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formulation and found fully satisfactory for the case of 
sublithospheric melting models. A simple model guided 
by the geodynamic situation of the Rwenzori region typi-
cally results in updoming asthenosphere with melt-assisted 
erosion of the lithosphere’s base. Even with a conservative 
approach for a temperature anomaly melting alone doubles 
the lithospheric erosion rate in comparison with a model 
without melting. With melt extraction and intrusion lith-
ospheric erosion and upwelling of the lithosphere–astheno-
sphere boundary speeds up by a factor 3–4. In an extreme 
case, delamination may occur if weakening fully decouples 
a hanging mantle block. Models with an emplacement zone 
of up to approximately 70 km agree well with observations, 
especially for a concept based on seismological and petro-
logical data.

Keywords  Dynamics of crust and mantle · Continental 
tectonics · Lithospheric extension · Rifting process · 
Viscous two-phase flow · Melting · Rwenzori Mountains

Introduction

Extension and thinning of cratonic lithosphere followed 
by continental rifting is a fundamental plate tectonic pro-
cess on earth (Buck 2007). Often rifting is assisted by a 
plume impinging at the base of the lithosphere. Although 
this scenario is geologically and geophysically well docu-
mented for some cases, such as the East African Rift Sys-
tem (EARS) (Foley 2008; Koptev et  al. 2015), the under-
lying physics is not well understood. Particularly, an 
understanding of the relationship between melting within 
the asthenosphere, the rise and emplacement of melts 
upwards to shallower depths (Schmeling and Wallner 2012; 
Sobolev et  al. 2011) and the resulting updoming of the 

Abstract  Continental rifting caused by extension and heat-
ing from below affects the lithosphere or cratons in vari-
ous ways. Volcanism and melt intrusions often occur along 
with thinning, weakening and even breaking lithosphere. 
Although mechanical necking models of the lithosphere 
are often applied, the aspects of melting and the implica-
tions due to melt transport and emplacement at shallower 
depths are not well understood. A two-phase flow approach 
employing melt extraction and shallow emplacement asso-
ciated with thermal weakening is developed and compared 
with observations. The results of this comparison indi-
cate the importance of partial melts and an asthenospheric 
magma source for increasing the rising rate of the litho-
sphere–asthenosphere boundary during extension. Thermo-
mechanical physics of visco-plastic flow is approximated 
using the Finite Difference method with Eulerian for-
mulation in 2D. The conservation of mass, momentum 
and energy equations are solved for a multi-component 
(crust–mantle) and two-phase (melt–matrix) system. Rhe-
ology is temperature- and stress-dependent. In considera-
tion of depletion and enrichment melting and solidification 
are controlled by a simplified linear binary solid solution 
model. Melt is extracted and emplaced in predefined depth 
regions (emplacement zones) in the lithospheric mantle 
and crust. The Compaction Boussinesq Approximation was 
applied; its validity was tested against the Full Compaction 

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00531-016-1343-y) contains supplementary 
material, which is available to authorized users.

 *	 Herbert Wallner 
	 wallner@geophysik.uni‑frankfurt.de

1	 Institut für Geowissenschaften, Goethe-Universität, 
Altenhöferallee 1, 60438 Frankfurt am Main, Germany

http://orcid.org/0000-0003-1630-1492
http://orcid.org/0000-0002-6997-5514
http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-016-1343-y&domain=pdf
http://dx.doi.org/10.1007/s00531-016-1343-y


1742	 Int J Earth Sci (Geol Rundsch) (2016) 105:1741–1760

1 3

lithosphere–asthenosphere boundary (LAB) is insufficient. 
While thermal erosion of the lithospheric base has been 
discussed for a long time (e.g., Yuen and Fleitout 1985), 
unresolved questions include the relationships between the 
amount of lithospheric extension, the magma-assisted ero-
sion from below and the mechanical thinning of the litho-
sphere. Recent studies on continental extension with thin-
ning and erosion of lithosphere were conducted, e.g., by 
T. Gerya’s group (Liao and Gerya 2014, 2015; Liao et al. 
2013; Gerya 2014) where magma-related processes are 
modeled in a simplified way. Simplified models of how 
magma and heat are transported into shallower levels of a 
rifting craton and erode and weaken the lithosphere have 
been presented by Schmeling and Wallner (2012). Spiegel-
man and McKenzie described the theoretical bases of melt 
extraction (Spiegelman and McKenzie 1987; Spiegelman 
1993) with applications in models mostly on mid-ocean 
ridges or mantle wedges above subducting slabs (e.g., Kel-
emen 2000; Hebert and Montési 2011; Gerya and Meilick 
2011; Katz and Weatherley 2012; Gregg et al. 2012). How-
ever, the systematics of this melt-assisted erosion up to the 
end-member case that the erosion level reaches the Moho 
and, in extreme cases, the generation of plate decoupling or 
delamination of the associated mantle lithosphere (Wallner 
and Schmeling 2011 and references therein; Bajolet et  al. 
2012), have not been studied. To gain more insight regard-
ing the physics behind these processes, we numerically 
modeled them guided by geodynamic constraints from a 
characteristic section of the EARS, namely the Rwenzori 
Mountains (RWZ) region (Wallner and Schmeling 2010). 
Therefore, we briefly describe the geodynamic situation 
of this region. Nevertheless, the studied processes and the 
quantified geodynamic mechanism may be generalized and 
applied to other scenarios.

The core of a continent is often formed by a craton with 
a lithosphere up to 250  km in thickness. Cratons are less 
dense than the surrounding mantle material. Due to their 
age, cratons are relatively cold, and as a consequence, stiff, 
and stable over long periods (Lenardic et al. 2003). Special 
conditions and combinations of mechanisms are needed to 
break a continent and initiate rifting (Buck 2007). In the 
case of the EARS, this breaking or rifting appears to fol-
low old suture zones called mobile belts which separate the 
individual cratons. The rate of rifting is constrained by plate 
kinematics known from geology as a function of time or, 
more recently, from GPS measurements (Calais et al. 2006; 
Stamps et al. 2008). The mean drift rate estimated from the 
amount of extension with time (Wallner and Schmeling 
2010) agrees with actual values obtained from GPS studies 
(Saria et  al. 2014) of approximately 2  mm/a =  2  km/Ma 
and is nearly perpendicular to the Albertine rift axis.

As a characteristic feature of the western branch of the 
EARS, the Rwenzoris are an old Proterozoic crustal horst 

situated between active segments of this rift. It is nearly 
completely encircled by the southward-propagating Lake 
Albert rift and the northward-migrating Lake Edward rift. 
Relative to its local size of 50 ×  120  km, the top eleva-
tion of the Rwenzoris reaches an extreme height of more 
than 5  km (Figs.  1, 10) (Koehn et  al. 2010; Link et  al. 
2010). By contrast, the Moho depth beneath the massif is 
approximately 24 km (i.e., at the typical rift level), while 
the Moho depth of the adjacent Tanzania and Congo craton 
is typically 30–40 km (Wölbern et al. 2010; Gummert et al. 
2015). Thus, the crustal root of the Rwenzori Mountains 
is missing. The depth of the LAB has been constrained at 
140 km beneath the rift, deepening to 210 km beneath the 
Tanzania craton (Wölbern et al. 2012). Interpreted observa-
tions are compiled in Fig. 10.

The second ingredient of the process, besides exten-
sion, is a plume that interacts with the craton and assists 
the rifting process. Several studies on seismic tomogra-
phy and vertical phase-boundary shifts within the tran-
sition zone support the assumption that a mantle plume 
exists beneath the Tanzanian craton (Huerta et  al. 2009; 
Weeraratne et al. 2003; Mulibo and Nyblade 2013). Kim-
berlites in the innermost part of the craton and recent 
erupting carbonatites along the craton margin (Foley et al. 
2012) also indicate elevated temperatures beneath the cra-
ton. The Tanzanian craton hampers the further rise of the 
plume, and its low viscous head spreads under the keel 
following the negative topography of the craton’s base. 
Tomographic images (Mulibo and Nyblade 2013) sug-
gest that its branches reach the craton margin and ascend 

Fig. 1   Top view of the geological situation of the Rwenzori Moun-
tains (RWZ). The color map shows the topography of the Albertine 
Rift, part of the western branch of EARS between the Congo craton 
(CC) and the Tanzania craton (TC). The main tectonic features are 
indicated: major rift faults, drift rate of 2 mm/a (thick arrow), volcan-
ics (pink patches with V), hot springs (red star), positions of anoma-
lous deep earthquakes (ADEs, blue) and the profile for a cross section 
(Fig. 10). The horst of RWZ is encircled by the approaching tips of 
the Lake Albert and Lake Edward rift segments; broken violet arrows 
imply the evolution of the rift tips
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at its edges, intrude the surrounding weak asthenosphere 
and heat it up. The existence of the eastern and western 
branch of EARS confirms this perception. Focusing again 
on the western branch around the Rwenzori Mountains, 
we encounter the situation that plume material could rise 
into the active rift segments east and west of the Rwenzori 
block and generate twin thermal anomalies approximately 
50 km apart.

