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The Cenozoic-Quaternary Main Ethiopian Rift (MER) is characterized by extended magmatic activity. Although
magmatism has been recognized as a key element in the process of continental breakup, the interaction between
melts and intruded lithosphere is still poorly understood.We have performed a 2D thermo-rheologicalmodeling
study of continental crust incorporating rheological variations due to melt intrusion-related thermal perturba-
tion. The model is calibrated based on the characteristics of lithologies occurring in the MER and its extensional
history, and includes the effect of metamorphism and anatexis on crustal strength and rheological features. Dur-
ing Miocene early rift phases strain in the MER was mainly accommodated through rift border faults, whereas
Pliocene-to-recent extension history is characterized bymagma assisted rifting with most strain accommodated
across magmatic segments in the rift axis. Consequently, very little strain is distributed in the old Pan-African to
Paleogene crust during Pliocene to Holocene times. The magmatic activity along the rift axis created ≈20 km
thick magmatic segments, with growth rate estimated to range from ≈3.5 mm yr−1 to ≈6 mm yr−1. Our
model suggests that the strain transfer from Miocene rift border faults to magmatic segments was favored by a
moderate increase in crustal strength, due to prograde metamorphism subsequent to the melt-induced thermal
perturbation. Under such conditions, crustal stretching may not constitute an effective extension mechanism,
thus strain may be preferentially accommodated by melt injection along hot, partially molten magmatic seg-
ments. Anatexis has been detected in our simulations, with melt fractions sufficient to break-up the crust solid
framework and migrate. This determines local variations of rheological behavior and may induce seismicity.
However, resultingmelt percentages are not sufficient to inducewidespread, crust-derived volcanic activity. Sub-
sequently, volcanism in theMER ismainly due tomantle-derivedmelts, subjected to a various degree of fraction-
ation, with minimal contribution from crust-derived magmas.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Continental break-up is an important geodynamic process occurring
during plate evolution, and may mark the response of the lithosphere
when it is subject to tensional stresses of a sufficient intensity and dura-
tion. Plate rupture is the final result of the thinning and heating of the
lithosphere, and is associated with upwelling of mantle material,
whose decompressionmay lead to partialmelting and subsequentmag-
matic activity (e.g. Ebinger and Sleep, 1998; Burov et al., 2007). This pro-
cess is further enhanced when the mantle is subjected to thermal
anomalies, such as in hot spot areas, where the presence of mantle
plumes may also lead to lithosphere doming and extension (e.g. Burov
et al., 2007; Burov and Gerya, 2014). The nature of the interaction be-
tween lithosphere- and plume-related tensile stress fields is subject to
ry, P.O. Box 134, 1325 Lysaker,
extensive debate, and their effective role in causing continental thinning
and rupture (e.g. Burov et al., 2007, and references therein; Cloetingh
et al., 2013). However, it is well established that mantle upwelling-
related magmatic activity strongly favors plate extension and breakup
(e.g. Buck, 2004, 2006). This is testified to by the collocation of extension
and strong magmatic activity in many different areas, including a large
number of passive continental margins worldwide. In such magmatic
margins, thick sequences of igneous rocks may extrude, intrude and
underplate the crust (e.g. Menzies et al., 2002). In many extensional
models (e.g. Buck, 1991; Davis and Kusznir, 2004), magmatism is either
absent or mainly considered as a consequence of rifting. This is in con-
trast with observations in extensional areas, where time relationships
between igneous rocks emplacement ages and extension evolution
demonstrate that magmatic activity occurs prior to, or simultaneously
with, extension (e.g. Buck, 2006, and references therein). In addition,
magmatic activity and rifting associated deformation may focus along
inherited lithospheric heterogeneities (such as former suture zones),
where the plume had the function of further triggering the rupture,
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more than being the direct cause of rifting (e.g. Cloetingh et al., 2013;
Buiter and Torsvik, 2014).

The presence of lithospheric heterogeneities may influence the ex-
tensional history of rifting areas. However, the evolution of plate
strength and rheology, due to melt intrusion, is still poorly understood
(e.g. Lavecchia et al., 2016). One of the least investigated aspects is the
lithological evolution of rifting areas and their fertility (i.e. their capacity
to produce melts when subjected to temperature and pressure varia-
tion). Although most magmatic products associated with rift areas are
represented by mantle-derived melts, the presence of magmas charac-
terized by a mixed (e.g. Thompson et al., 2001) or crustal origin (e.g.
Kirstein et al., 2000) has been widely recognized. This testifies the pro-
found effect that pressure and temperature conditionsmay exert on the
same nature of the lithosphere, and, especially, on the crust.

