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Deformation, annealing, reactive melt percolation, and seismic
anisotropy in the lithospheric mantle beneath the southeastern
Ethiopian rift: Constraints from mantle xenoliths from Mega

Andréa Tommasi a,⁎, Virginie Baptiste a, Alain Vauchez a, Benjamin Holtzman b

a Géosciences Montpellier, Université de Montpellier & CNRS, CC 60, Place E. Bataillon, 34095 Montpellier cedex 5, France
b Lamont–Doherty Earth Observatory, Columbia University, Palisades, NY, USA

We explore the relations between deformation, annealing, and melt percolation during rifting and the effect of these processes on seismic anisotropy by 

analyzing the microstructures and crystal preferred orientations (CPO) in a suite of mantle xenoliths from Mega, in the southern end of the Ethiopian rift. 

Previous geochemical studies on these xenoliths showed evidence for interactions with variable melt types and volumes during the rifting process. The 

peridotites have dominantly coarse-porphyroclastic microstructures, but coarse granular or partially recrystallized microstructures also occur. The olivine CPO, 

characterized by orthorhombic to fiber-[100] patterns and moderate intensities, the common occurrence of (100) tilt walls, and the predominance of b0vwN 

rotation axes accommodating low angle misorientations in olivine support deformation by dislocation creep with dominant activation of the [100](010) 

system. Annealing (static recrystallization) of variable intensity followed this deformation. Modal enrichment in pyroxenes in N60% of the studied peridotites 

corroborates ex-tensive, but spatially heterogeneous reactive melt percolation leading to refertilization of the lithospheric mantle beneath the southern 

Ethiopian rift. The common interstitial shapes of the pyroxenes and lack of correlation be-tween the pyroxenes and the olivine CPOs in many samples suggest 

that part of the refertilization is post-kinematic. However, there is no simple relation between reactive melt percolation and annealing of the olivine 

deformation microstructure. Comparison with data from other xenolith localities points to changes in the meta-somatic imprint in the lithospheric mantle 

along the East African rift system correlated with the evolution in the rift maturity. Seismic properties averaged over all samples show typical lithospheric 

mantle patterns with fast propagation of P- and polarization of the fast S-waves parallel to the lineation. The anisotropy is moderate (b6% for P-waves and b4% 

for S-waves), implying that aligned melt must contribute to the strong seismic anisot-ropy measured in the Main Ethiopian rift, north of Mega.

1. Introduction

The East African rift is a natural laboratory for studying the continen-

tal rifting process at variable degrees of maturity, from initiation to oce-

anic accretion. The study of the evolution of surface deformation and

magmatism in time and space (cf. review by Ebinger, 2012; Stamps

et al., 2014), together with analysis of the topography (e.g., Ebinger

et al., 1989), of the changes in rift morphology at large scale

(e.g., Chorowicz, 2005), and of seismic tomography models

(e.g., Pasyanos and Nyblade, 2007; Fishwick, 2010; Hansen et al.,

2012; Civiero et al., 2015) indicate influence of both mantle plumes

and pre-existing structures on the rift evolution. Seismic tomography

also reveals a change in the lithosphere–asthenosphere boundary

depth along the rift, consistentwith the evolution inmaturity of the sys-

tem. In the Western rift and in the Tanzanian divergence, low seismic

velocities are restricted to depths N100 km (Weeraratne et al., 2003).

In contrast, beneath the Ethiopian and Kenyan segments of the rift,

low velocity anomalies up to sub-Moho depths suggest extreme thin-

ning of the lithospheric mantle in a rather narrow channel following

the surface expression of the rift (Achauer and KRISP Teleseismic

Working Group, 1994; Bastow et al., 2008; Hammond et al., 2013).

This picture is corroborated by receiver function analysis, which

shows a velocity increase at ~75 km depth correlated with the surface

expression of the Ethiopian Rift and the Afars, interpreted as due to

onset of decompression melting, and a velocity decrease at similar

depths beneath the rift flanks, interpreted as the lithosphere–astheno-

sphere boundary (Rychert et al., 2012). In spite of their lower lateral
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resolution, Rayleigh wave tomography models confirm this along-rift

variation in the seismic structure of the uppermost mantle, with

shallower low velocity anomalies in the northern part of the system

(Pasyanos and Nyblade, 2007; Fishwick, 2010).