Now, we aim to constrain the associated asthenospheric 
temperatures. While excess plume temperatures prior to the 
interaction with the lithosphere are estimated at approxi-
mately 300 K (Zhong 2006), lateral spreading beneath the 
craton will reduce this figure. Low seismic velocities at a 
depth of 50 km beneath the western branch of the EARS 
have been interpreted in terms of excess temperatures 
of at least 130  K (Jakovlev et  al. 2013). Thus, an excess 
asthenospheric temperature of approximately 150 K above 
the normal potential temperature is plausible for the sub-
rift asthenosphere and agrees with the anomalous poten-
tial temperature estimate of the EARS of approximately 
1400–1500  °C (Rooney et  al. 2012). At such tempera-
tures, sublithospheric convection is expected within the 
asthenosphere (Schmeling and Bussod 1996) and will be 
associated with lateral temperature variations on the order 
of 50–200  K over wavelengths on the order of 100  km, 
with lower values preferred at higher Rayleigh numbers 
(Schmeling and Marquart 1991, 1993). Clearly, such asthe-
nospheric temperatures exceed the solidus temperature. In a 
more recent study, Till et al. (2010) conclude that even cra-
ton edge driven asthenospheric flow is sufficient to produce 
low-extent melts beneath the LAB. Link et al. (2010) report 
that the magmas of Toro-Ankole volcanism SE and near the 
Rwenzori Mountains originate from depths >150 km.

This study is part of the RiftLink project “Rift Dynam-
ics, Uplift and Climate Change in Equatorial Africa” aimed 
at modeling deep processes concerning rift systems, with 
particular emphasis on the rifts around the Rwenzori 
Mountains. Indeed, new observations by other RiftLink 
teams underscore the importance of partial melts (see 
Fig.  10). Jakovlev et  al. (2013) interpreted low P-wave 
velocity anomalies at a depth of 50 km beneath the rift that 
resulted from partial melts of 1–2 %. Wölbern et al. (2012) 
detected a seismic discontinuity within the mantle litho-
sphere beneath the rift at a depth of 50 km and interpreted 
it as the top of a melt infiltration front (MIF). At that depth, 
active ongoing intrusion may have been repeatedly revealed 
by an earthquake swarm at that anomalous depth (Linden-
feld and Rümpker 2011), which is marked as ADE (anoma-
lous deep earthquake) in Figs. 1 and 10. The detection of 
a melt infiltration front has been supported by petrological 
arguments based on xenoliths (Link et  al. 2010; Wölbern 
et  al. 2012). A consequence of melt infiltration into shal-
lower lithosphere will be thermal weakening.

An important part of the melt-induced thermal weak-
ening concept is the requirement of rapid melt transport 
into the lithosphere. Geochemical arguments for fast melt 
transport through the subsolidus lithosphere are reviewed 
in the introduction in Schmeling (2006). Observations and 
the presence of volcanism (Toro-Ankole near Lake George, 
east of Rwenzori Mountains, Link et  al. (2010)) suggest 
that there is rapid melt transport from beneath the litho-
sphere to the surface. Although the complete process of 
melt extraction and rise through the subsolidus lithosphere 
is not yet fully understood, Schmeling (2006) proposed a 
physical concept of episodic melt extraction in which the 
melt may form subvertical melt-rich channels due to its 
mechanical instability within the partially molten man-
tle region. Upon reaching a critical length, the melt may 
leave the partially molten region in the form of propagating 
dykes. Rather than invoking a critical length, many mod-
eling approaches (including the present one) only use one 
critical melt extraction threshold of approximately 1  %. 
Fast melt transport through the lithosphere by dykes and/
or veins is consistent with the observed SKS anisotropy 
subparallel to the rift axis (Homuth et al. 2014). Emplace-
ment at a shallower level is consistent with the general 
picture that only roughly 10 % of the melt in extensional 
regions may be extruded (Crisp 1984). The remaining melt 
is emplaced at depth in the form of intrusions. A natural 
level of shallow magma emplacement is at the Moho and 
is known as crustal underplating (Thybo and Artemieva 
2013). However, this may represent a late or final rifting 
stage. During the early phase, not all melts may reach such 
shallow levels, as suggested by the melt infiltration front at 
a depth of approximately 50–60 km. This discussion pro-
vides a rationale for treating the intrusion level in our phys-
ical model as a free parameter and for designing a series of 
numerical models for various emplacement zones, includ-
ing the Moho level.

In Wallner and Schmeling (2010, 2011), rift-induced 
delamination has been proposed to explain some of the 
enigmatic observations around the Rwenzori block (Bahat 
and Mohr 1987). These explanations include extreme topog-
raphy, old metamorphic and nearby young volcanic rocks, 
crustal thickness, and structural tectonics and seismicity. 
The models were based on ad hoc thermal initial condi-
tions and neglected melting. The above discussion suggests 
that the delamination process may be incomplete around 
the Rwenzori block. Instead, lithosphere base erosion may 
still be acting in the northern parts. This hypothesis will be 
tested here by using more realistic models of the rise of the 
LAB on both sides of a lithospheric block that resembles 
the Rwenzori block. In contrast with the previous mod-
els of Wallner and Schmeling (2010, 2011), this approach 
will include melting and melt-induced thermal weaken-
ing of the lithosphere, as described for different scenarios 
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by Schmeling and Wallner (2012). Rift-induced delamina-
tion will only be an end-member case for the various melt 
extraction and redistribution scenarios considered here.

Theoretical formulation of two‑phase flow 
with melting and emplacement

The governing equations describing the dynamics of a two-
phase material consisting of fluid (subscript f, here melt) 
and solid matrix (subscript s) in the high Prandtl number 
approximation (McKenzie 1984; Spiegelman and McKen-
zie 1987; Schmeling 2000) include the following equations 
for the conservation of the melt mass:

the matrix mass:

the momentum of the melt:

the momentum of the matrix:

and the energy of the melt and matrix mixture:

The quantities and some values are defined in Table 1. 
Pressure in the fluid and matrix skeleton are considered 
equal because it is assumed that no surface tension acts at 
the interface of solid matrix and fluid melt. During rapid 
ascent, melt and ambient matrix are not in thermal equi-
librium and the energy equation should be divided into 
two coupled equations for melt and matrix, respectively. 
Using this approach, we avoid dealing with the complex 
and lesser known physics of fast melt transport and retain 
one heat equation for both phases by replacing rapid melt 
ascent with extraction and emplacement terms. Thus, melt 
extraction and emplacement are assumed to occur on a 
short timescale compared to the long timescale of matrix 
deformation, during which the temperatures of the melt and 
matrix are assumed to be at equilibrium.

The constitutive equations are given as follows:

(1)ρf

(

∂ϕ

∂t
+∇ · [ϕ vf]

)

= Γ − ρf qextr,

(2)ρs

(

∂(1− ϕ)

∂t
+∇ ·

[

(1− ϕ) vs
]

)

= −Γ

(3)vf − vs = −
kϕ

ηf ϕ
(∇P − ρfg),

(4)ρg−∇P +∇ · τ = 0,

(5)

ρcp

(

∂T

∂t
+ vT∇T −

α

cp
gTv Tabs

)

= ∇ · (k∇T)+ ρH + QDi − LΓ + Qintru.

(6)τ = ηs
(

∇vs +∇vs
T
)

+ (ηb −
2

3
ηs) I ∇ · vs,

where the viscous stress tensor with ∇v as the velocity gra-
dient tensor and applying the dyadic or tensor product is 
often written as∇ ⊗ v, where ∇vT = v ⊗ ∇ is its transpose, 
ė = 1

2

(

∇vs +∇vs
T
)

 is the strain rate tensor of the matrix 
and the permeability

The viscosities are typically functions of temperature, 
stress and pressure for earth materials, which result in non-
linear relationships. The linearized equation of state for 
density is given as

where ρd|e = ρdp, f > 0 for depletion and ρd|e = ρenr, f < 0 
for enrichment.

The Compaction Boussinesq Approximation (CBA) is 
used (see Schmeling 2000, 2006, and Appendix of elec-
tronic supplementary material), which essentially neglects 
density variations (other than buoyancy terms) and com-
paction for the matrix flow but incorporates compaction 
pressure when considering melt flow. The resulting dimen-
sionless flow equations in 2D (dimensionless quantities are 
primed) (see also Schmeling 2000) are for the matrix

and the melt

where Ψ is the stream function and is defined by

where v1 is the divergence-free part of the matrix velocity 
field, vs, η∗ = η′b in the CBA, and η∗ = η′b − 2 η′s/3 in the 
Full Compaction formulation. In the CBA, the last term in 
(10) is determined from Eqs. (1) and (2):

A typical model with the Full Compaction formulation 
was rerun to test the validity of the CBA for the sublith-
ospheric melting and extraction cases (see Appendix of 
electronic supplementary material).

(7)kϕ = k0 ϕ
n.