One of the best studied rifting areas is theMain Ethiopian Rift (MER)
(Fig. 1), a slowly extending continental rift constituting the northern-
most section of the East African Rift System (e.g. Ebinger and Casey,
2001). Indeed, the relationship between magmatic activity, anomalous
topographic swells and the presence of mantle plumes has long been
recognized in the MER region (e.g. Ebinger and Sleep, 1998). However,
both the evolution of the intruded crust and its response to the thermal
perturbation are still poorly understood. These two elements are of a
particular importance as themantle lithosphere in this region is charac-
terized by a marked thinning beneath the whole area (e.g. Ebinger and
Sleep, 1998; Dugda et al., 2007), suggesting a major role of crust rheol-
ogy in determining the strength of the whole plate.
Fig. 1. Sketch map of Afar Rift and northern Main Ethiopian Rift (after Bastow et al., 2011, mod
mid-Miocene border faults. Dashed lines are faultedmonoclines. Green stars are selected Cenoz
(AA″: Cornwell et al., 2006; BB′:Mahatsente et al., 1999; see Fig. 2). SDFZ—Silti Debre Zeyit fault
BF—Border Fault; DZVL—Debre Zeit Volcanic Lineament.
In this paper, we present a thermo-mechanical model with the aim
to examine the rheology variations of a continental crust subjected to
a melt intrusion-related thermal perturbation. Our model includes
temperature-induced metamorphic variations in crustal mineralogical
association. The model characteristics have been calibrated adopting
MER lithological and geometrical constraints, with the aim to better un-
derstand the evolution of the Ethiopian continental crust during the de-
velopment of magma segments characterizing the axial rifting area.
2. Tectonic setting

TheMain Ethiopian Rift (MER) (Fig. 1) constitutes the northern part of
the East African Rift System (e.g. Ebinger and Casey, 2001) and converges,
together with the Red Sea and Gulf of Aden rifts, in the Afar area. Among
the three branches, it is the youngest and least evolved (e.g. Bastow et al.,
2011, and references therein). The onset of extension in theMER is dated
at ≈11–10 Ma (e.g. Ukstins et al., 2002; Wolfenden et al., 2004) within
the Precambrian metamorphic crustal basement of the Pan-African
Mozambique belt (Kazmin et al., 1978) and was mostly accommodated
along mid-Miocene border faults delineating half-grabens (Morley,
1988;Wolfenden et al., 2004). The last phases of extension are character-
ized by an intense magmatic activity, leading to the construction of
approximately 20 km thick, right-stepping, en echelon magmatic seg-
ments during the Pliocene-Pleistocene time (Ebinger and Casey, 2001;
Beutel et al., 2010, and references therein; Bastow et al., 2011).
ified). Violet closed lines represent magmatic segments and solid black lines depict major
oic volcanoes. Red lines are the traces of gravimetric cross sections adopted for simulations
zone; GAFZ—Guder Ambo fault zone; YTVL—Yerer-TulluWellel volcanotectonic lineament.
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The strain pattern highlighted by geodetic and seismic studies shows
that at present day the border faults are relatively inactive, with earth-
quakes concentrated within magmatic segments (e.g. Keir et al., 2006).
The Main Ethiopian Rift is characterized by a seismic moment release in
theMER that isb50% thanwhat is expected from the estimated extension
velocity (Hofstetter and Beyth, 2003), which suggests that most exten-
sion is accommodated aseismically. These observations are supported
by gravity (Cornwell et al., 2006) and geodetic data (e.g. Ebinger and
Casey, 2001), showing that N80% strain is accommodated alongmagmat-
ic segments and without a marked crustal thinning. P- and S-wave
tomographymodels indicate that the lithosphere–asthenosphere bound-
ary lies at a depth of approximately 70 km, associated with the presence
of a broadmantle upwelling beneath theMER and the Ethiopian plateau.
The asthenosphere is characterized by some of the lowest-velocity
worldwide (Bastow et al., 2011, and references therein) and constitutes
the main source zone for melts emplaced in the MER and magma-
assisted extension (e.g. Bastow et al., 2011). Deeper in the mantle, the
low-velocity anomaly continues down to the transition zone, and likely
connects to the African Superplume (Bastow et al., 2011). SKS analysis
and crustal splitting observations point out that melt accumulates in ver-
tically oriented dykes cross-cutting the lithosphere (e.g. Keir et al., 2005).
Furthermore, magnetotelluric surveys highlight the presence of intruded
and partially moltenmaterial; these melt zones occur at various depth in
the crust and are associated with seismicity (Bastow et al., 2011).

Geophysical and geochemical data show that the crust has been ex-
tensively modified by magmatic modification and that the presence of
melt is strictly related to extension by faulting. Crustal thickness is
greatest (40–50 km) beneath the uplifted plateau flanking the rift val-
ley, where thickness registered is approximately 45 km and associated
with evidences of magmatic underplating (Dugda et al., 2005). Beneath
Fig. 2. Two vertical cross-sections of the northern MER, based on studies by Cornwell et al.,
representations adopted in the model (b, d). For location of the sections, see Fig. 1. The numb
for explanation); red arrows point out the direction of the magmatic segment growth, indicati
and blue dashed lines are the traces for differential stress-depth profiles (see Figs. 7, 8).
the MER, crustal thickness decreases to values ranging from 38 km to
27 km, and are associated to Poisson's ratio values of 0.27 to 0.35, indi-
cating a marked crustal thinning associated with massive presence of
intruded mafic material and a presence of partial melting (Dugda
et al., 2005) (Fig. 3).
3. Model description

3.1. Geometrical features

Weused a 2D thermalmodel that numerically simulates the temper-
ature variations in a multilayered crustal section, induced by the em-
placement of a sequence of basaltic dykes, over a time span ranging
from 1.6 Myr (Ebinger and Casey, 2001) to 3.0 Myr (Beutel et al.,
2010, and references therein). The geometries and densities adopted
in the model are based on previous reconstructions, based on works
by Mahatsente et al. (1999) and Cornwell et al. (2006) (Fig. 2); they
comprise a 35 km thick crust with a lateral extension of 40 km, divided
in intervals with different density and mineralogical composition. The
lateral crustal extension in the model ensures that the thermal pertur-
bation does not propagate sufficiently fast to reach the crust boundary
and create undesired overheating effects. The thermal loading is imple-
mented by “injecting” a sequence of 400 dykes (conform Lavecchia
et al., 2016), each being 25 m thick, forming a basaltic body growing
by outward lateral accretion (from the right leftward). The magmatic
segment growth rate corresponds to an intrusion rate ranging from
≈3.5 to ≈6 mm yr−1.