Despite all these data, the deformation of the lithospheric mantle in

response to rifting remains poorly understood. Based on the assessment

that the stresses needed to deform a 100 km-thick lithospheric plate at

tectonic strain rates are higher than those produced by mantle convec-

tion (cf. calculations using the recent flow laws for the lithospheric

mantle by Boioli et al., 2015), many studies proposed that magmatism

plays a major role in rifting. Buck (2006) and Bialas et al. (2010) pro-

posed that dyke intrusion might help in initiating rifting by heating up

an initially thick and cold continental lithosphere. This model was fur-

ther developed by Havlin et al. (2013), who proposed that repeated

propagation of small-scale, cm-wide dykes from a melt accumulation

layer at the lithosphere–asthenosphere boundary may progressively

heat and thin the lithosphere at rates of a few km/Myr. The role of

magmas in continental rifting may be even more subtle, as low melt

fractions (b1%)migrating through the lithospheric mantle might signif-

icantly decrease its viscosity (Takei and Holtzman, 2009). Reactive melt

percolationmay also change the composition of the lithospheric mantle

(e.g., Le Roux et al., 2007) and cause heating (e.g., Havlin et al., 2013;

Kourim et al., 2015), due to both heat advection and latent heat release

by refertilization reactions. It may also reduce the mantle strength due

to reaction-induced grain size reduction and phase mixing

(e.g., Djikstra et al., 2002; Soustelle et al., 2010).

In the last decade, seismic studies have provided an increasing body

of evidence for the presence of magmas within the lithospheric mantle

beneath the East African rift. Seismic anisotropy data require the pres-

ence of oriented melt pockets in the crust and the mantle within the

rift axis in Ethiopia and Afars (e.g., Kendall et al., 2005; Bastow et al.,

2010; Hammond et al., 2014). Presence of melt at lithospheric depths

has also been proposed in the younger western branch of the East

African rift based on receiver function and seismic tomography data

(Wölbern et al., 2012; Jakovlev et al., 2013). However, these data con-

strain neither the actual volumes nor the spatial distribution of the

magmas. For instance, seismic anisotropy observations may be equally

explained by alignment of small dykes or of melt films along grain

boundaries. Moreover, seismic velocities and anisotropy depend on

both the melt fraction and its spatial distribution and the two effects

cannot be easily discriminated.

In the present study, we analyze textural evidence for deformation

and melt percolation in mantle xenoliths from the southern end of the

main Ethiopian rift (south of Mega in the Sidamo region, Fig. 1). Geo-

chemical studies (Bedini, 1994; Bedini et al., 1997; Bedini and

Bodinier, 1999; Lorand et al., 2003) pointed that these peridotites

have recorded interactions with variable melt types and volumes in

the lithospheric mantle. Bedini et al. (1997) identified two geochemical

groups among these peridotites: (1) peridotites strongly enriched in

LILE, with negative anomalies of HFSE, sometimes apatite-bearing,

which they defined as “deformed”, and (2) peridotites depleted or

slightly enriched in LILE and devoid of any significant HFSE anomaly,

which they defined as “granular”. They interpreted the geochemical

characteristics of “deformed” peridotites as resulting from interaction

with small fractions of LILE-enriched melts saturated in Ti-oxides,

while the “granular” peridotites were interpreted as recording re-

equilibration with high fractions of basaltic melts. This interpretation

was corroborated by the analysis of PGE abundances and sulfides

modal compositions (Lorand et al., 2003). This xenolith suite is thus

ideal to study the relations between reactivemelt percolation (ormeta-

somatism), deformation, and annealing and the consequences of these

processes for the seismic properties of the lithospheric mantle.

