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We present the results of thermo-mechanical modelling of extension and breakup of a heterogeneous
continental lithosphere, subjected to plume impingement in presence of intraplate stress field. We
incorporate partial melting of the extending lithosphere, underlying upper mantle and plume, caused
by pressure-temperature variations during the thermo-mechanical evolution of the conjugate passive
margin system. Effects of melting included in the model account for thermal effects, causing viscosity
reduction due to host rock heating, and mechanical effects, due to cohesion loss. Our study provides
better understanding on how presence of melts can influence the evolution of rifting. Here we focus
particularly on the role of melting for the temporal and spatial evolution of passive margin geometry
and rift migration. Depending on the lithospheric structure, melt presence may have a significant impact
on the characteristics of areas affected by lithospheric extension. Pre-existing lithosphere heterogeneities
determine the location of initial breakup, but in presence of plumes the subsequent evolution is more
difficult to predict. For small distances between plume and area of initial rifting, the development
of symmetric passive margins is favored, whereas increasing the distance promotes asymmetry. For
a plume-rifting distance large enough to prevent interaction, the effect of plumes on the overlying
lithosphere is negligible and the rift persists at the location of the initial lithospheric weakness. When
the melt effect is included, the development of asymmetric passive continental margins is fostered. In
this case, melt-induced lithospheric weakening may be strong enough to cause rift jumps toward the
plume location.
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1. Introduction dynamics (Bott and Kusznir, 1979). However, the role of other fac-

tors in influencing rifting style and evolution is still a matter of

Processes leading to extension and rifting of lithosphere result
from the interaction between mantle flow and plate movements,
and involve different factors acting simultaneously. Among them,
heat transfer, lithosphere structure, far field stresses, mantle flow
and possibly magmatism can play a major role in determining
the evolution pattern of rifting areas (e.g. Koptev et al., 2015,
and ref. therein). These factors are capable of interacting, with
significant feedback effects as a result, which are often difficult
to predict. Plate boundary forces and lithosphere distribution are
strongly influenced by mantle drag (Burov et al., 2007). At the
same time the lithosphere exerts a profound effect on mantle flow
(e.g. Guillou-Frottier et al., 2012).

Slab pull and roll-back, ridge push and frictional resistance pro-
vide a major contribution in the force balance controlling the plate
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debate. Among these, the presence of mantle plumes is recognized
as capable of playing an important role during lithosphere exten-
sion (e.g. Buck, 2004). Lithosphere impingement by the plumes
may produce regional uplift driving extensional stresses (e.g. Burov
et al.,, 2007; Burov and Gerya, 2014). Furthermore, plumes are of-
ten associated with small-scale convective instability and thermos-
mechanical lithosphere erosion (e.g. Fischer and Gerya, 2016).
However, previous studies (e.g. Schubert et al., 2001) show that
ridge push forces, associated with mantle upwelling and resulting
topographic doming, are small, or progressively decrease in com-
parison with plate-related far field forces. Therefore, far field forces
may constitute a significant component for the development of
large scale rifting and may generate the driving stress field for rift
evolution (Koptev et al., 2015).

In this context, stresses causing lithosphere thinning and
breakup can be divided in an “active” component, generated by
mantle plumes impacting against the base of the lithosphere (e.g.
Bott and Kusznir, 1979), and a “passive” component, related to
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plate movement and interaction (e.g. Cloetingh and Wortel, 1986).
However, many rifting areas cannot be strictly classified in terms of
either one of these two end-member components (e.g. Huismans
et al., 2001; Ziegler and Cloetingh, 2004, and ref. therein).

Continental breakup leads to the creation of passive margins,
with a structure reflecting their rifting development (e.g. Huismans
et al.,, 2001; Huismans and Beaumont, 2011; Franke, 2012; Brune
et al,, 2014, 2016; Svartman Dias et al., 2015). Particular features of
passive margins to be addressed are the magnitude of lithospheric
stretching, asymmetry and magmatism. These characteristics may
be strongly influenced by the presence of mantle plumes, not only
due to the thermo-mechanical erosion that plumes exert at the
base of the lithosphere (e.g. Burov et al.,, 2007; Burov and Gerya,
2014), but also due to the connection between plume presence
and magmatic activity in magma-rich margins. The latter is char-
acterized by the presence of significant volumes of melts intruding
into and extruding onto the lithosphere (e.g. Menzies et al., 2002).
As suggested by analytical/numerical studies (e.g. Buck, 2004) and
field evidence (e.g. Wright et al., 2012), an intimate relationship
may exist between rifting episodes and melts emplacement, re-
sulting in an extension accommodated by magma filling. However,
melts may result from both plumes and “plume head” upwelling
(Hill, 1991), and from passive upwelling related to stretching and
thinning of the lithosphere (White and McKenzie, 1989). So far, the
thermo-mechanical effects of magma intrusion and underplating at
lithosphere-scale remain largely unquantified, although its impor-
tant role in the evolution of the crust and lithosphere has long
been recognized (Ziegler and Cloetingh, 2004, and ref. therein).

