanian Craton and 578 

a corner flow adjacent to the southeastern margin of the Bangweulu Block) that are not evident 579 

in LMC mantle flow models constrained by lithospheric thickness alone. Results of our TBC 580 

suggest plume materials are the likely source of deep melt for the RVP which explains the high 581 

3He/4He values in the volcanic materials and the elevated mantle potential temperatures. Sharp 582 

variations in the lithospheric thickness beneath the RVP and the surrounding cratons might 583 
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explain why the magmatism in the RVP is highly localized compared to the large igneous 584 

provinces in the Eastern Branch of the East African Rift. We conclude that excess temperature 585 

from plume material is necessary for melt generation beneath the RVP because passive 586 

asthenospheric upwelling of ambient mantle will require higher-than-normal mantle potential 587 

temperatures to generate melt. Further constraints on lithospheric structure and sublithospheric 588 

structure of the upper mantle are required to better understand lithosphere-asthenosphere 589 

interactions and deep melt generation. 590 
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https://doi.org/10.17605/OSF.IO/DY9Q4. The ASPECT code and modified initial temperature, 598 
initial composition and material models are available for open access through Zenodo at doi: 599 
https://zenodo.org/badge/latestdoi/381088620. We thank the Computational Infrastructure for 600 
Geodynamics for supporting the development of ASPECT, which is funded by National Science 601 
Foundation Awards EAR-0949446 and EAR-1550901. 602 
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