After a short review of the geological evolution and of geophysical

data in the region and the presentation of the methods, we describe in

Section 4 the microstructural evidence for deformation, annealing, and

reactive melt percolation in the Mega xenoliths and estimate the

resulting seismic anisotropy. Section 5 presents insights on the relations

and relative timing of deformation, annealing, and reactive melt perco-

lation derived from these observations. It also compares the present

data with compositional and microstructural data from mantle xeno-

liths from other localities within the East African rift system and with

seismological data. This comparison allows discussing changes in defor-

mation and magmatism and their relation to variations in the litho-

sphere–asthenosphere boundary depth along the rift. Finally we

discuss the consequences of these processes for the seismic anisotropy

beneath the Ethiopian rift.

2. Geological and geophysical background

The East African rift system extends over more than 4000 km, from

the Afar triple junction to the Gulf of Mozambique (Fig. 1a). It is com-

posed by a series of rifts at different stages of maturity, from incipient
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Fig. 1. (a)Digital topographicmap (http://www.geomapapp.org, topographydata fromRyan et al., 2009) of the East African rift system. Xenolith localities are indicated by stars. (b)Map of

the Mega area, displaying the xenolith occurrences, as well as the rift-related faults, spatter cones, and Precambrian rocks outcrop domains (after Morten et al., 1992).
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oceanization in the Afars to incipient rifting in Mozambique. The pres-

ent study focuses on the eastern flank of the southern main Ethiopian

rift, in the southern extremity of the Ethiopian plateau, just north of

the Turkana Depression (Fig. 1b). The Turkana Depression is a 300 km

wide system of extensional basins that connects the main Ethiopian

rift to the Eastern (Gregory) rift in Kenya. This zone, which reactivates

NE-trending Mesozoic rift structures (Bosworth, 1992), contains the

earliest traces of volcanic activity (45–33Ma) in the East African rift sys-

tem (Ebinger et al., 2000). The surface expression of this early

magmatism is offset to the northwest of the study area.

Extensive plume-related magmatism with a peak at 31–30 Ma lead

to formation of the Ethiopian flood basalt province to the northwest of

the study area, in northern Ethiopia and Yemen (Ebinger et al., 1993;

Hofmann et al., 1997; Georges et al., 1998). Extension in Ethiopian rift

started in the south, close to the study area, at ~22 Ma and progressed

northwards (Woldegabriel et al., 1991; Ebinger et al., 1993). The

Ethiopian rift records two additional volcanic episodes: extrusion of al-

kaline basalts and trachytes in theMiocene (19–11Ma) and fissural vol-

canism accompanied by formation of cinder cones in the Plio-

Pleistocene (Ebinger et al., 1993; Furman, 2007; Shinjo et al., 2011). In

the study region (Fig. 1b), this latest magmatic event is expressed as

lava flows and pyroclastic rocks with basanitic to nephelinitic composi-

tions (i.e., products of low melting degrees), which carried abundant

mantle xenoliths (Morten et al., 1992), among which are those studied

here.