Another aspect that characterizes lithospheric extension is that
rift areas may be non-stationary. Many examples are documented
of rift migration and jumps, especially when rifting interacts with
plumes (e.g. Wilson and Hey, 1995; Einardsson, 2008). The re-
lationships between ridge position and melt presence has been
investigated in previous studies (Mittelstaedt et al., 2008), but
plumes may also impinge the more heterogeneous continen-
tal lithosphere, with subsequent interaction between lithospheric
structure and plume material (e.g. Bosworth et al., 2005).

In this paper we present a thermo-mechanical model for
continental lithospheric extension, characterized by the presence
of intra-lithospheric heterogeneities and impinged by a mantle
plume. The novel aspect of this model is the incorporation of
partial melting for mantle materials, as a response to pressure—
temperature variations. Melts migrate upwards in response to a
density difference and are emplaced at the base of the lithosphere,
when their density is higher than the host rocks. Where intruded,
their presence leads to a decrease of the temperature-dependent
viscosity and a loss of cohesion of host rocks. Our model allows as-
sessment of the importance of melts during the evolution of rifting
areas, including the most favorable conditions that maximize their
effects.

2. Model setting
2.1. Model geometry and governing equations

We constructed a 2D visco-plastic model, simulating a conti-
nental lithosphere subjected to a constant, extensional velocity,
where an upper mantle layer and a plume at the base of the
model are incorporated (Fig. 1). The model has a width of 1000 km
and a thickness of 400 km (that is, the base of the model is con-
strained to the top of the mantle transition zone). It comprises
1) a two-layered crust with thickness 40 km, corresponding to an
average continental crust thickness (e.g. Philpotts and Ague, 2009),
where both the upper and lower crust have the same thickness
(20 km), 2) a mantle lithosphere with a thickness of 80 km (e.g.
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Fig. 1. Schematic representation of the model. The black arrows indicate the di-
rection of applied velocity and relative mass outflow/inflow (see Table 1 for the
adopted value).

Philpotts and Ague, 2009), and 3) a 280 km thick upper man-
tle. The shape of the plume at the onset of the simulation is a
semicircle with a radius of 100 km (cf. e.g. Burov et al, 2007;
Burov and Gerya, 2014). In addition, a lithosphere weakness is in-
troduced at the boundary between lower crust and lithospheric
mantle, as a square of dimension 10 km constituted by a different
material from the lithosphere (see Table 1). The adopted configura-
tion is designed for case studies where lithospheric heterogeneities
occur due to the pre-rift tectonic history of the study areas. This is
the case of Afar Rift, where Pan-African orogenic structures are re-
activated during the Tertiary tectonic evolution, regardless of the
relative plume position northward (e.g. Chorowicz et al., 1998;
Bosworth et al., 2005, and ref. therein).

The centers of the plume and the lithospheric weakness are
equidistant from the central vertical axis of the model, and their
mutual distance A is a parameter investigated in different simula-
tion sets (Fig. 1). The lithosphere is subjected to an extensional ve-
locity of 5 mm/yr at both sides of the model, compatible with slow
spreading ridges and breakup areas (e.g. Wolfenden et al., 2004;
McClusky et al., 2010). This velocity is appropriate for the initial
configuration of the model, since larger velocities would determine
a well-defined rifting area before the arrival of the plume at the
base of the lithosphere, solely controlled by the position of the
lithospheric weakness. Such a configuration would limit the study
of the interaction between plume and lithosphere structure. The
applied velocity on the lithosphere results in a mass outflow at
both lateral boundaries of the model, and is counterbalanced by
a mass inflow that keeps the simulation volume constant (Fig. 1).
The bottom boundary condition is free slip, while a free surface is
incorporated at the top boundary. Other parameters are listed in
Table 1.

The code used for our simulation sets is ELEFANT, a nonlin-
ear fluid Arbitrary Lagrangian-Eulerian (ALE) code, specifically de-
signed for the solution of visco-plastic flow at lithospheric scale.
The code is based on the algorithm already implemented in FAN-
TOM (e.g. Thieulot, 2011), and assumes that, at a regional scale
of observation and at geologic time scale, earth materials may
be treated within the realm of continuum mechanics and inertial
forces may be neglected (i.e. the flow Reynold number is ~0) (e.g.
Gerya, 2010). It derives that the momentum equation may be ex-
pressed as:

V.o+pg=0 (M

where o is the stress tensor, o is the density and g is the gravity
acceleration vector. Materials are assumed incompressible, imply-
ing zero divergence of the velocity v tensor:

V.v=0 2)

The stress tensor ¢ can be separated into a spherical part p1
and a deviatoric part s, as follows:



A. Lavecchia et al. / Earth and Planetary Science Letters 467 (2017) 89-98

Table 1
Thermo-mechanical parameters adopted in the model.