The geometry implemented in the first case study (CR case study,
Fig. 2a, b) incorporates the 2D density model obtained by Cornwell
2006 (a, section AA′) and Mahatsente et al., 1999 (c, section BB′), and their geometrical
ering refers to different layers inferred from constrains by geophysical studies (see text
ng that each dyke is added to the previous segment by leftward lateral accretion. The red



Table 1
Thermal and compositional parameters adopted in the model.

Parameter Symbol and equation Value

Surface temperature Ts 25 °C
Crust base temperature Tb 600 °C, 750 °C
Melt emplacement temperature Tm 1300 °C
Melt solidus temperature Tc 1100 °C
Model base heat flux qb 27 mW m−2

Latent heat of crystallization LH 400 kJ kg−1

Radiogenic heat generation A(z) = A0exp(−z / D) A0 = 2 μW m−3

D = 12 km

Case study and
layer

Mineralogical assemblage
[vol.%]

Density
[kg m−3]

A [W m−1 °C−1];
B [W m−1]

CR
1 qz40, pl25, kfs35 2570 0.64; 807
2 chl30, ms25, qz25, pl10, kfs10 2790 0.75; 705
3 ms10, qz20, pl15, ky5, grt10,

bt25, st5, kfs10
2940 0.75; 705

4 ol100 3230 0.73; 1293
5 ol100 3000 1.18; 474

MR
1 qz40, pl25, kfs35 2500 0.64; 807
2 qz25, pl15, kfs45, 2700 0.64; 807
3 chl30, ms25, qz25, pl10, kfs10 2780 0.75; 705
4 ms10, qz20, pl15, ky5, grt10,

bt25, st5, kfs10
2900 0.75; 705

5 ol100 3050 1.18; 474

LH value comes from Spear (1993); densities for different layers have been taken from
Cornwell et al. (2006) and Mahatsente et al. (1999) (see text for further explanation). A
and B parameters are used to calculate the temperature-dependent thermal conductivity, ac-
cording to the formula: k(T) = A + B / (350 + T [°C]) (Clauser and Huenges, 1995,
and references therein). Mineral abbreviations are as follows: bt = biotite, chl = chlorite,
grt = garnet, kfs = K-feldspars, ky = kyanite, ms = muscovite, ol = olivine, pl =
plagioclase, qz = quartz, st = staurolite.
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et al. (2006), where 5 main different bodies are detected at a
depth b =35 km:

1. A supra-basement interval, with density=2570 kgm−3, interpreted
as pre-rift Jurassic to Palaeogene sedimentary rocks, interbedded
withOligoceneflood basalts. Themodel takes into account the buried
horst, constituting a rift flank related to the Arboye border fault
(Cornwell et al., 2006, and reference therein);

2. An upper crust whose age ranges from lower to middle Proterozoic,
composed of clastic metasediments;

3. A high density lower crust layer, interpreted as an Archean cratonic
basement (age ≥ 2.5 Ga), composed of high grade gneisses (granulite
to amphibolite facies) (Kazmin et al., 1978, and references therein),
underplated by Oligocene and more recent material (Mackenzie
et al., 2005).

4. A mafic wedge, interpreted as low density mantle (rather than high
density underplate) and consistent with the presence of 3–5% partial
melt (Cornwell et al., 2006, and reference therein).

5. A gabbroic body, intruded in correspondence of the rift axis, whose
high conductivity suggests the presence of melts at present day
(Cornwell et al., 2006, and references therein).

The second case study (MR case study, Fig. 2c, d) implements the ge-
ometry obtained by Mahatsente et al. (1999), where the following in-
tervals are detected in the northern MER:

1. A cover interval, mainly constituted by siliceous domes and flows,
whose composition ranges from pantellerites to obsidians to volca-
noes characterized by andesite to rhyolite activity (Mahatsente
et al., 1999).

2. An upper layer, interpreted as the upper part of the crystalline base-
ment and correspondent to the Miocene Magdala group (Molly,
1959, and references therein); it is mainly constituted by rhyolites,
trachytes, ignimbrites and basalts (Mahatsente et al., 1999).

3. An intermediate interval, whose density roughly corresponds with
the clastic layer occurring in Bastow et al. (2011), and thus
interpreted as such in our simulation.

4. A lower crust, with a lower density than the one adopted in themodel
by Bastow et al. (2011). We assume in our simulation that the differ-
ence in density is due to a lower volume of underplated material.

5. An intruded gabbroic body, whose density variation has been
interpreted as due to difference in crust contamination in the upper
portion by Mahatsente et al. (1999) (in our model we assign the
same density for the whole body).