(8)ρ = ρ0

(

1− αT −
ρs − ρf

ρs
ϕ + ρd|e f

)

(9)

(

∂2

∂x′2
−

∂2

∂z′2

) [

η′s

(

∂2Ψ ′

∂x′2
−

∂2Ψ ′

∂z′2

)]

+ 4
∂2

∂x′∂z′

[

η′s
∂2Ψ ′

∂x′∂z′

]

= Ra
∂T ′

∂x′
+ Rm

∂ϕ

∂x′
+ Rd

∂f

∂x′

(10)

v′
f
− v′

1
=

Rm

Rt
ϕn−1(1− ϕ)ez

−
ϕn−1

Rt

(

∇′ ·

[

η′s

(

∇′v′
1
+∇′v′

1

T
)]

+ ∇′
[

η∗ ∇′ · v′s

] )

(11)v1x =
∂Ψ

∂z
, v1z = −

∂Ψ

∂x

(12)∇ · vs = Γ

(

ρs − ρf

ρ2
0

)

− qextr −∇ ·
[

ϕ
(

vf − vs
)]

.
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The thermal, melt and depletion Rayleigh numbers (Ra, 
Rm, Rd, respectively) and the melt retention number, Rt, 
are defined as follows:

The heat conductivity is assumed constant, and radiogenic 
heating is assumed to decrease exponentially with depth.

Phase changes, melting and freezing of rocks influence 
mineralogy, petrology and physical properties. During partial 

(13)

Ra =
ρ0gα� T h3

η0κ
, Rm =

(ρ0 − ρf) g h
3

η0κ
,

Rd =

(

ρ0 − ρd|e
)

g h3

η0κ
, Rt =

ηfh
2

η0k0
.

melting the rock matrix loses basaltic components which go to 
the melt. The melt will be advected with respect to the matrix, 
extracted, or intruded elsewhere and where the melt solidi-
fies the matrix becomes enriched in basaltic component. These 
complex processes are subsumed by f as degree of melting of 
the matrix, or depletion (f > 0) or enrichment (f < 0) of basaltic 
component, summing up all generated or solidified melt frac-
tions following a matrix volume element when summed. Deple-
tion and enrichment of the rock are advected with the matrix 
and is varied due to melting, freezing or intrusion according to

(14)
∂f

∂t
+ vs · ∇f =

Γ

ρf
− qintru.

Table 1   Definitions and values of various quantities

Symbol Meaning and values

cfreeze Case-dependent factor for melting degree difference

cp Heat capacity at constant pressure (1300 J/(kg K))

f Melting degree (>0 for depletion, <0 in case of enrichment)

f (subscript) Fluid

fm Melting function

g, g Gravitational acceleration (10 m/s2), gravity vector

h Thickness of the model (200 km)

H Radiogenic heat generation (5.86 × 10−12 W/kg + 0.18 × 10−10 W/kg·exp(z/30 km)

k Heat conductivity (4.42 W/(m K))

kϕ, k0 Permeability, constant of the permeability–porosity relation (10−9 m2)

L Latent heat (400 kJ/kg)

n Power of the permeability–porosity relation (3)

P (Fluid) pressure

qextr, qintru Specific volumetric rate of melt extraction and melt emplacement

QDi Dissipation rate

Qintru Intrusional heat rate due to melt extraction

s (subscript) Solid

t Time

T, ΔT, Tabs Temperature, scaling temperature (1000 K), absolute temperature

Tsol, Tliq Solidus and liquidus temperature (Tsol = 1403 K–2.5 K/km ·z, Tliq = Tsol + 600 K)

v, vs, vf, vsegr Velocity, v = (1− ϕ)vs + ϕ vf, solid, fluid, segregation velocity

x, z Horizontal, vertical coordinate, positive upwards, origin at earth’s surface

X Specific mass of a component

α Volumetric thermal expansivity (3.7 × 10−5 K−1)

Γ Rate of melt generation (melt mass per volume and time)

ηb, ηs, ηf, η0 Effective bulk (1022 Pa s) and shear viscosities of the (porous) matrix ηs = ηs(τ, T, σY), fluid (melt) viscosity 
(3 × 102 Pa s), scaling viscosity (1021 Pa s) with a 10±4 cutoff

κ Thermal diffusivity (10−6 m2/s)

ρ, ρ0, ρs, ρf Density, scaling density (3400 kg/m3), solid density (ρs = ρ0), melt density (3012 kg/m3). The scaling density is set to 
2628 kg/m3 in the upper crust, to 3100 kg/m3 in the lower crust

ρdp, ρenr Depletion density (3111 kg/m3), enrichment density (2788 kg/m3 above and 3740 kg/m3 below 40 km depth)

τ Viscous stress tensor

ϕ, ϕextr Melt fraction, melt extraction threshold (1 %)

Ψ Stream function

χ Irrotational velocity potential



1746	 Int J Earth Sci (Geol Rundsch) (2016) 105:1741–1760

1 3

The term qintru is discussed below. Depletion and enrichment 
are related to density changes and thus correspond to posi-
tive or negative buoyancy forces that drive the flow in addi-
tion to thermally induced density changes. In addition, for 
enrichment there is a phase boundary at a depth of 40 km. 
Above this depth, melt freezes to a basalt-like low-density 
component, and below this depth, melt solidifies into an 
eclogite-like material with higher density (see Table 1).

Melting and solidification are modeled using a simplified 
binary solid solution model that assumes a solid solution of 
two components, A and B, with specific masses, XA and XB, 
respectively (Fig.  2). The solidus and liquidus curves are 
assumed to be parallel straight lines for convenience; higher 
degrees of melting or not more realistic melting laws should 
consider a composition-dependent difference of Tliq − Tsol. 
If the initial composition of a volume element is given as X0, 
melting will begin once T reaches Tsol (X0). If no melt leaves 
the element, increasing the temperature by δT will generate 
melt with a composition Xm. According to the lever rule, the 
melt fraction is (Xs − X0)/(Xs − Xm). The melting degree (or 
depletion/enrichment) of the matrix is defined as

and is still identical to the melt fraction. If the melt with 
composition Xm leaves the volume element by percolation 
or extraction, the composition of the element changes by 
δX and the solidus temperature changes by δTsol to the new 
solidus temperature, Tsol(X). Because the actual melt frac-
tion at the new composition X is given by ϕ =  (Xs − X)/
(Xs − Xm) and the depletion remains the same, simple geo-
metrical considerations can be used to obtain changes of the 
solidus temperature δTsol = (f − ϕ) (Tliq − Tsol). Thus, the 
composition-dependent solidus and liquidus temperatures 
are given by Tsol(z, f) = Tsol(z, f = 0) + (f − ϕ) ΔTliso with 
ΔTliso = Tliq − Tsol, and Tliq(z, f) = Tsol(z, f) + ΔTliso. The 
essential distinction between f and  ϕ is: the melting degree 
f concerns the actual composition of the matrix with respect 
to the original composition at the onset of melting; in con-
trast the melt fraction ϕ specifies the actual amount of melt 
in a volume unit, sometimes called melt porosity. At any 
composition X and temperature T above the X-dependent 
solidus temperature, the rate of melt generation or freez-
ing can be determined by considering the total temperature 
derivative with time following the volume element and the 
temporal change of the pressure-dependent solidus and liq-
uidus temperatures due to vertical flow velocity.

(15)f =
Xs − X0

Xs − Xm

(16)

Γ =























ρf
∂fm

∂T

�

�

�

�

P

�

∂T

∂t
+ vT∇T

�

+ρf
∂fm

∂P

�

�

�

�

T

ρgTv

for Tsol(z, f ) < T < Tliq(z, f )

0 elsewhere

where fm (T, P) is the temperature-, pressure- and deple-
tion-dependent melting function of peridotite. This melt-
ing function may be taken from parameterizations given, 
e.g., by Katz et  al. (2003), and here we simply take a 
linear parameterization fm  =  (T  −  Tsol (z, f))/ΔTliso for 
Tsol < T < Tliq, else fm = constant (0 or 1).

The above set of equations is solved as follows for one 
time step: Given the temperature, the melt and the melting 
degree fields, Eq.  (9) and the nonlinear viscosity–veloc-
ity relation of the matrix are solved iteratively for Ψ, v1, 
ηs and τ  by Finite Differences involving Eqs. (6), (8), (11) 
and (13) and the strain rate tensor. Then, Eqs.  (1), (10) 
and (12) are iteratively solved for segregation velocity, 
vsegr = vf − vs , and the melt fraction ϕ at the new time step 
using implicit Finite Differences and an upwind scheme. 
After advecting f by solving Eq. (14) the new temperature, 
melt generation rate Γ, extraction and intrusion rates are 
calculated by solving the temperature Eq.  (5) by an ADI 
scheme using upwind, and Eqs. (16–19), respectively. Now, 
all quantities are known at the new time step, and the pro-
cedure can be repeated for the next time step.

Up to now fast melt transport, including melting and 
freezing, was not self-consistently modeled in rifting setups 
because of different timescales. We replace this mechanism 
by extraction of melt from the source region and intrusion 
at different locations and include the energy transfer. More 
specifically, melt extraction is modeled by taking out all 
generated melt that exceeds a certain extraction threshold 
of ϕextr in the melt source region. The extraction rate from 
Eq. (1) thus is given by

The case ϕ > ϕextr does not occur because melt above the 
limit is extracted.