91

Surface temperature

20°C

Temperature at the base of the lithosphere
Temperature at the base of the model
Excess temperature plume

Extensional velocity

Thermal conductivity

Heat capacity melt

Radiogenic heat production at surface
Characteristic depth for radiogenic heat production
Depleted mantle density

Melt density

Cohesion

Angle of friction

1200°C-1300°C
1400°C-1475°C
200°C

5 mmyr—!

25 Wm~' K1 (crust), 3.5 Wm~! K~! (lithosphere and mantle)

771 Jkg 1K1
2 pWm—3

14 km

3325 kgm—3
2950 kgm—3
20 MPa

15°

Material parameters

Upper crust Lower crust (wet Lithospheric mantle Upper mantle Plume Lithospheric weakness
(wet quartz) plagioclase) (dry olivine) (dry olivine) (dry olivine) (dry olivine)
Pre-exponential parameter [MPa"s~!']  1.1-107282 3.98-10716P 2.41.10716¢ 2.41-10716¢ 2.41.10716¢ 1.1-107282
Exponent 42 30 3.5 3.5 3.5¢ 4
Activation energy [k] mol~1] 2237 356° 540°¢ 540°¢ 540° 2237
Activation volume [kJPa—!] 0 0 0 5.1072 (df)© 5.107° df)* 0%
2-1078 (dI)© 2-1078 (dI)©
Grain size [m] 1073 103 1073 1073 1073 103
Grain size exponent 0 0 2.5 2.5 2.5 0
Density (00) [kgm™3] 2800 2900 3325 3300 3275 3325

3 Gleason and Tullis, 1995; P Rybacki and Dresen, 2000;

oc=—-pl+s (3)

where 1 is the unit tensor and p is the hydrostatic pressure
(Thieulot, 2011).

The deviatoric part s of the stress tensor ¢ is related to the
strain rate tensor &, according to the relationship:

s=2/é (4)
where w is the dynamic viscosity and € is given by:
é=(Vv+(vw)')/2 (5)

Based on the equations (1)-(5), it is possible to obtain the fol-
lowing form of the Stokes equation:

V- (u(Vv+Vv")—Vp+pg=0 (6)

Equation (6) expresses that changes in buoyancy and consti-
tutive relationship in any point of the domain affect the entire
domain.

Earth material properties depend on temperature. Consequently,
the temperature field has to be taken into account during the com-
putation. The conservation of energy equation is then:

oT
,OCP<E+V'VT):V'(I<VT)+HT+H"1 (7)

where Cp is the heat capacity (] kg=1K~1), T is the temperature
(K), k is the thermal conductivity (Wm~!K~1), H; is the internal
heat production due to radioactive decay (Jm—>3s~') and Hy, is
the heat released by melts at emplacement levels. This term will
be further described in the following sections.

2.2. Rheology

The code used for our simulations adopts a visco-plastic rheol-
ogy for earth materials. A more detailed description of the adopted
methodology is given in Thieulot (2011, Appendix B). The plastic
behavior is modeled here for rocks at a relatively low tempera-
ture condition, and it is approximated by a viscous deformation

¢ Karato and Wu, 1993; activation volumes: df = diffusion creep; dl = dislocation creep.

following the Drucker-Prager criterion (see e.g. Kachanov, 2004;
Thieulot, 2011). Obtained viscosity values are given by the follow-
ing equation:

_ Psin® + Ccos®
e = 2¢y

(8)

where wp; is the plastic viscosity, C in the cohesion term, P is the
pressure and @ is the friction angle and &j is the second invari-
ant of the strain rate tensor (cf. Burov and Gerya, 2014). Viscosity
values are locally adapted to limit the stress generated during the
deformation. For further details, see Thieulot (2011, Appendix B).

Strain weakening has been incorporated by following a linear
relationship between accumulated strain in the deforming rocks
and values of cohesion C and angle of friction &: when the accu-
mulated strain is less that a given threshold value ¢1, C and @ are
maintained as constant. For accumulated strain values between &
and &;, both C and ¢ decrease to values Csw and ®sw, and these
values are kept for accumulated strain values higher than &;. For
further details, see Thieulot (2011, and references therein).

At higher temperature, rocks experience nonlinear viscous de-
formation, expressed by a temperature and stress/strain rate de-
pendent viscosity. The relationships between stress and strain rate
are described by the following equations for dislocation and diffu-
sion creep (e.g. Gerya, 2010):

R E+pV
én,pisL = Aojj exp (— R—Tp> (9)
. E+pV
&, pirr = Ah™ exp <— R—f> (10)

where & pisp and &y pjpr are the strain rate second invariant for
diffusion and dislocation creep, A, n, m, V and E are material pa-
rameters, h is the grain size, oy is the stress second invariant, R in
the gas constant and T is the temperature. The adopted values of
parameters are given in Table 1.