In contrast to other sectors of the East African rift system, the study

region is poorly covered by seismological data. We have to rely on ‘in-

terpolating’ between data obtained north and south of it: in the Main

Ethiopian rift/Afars and in the Turkana depression/Kenyan rift. Crustal

thickness data vary strongly between these two domains. The average

crustal thickness beneath the plateau is ~38 km, whereas it is 25 ±

5 km in the Turkana depression; this variation may explain the differ-

ence in elevation between the two domains (Benoit et al., 2006). A

detailed study of the seismic structure of the crust across the main

Ethiopian rift also highlights a change in composition between the

northwestern rift flank, where mafic underplating is important, and

the southeastern flank, where felsic compositions dominate (Cornwell

et al., 2010). If these data can be extrapolated ~500 km south, mafic un-

derplating is not expected in the crust beneath Mega. Joint inversion of

Rayleigh wave group velocities and receiver functions support litho-

spheric thicknesses of 70–80 km and maximum S-waves velocities of

4.3 km/s in the lithospheric mantle beneath the Ethiopian Plateau

(Dugda et al., 2007). Thinner lithosphere (50 km) and lower maximum

S-waves (4.1–4.2 km/s) were inferred beneath the central part of the

main Ethiopian rift (Dugda et al., 2007). Low seismic velocities (Sn ve-

locities of 4.1–4.3 km/s) were also inferred for the lithospheric mantle

beneath the Turkana depression from Rayleigh wave dispersion

modeling (Benoit et al., 2006). This data is consistent with predictions

from continent-scale Rayleigh wave models, in which the Mega region

is characterized by velocities of ~4.3 km/s in the shallow lithospheric

mantle, crust with intermediate thickness between those observed in

the Ethiopian plateau and in the Turkana depression, and a lithosphere-

asthenosphere boundary at b80 km depth (Pasyanos and Nyblade,

2007; Fishwick, 2010). Thesemodels also indicate that the asthenosphere

in this region has low shear wave velocities (−4% at 100 km depth and

−2% at 200 km depth) relative to the ak135 reference Earth model.

SKS splitting studies in the northern and central main Ethiopian rift

and in the Afars report coherent rift-parallel polarization of the fast S-

wave, but variable delay times (0.5–1.7 s: Gashawbeza et al., 2004; 1–

3 s: Kendall et al., 2005). Rift-parallel polarization of fast SKS and

delay times of 0.8–2.4 s were also measured in southern Kenya and

Tanzania (Gao et al., 1997; Walker et al., 2004; Bagley and Nyblade,

2013). High delay times (N2 s) beneath regions of recent volcanism

and thinned lithosphere support an anisotropic signal dominated by

oriented melt pockets (Kendall et al., 2005). This melt-related signal is

probably superimposed to the anisotropy due to olivine crystal

preferred orientations in the lithosphere and asthenosphere, which ex-

plains the similar fast S-wave polarization orientations but lower delay

times in stations offset from volcanic centers (e.g., Gashawbeza et al.,

2004). A more recent SKS study supports the existence of two aniso-

tropic layers beneath Ethiopia: an upper layerwith variable polarization

directions beneath the plateau and the main rift, where anisotropy

results from a combination of the effects of aligned melt pockets and

fossil olivine crystal preferred orientations, and a lower anisotropic

layer with a consistent NE–SW orientation that could be attributed to

olivine crystal preferred orientations due to mantle flow from the

African Superplume (Hammond et al., 2014). Based on numerical

models, Hammond and Kendall (2016) even constrained spatial varia-

tions in the melt distribution. They proposed that, beneath the Main

Ethiopian rift, melt is dominantly stored in vertically aligned disk-like

inclusions, whereas it occurs in both horizontally and vertically aligned

inclusions beneath the Red Sea.

3. Methods

3.1. Sample selection

We retrieved 42 xenoliths from the Morten et al. (1982) collection

analyzed by Bedini (1994) and Bedini et al. (1997).When enoughmate-

rial was available, two thin sections were prepared in order to obtain a

larger analyzed area. Because our observations and interpretations on

sample microstructures differ from those by Bedini et al. (1997), we

will refer in the following to their “deformed” peridotites as ‘M1perido-

tites’, which represent the peridotites that interacted with small melt

fractions, and to their “granular” peridotites as ‘M2 peridotites’, which

represent the peridotites that interacted with larger volumes of basaltic

melts. Among the samples selected for the present study, 9 are M1 pe-

ridotites, 10 are M2 peridotites. Three M1 peridotites (2 harzburgites

and one lherzolite) and one M2 harzburgite from the Bedini et al.

(1997) geochemical study could not be retrieved. In addition, we ana-

lyzed 13 peridotites and 10 pyroxenites from the same volcanic fields

(Morten et al., 1992), for which no geochemical data is available.

Tables 1 and 2 display the modal compositions, microstructures, meta-

somatism type, and thermobarometric data (when mineral composi-

tions were available) for the studied samples. Table 1 also presents

olivine CPO, grain size, and intragranularmisorientation data for the pe-

ridotites and olivine-websterites.