Once the melt is emplaced within a certain shallower 
intrusion depth interval, which we call emplacement zone 
(EZ), the magma either completely freezes (if the tem-
perature of the emplacement zone is below its solidus tem-
perature) or partially solidifies leaving a remaining melt 
fraction relative to its original, fully molten volume of 
ϕintru =  (Xs −  Xm-source)/(Xs −  Xm) according to the lever 
rule. Here, Xs and Xm are compositions of the solid and 
melt in the emplacement zone, respectively, and Xm-source is 
the composition of the melt in the source region. Assuming 
the same simplified binary solid solution model as above 
(Fig. 2) and using Eq. (16) for both the source and emplace-
ment zones, the terms Xs and Xm-source can be expressed 
in terms of the depletion of the source region, fsource, and 
emplacement zone, fempl. The latter is negative in the case 
of enrichment. Consequently, ϕintru =  1 −  fsource +  fempl. 
Thus, the solidifying fraction of the emplaced magma is 

(17)qextr =







0 for ϕ < ϕextr
Γ

ρf
− ϕextr∇ · vf for ϕ = ϕextr

.
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equal to fsource − fempl. Using this result, we can determine 
the amount of intrusional heating rate due to the release of 
internal and latent heat during complete or partial freezing 
(see also Schmeling and Marquart 2008) as follows:

where Tsource and T are the temperatures in the source and 
emplacement regions, respectively, Tsol is the solidus tem-
perature in the emplacement zone, and

is the volumetric intrusion rate of the emplaced magma 
(=0 outside the intrusion zone), which is calculated from 
the integrated extraction rate of the source region as shown 
below. Here, hextr and hintru are the depth intervals at which 
extraction and intrusion take place, respectively. It is rea-
sonable to assume that intrusional emplacement only 
occurs in the subsolidus part of the lithosphere. Thus, cfreeze 
is always equal to 1.

The term qintru is calculated by redistributing the total 
amount of extracted melt per time evenly within the EZ. No 
lateral magma transport during extraction is assumed (i.e., 
each melt particle is emplaced in the column of the emplace-
ment zone exactly above the position where it is extracted). 
In addition, the term qintru changes the degree of depletion or 
enrichment at the position of intrusion (see Eq. 14).

Within the framework of the Compaction Boussinesq 
Approximation, this formulation ensures mass conservation 

(18)

Qintru = ρscp

(

Tsource − T + cfreeze
L

cp

)

· qintru

with cfreeze =

{

fsource − fempl T ≥ Tsol
1 T < Tsol

(19)qintru = ρf

∫

hextr

qextrdz/(hintruρenr)

within the model. Local volume changes due to extraction 
and emplacement are only included in the Full Compaction 
formulation (Appendix of electronic supplementary material).

Model setup

The setup is an attempt to keep the model simple and gen-
eral, while allowing the results to transfer to the specific 
situation of the Rwenzoris, which we regard as a typical 
case of an extensional lithosphere with an eroding LAB, 
melt emplacement and lithospheric weakening. Experience 
from one-phase physics models testing rift-induced delami-
nation (Wallner and Schmeling 2010, 2011) is incorporated 
into the design of the model. The definition of the model 
contains geometry, boundary and initial conditions, the rhe-
ology of matrix and melt, melt curves, and extraction and 
emplacement parameters. The parameter values are given 
in Table 1, and most features are shown in Fig. 3.

Geometry

The elongated structure of the EARS and the Rwenzoris 
represents the rifting margin of a craton and allows the space 
dimension to be reduced to 2D. In addition, the fair degree 
of symmetry allows the model width to be restricted to half 
of the geometry, resulting in a square box of 200 × 200 km. 
Laterally, the outer margin is far enough away to avoid 
influencing essentially the melt-induced dynamics near the 
rift axis through boundary effects. Vertically, the model 
reaches into the asthenosphere. It is composed of three lay-
ers, an upper and lower crust (20 and 15 km, respectively) 
and a third layer beneath the mantle. The mechanical struc-
ture is defined by viscous and plastic rheology. The model 
and its boundary conditions are compiled in Fig. 3.

Resolution

The spatial resolution for the stream function is 101 ×  101 
grid points (i.e., a spacing of 2 km) and that for the energy 
and melt equations is 401 × 401. Material properties, such as 
density and viscosity, are advected by 1001 × 1001 markers. 
Higher resolutions of up to a factor of 2 have been tested and 
converge at similar solutions. The temporal resolution depends 
on the flow velocities following the Courant criterion, which 
begins with a time increment of 100 a and is limited by 50 ka.

Boundary conditions

Extensional plate kinematics is realized as a material out-
flow boundary condition at the right boundary. A constant 

Fig. 2   Melting model for a two (A, B)-component solid solution. 
The Lever rule divides a composition X0 into melt (Xm) and solid (Xs) 
composition for temperature increase δT. The solidus, Tsol, changes if 
an element’s composition is altered (δX) by extraction of melt
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velocity of vx (x = 200 km, −200 < z < 0 km) = 1 mm/a 
is prescribed. Due to mass conservation the outflow is bal-
anced by an inflow through the bottom (vz (0 < x < 200 km, 
z = −200 km) = vx). No flow occurs through the top and 
left boundary, and the latter is the symmetry axis. Tangen-
tially free slip is applied to all boundaries. Thus, the top, 
which is interpreted as the surface, is not vertically free. 
Checking the influences of these boundary conditions with 
“sticky air” models (see also Crameri et al. 2012) revealed 
only minor effects.

The thermal boundary conditions include zero con-
ductive heat flux at the side, T = 0  °C at the surface and 
T  =  Tbot  =  1636  °C at the bottom, with an additional 
anomaly mimicking lateral variations in a convecting asthe-
nosphere. This anomaly is defined by a Gaussian function 
with a maximum excess amplitude of Ta = 50 K, a width of 
25 km and an offset of 50 km from the symmetry axis. This 
temperature profile forms the bottom boundary condition 
when added to Tbot.

Initial condition

As initial temperature an almost linear background 
geotherm in the thick lithosphere is assumed. Its “cra-
tonic” thickness before rifting is set to 180  km because 
the Congo and Tanzanian cratons are still connected 
north of the Rwenzoris (Link et  al. 2010). The astheno-
sphere’s temperature is assumed to be adiabatic, with 

an intercept at z =  0 given by the potential temperature 
Tpot = 1533 °C. This value is close to the higher estimate 
for the EARS (Rooney et al. 2012, see chapter 1) and was 
chosen so that the melting temperature intersects the adi-
abat near the model’s bottom to generate a melt fraction 
of approximately 1  % (see close-up in Fig.  3). Because 
combining the lithospheric and asthenospheric tempera-
ture gradients provides an artificial kink at the initial 
model LAB (which would generate melt), the geotherm is 
conductively relaxed for 7 Ma so that the LAB tempera-
ture decreases below the solidus. Finally, to avoid a step 
above the temperature anomaly at the bottom, the anom-
aly decays vertically linearly up to −150 km in the initial 
temperature field (see Fig. 3).

Rheology

As discussed by Wallner and Schmeling (2011), the rheol-
ogy is assumed temperature-, pressure- and stress-depend-
ent based on laboratory measurements of Westerly Gran-
ite in the upper crust, clinopyroxenite in the lower crust 
(Kirby and Kronenberg 1987) and dry Aheim Dunite in 
the mantle (Chopra and Paterson 1984). Strength-limiting 
brittle behavior is included using a Byerlee’s law-based 
depth-dependent plastic viscosity. The yield stress σY of the 
lower crust is reduced by lowering the pore pressure factor 
1 − Pfl/PLith to 0.01, where Pfl and PLith are the fluid and 
lithostatic pressures, respectively.

Fig. 3   Left model geometry, structure, boundary (BC) and initial 
conditions (IC) with a series of emplacement zone variations (see 
Table 2). Mid initial geotherm away (blue) and through the tempera-
ture (T-) anomaly (red). This model is constructed from a lithospheric 
gradient crossing the adiabate at z = −180 km (LAB) and relaxation 
for 7 Ma by one-phase physics. Melt temperature curves are shown 
as dashed lines. The bottom temperature is just above the solidus 

Tsol, which is initially generating a melt fraction approximately 1 % 
away from the anomaly. The temperature anomaly Ta is defined as a 
Gaussian-shaped function as bottom BC beneath the future rifts. The 
maximum excess amplitude of this function is 50 K. Thus, the initial 
fraction at the T-anomaly is 9 %. Right close-up near the T-anomaly. 
The high melt fraction is extracted immediately in the first time step
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Although the effective matrix viscosities ηs andηb 
are functions of ϕ (Schmeling and Wallner 2012), the 
ϕ-dependence of ηs has been neglected and ηb has been 
assumed to be 10 η0 (i.e., within the CBA, the matrix 
compacts or decompacts with a constant viscous resist-
ance). These simplifying assumptions are of minor impor-
tance because 1 % melt is never exceeded because of melt 
extraction.