Basing on the equations (9), (10), the viscosity values are calcu-
lated for dislocation and diffusion creep:

_1,1=n E+pV
UpisL=A"ngm eXP<—p)

nRT (an
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1, E+pV
woire =A""h ’”exp( ) (12)
and averaged to calculate the effective viscosity wggr:
1 1 1\
wep=| — + + (13)
MPL  MDISL  MDIFF

2.3. Density model

The model implements a temperature-dependent density, ac-
cording to the equation:

ps(T) = po(1 — (T — Tp)) (14)

where ps(T) is the rock density at the modeled temperature T,
po and Ty are the reference density and temperature and « is the
thermal expansion coefficient. The materials subjected to partial
melting also experience an increase in density, depending on the
melt fraction that is extracted during the whole simulation history.
The density increase follows the equation:

p(T) = ps(T)(1 — @p.1) + pom@p.1(1 — (T — To)) (15)

where p(T) is density of the rock subjected to partial melting, ppy
is the density value of depleted mantle (see Table 1) and ¢p t is
the melt fraction obtained at different values of temperature and
pressure. The details of the procedure for calculating ¢p r are pro-
vided in Section 2.4.

A density correction is also applied for materials subjected to
melt intrusion, which experience a density decrease according to
the equation:

p(T) = ps(T)(A — @p,T) + PMPP,T (16)

where pp corresponds to the density of intruded melts (see Ta-
ble 1).

2.4. Partial melting

Our model includes partial melting for mantle rocks, due to
temperature and pressure variations during the simulations. We
have constructed curves for solidus temperature (Ts) for litho-
spheric mantle, upper mantle and plume materials, based on data
by Takahashi (1986), Takahashi et al. (1993) and Ueki and Iwamori
(2013, 2014) and representative for fertile anhydrous peridotite
(Fig. 2). A solidus temperature variation of +25°C has been in-
troduced for the melting curve of lithospheric mantle, in order to
assess the higher melting temperature of depleted mantle material,
in agreement with findings by Wasylenki et al. (2003). Likewise, a
solidus temperature variation of —25°C is considered for the man-
tle plume, assuming a lower Ts for more primitive material. Differ-
ently from Ts, in our model the liquidus temperature (T ) curve is
not subjected to variations depending on different materials. The
liquidus temperature at pressure Po = 0.1 MPa is T} = 1860°C,
relative to a Fo92 olivine composition in anhydrous conditions,
while we assume that the Clapeyron slope for the Fo92 curve does
not show significant variations from the Fo100 curve (Deer et al.,
2013, and ref. therein). Based on the constructed curves, pressure-
dependent solidus and liquidus temperatures are calculated at ev-
ery time step to estimate the melt fraction ¢ occurring in mantle
materials at different conditions of temperature and pressure.

The equations adopted in the model are polynomial and are the
following (Fig. 2):

Ts = 0.03767P% — 1.02785P> + 2.53259P2 + 124.9675P
+1125 (17)
T, = 48.5P + 1860 (18)

where P is the pressure (expressed in GPa).

. /
o /
: /| /
: / /
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Fig. 2. Solidus and liquidus curves adopted in the model.

When the temperature of mantle rocks is in the range between
solidus and liquidus temperature, the rocks are subjected to partial
melting. The melt fraction produced is computed based on a linear
interpolation between solidus and liquidus temperature:

T<Tpr—>¢pr=0 (19)
T—T3
Tg,T <T< TIL)’T — @pT = # (20)
TP,T - TP,T
T > TIE,T — @pT = 1 (21)

where ¢p 1, T,S;,T and T,L,.T are pressure- and temperature-
dependent melt fraction, solidus and liquidus temperatures, and
T are temperature values registered in the mantle domain during
each time step.

Melt production occurs at marker level, with a volume depend-
ing on the volume of the cell that contains them and the number
of markers present in the cell at a given time step. The melt pro-
duced is collected and redistributed by markers at the level of melt
neutral buoyancy (i.e. where the density of melts is equal to the
host rock density), where the receiving markers store melt up to
their total filling. When a receiving marker is full, the remaining
melt is stored in the underlying marker, following a model of un-
derplating by downward accretion (e.g. Annen, 2011). The melt
movement occurs on a much shorter timescale than the veloc-
ity of rock deformation (e.g. Hawkesworth et al, 1997), due to
its composition and its relative low viscosity (e.g. Dingwell, 1995).
Consequently, magma transfer is assumed to be instantaneous.

At the emplacement level, the effect of melts affects both the
plastic and the viscous behavior. In our model the effect of flu-
ids on plastic strength follows the results by Rosenberg and Handy
(2005), taking into account that a rock where melt presence ex-
ceeds ¢ = 0.07 is subjected to a decrease in strength. This effect
is introduced by predicting a drop in the plastic yield strength,
equal to one order of magnitude. Furthermore, the loss of cohe-
sion caused by melt percolation in the intruded bodies has been
incorporated, by introducing a viscosity drop down to x =108 in
the rock intervals where the quantity of melt exceeds the thresh-
old RCMP = 35% vol. (Rheological Critical Melt Percentage, Arzi,
1978) and a temperature Ty = 1100°C. In addition, the heat re-
leased during melt solidification also exerts a profound effect on
the viscous strength of intruded rocks. We insert the term Hy,
in equation (7), quantifying the heat transported and released by
moving melts:

_ omCp (T — Thr)@

H
m At

(22)
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Fig. 3. Model results from the simulation set where 1) temperature at the base of
the lithosphere is 1300 °C and temperature at the model base is 1475°C, 2) melt is
not included in the model and 3) A is 125 km. Dimensional values are expressed
in km. Left column: material deformation (green: upper crust; orange: lower crust;
violet: lithospheric mantle; pink: upper mantle; red: plume). Central column: vis-
cosity values. Right column: strain rate values. Color scale in the central and right
column is expressed as log;y of the obtained values. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

where pm, Cp, Ty and ¢ are respectively the density, heat capac-
ity, emplacement temperature and melt fraction of the intruded
melt, Ty, is the temperature of the host rocks at the moment of
intrusion and At is the duration of the time step at the moment
of Hy, calculation (see Table 1 for a resume of the adopted values).

3. Results

The tested parameters are useful to highlight different features
that characterize the lithosphere-plume interaction. This applies in
particular to 1) relative plume-lithospheric discontinuity distance,
and 2) different mantle temperature field. These parameters exert
a key role in the final configuration and activity of rifting, including
the location of melt underplating. Our model results are presented
for models with and without melt generation, as sections for se-
lected time steps (Figs. 3-7, 9), and topography profiles (Fig. 8).
The time interval shown for each simulation set depends on the
time needed for rifting to develop. According to the adopted con-
figuration, it varies from 12 Myr to 24 Myr.

In all simulations two phases of rifting development can be dis-
tinguished. The first phase is characterized by uprising of plume
material throughout the upper mantle, and the beginning of con-
tinental extension where the lithospheric weak zone is located. In
this phase, although the lithospheric thinning and extension as-
sumes “passive” rifting characteristics, the horizontal distance A
between plume and lithospheric weakness affects a) the velocity

MATERIAL

VISCOSITY

0 Myr

2 Myr

10 Myr 8 Myr 6 Myr

12 Myr

o o =
S S km
o
10 uul?m 102 10% 10" 10 K \%l?ls ‘ 10 10%
Viscosity (Pa s?) Strain rate (s?)

Fig. 4. Model results from the simulation set where 1) temperature at the base of
the lithosphere is 1300°C and temperature at the model base is 1475°C, 2) melt
is included in the model and 3) A is 125. Dimensional values are expressed in km.
Left column: material deformation (green: upper crust; orange: lower crust; violet:
lithospheric mantle; pink: upper mantle; red: plume). Central column: viscosity val-
ues. Right column: strain rate values. Color scale in the central and right column is
expressed as logyo of the obtained values. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

of the plume material uprising, and b) the amount of lithospheric
thinning in the rifting area.

For a A value of 125 km (Figs. 3, 4), the proximity of hot and
weak mantle material to the rift axis determines a strain concen-
tration along an interval connecting the rift and the plume tail.
Consequently, after 7 Myr the rising mantle material experiences
an acceleration, leading to a plume impact against the lithosphere
between 8 Myr and 9 Myr. This is the case study when we have
registered the fastest velocities of plume uprising and interaction
with the lithosphere. At the same time, high temperatures and
strain rates experienced in the mantle wedge beneath the rifting
area determine a stronger decrease in viscosity than in other sim-
ulations. This results in a very effective thinning of the lithospheric
mantle, by a factor of more than 2 at the location of the rift. To
give a comparison, in the simulation sets where the value of A
is increased, the impact age of plume material against the litho-
sphere is delayed and occurs after 11 Myr (Fig. 5). This is due to
lower temperatures and strain rates recorded in the mantle inter-
val between the plume and the lithosphere discontinuity. In ad-
dition, with increasing A values, the amount of lithospheric thin-
ning is drastically reduced, becoming modest when A =500 km
(Figs. 6, 7).

The second phase of rift development is subsequent to the im-
pact of plume material below the lithosphere, sometime between
8 Myr and 11 Myr from the onset of the simulations, depending
on the adopted A value. In this phase, different A values deter-
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Fig. 5. Model plots resulting from the simulation set where 1) temperature at the
base of the lithosphere is 1300°C and temperature at the model base is 1475°C,
2) melt is included in the model and 3) A is 250 km. The same model configuration
shows negligible variations when melting is incorporated. Dimensional values are
expressed in km. Left column: material deformation (green: upper crust; orange:
lower crust; violet: lithospheric mantle; pink: upper mantle; red: plume). Central
column: viscosity values. Right column: strain rate values. Color scale in the central
and right column is expressed as log;y of the obtained values. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

mine more profound variations of the rift style than in the first
phase. When A =125 km (Fig. 3), we observe, in a time span of
about 1 Myr, a channeling of plume material in the area previously
occupied by the upper mantle wedge, with subsequent very high
temperatures and strain rates. In this model, the mantle wedge be-
neath the rifting area experiences a temperature peak in proximity
of the rift side opposite to the one directly impinged by the plume.
On the other hand, in the same mantle wedge the highest values
of strain rate are localized around the area of plume impingement.
This leads to viscosity values in the mantle that are almost sym-
metric with respect to the rift axis, and to a roughly symmetric
thinning of the lithosphere, only slightly more pronounced in the
rift axis directly above the plume impact point.