3.2. Electron-backscattered diffraction (EBSD) data acquisition and treatment

Crystallographic preferred orientations (CPO) of olivine, pyroxenes,

garnet, and spinel were measured at the SEM–EBSD facility at

Geosciences Montpellier by indexing of electron back-scattered diffrac-

tion (EBSD) patterns produced by interaction of an incident electron

beam with a carefully polished thin section tilted at 70° to the electron

beam. Measurements were performed in a JEOL JSM 5600 scanning

electron microscope using an acceleration voltage of 17 kV and a work-

ing distance of 23 mm. Maps covering almost entirely each thin section

were obtained using steps between 15 and 50 μm, depending on grain

size. Indexing rates ranged between 70 and 90%. Orthopyroxene

and clinopyroxenewere seldommisindexed for one another. Inaccurate

mineral determination and misindexing due to olivine pseudo-

symmetry were corrected by careful post-acquisition data treatment

controlled by comparing EBSD maps and microscopic observations.

Modal compositions were approached as the area fraction occupied

by eachmineral on the EBSDmaps. Comparison of data derived from the

two sections of the same sample, when those were available, indicates

some heterogeneity at the sample scale. However, in most cases, the

present modal compositions are consistent within ±3% with those cal-

culated based on chemical data (Bedini and Bodinier, 1999).

Crystal-preferred orientation data are displayed in pole figures, pre-

sented as lower hemisphere stereographic projections. To avoid over-
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representation of large grains, datawere reduced to one average crystal-

lographic orientation per grain. When the foliation and lineation could

be identified, the orientation of the main crystallographic directions:

[100], [010] and [001] for olivine and pyroxenes, was plotted relative

to the principal axes of the strain ellipsoid X, Y, and Z.When the foliation

and lineation could not be identified in the hand samples, thin sections

Table 1

Peridotites and olivine-websterite compositions, microstructures, thermometry, and olivine CPO, misorientation, and grain size data.

Sample Thin

section

Rock

type

Microstructure§ Modal compositions

(%)#
Metasomatism⁎ Mineral

compositions⁎
Thermometry

(°C)⁎
Olivine data

ol opx cpx gt sp Type Apatite Mg#

ol

Mg#

opx

Mg#

cpx

Teq-c Teq-b J_ctf BA_ctf Mean M2M

(°) ##

Mean grain

size (μm)⁎⁎

ET35 ET35 Hz C-Porph N20% rex 73 23 3 0 b1 M1 91.2 92.2 92.9 950 1026 3.51 0.62 2.13 1019.49

ET41 ET41 Lz C-porph 78 14 7 0 1 M1 X – – – – – 4.01 0.42 3.14 2092.58

ET46 ET46 Lz CG 83 11 5 0 1 M1 X 90.9 91.6 92.1 1009 1029 5.75 0.48 2.18 1936.86

ET49 ET49 Hz C-Porph 81 15 3 0 1 M1 91.2 92.02 92.91 954 972 3.18 0.56 2.34 1853.96

ET54 ET54 Hz C-Porph 84 12 4 0 0 M1 91.5 92.18 93.41 901 923 7.79 0.62 2.65 2801.08

ET66 ET66A Lz C-Porph N50%rex 69 24 6 0 1 M1 – – – – – 2.76 0.58 1.54 931.94

ET66B Hz C-Porph N50%rex 76 21 3 0 0 M1 – – – – – 2.06 0.44 1.63 973.11

ET69 ET69 Lz C-Porph 50 32 16 0 2 M1 X 90.7 91.33 92.66 863 897 4.96 0.45 2.94 1485.14

ET83 ET83A Hz C-Porph 84 13 2 0 1 M1 – – – – – 5.74 0.58 3.19 2392.27

ET83B Hz C-Porph 72 25 2 0 1 M1 – – – – – 5.01 0.50 3.47 2397.82

ET84 ET84A Hz C-Porph ~20% rex 86 11 3 0 0 M1 X 92.1 92.7 94.0 830 – 4.26 0.56 2.77 1632.29

ET84B Hz C-Porph ~20% rex 76 22 1 0 1 M1 X 92.1 92.7 94.0 830 – 4.80 0.68 2.93 1671.13