Extraction and emplacement

As melt is extracted, the corresponding emplacement zone 
must be defined. We assume that the EZ is bounded by a 
lower (z1) and upper boundary (z2). Because partial melt-
ing usually ascends during the erosional rise of the LAB, it 
may reach the lower EZ boundary. To avoid extraction and 
emplacement at the same location, the lower boundary of 
EZ is defined by the maximum of z1 and the upper front of 
the extraction region. Thus, the lower EZ boundary depends 
on the ongoing process. However, the upper boundary of 
EZ, z2, is fixed. If the extraction front, max(z(ϕ =  1 %)), 
exceeds z2, the EZ has collapsed and the code terminates 
the run (termination class E). It should be noted that this 
is an unnatural collapse induced by the particular choice 
of the model setup. More realistic setups at the upper EZ 
boundary will adjust to the uprising melting front.

Basing arguments on observations to fix the EZ level is 
hard to find. Different concepts of the evolving lithosphere, 
e.g., determined by a balanced petrology (phase bounda-
ries) or an evolving LAB, may lead to various approaches. 
One strategy for solving this ambiguity is to study a model 
series of systematic EZ variations.

The lowermost lower EZ boundary would formally be 
the model’s bottom, which implies that melt infiltrates the 
region directly above its original melting region. Disregard-
ing extrusion (or volcanism), the uppermost lower limit 
would be the mantle–crust boundary because of its large 
density contrast. The depth range of the upper EZ boundary 

is assumed to vary from mid-lithospheric level up to the 
boundary between the lower crust and upper crust.

The presented models are compiled in Table 2, and the 
corresponding EZ levels are shown in Fig.  3. The EZ of 
the standard model ILC covers the entire mantle and lower 
crust from −200 to −20 km.

Results

To demonstrate the typical physical behavior of a melting-
assisted lithospheric erosion model, we first show a selected 
model run. Remarkable features are the accelerated ascent 
of the asthenosphere, the erosion of the LAB terminated by 
a final delamination and the sensitivity of several param-
eters affecting the viscosity and driving forces, such as the 
temperature background and anomaly, the density change 
by enrichment and size and location of the intrusion level 
(interpreted in “Discussion and conclusions” section). This 
model will also serve as a standard in the subsequent sub-
sections. Then, other parameters and their sensitivities are 
discussed in “The influence of other parameters” section. 
The role of the melt intrusion level will be enlightened pre-
senting the differences due to the variations of the emplace-
ment zone (“Variations of emplacement zone” section).

Standard model

As the standard model, termed ILC, we define the model 
with the largest EZ reaching from the top of the melt zone 
to the boundary between the lower crust (LC) and the upper 
crust (UC). From the vast amount of calculated data, snap-
shots of the temperature, melt fraction, melting degree, 
stress and viscosity fields are compiled for different times 
to obtain an impression of their interaction and temporal 
evolution (Fig.  4). The full symmetric fields are plotted 
to facilitate interpretation, and calculations are only per-
formed for half of them.

A slow, corner-flow-like background flow causes long-
wavelength doming of the convecting asthenosphere, as 
seen in the temperature fields. Local plumes, accompanied 
by release of melt in the partially molten zones (melt frac-
tion fields) and subsequent emplacement in the EZ (com-
bined depletion and enrichment fields), ascend, and their 
heads spread under the colder, more viscous lithosphere 
raising the LAB. Statistically, these plumes most frequently 
originate above the temperature anomalies at the bottom; 
however, they are moved along the bottom by sinking lith-
ospheric slabs and spreading drops. Sometimes, the plumes 
join a single centered plume, and at other times, multiple 
plumes form away from the anomalies. As the LAB and 
the melt front ascend and the EZ becomes narrower with 
time, prominent chimneys with positive feedback develop 

Table 2   Model series with EZ variations

Model z1 (km) z2 (km) Acronym’s meaning

ILML −200 −100 Into lower mantle lithosphere

IMML −200 −70 Into mid-mantle lithosphere

IUML −200 −35 Into upper mantle lithosphere

ILC −200 −20 Into lower crust

MML −100 −70 Mid-mantle lithosphere

M2UL −100 −35 Mid- to upper mantle lithosphere

M2LC −100 −20 Mid-mantle lithosphere to lower crust

UML −70 −35 Upper and mid-mantle lithosphere

U2LC −70 −20 Upper mantle lithosphere to lower crust

LC −35 −20 Lower crust
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and enforce lithospheric erosion. Finally, an asthenospheric 
break through to the crust occurs, the lower crust fails and 
the mantle lithosphere begins delaminating (see Wallner 
and Schmeling 2010, 2011 for a detailed discussion of this 
characteristic behavior). The positive feedback mechanism, 
called melt-induced thermal weakening (Schmeling and 
Wallner 2012), develops when the latent and internal heat 
associated with extracted melt are transferred to a higher 
level, which weakens the emplacement region and its vicin-
ity within the mantle lithosphere or even within the lower 
crust. This weakening reinforces thinning and accelerates 
advective heat transport because the viscosity is a function 
of temperature and stress. The excess temperatures in the 
chimneys reach several hundred kelvin, and the viscosity 
decreases by one or two orders of magnitude. Extreme val-
ues up to solidus and viscosity limits arise with the failure 
of uppermost mantle lithosphere.

Not only rheological weakening within the enriched 
zones but also density effects and changes in melting 
behavior enhance lithosphere erosion and the rise of the 
LAB. Depletion and partial melting of the source region 
decrease the density and cause additional buoyancy and 
convective upwelling. The EZ is heated up and enriched, 
becoming denser below a depth of 40  km and enforcing 
downwelling below the LAB. Because these downwellings 

are displaced sideways with respect to the upwelling, they 
further contribute to an increasing convective vigor. In 
addition, depletion and enrichment, combined with tem-
perature changes, affect the melting behavior. Over time, 
repeated or continuous intrusions combined with continued 
thinning of the EZ reduce the solidus temperature in the 
lower part of the lithosphere. Thus, the elevated tempera-
ture within the EZ can potentially exceed this solidus. The 
EZ remelts, as can be seen, between 16 and 20 Ma. Alto-
gether, the rheological weakening of the lithosphere, the 
increasing convective activity within the asthenosphere and 
the remelting of the EZ from below accelerate lithosphere 
erosion.

During early stages, stress in the upper lithosphere 
reflects the strength resulting from the resistance to exten-
sional lateral outflow. As the viscosity locally decreases, 
the deviatoric stress evolves into more complex patterns 
because of its tensor nature and forms shear bands that can 
be seen in the viscosity fields. Mechanically, the viscosity 
reduction in the narrow chimneys laterally decouples the 
central lithospheric block from its surrounding and its ver-
tical mobility increases.

The thermal, melt-assisted erosion of the lithosphere 
is clearly visible as an updoming of the LAB, which is 
documented in a sequence of vertical temperature profiles 

Fig. 4   Symmetric state fields of model ILC for five selected time 
steps. Temperature in °C, melt fraction and melting degree (deple-
tion >0 and enrichment <0) in %, second invariant of stress in MPa 
on a log scale, and logarithm of viscosity scaled by reference viscos-

ity are presented as color maps. For orientation, initial boundaries 
(crust, LAB) are indicated as thin black lines. The transient LAB, 
which is defined as 80 % of the initial adiabate, is plotted in green
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taken at the distance of the anomaly (Fig. 5). The tempera-
ture kink, marking the LAB, ascends at a constant rate up 
to 90 km at 18 Ma. Before delamination, this rise is more 
irregular and jumping. Furthermore, the temperature at the 
LAB overshoots the solidus curve more and more during 
the ongoing process.

The influence of other parameters

Running a numerical model requires the definition of many 
physical and technical quantities. To assess the relevance of 
physical parameters, experience or a sensitivity analysis is 
necessary. Input data concerning the solid phase, particu-
larly the initial conditions (including the potential tempera-
ture, the amplitude and geometry of the temperature anom-
aly) and the rheology defining the power law and yield 
strength, have been studied and discussed by Wallner and 
Schmeling (2011).

One of the most important quantities related to melting 
is the solidus curve, which may be complex and process-
dependent. For simplicity, a linear depth function is applied 
here (Schmeling and Marquart 2008), and the distance to 
the liquidus curve is kept constant. The curves are roughly 
consistent with models of melting of peridotite from Foley 
et al. (2012, Fig. 13). A basic assumption of our model is 
the fixing of the anomalous temperature, which results in 
a few percent of melt at the bottom of the model inside the 

asthenosphere. Foley et al. (2012) argue for a melt fraction 
of <5 % at a depth of more than 140 km. Targeting approx-
imately half of this upper limit, the potential temperature 
was chosen appropriately. Thus, the relationship between 
the potential temperature and the solidus temperature is 
more important than their absolute values. Small varia-
tions of Tpot (of several degrees) do not essentially affect 
the results.