3.2. Thermal and petrogenetic features

The thermal evolution of the model is governed by the heat transfer
Eq. (1):

ρCp
∂T
∂t

¼ k Tð Þ∇2T þ Q ð1Þ

where ρ is the density, Cp is the specific heat, T is the temperature, t is
the time, k is the thermal conductivity and Q the internal heat produc-
tion. The dyke emplacement has been assumed a quasi-instantaneous
process, and hence the model does not take into account any advection
of heat. The numerical solution is obtained by using FEniCS (Logg et al.,
2012), a collection of free scientific computing codes for finite element
based automated solution of partial differential equations.

The values adopted for different parameters are given in Table 1.We
consider two different geotherms, both constituted by a temperature-
dependent thermal conductivity, a fixed surface temperature of 25 °C
a heat flux at the base of the crust of 27 mW m−2 and a heat flux at
the lateral boundaries equal to 0. The different geotherms are distin-
guished in a “cold” geotherm, characterized by a transient temperature
of 600 °C at the crust base, a “warm” geotherm, characterized by a
temperature of 750 °C at the crust base. These different temperature
values were chosen in order to compare different preliminary situa-
tions, where in the “cold” simulations we isolate the effect of thermal
perturbation in an initially unperturbed continental crust, and in a
“warm” case we take into account the possibility of a thermal perturba-
tion (e.g. due to magmatic underplating) prior to dyke intrusion.

The release of heat during melt crystallization in the dyke body has
been taken into account for the coolingmagma by implementing an ef-
fective specific heat instead of the true specific heat, in a temperature in-
terval between 1300 and 1100 °C (Paterson et al., 1998, and references
therein). The effective specific heat has been calculated on the basis of
the formula by Spear (1993) (Ayalew and Gibson, 2009):

Ceff ¼ Cp þ LH
ΔT

ð2Þ

where Ceff is the effective specific heat, Cp is the specific heat, LH is the la-
tent heat of crystallization and ΔT is the crystallization temperature
interval.

Our model takes into account prograde metamorphism occurring in
a polymineralic crust, including the most common minerals in crustal
rocks (i.e. quartz, plagioclase, K-feldspars, allumosilicates, chlorite,mus-
covite, biotite, garnet, staurolite, olivine and water) (Table 1).

Themetamorphic grid is illustrated in Fig. 3; the reaction stoichiom-
etry has been calculated on the basis of oxides balance and kept fixed at
different T-P conditions; it is as follows:

1) Ky-And-Sil
2) 3Chl + Ms. + 3Qz = Bt + 4Grt + 12Wt
3) 15Chl + 15Grt + 33Ms = 33Bt + 34Qz + 7St + 46Wt
4) 4Bt + 7Qz + St = 5Grt + 4Ms + 2Wt
5) Ms. + 5Qz + 2St = 18Als + Bt + Grt + 4Wt
6) 18Ab + 5Kfs + 50Qz + 26Wt = L
7) 13Ab + 18Ms + 47Qz + 70Wt = 14Als + 4Kfs + L
8) 13Ab + 11Als + 13Bt + 47Qz + 31Wt = 9Grt + 4Kfs + L.



Fig. 3. Reaction grid used to simulate metamorphism in the crust. Reactions in the legend occur with increasing temperature. For mineral abbreviations see caption of Fig. 2. Additional
abbreviations: als = allumosilicates; ky-and-sil = kyanite-andalusite-sillimanite; L = melt; wt = water.

Table 2
Rheological parameters adopted for minerals in the model.

Model mineral Abbreviation A [MPa−n s−1] n E [kJ mol−1]

Chlorite chl 1.1E−15 18 51a

Muscovite ms 1.1E−15 18 51a

Biotite bt 1.1E−15 18 51a

Quartz qt 1.1E−4 4 223b

Plagioclase pl 2.34E−6 3.9 234c

K-feldspar kfs 2.34E−6 3.9 234c

Allumosilicates als 23.4 4 410
Staurolite st 23.4 4 410
Garnet gt 276 3 444d

Parameters for staurolite and allumosilicates are the result of a mean between “weak”
minerals (phyllosilicates, quartz and feldspars) and “strong” minerals (garnet) parame-
ters, obtaining a fitting rheological behavior with a less deformable mineral than micas,
quartz and feldspars, but still deformable and subject to recrystallization.

a Kronenberg et al. (1990).
b Gleason and Tullis (1995).
c Shelton and Tullis (1981).
d Wang and Ji (1999).
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The temperature-pressure curves have been extrapolated by Spear
and Cheney (1989), while the curve for rhyolite melt generation (reac-
tion 6) takes into account results by Luth et al. (1964) and the
muscovite- and biotite-dehydration reactions (7 and 8) are calibrated
on the basis of studies by Vielzeuf and Holloway (1988) and Patiño
Douce and Johnston (1991).

In order to estimate the release/adsorption of heat duringmetamor-
phism, we have included the metamorphism-related reaction enthalpy
in the thermal balance; this term has been quantified basing on the pro-
cedure described in Philpotts and Ague (2009).