ET32 ET32 Lz C-Porph 46 36 16 0 2 M2 88.5 89.3 90.1 1049 – 3.93 0.39 4.38 1482.08

ET40 ET40 Lz C-Porph 62 21 15 0 2 M2 – – – – – 3.16 0.71 2.78 1556.01

ET42 ET42 Lz CG 75 17 7 0 1 M2 91.3 92.1 92.2 980 1010 5.26 0.55 1.86 2165.41

ET47 ET47 Hz CG 70 26 3 0 b1 M2 88.4 89.8 89.2 1019 1020 3.51 0.58 1.98 1687.84

ET48 ET48A Lz C-Porph 52 26 20 0 2 M2 89.5 89.8 90.6 942 970 3.07 0.76 2.79 1798.56

ET48B Lz C-Porph 56 29 14 0 1 M2 89.5 89.8 90.6 942 970 5.20 0.59 2.61 1838.90

ET70 ET70A Lz C-Porph 61 14 23 0 2 M2 – – – – – 4.14 0.57 3.70 2051.55

ET70B Lz C-Porph 53 30 15 0 2 M2 – – – – – 5.02 0.51 3.71 2045.09

ET74 ET74A Lz M-Porph N50%rex 61 14 23 0 2 M2 90.9 91.6 92.6 916 941 3.08 0.43 1.45 1198.36

ET74B Lz M-Porph N50%rex 64 16 19 0 1 M2 90.9 91.6 92.6 916 941 5.06 0.53 2.00 1390.30

ET75 ET75 Lz MG 57 18 22 0 3 M2 89.5 90.2 90.8 1016 1043 3.26 0.53 1.03 1331.05

ET76 ET76 Lz C-Porph 57 30 10 0 3 M2 89.5 90.3 91.3 933 971 3.56 0.79 3.68 2063.00

ET80 ET80 Lz C-Porph 55 27 16 0 2 M2 89.3 90.0 91.1 925 936 2.97 0.29 2.88 1524.13

ET-VB1 ET-VB1 Hz C-porph 79 17 3 0 1 no REE data – – – – – 7.17 0.40 2.81 1566.66

ET30 ET30 Lz C-porph 50 25 24 0 1 no REE data – – – – – 6.08 0.57 3.39 1950.24

ET37 ET37 Lz MG 52 20 27 0 1 no REE data – – – – – 2.10 0.48 1.93 1178.08

ET38 ET38 Wehrl C-Porph 78 0 21 0 1 no REE data – – – – – 4.08 0.12 3.18 1690.82

ET51 ET51A Lz C-Porph 65 20 13 0 2 no REE data – – – – – 3.00 0.39 2.25 1224.48

ET53 ET53 Lz C-Porph 72 16 11 0 1 no REE data 90.2 90.9 91.5 969 995 4.72 0.69 2.96 2208.10