Variations of the anomaly’s excess temperature, Ta, from 
0 to 200 K have been conducted and reveal a strong con-
trol on the temporal behavior, where higher temperatures 
correspond to faster evolution and finally lead to the ter-
mination of class D (delamination) or E (extraction front 
reaching the EZ). A clear exponential relationship appears 
between Ta and the model termination time. In addition, a 
more physical relationship occurs between the heat flux or 
Nusselt number and time. Consequently, the lithospheric 
erosion rate depends on Ta. A reduction to half of its value 
used in the models above decreases the erosion rate by 
roughly half.

Variations of the fraction limit for melt extraction have 
a similar influence on the behavior of the model. Although 
rates and velocities are changing, the principal behaviors 
of convection and erosion are not affected. A higher melt 
extraction threshold results in a greater amount of retained 
melt and increases the vigor of asthenospheric convec-
tion, which enhances lithospheric erosion. However, these 
effects are counteracted by an associated decrease in lith-
ospheric weakening and enrichment, which can slow down 
lithospheric erosion for the models with deep lower EZ 
boundaries.

The factor for the density changes due to depletion and 
enrichment strongly affects the dynamics. Because this 
factor is only poorly constrained, we varied the value of 
ρenr across a range of ±10 % around the value of ρ0. This 
series revealed a decrease in the LAB erosion as the den-
sity contrast becomes smaller. Updoming velocities were 
reduced by approximately 17  %, independent of the sign 
of the density contrast. The numbers of slabs and drops 
with time diminish, the degree of the mixture of origi-
nally lithospheric and asthenospheric material decreases, 
and the irregularity of event peaks as the vRMS(t)-function 
decreases.

Melt flow relative to the matrix follows the Darcy’s law, 
wherein the melt viscosity and permeability determine the 
material properties. These parameters entered into Eq. (10) 
via the retention number Rt and the porosity exponent n. 
Although the relationship of permeability with porosity 
is not well constrained for upper mantle conditions and 
the melt viscosity may deviate from the chosen value of 
3 × 102 Pa s, the two-phase flow has no first-order effect on 
our results as long as the melt extraction threshold remains 
small. Therefore, the actual melt fractions are low, and melt 

Fig. 5   Temperature profiles through the T-anomaly showing the 
ascent of LAB of the ILC model for a color-coded time sequence 
with an interval of 3 Ma. The T in the lithosphere increases by sev-
eral 100 K. The LAB kink continuously rises in pulses. Above a level 
of −80  km, asthenosphere in the chimneys fast breaks through the 
strong uppermost mantle
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percolation has a minor influence on the evolution of the 
models.

Variations of emplacement zone

The series of systematic variations of EZ depths is listed in 
Table 2 and shown in Fig. 3. The resulting diverse behav-
ior may allow conclusions on the lithosphere’s evolution. 
The differences in development can be seen when compar-
ing vertical temperature profiles taken above the bottom 
anomaly (Fig. 6). For comparison, a reference model with-
out melting (REF, black), thus one-phase flow, is added. All 
profiles begin at z = −200 km with the given T-boundary 
condition of 1686  °C, the anomaly’s maximum. Because 
this temperature is clearly above the solidus (Fig. 3), melt 
is produced immediately and is extracted as a melting pulse 
where the extraction limit of melt fraction is exceeded. The 
thermal evolution of the asthenospheric temperature during 
the first Ma is the same for all models, and a 50-km-thick 
convecting layer with supersolidus temperatures above 
the bottom anomaly develops with a 10-km-thick ther-
mal boundary layer at the bottom. While the differences 
between the profiles near the model bottom remain small 
at later times result due to time-dependent convection, they 
are more pronounced at shallow depths, especially for the 
LC, UML and MML cases at early times. These anomalies 
are a consequence of the initial strong melt extraction pulse 

in combination with the small height of the EZs. If distrib-
uted over a wider depth extent of the EZs more broadly 
distributed, smaller excess temperatures develop (e.g., the 
brownish curves in Fig. 6, 1 Ma). As time evolves, the ini-
tial shallow temperature anomalies of the thin EZ models 
decay by conduction (Fig. 6, 9 Ma).

Moving upwards, the lithospheric base erosion is vis-
ible as a point of transition between the lithospheric and 
asthenospheric temperature gradients. This erosion is most 
effective for the models with a deep lower EZ boundary 
(the four brownish-red I*-models) and occurs because the 
lower boundary of the EZ is shifted above z = −150 km; 
this boundary is identified by the front of melt extraction. 
Consequently, the uprising extraction front shortens the EZ, 
and the intrusional heat distribution becomes more focused 
(brown curve at 9 Ma or the orange curve at 19.5 Ma). This 
focusing effect is associated with a temperature increase 
of more than 500 K and significantly accelerates the rising 
LAB during the final stage before the collapse of the EZ. 
This model setup-related collapse of the EZ occurs because 
the top of the melting zone overrides the fixed top of the 
emplacement zone and the run is terminated (class E).

The melt-free reference model (black curve) shows sig-
nificantly different behavior. This difference can be under-
stood by considering effective Rayleigh numbers, which 
can be estimated by multiplying Rm and Rd by the typical 
melt fraction (1  %) or degree of depletion or enrichment 

Fig. 6   Vertical temperature profiles for the EZ model series at the 
same time points, T(z, x = 50 km, t = [1, 9, 19.5] Ma, EZs and REF). 
To compare the effects of the various EZs, the depth profiles of tem-
perature are plotted at the anomaly at the three time points. The mod-
els are color coded, with the EZ levels indicated to the right and the 
REF model without melt indicated in black. Crustal boundaries and 

melt curves (S—solidus, L—liquidus) are shown for orientation, and 
the excess temperatures reach several hundred kelvin. The left-hand 
and middle graphs show beginning states at 1 and 9 Ma, respectively, 
when most LAB levels are −140  km or above, and the right-hand 
graph contains profiles at 19.5 Ma. Here, models ILML, IMML and 
MML are omitted because they were previously terminated
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(20  %) and inserting the effective thickness of the asthe-
nosphere (50  km) and the effective viscosity (1019  Pa  s 
with melt, 1020 Pa s for the melt-free reference model). The 
effective depletion and enrichment Rayleigh numbers are 
on the order of 103–104, respectively, and the melt Rayleigh 
number is <103. In contrast, in the absence of melting, the 
effective thermal Rayleigh number is <1000, i.e., the asthe-
nosphere is nearly critical or subcritical. Therefore, the 
melt-free reference model does not convect vigorously, and 
the LAB rise is strongly delayed.

Models where the LAB kink is well below the lower 
boundary of the emplacement zone all show a similar tem-
perature increase of approximately 200  K (LC, U* and 
M2LC at 19.5 Ma). Once the LAB enters the EZ, its rise 
is accelerated (see also Fig. 9) and the corresponding lith-
ospheric temperature gradient increases. The amplitudes 
of the excess temperatures are negatively correlated with 
the actual heights of the EZs. If melt is emplace at shal-
low depth only (e.g., model LC), the lower part of the litho-
sphere remains stiff and the lithospheric base erosion is not 
or is only slightly enhanced. Thus, the depth of the LAB is 
negatively correlated with the depth of the lower boundary 
of the EZs.

The root mean square velocity, vRMS, as a function of 
time characterizes the transient behavior of the entire sys-
tem. Local flow events, uprising plumes, plunging slabs 
or falling drops are visible as peaks with amplitudes of 
2–20 cm/a (Fig. 7). Two of the ten models (ILC and M2LC) 
are terminated by delamination (termination class D or 
E/D), where vRMS rapidly rises above 6.5  m/a. The other 
models are terminated by the EZ collapse (E). A common 
feature of the delamination class models is the high EZ, 
which ranges into the lower crust. Thus, the central mantle 

lithospheric block is laterally decoupled from the flanks, 
and the lower crust central bridge fails. The delaminating 
models should be regarded as extreme cases.

More commonly, the central lithosphere is eroded or dis-
integrated by multiple detachment events of drops or slabs, 
dripping or foundering. Finally, the hanging mantle litho-
sphere block is too light to cause stresses that are sufficient 
for causing lower crust failure. The accelerated lithospheric 
erosion phase (cf. brownish-red curves and light blue curve 
at 9 and 19.5 Ma in Fig. 6) is characterized by an increase 
in the frequency of the dripping events compared with the 
slow erosion case (e.g., model LC, upper purple curve 
in Fig.  7). In contrast, convection in the melt-free refer-
ence model begins at 24  Ma, with first plumes above the 
T-anomaly similar to but weaker than the early plumes of 
the EZ series, which are observed at approximately 1 Ma.

The differences and effects of the EZ variations are best 
seen in the field of depletion and enrichment taken at sim-
ilar times (Fig. 8). A green contour line, defined as 80 % 
of the initial adiabat, serves as a marker for the transient 
LAB. Depletion is positive and reddish colored, whereas 
enrichment is negative and bluish in color. The color bar is 
limited to 20 % for comparison. Locally higher values are 
possible, and the given EZ height is shown as a violet bar 
to the right.