In order to estimate the release/adsorption of heat duringmetamor-
phism, the enthalpy variation relative to eachmetamorphic reaction has
been calculated, according to formula (3):

H ¼ E þ PV ð3Þ

where H is the enthalpy of the system, E is the internal energy, P is the
pressure and V is the volume. For each mineral, the enthalpy of forma-
tion has been calculated according to Philpotts and Ague (2009)
(Bergantz, 1989):

ΔH ¼ H0
T−H0

298 ¼ a T−298ð Þ þ b
2

T2−2982
� �

− c T−1−298−1
� �

þ 2d T0:5−2980:5
� �

ð4Þ

where HT
0 is the mineral enthalpy of formation at standard pressure and

given temperature, and H298
0 is the mineral enthalpy of formation at

standard pressure and temperature. a, b, c and d are thermodynamic pa-
rameters with values given by Holland and Powell (1998). Therefore,
the reaction enthalpy is given by (Beutel et al., 2010):

ΔHreaction ¼ ∑n
i¼1ΔHi−∑m

j¼1ΔHj ð5Þ

where n andm are respectively the number of the products and the re-
actants in the metamorphic reaction.

3.3. Rheological features

Temperature estimations and calculated lithologies were used to
calculate differential stress values σ (i.e. σ = σ1 − σ3) and to estimate
the rheological behavior in the modeled crust by adopting the frictional
criterion for the brittle field and the power-law creep equation for the
ductile field (as described hereafter). We assume that the stress
distribution in the crust is locally dominated by the rheological behavior
requiring the lowest differential stress to activate, which for a multi-
layered crust results in a typical “Christmas tree” depth-dependent var-
iation of differential stress with depth (e.g. Cloetingh et al., 2013). The
adopted parameters are given in Table 2.

For the frictional criterionwe have used the equation (Sibson, 1974)
(Bialas et al., 2010):

σb ¼ σ1−σ3 ¼ β ρgz 1−λð Þ ð6Þ

where σb = σ1 − σ3 is the friction-related differential stress (compres-
sion is positive), β is a dimensionless parameter depending on the fric-
tional coefficient and deformational regime, ρ is the rock density at
depth z, g is gravity acceleration.

The flow law implemented in themodel is (e.g. Ranalli, 1995; Gerya,
2010) (Boccaletti et al., 1995):

_ϵ ¼ Ahm σdð Þn exp −E þ VaP
RT

� �
ð7Þ

where _ϵ is the strain rate, h is the grain size, raised to the power of the pa-
rameterm,σd is the differential stress (similarly toσb), P is the pressure, R
is the gas constant, T is the temperature and A, n, E and Va are minerals
rheological parameters. Ductile deformation in the crust mainly occurs
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by dislocation creep, thus the term hm assumes value 1 (m=0),while the
term VaP has been neglected, being VaP≪ E (e.g. Ranalli, 1995).

The rheological parameters for the singlemineralswere used to calcu-
late the parameters of the multiphase rock for each time-step, following
the average procedure suggested by Ji et al. (2003, and references
therein).

When rocks are partially molten, variations in both strength and
rheology occur, according to themelt fraction generated duringmelt in-
trusion. Two thresholds have been considered in our model:

1. Afirst rheological threshold occurswithmelt fractionΦ≈ 0.06–0.08,
corresponding to theMelt Connectivity Transition (MCT), and deter-
mines a breakup of the rock solid framework, with subsequent de-
crease in crust brittle strength, quantified as ≈1 magnitude order
(e.g. Vanderhaeghe, 2001; Rosenberg and Handy, 2005).

2. A second rheological threshold occurswithmelt fractionΦ≈ 0.3 and
corresponds to the Rheologically Critical Melt Percentage (RCMP)
(Arzi, 1978). In a crystals-melt mush, this threshold marks the tran-
sition from a solid to a liquid system.

When melt fraction exceeds the RCMP, we have adopted the rheol-
ogy of rocks involved as purely Newtonian, with a viscosity calculated
by using the Arrhenius Eq. (8) (Dingwell, 1995):

log10 ηT
� � ¼ log10 η0

� �þ 2:303
E
RT

ð8Þ

where ηT is the melt viscosity at temperature T, η0 is a pre-exponential
factor, E is the activation energy and R is the gas constant. Data for vis-
cosity curve calibration are taken fromShaw (1965), relative tomagmas
with 4 vol.% H2O, leading to values η0 = −3.0 and E = 36,500.

4. Results

Two-dimensional model calculations have been carried out for sim-
ulation times of 1.6 Myr and 3.0 Myr, testing two different isotherms,
characterized by a bottom temperature of, respectively, 600 °C and
750 °C. Themonitored temperature variations are here shown as 2D iso-
therms contours (Figs. 4, 5), as partial melting sections (Fig. 6) and
(σd,z) paths (Figs. 7, 8).

As shown by the isotherm trend in both the crustal geometries
adopted (Figs. 4, 5), when the simulation time span Δt is 1.6 Myr the
thermal perturbation due tomelt emplacement affects the crust lateral-
ly for a distance of≈15 km from the dyke intrusion. If the value of Δt is
increased to 3 Myr, then the propagation distance of thermal perturba-
tion slightly exceeds 20 km; at a depth N 20 km the crust undergoes sig-
nificantly more heating in the MR case study than in the CR
reconstruction, due to the different estimated sizes of the intruded
body. At the same time at the top of the intruded body we observe
smaller temperature differences and a slightly farther propagation of
the thermal perturbation in the CR compared to the MR case study.
These small variations at shallow depths are due both to the cooling ef-
fect at the surface and the temperature-dependent thermal conductivi-
ty; the latter is characterized by higher values in the CR model setting.