When A =250 km (Fig. 5), the plume exerts a pronounced ero-
sion on the lithospheric mantle on both developed margins, which
show a marked asymmetry in plate thickness. Between 19 Myr
and 20 Myr after the onset of simulation, part of plume mate-
rial is channeled through the lithosphere into the asthenospheric
wedge beneath the rifting area, with associated delamination of
the lithospheric mantle. As a consequence, the plate half-space
previously unaffected by the plume presence is now subjected to
erosion, with subsequent migration of the rifting area away from
the plume. For A =500 km, the lithosphere discontinuity and the
plume do not interact (Fig. 6): the former gives rise to a mod-
erate lithospheric thinning and incipient rift system, while the
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expressed in km. Left column: material deformation (green: upper crust; orange:
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latter proceeds with lithospheric mantle erosion, accompanied by
a slight topographic swelling and crustal thinning. Differently from
the previous simulation sets, the plate segment between the plume
and the lithospheric discontinuity is relatively undeformed (with
recorded strain rate values one magnitude order lower than in the
rifting areas), and not subjected to any relevant strain rate for the
whole simulation history.

The results above can significantly vary when the melt effect
is introduced in the simulations, based on the value of the pa-
rameter A. In all simulations (Figs. 4, 5, 7), the plume is the ma-
terial subjected to melting, occurring at a depth not greater than
150 km. The start of melt generation slightly post-dates the begin-
ning of lithospheric thermal erosion: this indicates that a previous
(although moderate) lithospheric thinning is needed for the begin-
ning of melting in the plume. When the rifting area and the plume
impact point on the lithosphere are very close (A = 125 km)
(Fig. 4), the melt impinged at the base of the lithosphere causes a
drop in viscosity values and a dramatic increase of strain rate val-
ues on the site where the plume impacts. This determines a more
pronounced asymmetric erosion of the mantle lithosphere with re-
spect to the same case study in absence of melt generation, and is
accompanied by a marked lithospheric delamination. The emplace-
ment of plume material into the lithosphere occurs through many
distinct batches, each of them distinguishable also by different de-
grees of partial melting (which could reflect into different phases
of magmatic activity). However, the asymmetry of the generated
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rifting is not expressed by the topography, except for a less accen-
tuated depression in the rifting structure, toward the area where
the plume impinges the lithosphere (Fig. 8).

If the distance A is increased to a value of 250 km (Fig. 5),
the melt underplating starts at the plume impingement point, and
subsequently propagates towards the area of lithospheric exten-
sion. However, in this simulation set the presence of melt does not
cause a drop in viscosity, despite its abundance, except for very
small intervals. This occurs because melts generated by plume ma-
terial channeled into the rifting area are widely distributed along
the lithosphere. Consequently, the local volume of melt is smaller
than in the previous case, and their temperature is above the
solidus for a very limited time span. Thus, the viscosity does not
drop sufficiently long to cause the initiation of other potential rifts.
This response is also reflected by the topography, which is similar
for the simulation sets with and without melt generation (Fig. 8).

For A =500 km, the strain concentrates in the first 11 Myr
in proximity of the lithospheric weakness, leading to necking of
the lithosphere (Fig. 7). At this time, we predict the first pres-
ence of melts at the Moho, with associated drop in viscosity. This
leads to a fast strain transfer from the previous location of litho-
spheric thinning and extension to a new location, above the plume
impingement point. The very high temperatures reached and the
accumulation of melt in this location greatly contribute to the con-
centration of strain in this new rifting area. The process of litho-
sphere erosion becomes particularly efficient after 15 Myr, when
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the lithosphere has been almost completely penetrated by plume
material. The activation of this rifting area implies the abandon-
ment of the previous rifting location, that becomes progressively
inactive. The importance of the melt contribution can also be no-
ticed from the topographic trend of the model free surface (Fig. 8):
in the melt simulation set, the model predicts two rift structures
of similar depth, whereas if melts are not included in the simu-
lations a very deep rift is associated with a moderate topographic
swell.

When a colder mantle geotherm and plume temperature are
adopted, the model predicts a marked increase in viscosity for
both upper mantle and plume, with an associated decrease in
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plume uprising velocity. This contributes to a further cooling of
the plume material before reaching the base of the lithosphere.
Therefore, the lithospheric erosion is not as effective as in the pre-
vious simulation sets, and occurs about 10 Myr after the onset of
plate thinning (Fig. 9). In addition, when the plume impacts the
lithosphere, it is effectively channeled into the center of an al-
ready well delineated rift system, even though the decompression-
related partial melting does not occur only along the rift axis,
but is more concentrated along the lithosphere directly above the
plume. Our model predicts an asymmetric melt distribution for
A less than 250 km, despite that low temperature and increased
viscosity do not favor any pronounced asymmetry of passive con-
tinental margins. If A is increased to a value of 500 km, the rift-
ing is completely controlled by the presence of the lithospheric
weakness, with the presence of a plume causing plate thinning
at the impact point (Bjithosphere < 1.4) and negligible topographic
swelling.