In the first four models (I*), the uppermost 
ϕ =  1 %-front represents the top of the extraction region 
and simultaneously determines the lower EZ boundary. 
In model ILML with the deepest upper EZ boundary, the 
highly enriched regions in the EZ are very narrow. As den-
sity increases with the degree of enrichment, heavy slabs 
plunge beside the plume heads into the weak astheno-
sphere. The LAB is raised by these and subsequent drops, 

Fig. 7   Root mean square veloc-
ity as a function of time and the 
variations of the emplacement 
zone and a “no-melt” reference. 
Flow events are visible as peaks 
in the system’s RMS velocity. 
Models are color coded. The 
emplacement depth ranges are 
given, and the termination class 
is noted at the end time. The 
ordinate scale is valid for the 
lowest model, and the other 
scales are shifted by 10 cm/a 
each, with a dotted zero line for 
reference



1754	 Int J Earth Sci (Geol Rundsch) (2016) 105:1741–1760

1 3

indicating strong erosion of the lithosphere. In the short 
chimneys, the melt front rises further, and finally the EZ 
will ultimately collapse. In the other I* models chimneys 
of high enrichment concentrations, high temperature, and, 
in consequence, low viscosity are formed. As their height 
increases in this model series, the maximum enrichment 
decreases due to the vertically uniform distribution of the 
volumetric intrusion rates. Because the corresponding lith-
osphere is less heated and loaded, the convective activities 
at the LAB decrease.

In the M*-models, the lowermost lithosphere region 
between the LAB and the base of the EZ is not affected 
by the intrusions and thus it is not weakened. Before lith-
ospheric thinning reaches the bottom of the EZ, erosion by 
asthenospheric convection is less vigorous and not rein-
forced by slabs driven by an enrichment-caused increase 
in density. The relatively thin (30 km) EZ of model MML 

is considerably weakened and, interestingly, the upper EZ 
boundary, which is originally planar, bulges upward with 
an amplitude of 10 km.

While a single pronounced chimney develops directly 
above each temperature anomaly in the I*-models (“Ta-
chimneys”), which favors localized decoupling, a fur-
ther central pipe is visible in the M*-models and a central 
joined plume often forms. Shallower lower EZ boundaries 
correspond with less intense erosion at the LAB (M*, U* 
and LC models compared to the I* models in Fig. 8). The 
high enrichment concentrations in the lower crust result 
from the phase boundary at −40 km, above which enrich-
ment density causes buoyancy and the degree of enrich-
ment is no longer decreased by downward advection and 
remelting. The enriched buoyant lower crust is uplifted 
most significantly in the LC model. This uplift results from 
rift localization and is assisted by the thermal weakening 
of the lower crust and increased buoyancy of the enriched 
material.

Discussion and conclusions

Our models of a rifting lithosphere have shown that melting 
is important if melt extraction, fast transport and intrusion 
are involved. These processes affect the rheology of the 
lithosphere because they weaken it and accelerate thinning 
or necking and, consequently, allow erosion of the lith-
ospheric base to occur up to the extreme event of a delami-
nation of the mantle lithosphere.

Accelerated LAB ascent by melt emplacement

As shown in Fig. 9, the modeled ascent of the LAB within 
the thinning part of the lithosphere is shown as a function 
of time for the EZ model series together with a comparable 
reference model without melt. As expected for the given 
extensional kinematic boundary conditions, the one-phase 
reference model REF has an uplift velocity of approxi-
mately 1 mm/a or 100 km/100 Ma (shown in the inset). The 
LC model has the shallowest intrusion zone and is therefore 
similar to the extrusion of the melt. In addition, the other 
models with EZ levels inside the lithosphere (M* and U*) 
show twice the ascent rate as the REF until at least 12 Ma. 
This effect can be assigned to melt- and depletion-assisted 
thermal convection within the asthenosphere, while small-
scale convection occurs in the REF model.

If the emplacement zones reach down to the melting 
zone, the rise of the LAB is further accelerated. The effi-
ciency of this process is controlled by the EZ thickness 

Fig. 8   Evolution of melting degree fields for the EZ model series. Snap-
shots of a late stage at approximately 11.5 Ma are tabbed. Depletion is 
coded in red as positive percentages, and enrichment is coded in blue as 
negative percentages. For comparability, the scale is limited to 20 %. The 
given EZ level is marked by a violet bar to the left. The bottom T-bound-
ary condition (red) and the LAB (green) are plotted as described in Fig. 4
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and depth location; the increasing depth and narrowness of 
the zones correspond with more rapid ascent. The causes 
of this phenomenon are (1) additional buoyancy caused by 
density changes due to thermal expansion, which results 
in a temperature increase, (2) dense enrichment destabi-
lizing of the melting zone roof and (3) power-law rheol-
ogy, where an increase of temperature and stress strongly 
reduces the viscosity. The regions of melt emplacement are 
heated by release of the melt’s latent and internal heat, and 
higher effective stress originates from the lateral variations 
of buoyancy forces.

The relatively fast LAB ascent velocities are episodic. 
They are associated with plume events as well as intensi-
fied melting, while the ascent rate decreases during the 
interim periods. Several (1–5) pulses at the same or similar 
locations are necessary to weaken the lithospheric emplace-
ment level and allow the melt front to penetrate until the 
zone locally collapses (with job termination). The trend of 
ascent and the termination times of the I* and U* models 
shows a rate on the order of 4 mm/a. In contrast with this 
trend, model M2UL is characterized by a more distributed 
intrusion zone because of the lack of a localized upstream 
and is associated with repeated plumes.

Clearly, many other parameters (e.g., viscosity law, 
density contrast, melt extraction limit) and boundary con-
ditions (e.g., extension velocity, for a faster spreading 
(15 mm/a) see Liao and Gerya (2015)) influence the time 
behavior of the model. In particular, higher anomaly tem-
peratures increase the speed of the rise of the LAB, as 

previous tests have shown. However, we restrict this dis-
cussion to the effects of extraction and intrusion.

Continuous erosion versus delamination

The variety of lithospheric erosion styles in the model 
series ranges from smooth, unbroken and updoming 
LABs with more or less active convection in the asthe-
nosphere to irregular, broken boundaries where local 
upstreams intrude and drops and slabs detach and plunge. 
Ongoing intrusions alter and weaken the lithosphere and 
increase the tendency for dripping to occur. Due to the 
release of melt, the ascent of asthenosphere is accelerated 
and occurs more episodically or pulsating as a sequence 
of convection events. In a long-term view, this process 
occurs continuously. However, complete delamination of 
the mantle lithosphere block requires meeting several spe-
cial conditions, including a lateral decoupling zone that 
fully penetrates through the mantle lithosphere, a heavy 
hanging block that stresses the crust and a susceptible 
lower crust that can fail. The development of a weak verti-
cal zone depends on the intensity of a temperature anom-
aly and must not be overly disturbed by asthenospheric 
convection. The weight of the central block is reduced 
by erosion from below. If the erosion rate is high, the rest 
of the block may not build up enough stress to soften the 
lower crust. In view of these conditions, the delaminating 
models should be viewed as extreme cases. The delami-
nation conditions are only met in cases M2LC and ILC 

Fig. 9   LAB ascent for the EZ 
series and reference model. 
The depth of the LAB zLAB(x) 
is defined by the temperature 
equal to 80 % of the adiabate. 
The maximum of zLAB(x) (cor-
responding to the minimum 
depth of LAB) are plotted as a 
function of time for each model 
of the EZ family and a reference 
model REF. The EZ models are 
color coded, with REF in black. 
The EZ levels are indicated by 
bars. Thick gray lines are used 
to label orientation rates of 1, 
2, 3 and 4 mm/a. The full REF 
ascent for 100 Ma is shown in 
an inset
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(i.e., in cases where the weakening zones of emplacement 
extend from a great depth within the lithosphere man-
tle into the lower crust). These two extreme models are 
consistent with the rift-induced delamination models of 
Wallner and Schmeling (2010) because their temperature 
distributions shortly before delamination are similar to the 
initial conditions of the one-phase flow models studied 
therein.

Factors controlling lithospheric erosion

Several factors control the rate of lithospheric erosion: (1) 
matrix viscosity reduction, (2) accumulating density con-
trasts by enrichment and depletion causing gravitational 
forces, (3) reduction of EZ column height by the uprising 
extraction front, (4) increasing sublithospheric convec-
tion. Weakening is enhanced, which increases the mobility 
at the base of the lithosphere. In the lowermost part of the 
lithosphere, drops and slabs form, detach and sink into the 
asthenosphere. This dripping is an expression of an effec-
tive erosion. Independent of these melting events, the pro-
cesses, thinning the lithosphere, are increased by sublith-
ospheric secondary convection, as already shown by Yuen 
and Fleitout (1985) or Ballmer et  al. (2007). The relative 
importance of the melting-related causes (1)–(3) compared 
with the thermal erosion (4) alone can be estimated by 
reviewing the melt-assisted thinning curves with thinning 
rates of 3–4 km/Ma and the no-melt reference curve with 
1 km/Ma. While the latter slow value is influenced by the 
lack of small-scale convection within the asthenosphere, 
Yuen and Fleitout (1985) include small-scale convection in 
their plume-driven lithosphere thinning model and obtain 
higher thinning rates of 1.4–2.6  km/Ma. Nevertheless, 
these values are still considerably smaller than our melt-
assisted thinning rates, emphasizing the role of the melt. 
This finding is consistent with a study on the thinning of 
subcontinental lithosphere that was conducted by Wang 
et al. (2015). These authors concluded that for the effective 
erosion of a craton, even at its edge, an additional metaso-
matic weakening, similar to our “melt-induced weakening,” 
is necessary.