In theMR case study (Fig. 5), the temperature registered in the later-
al dyke aureole shows negligible differences when we adopt different
geotherms and keep the model geometry unvaried. However, the tem-
perature shows a marked increase when shorter simulation times (and
thus higher intrusion rates) are taken into account, denoting a primary
control exerted by magma intrusion rates on the temperature field. In
the CR reconstruction (Fig. 4), the effect of different adopted geotherms
on the registered thermal perturbation is also marked laterally and at
the bottom of the intruded dyke body, due to the smaller size of the
magmatic segment. In our case, the different geotherms lead to temper-
ature differences of up to 100 °C.

In the innermost part of the intruded body, we observe that regis-
tered temperatures exceed 1100 °C in all our simulations. This latter
value has been chosen as our solidus temperature for basaltic melts
(e.g. Paterson et al., 1998, and references therein), assuming in our sim-
ulations that fractioned crystallization does not determine appreciable
variations in the melt solidus temperature. As already observed in the
temperature field at the top of the dyke body, temperature variations
are mostly influenced by the intrusion rates: in both the CR and MR
case study, by considering a growth time of 1.6 Myr, we observe that
the innermost interval of the intruded body is still molten at depth vary-
ing from 7.5 km to 9 km, whereas with a growth time of 3.0 Myr, tem-
peratures are ≈200 °C lower in the same location.

By varying both the geometry and the geotherm in our model, we
observe that the melt production affects extended intervals of the
crust, with produced volumes ≈ 20–27 vol.% (Fig. 6). At shallow to
mid depths,melt production closely follows the heat diffusion. As a con-
sequence, a growth time of 3.0 Myr favors extended partial melting,
compared with an intrusion duration of 1.6 Myr, due to the longer
time available for heat propagation. Melt productivity drastically re-
duces in proximity of the boundary between upper and lower crust
due to a decrease crust fertility. In addition, the lower crust comprises
a deep basal layer where the volume of produced melt depends on the
chosen geotherm. When the imposed temperature at the base of the
crust is 600 °C, melt does not exceed 6 vol.% and is strictly coupled
with propagating thermal perturbation from the dykes. On the other
hand, a crust base temperature of 750 °C determines values
≈13 vol.%, affecting extensively the crustal base.

The variations in mineralogical assemblages due to temperature in-
crease and subsequent metamorphism cause pronounced variations in
crustal strength values and rheological behavior in space and time
(Figs. 7, 8). In all the simulations carried out (Figs. 4, 5), we observe an
increase in strength in the upper crust, which is coupled with the prop-
agation of the thermal perturbation at temperatures between 500 °C
and 600 °C. The metamorphic reactions included in our models deter-
mine an increase in volume percentage of minerals characterized by
marked strength (mainly feldspars and garnet). This occurs at the ex-
pense of minerals characterized by low strength values, namely quartz
and micas. The most notable strength increase is observed during the
first 200 kyr after the intrusion onset, i.e. during early stages of crustal
heating. This has been interpreted as an effect of the low temperature
metamorphic reactions and, more specifically, as related to garnet ap-
pearance at relatively low temperatures, due to Mn presence. In addi-
tion, temperature increase is accompanied by crustal anatexis, which
has a profound effect on both crust strength and rheology, especially
when a “hot” geotherm is considered. The two combined effects cause
a transition from ductile to brittle behavior in the most proximal areas
to the sides, and partially above, the intruded body (Fig. 7).

In our models, the adopted geotherm determines important varia-
tions in the calculated differential stress values (σ) (Fig. 7). In all our sim-
ulations we observe the presence of a brittle layer characterized by
relatively high σ values, and marking the upper-lower crust boundary.
When a “cold” geotherm is adopted, this interval is located at a
depth ≈ 27 km. In contrast, the adoption of a “hot” geotherm causes
this layer to move up at a depth of b20. This causes an unexpected
strength increase up to an order of magnitude, accompanied by a transi-
tion from a ductile to a brittle rheology at a depth between 20 km and
25km, because the equilibriumofmineralogical associations is character-
ized by higher strength. The effect of melts on the rheological behavior is
also predicted at the base of the crust where a≈5 km thick brittle inter-
val, coupled with a drop in σ values, has formed due to partial melting.

Themagmatic segment aureole is the locationwhere the interaction
between melt production and rheology appears more evident (Fig. 8);
in all our simulations the crust shows high strength values only in the
uppermost layer (≈4 km in the CR case study, to 10 km in the MR
case study), and subsequently it is subjected to a marked drop in σ
values. This decrease, however, is not accompanied by a switch from a
brittle to a ductile rheological behavior. In contrast, brittle behavior is
maintained up to depths of ≈25 km in both case studies. In the CR



Fig. 4. Temperature (T, left column), differential stress (σd, center) and rheology contour sections (right) in the CR case study (see Figs. 1, 2, section AA′), at the end of the simulation. Tb
indicates the temperature adopted at the base of themodel.Δt indicates the time step represented in the figure, coincidentwith the end of the simulation and the complete growth of the
magmatic segment (top panels, Δt=1.6 Myr; bottom panels, Δt= 3Myr). The light blue field in the brittle-ductile transition contour sections represents the brittle behavior, while the
orange field represents the ductile behavior. The areas bounded by the black dashed lines in the left panels and the red boxes in themiddle and right panels represent the geometry of the
intruded dyke body.
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reconstruction, the lower layers in the model are subjected to partial
melting only when the temperature adopted at the base is 750 °C. To-
gether with the relatively small dimension of the magmatic segment,
this determines higher value of crustal strength and a brittle behavior
of the aureole only when anatexis occurs. However, in the MR case
study the base of the dyke aureole exhibits ductile behavior, although
melt is still produced, leading to larger sizes of the magmatic segments
and the high temperatures reached.