4. Discussion

In our model the effectiveness of thermo-mechanical erosion
due to the plume impact over the lithosphere mostly depends on
two parameters: 1) the relative lateral distance between plume and
lithospheric thinning area, and 2) the upper mantle and plume
temperature (hence, viscosity). In addition, a novel aspect of this
study with respect to previous papers is a quantification of the
strength reduction on the host rocks, caused by melt intrusion.
If the effect of melts is not incorporated in the simulations, the
lithospheric strength reduction related to plume erosion is gener-
ally modest, in agreement with findings by Brune et al. (2013).

This leads to a controlling role of the pre-existing lithospheric
structure in determining the location of thinning and extension:
we have observed that when models do not include the possi-
bility of melting for mantle materials, the presence of zones of
strain localization is pivotal for the development of rifted basins,
in agreement with Franke (2012) and Koptev et al. (2015). At
short distances between lithospheric heterogeneities and plume,
the lithospheric structure affects the pattern of the rising plume
in the upper mantle, since it determines the location where the
asthenospheric wedge that underlies the lithospheric rift occurs.
In such conditions, the plume head flattens at the lithosphere-
mantle boundary, in agreement with previous findings (Burov et
al., 2007; Guillou-Frottier et al., 2012; Burov and Gerya, 2014;
Koptev et al., 2015), resulting in delamination in the lithospheric
mantle (e.g. Burov and Gerya, 2014) that becomes progressively
asymmetric in the process. Lithosphere erosion is preferentially
concentrated at the top of the plume impact point, and is accom-
panied by down-thrusting at both sides of the flattening plume
head.

In cases where the lithospheric weakness plays a key role in
the location of the rifting area, the contribution given by the buoy-
ancy forces associated with the plume presence may strongly in-
fluence the characteristics of rifts during their evolution. According
to Huismans et al. (2001), the forces associated with the astheno-
sphere impingement beneath the lithosphere may become equal
to far field forces, or even predominant, in post-rift phases. Our
model shows that when the distance between plume and litho-
spheric extensional area is equal or less than 250 km, the plume
presence causes fast lithospheric consumption, that favors the
growth of the asthenospheric wedges beneath the rifting area. Fur-
thermore, the asymmetric thickness variations of the lithosphere-
asthenosphere boundary (LAB) caused by the plume (including the
lithospheric down-thrusting at the sides of the plume head) may
lead to a steady-state migration of the rifting and the creation of
asymmetric margins, with one margin hyper hyper-extended (as
defined e.g. in Tugend et al., 2015). Asymmetric margins are not
uncommon (e.g. Gaina et al., 2007) and have been already repro-
duced in numerical models (e.g. Brune et al., 2014), but we suggest
that plumes may also play a role in their development and evolu-
tion. In addition, plume material may be channeled away from the
lithosphere impingement point, across the lithosphere and toward
the rifting area, and erode the lithosphere on the opposite rifting
margin. The resulting erosive effect, coupled with the plate-related
far field stresses, promotes the asymmetry of the two margins and
the migration of the rifting area far from the plume. This integrates
the results obtained by Brune et al. (2016), where a marked asym-
metry developed in passive continental margins promotes rifting
migration at later stages.

The effects of melting on rift evolution show a marked depen-
dence on both the distance between the plume and lithospheric
weak zones and the upper mantle thermal state, but this relation-
ship is not simple to predict. When the plume is located in prox-
imity of the lithospheric heterogeneity, plume material is directly
channeled in the asthenospheric rifting wedge, with subsequent
high temperature and upwelling velocity. Consequently, temper-
atures predicted in the plume are high enough to allow exten-
sive partial melting of mantle materials. In this context, the large
amount of melt intruded at the crust-mantle boundary determines
a marked viscosity drop and leads to a very effective lithospheric
mantle delamination. This is mostly concentrated on the rifting
margin where the plume directly impacts against the lithosphere.
The consequences of this asymmetric distribution of lithospheric
erosion are two-fold: 1) this may lead to an asymmetric distri-
bution of volcanism, and 2) the very effective replacement of the
lithosphere by hotter and less dense plume material may lead to
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a topographic swelling at the rifting margin where the plume is
located.