Influence of enrichment‑caused density changes

The enrichment density is not well constrained by petro-
physical data, but it may affect the dynamics and flow 
pattern. Mineralogical estimates of MORB densities have 
been conducted (e.g., by Irifune and Ringwood (1993) and 
Irifune et al. (1986)) and suggest that MORB is denser than 
pyrolite by 110–220 kg/m3 at depths of 200–400 km, or by 
50 kg/m3 at a depth of 100 km. Such densities differences 
cover a range of 1.5–6.6  %. Aoki and Takahashi (2004) 
measured densities of MORB at various temperatures and 

obtained a value of 3531 kg/m3 for 1200 °C and a pressure 
equivalent to 160 km, which corresponded on an increase 
of 5 % relative to the PREM. Nakagawa et al. (2012) inves-
tigated various petrological compositions for the mantle 
and determined MORB densities with the mineralogical 
code Perple_X. Roughly between 50 and 150 km, MORB 
densities strongly increase from 3000 to 3500 kg/m3, cov-
ering a range of approximately −5 % to +5 % relative to 
pyrolite.

Thus, 10  % appears to be an upper bound valid for 
greater depths. At shallower depths, the effects of enrich-
ment density on erosion may be slightly smaller than mod-
eled. Several tests decreasing the controlling factor from 
10  % density increase to 0 or less were performed. Only 
slightly reduced erosion rates were found.

Possible role of water

Under the thermodynamic conditions of the earth’s upper 
mantle, small amounts of water have a large effect on the 
rheology (Karato 2008) as well as on the melt behavior. 
Due to the high relative solubility of water in melt and the 
assumed fractional melting, the source rock region may 
dehydrate and increase its viscosity by one to three orders 
of magnitude (Hirth and Kohlstedt 1996; Schmidt et  al. 
2012). On the other hand, contrary to the stiffening effect 
of dehydration, the emplacement and crystallization of melt 
increases the water content of the host rock. Depending 
on composition, temperature and pressure, solubility and 
fugacity of water, the altered mantle or crustal material is 
expected to be weakened. This is an additional effect con-
tributing to the viscosity reduction caused by melt intrusion 
(see also Liao and Gerya 2015).

Erosion of cratonic lithosphere increases the amount of 
hydrous minerals that infiltrate through the overlying litho-
sphere, altering the oxidation state and as consequence also 
the melt curves. Perhaps a change in oxygen fugacity is 
more important than temperature for melting (Foley 2008).

Hence, because of the complex interrelation of chemical 
and physical processes of water, melt and rock properties, 
the effect of water was ignored. However, because water 
has a strong effect on deformation processes and melting, 
future modeling should consider the effect of water.

Models related to findings from the Rwenzori region

This study was motivated by the special situation of the 
Rwenzori Mountains. The model results are considered 
in comparison with the observations and their interpreta-
tions. In Fig. 10, our view of the recent geological setting 
is compiled in a section across the Rwenzoris inside the rift 
system. The deforming lithosphere is structured by seismic 
discontinuities. Therefore, particularly the melt infiltration 
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front and lithosphere–asthenosphere boundary are of par-
ticular interest.

Our approach, which includes “enrichment,” is gener-
ally consistent with the observations, models and concept 
presented by Wölbern et al. (2012). Beneath the Albertine 
rift, the asthenosphere forms a dome between the neigh-
boring cratons with an amplitude of approximately 70 km 
relative to the 210-km-thick Tanzania craton to the east and 
the even deeper Congo craton to the west. A network of 
veins, traces of multiple melt transport events and solidifi-
cation, alter the lower lithosphere up to the melt infiltration 
front (MIF). In the Tanzania craton, the MIF discontinu-
ity marks a gradual decay of shear velocity (−12 %) at a 
depth of approximately 100  km. It climbs toward the rift 
up to approximately 60 km, becomes sharper, and increases 
the velocity contrast (−24  %). The mantle-lid above the 
MIF up to the Moho is denoted as pristine lithosphere, a 
region not affected by melt infiltration. Further evidence 
for magmatic intrusions or lenses that are aligned verti-
cal and rift parallel in the lower lithosphere has been fur-
nished by a study on shear-wave splitting by Homuth et al. 
(2014). These authors observed seismic anisotropy from 

joint inversion of SKS wave-forms at depths of 60–120 km 
beneath the Rwenzori region. Another unexpected confir-
mation of magmatic activity near the MIF discontinuity has 
come from the detection of mantle earthquakes localized 
by Lindenfeld and Rümpker (2011).

If we seek to select a best-fitting model from our series 
and interpret the enriched matrix as altered, infiltrated lith-
osphere, the MML model (Fig. 8, position 3,1) corresponds 
well with the data. Near its outer margin (x = ± 200 km) 
and within the central region (−10 km < x < 10 km), the 
top of the enriched material is given initially at a depth 
of z = −70 km. Locally, above the T-anomaly, chimneys 
are formed that bulge up to a depth of 60 km. The green 
line, marking the LAB and mostly coinciding with the melt 
front, exceeds up to 10  km the level of the lower bound-
ary of the given EZ. If the seismic velocity contrast at the 
MIF is a measure of enrichment beneath the MIF, then the 
increase from craton to rift follows an enrichment trend 
that is consistent with our model.

The next best model that fits the observations was the 
IMML model (Fig. 8, positions 1, 2), where the extraction 
front determines the lower EZ boundary. We assumed that 
the melt emplacement was uniformly distributed over the 
EZ’s height in our model approach. In contrast, in their 
best seismological as well as petrological velocity mod-
els, Wölbern et  al. (2012) applied gradients in the altered 
lithosphere layer. We can regard our step-like distribution 
function in the MML model as a first-order approxima-
tion of a gradient. An adapted distribution function in our 
models will possibly improve future results. It should fur-
ther be noted that the model time has not been optimized 
for comparison (11.5  Ma). The models’ minimum LAB 
depth begins above 140 km and then ascends (Fig. 9), and 
it should be compared with the shape and amplitude of 
doming up rather than with the observed depth of 140 km 
(Fig. 10).

In contrast with the MML model, the intensity of ero-
sion at the LAB in the IMML model is much more pro-
nounced. The maximum rate of asthenosphere updoming is 
considerably greater (+28 %), and local undulations with a 
scale of 50 km characterize the LAB. Hence, a survey for 
such local phenomenon by methods of receiver functions 
appears infeasible because the smallest diameter of Fresnel 
zones is 65 km at a depth of 60 km. Moreover, the history 
of the lithosphere is completely unknown. When the melt 
front rises up, IMML develops to MML and the models are 
not distinguishable in a transient stage comparable with 
recent observations.

To explain the extreme uplift of the Rwenzoris, Wall-
ner and Schmeling (2010, 2011) proposed the possibility 
of rift-induced delamination of the full mantle lithosphere 
beneath the mountains. The depth of the LAB proposed by 
Wölbern et  al. (2012) does not confirm that rift-induced 

Fig. 10   Cross section along the profile in Fig. 1 at 3 scales, surface, 
crust and mantle. High seismicity at −15 km divides the upper and 
lower crust. The crust–mantle boundary, or Moho, a melt infiltration 
front (MIF) and the lithosphere–asthenosphere boundary (LAB) are 
seen with receiver functions (RF). A low-velocity zone (LVZ) in the 
lower crust is observed by tomography and RF. An earthquake cluster 
occurring at an anomalous depth of approximately 55 km (anomalous 
deep earthquake, ADEs) is projected. Rift parallel dikes may explain 
the anisotropy between the LAB and MIF observed by SKS splitting
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delamination has been fully completed. If it had, we would 
expect massive volcanism as seen in the characterizing 
bull’s eye pattern. However, the observations agree with the 
beginning phase of delamination. Independent and recent 
observations and studies have suggested the occurrence 
of partial melts in the lower crust, particularly beneath the 
Lake George region SE of the Rwenzori Mountains (Wöl-
bern et al. 2010; Häuserer and Junge 2011; Jakovlev et al. 
2011, 2013; Lindenfeld et  al. 2012a), and, furthermore, 
indications of magmatic activity in the upper crust (Lin-
denfeld et  al. 2012b; Batte et  al. 2014). Within the spec-
trum of parameters studied here, delamination remains an 
extreme case. However, typical features that correspond to 
and agree with Wölbern’s observations include weakening, 
erosion, repeated melt intrusions and multiple detachments 
of blocks from the base of the lithosphere.
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