5. Discussion

Most previous studies relate the presence of axial mafic bodies in
areas of crustal extension and breakup with an overall weakening of
the intruded crust (e.g. Buck, 2004; Bialas et al., 2010). In this paper
we propose that a thermal perturbation related to melt emplacement
in a crust with a polymineralic lithology causes crustal strengthening.
This behavior occurs only at a limited distance from the intruded
body, causing an increase in strength of the rocks (Figs. 4, 5) where
there is direct contact with generated melts.

At present day, the Main Ethiopian Rift is characterized by N80%
strain accommodated along magmatic segments, without evidences of
a marked crustal thinning. Thermo-rheological models where mineral
assemblage is kept constant throughout the simulation shows that the
emplacement of dykes is accompanied by crustal heating and, subse-
quently, progressive weakening. Under such conditions, magma-
assisted crustal rifting by repeated dyke injection should also be accom-
panied by distributed strain across theweakened crust, thus hampering
the marked localization of the extension in the MER along-axis



Fig. 5. Temperature (T, left column), differential stress (σd, center) and rheology contour sections (right) in the MR case study (see Figs. 1, 2, section BB′), at the end of the simulation. Tb
indicates the temperature adopted at the base of themodel.Δt indicates the time step represented in the figure, coincidentwith the end of the simulation and the complete growth of the
magmatic segment (top panels, Δt=1.6 Myr; bottom panels, Δt= 3Myr). The light blue field in the brittle-ductile transition contour sections represents the brittle behavior, while the
orange field represents the ductile behavior. The areas bounded by the black dashed lines in the left panels and the red boxes in themiddle and right panels represent the geometry of the
intruded dyke body.
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magmatic segments. In addition, ourmodel shows that dyke intrusion is
accompanied also by a progressive, albeit moderate increase in crustal
strength. This also may contribute to localization of the extension in
the rift axial region by dyke filling, conform previous results (e.g.
Buck, 2004, 2006).

At high intrusion rates, the internal part of the dyke body remains
partiallymolten, and therefore it constitutes aweak crustal zone. Conse-
quently, this interval is a favorable area for melt intrusion, contributing
in localization of deformation in the axial rift zone, in line with results
obtained by Beutel et al. (2010).

The increase of the differential stress values in the upper andmiddle
aureole, following the emplacement of magmatic segments, is accom-
panied by a switch from ductile to brittle rheological behaviors (Fig.
8). This variation is mostly due to the formation of new mineral
associations, but is also promoted by crustal anatexis. Consequently,
stress may be initially localized in this interval and accompanied by
the formation of cracks and vein networks. The presence of melts in
the MER crust, intruded at various depth (Beutel et al., 2010), is widely
observed by tomographic (e.g. Guidarelli et al., 2011), seismic (Keir
et al., 2005) and magnetotelluric (Whaler and Hautot, 2006) studies,
and is mainly characterized by both mafic sills and dykes (e.g. Bastow
et al., 2011) and felsic products (e.g. Boccaletti et al., 1999).

At present day, seismic activity in the MER is mostly distributed
along the rift axis at a depth b 15 kmwithin a 20 kmwide zone of Qua-
ternary eruptive centers (Keir et al., 2006). In our reconstruction, the es-
timated depth of the brittle-ductile transition in the upper crust ranges
from a depth of≈5 km to≈10 km, in agreementwith previous studies
(see Daniels et al., 2014, and references therein). However, our



Fig. 6. Temperature sections for both the CR and theMR case studies. Green areas indicate where generated melt fraction leads to significant strength reduction and rheological variation.
Left panels are for a geothermwhere the temperature at the base of the crust is 600 °C, while right panels are for a geothermwhere the temperature at the base of the crust is 750 °C. The
areas bounded by the black dashed lines represent the geometry of the intruded dyke body.
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observations suggest that melt productionmay exceed theMCT thresh-
old even at shallow depths. Since the rock framework controls magma
mobility (e.g. Vanderhaeghe, 2001) it appears that this depth, where
melt migrates and where brittle behavior is enhanced by melts intru-
sion, may be locally underestimated. Consequently, we propose that
the dyke aureole and the lower crust are favorable locations for
anatexis, and that melt percentages are sufficiently high to cause
break-up of the solid structure of the rocks, thus promoting further seis-
mic activity.