Asymmetric distribution of volcanism along magmatic passive
margins was observed in previous studies (e.g. Holbrook et al.,
2001). However, melt underplating strongly favors the possibility
of magmatic activity concentrated along one of the two margins:
when melt is not included, the plume material is directly chan-
neled in the asthenospheric wedge with minimum asymmetric
erosion of the plate margins, due to the high viscosity of the litho-
sphere. Differently, when melt underplating occurs, the viscosity
drop due to the loss of cohesion in the lithosphere determines a
strong concentration of strain in the passive continental margin
where the plume is present. This, however, does not promote rift-
ing migration when lithosphere weak zones and plume are very
close, because plume material is still effectively channeled in the
asthenospheric wedge, which is connected to the lithospheric het-
erogeneity. Consequently, most erosional effects by the plume ma-
terial are still confined to the initial extensional area. In addition,
when melting is included in the model, temperatures reached in
the crust are favorable for an extended anatexis, with subsequent
silicic volcanism. Although poorly preserved in the stratigraphic
record, silicic melts and volcanic products may constitute a large
part of the eruptive stratigraphy (e.g. Bryan et al, 2002), and,
at crustal levels, the presence of acidic melts contributes to rock
strength decrease (Arzi, 1978; Rosenberg and Handy, 2005; Lavec-
chia et al.,, 20164, 2016b).

When the distance between lithospheric heterogeneities and
plume promotes a marked asymmetry in the conjugate margin
system, our model indicates a spreading mechanism affecting the
melt underplating and the subsequent eruptive and effusive activ-
ity. This results in a younging direction of magmatic bodies consti-
tuting the Seaward Dipping Reflectors (SDR, e.g. Abdelmalak et al.,
2016) towards the rift center, and accompanying/post-dating the
development of passive margins. On the other hand, when melt
underplating occurs along a passive margin where the lithosphere
is strongly thinned (Fig. 5), temperatures reached at the Moho
along the margins are relatively low. As a result, melt intruded at
the base of the lithosphere may solidify in a short time span, thus
not playing a determinant role for the geodynamic evolution of the
margin.

When plume material does not directly interact with areas of
lithospheric extension (Fig. 7), our model shows a major role of
melt underplating for the evolution of passive margins. The pres-
ence of melts may determine a strong decrease in lithospheric
strength along the underplated intervals. In such conditions, the
initial rift developed at the location favored by lithosphere struc-
tural control may be abandoned and the plume assumes a dom-
inant role. The association between rifting areas and plume, with
subsequent rift jumps and abandoned rifting branches, is observed
in many locations, including Iceland (e.g. Garcia et al, 2003),
the South Atlantic (Brozena and White, 1990) and the Galapa-
gos spreading center (Wilson and Hey, 1995). According to our
findings, the process of rift jump is not linear, but follows a two-
step process: during a first stage the plume erodes the lithosphere
and reaches a depth favorable for the beginning of decompression
melting; afterwards, the melt underplated at the crust-lithosphere
boundary leads to a strength drop sufficient for plate break-up to
occur. This leads to an extended magmatism where the plume
impacts the lithosphere, and the strength decrease in the litho-
sphere may favor a symmetric evolution of the passive continental
margins (see Brune et al., 2016). However, 3D modelling will be
important to determine if a plume-related rift is not constrained
only in proximity of the plume but may lead also to a plate-scale
rifting system (e.g. Burov and Gerya, 2014).

5. Conclusions

The interaction between a structurally complex lithosphere and
plumes is not simple to predict. A further source of complexity is
added when melt presence is taken into account during the study
of passive margins characteristics. Our study shows that the con-
figuration of a rifting area may be influenced by the topography
of the lithosphere-asthenosphere boundary, thermal state of the
mantle and plume presence at different stages of its evolution, and
that presence of melts may have a great impact on the resulting
characteristics of passive margins.

The lateral distance between main areas of lithospheric het-
erogeneity and plumes is a parameter of primary importance for
rifting evolution. Lithosphere weak zones determine the location
for initial plate breakup, that may persist in the same area for an
extended period. Subsequently, our model predicts a close interac-
tion between the rift area generated by passive stresses and the
presence of plumes. When the plume is close enough to be chan-
neled into the rift, the effects of active and passive stress fields
sum up, resulting in an acceleration of lithosphere erosion. In the
absence of mantle melting, the erosion is characterized by features
that depend on the initial distance between plumes and litho-
spheric heterogeneities: a small distance favors the development of
symmetric passive margins, whereas a greater distance is more fa-
vorable for asymmetric margins. On the other hand, when a plume
is not channeled into areas of lithospheric thinning, and in absence
of melting, its presence does not cause main effects on lithospheric
rifting evolution.

Melts may substantially impact the evolution of passive con-
tinental margins, when the melt presence exceeds a threshold
sufficient to cause a strength drop in the lithosphere, but their
role also depends on the relative position of plumes with respect
to the rifting area. Melt underplating may favor the evolution of
asymmetric passive margins, independently from the pre-existing
structure of the lithosphere, and appears a key factor in the ero-
sion of the lithosphere caused by plumes: this effect may be so
intense that well delineated rifts may be abandoned and new areas
of lithospheric breakup may develop over intensely underplated
lithospheric intervals, with consequent jumps in rift formation.
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