According to Rooney et al. (2007) and Ayalew and Gibson (2009),
volcanic activity in theMER does not show clear evidence of interaction
betweendeep, plume-relatedmelts and continental crust, but should be
ascribed to fractionation of melts at various depths. At the same time,
other studies show that Quaternary basalts are 10–13% contaminated
by the lower crust (e.g. Boccaletti et al., 1995). Our results show that a
“hot” geotherm, related to episodes of melt ponding and pre-dating
the dyking event, may determine partial melting in the lower crust.
On the other hand, when the base of the crust is characterized by cooler
temperatures, melt injection is needed for crustal anatexis. The MER
crust is characterized by crustal thicknesses ranging from 27 km to
38 km, and Poisson's ratio values ranging from 0.27 to 0.35. This indi-
cates that MER crust has been extensively intruded by mafic rocks
(Dugda et al., 2005), and consequently higher temperatures may be ex-
pected at its base. As a result, the presence of partial melts may be ex-
pected at the base of the lower crust. However, volcanic activity
related to the presence of crust-derived magmas is expected only
when the melt fraction reaches a threshold of 30% to 50% (Bergantz,
1989, and references therein). Such high melt fractions were not pre-
dicted in any of our simulations, and we, therefore, tend to exclude
the possibility of a widespread volcanic activity of crustal origin.



Fig. 7.Differential stress-depth diagrams for the CR andMR case studies, relative to a simulated time of 1.6 Myr. Left panels illustrate strength profiles in the crust prior to dyke intrusion,
whereas values in the right panels correspond to the end of simulation. See Fig. 2 for locations of the profiles. Red profiles are located at a lateral distance of 250m away from the intruded
dykes (red lines, Fig. 2b, d), whereas the blue profiles are located at a distance of 20 km (blue lines, Fig. 2b, d). Horizontal axis scale is expressed inMPa; vertical axis scale is expressed in
km. All the profiles relative to the thermally perturbed aureole show amoderate increase in differential stress values at a depth between 10 km and 25 km, despite the presence of a melt
exceeding the MCT threshold.
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Unlike findings by Corti (2008, 2009), who argued that the rift evolu-
tion and segmentation are independent of magmatic processes and con-
trolled only by rift obliquity, our modeling results show that magmatic
processes do play a key role in the Main Ethiopian Rift development.
These twomechanisms, includingmutual feedbacks,may significantly af-
fect the thermo-mechanical structure of theMain EthiopianRift, resulting
in the localization of deformation and magmatic activity along the rift
axis.

Gravimetric studies by Cornwell et al. (2006) highlight the presence
of a dense body at the top of themain dyke body located at the rift axis,
situated beneath the Boset volcano at a depth between 2 kmand 7.5 km.
This body is characterized by a density of 2850 kgm−3 and is composed
of b25% gabbroic material. Two hypotheses have been formulated for
the origin of this intruded body: 1) fractionation of pre-emplaced
melts, or 2) partial melting of crust and sediments due to previous in-
truded material. According to our model, temperatures at the roof of
the dyke body may lead to partial melting of crustal material in a very
thin layer above the magmatic segment. Furthermore, the recorded
melt fraction is lower than the MCT threshold. As a consequence, the
produced melt is devoid of mobility and not sufficient to justify the di-
mension of this felsic body. We therefore propose that the presence of
the melt body is mostly due to fractionation of pre-intruded magmas
at various depths in the crust, with a minimal contribution of crustal
material.



Fig. 8. Differential stress-depth profiles for the crust in the CR (left panels) and MR (right panels) case studies. Legend gives adopted temperature at the base of the model (°C) and total
simulated time (Myr) for each case study. For themeasurement location, see the red (panels a andb) andblue (c and d)dashed lines in Fig. 2. TheCR case study is associatedwith an overall
weakness of the upper crust, down to a depth of 20 km, followed by a pronounced differential stress increase. In the MR case study, strength is focused in the top 10 km.
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6. Conclusions

We have investigated the effect of metamorphism andmelt produc-
tion on the crust of the Main Ethiopian Rift, resulting from the develop-
ment of magmatic segments characterizing the axial zone of the rifting
area. Our aim was to provide a more realistic description of the evolu-
tion of the MER crustal rheology and to better understand the interac-
tion occurring between melts and intruded rocks in view of their
effect on crustal strength.

For a polymineralic andmetamorphism-sensitive crust an important
predicted effect is themoderate increase in crustal strength in proximity
of the magmatic segments, which increasingly affects larger volumes of
crust when the thermal perturbation propagates into the crust. This be-
havior could explain the observed transition in the MER from initial rift
phases, when strain is mostly accommodated by crust extension, to
more recent Plio-Quaternary phases, when strain accommodation is
mostly due to magmatic processes and is concentrated along axial in-
truded bodies in an estimated percentage N 80%.

The thermal perturbation due to the magma presence is accompa-
nied by the production of crustal anatexis derived melts, which locally
may migrate. The produced amount of melt is sufficient to induce vari-
ations in the depth of the brittle-ductile transition, and thus promote
seismicity. At the same time, crustal anatexis can probably not feed
widespread volcanic activity due to the relatively low melt production
in the investigated area.

This study represents a first step in tracing the evolution of crustal
scale features during continental rifting phases, especially when litho-
sphere breakup is accompanied by extendedmagmatic activity. Further
research may focus on the effect of rheological stratifications in the
MER, to better understand the influence of strain partitioning on the
evolution of MER especially during initial rift phases.
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