ET63 ET63 Lz C-Porph 48 40 11 0 1 no REE data – – – – – 3.88 0.34 3.47 1462.89

ET71 ET71 Lz C-Porph 55 30 14 0 1 no REE data – – – – – 6.01 0.25 2.94 1489.68

ET72 ET72 Hz C-Porph 78 20 2 0 b1 no REE data – – – – – 6.74 0.66 4.13 2205.16

ET73 ET73 Lz C-Porph 61 19 17 0 3 no REE data – – – – – 5.59 0.49 4.14 2718.03

ET82 ET82 Lz C-Porph 62 20 17 0 1 no REE data – – – – – 3.02 0.41 2.98 1656.64

ET85 ET85A Lz C-Porph 85 10 5 0 0 no REE data – – – – – 6.50 0.50 3.34 2710.71

ET85B Lz C-Porph 66 13 17 0 4 no REE data – – – – – 9.86 0.69 4.10 3094.87

ET58 ET58 Ol-Wb MG 27 42 26 0 5 no REE data – – – – – 4.86 0.54 2.31 1016.42

ET65 ET65 Wb CG 9 50 37 0 4 no REE data – – – – – 4.98 0.16 1.56 803.56

§ C-Porph = coarse-porphyroclastic; CG = coarse-granular; MG = medium-granular; rex = recrystallized.
# Modal compositions determined from EBSD maps.
⁎ Based on data from Bedini (1994) and Bedini et al. (1997); equilibrium temperatures calculated using the Brey and Kohler (1990) two-pyroxene thermometer.
## M2M= misorientation relative to mean orientation of the crystal; average over the entire EBSD map.
⁎⁎ Apparent (2D) grain size estimated as the diameter of a circle with the same area as the grain; area weighted average over the entire EBSD map.

Table 2

Pyroxenites data.

Sample Thin section Rock type Microstructure§ Modal compositions (%)# Mineral

compositions⁎
Thermobarometry (°C/GPa)⁎

ol opx cpx gt sp Mg# opx Mg# cpx Teq-core Teq-rim Peq-core Peq-rim

ET55 ET55A Wb C-Porph 0 36 64 0 0

ET55B Wb C-Porph 0 14 86 0 0

ET56 ET56 Gt-Wb G 2 13 73 2 0 89 89.3 1156 1100 1.86 1.72

ET64B ET64B Wb G 0 44 54 0 2

ET68 ET58 Gt-Cpx C-Porph 0 0 90 10 0

ET77 ET77 Wb C-Porph 0 42 58 0 0

ET78 ET78 Gt-Cpx C-Porph 0 b1 80 18 1

ET81 ET81 Gt-Wb G 0 36 53 10 1 90.3 91.5 764 775 0.86 0.91

§ C-Porph = coarse-porphyroclastic; G = granular;.
# Modal compositions determined from EBSD maps.
⁎ Based on data from Bedini (1994) and Bedini et al. (1997); calculated using the Brey and Kohler (1990) two-pyroxene thermometer and the Nickel and Green (1985) orthopyroxene-

garnet barometer.
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were cut in random orientations. However, all samples showed a well-

defined olivine CPO, indicating deformation by dislocation creep with

dominant activation of the [100](010) slip system. To facilitate compar-

ison between different samples, we present therefore the CPO data of all

samples rotated into a common orientation, in which the maximum

concentration of olivine [100] and [010] axes are parallel to the E–W

and the N–S directions of the pole figure, respectively.

The strength of the olivine CPOwas quantified using the dimension-

less J-index, which is the volume-averaged integral of squared orienta-

tion densities (Bunge, 1982). The J-index was calculated using the

MTEX toolbox in Matlab (http://mtex.googlecode.com; Hielscher and

Schaeben, 2008; Bachmann et al., 2011) with orientation distribution

functions (ODF) calculated using a “de la Vallée Poussin” kernel with a

halfwidth of 10°. This calculation was performed using both one-

Table 3

Calculated seismic properties (ambient p,T conditions).

Sample Thin

section

Rock

type

Microstructure§ Seismic properties (velocities in km/s and anisotropy in %)⁎

AVp Vp

max

Vp

min

AVs pol

max

AVs1 Vs1

max

Vs1

min

AVs2 Vs2

max

Vs2

min

AVp/Vs1 Vp/Vs1

max

Vp/Vs1

min

ET35 ET35 Hz C-Porph N20% rex 7.55 8.68 8.04 4.93 2.94 4.97 4.83 3.82 4.86 4.68 6.52 1.78 1.66

ET41 ET41 Lz C-porph 6.98 8.6 8.02 6.4 3.51 4.98 4.81 3.66 4.84 4.67 5.77 1.75 1.65

ET46 ET46 Lz CG 10.46 8.84 7.96 6.64 3.84 5 4.81 5.79 4.88 4.61 8.79 1.79 1.64

ET49 ET49 Hz C-Porph 6.75 8.62 8.06 4.87 2.4 4.93 4.82 3.5 4.86 4.69 4.98 1.75 1.67

ET54 ET54 Hz C-Porph 12.34 8.95 7.91 7.95 4.52 5.07 4.84 5.94 4.87 4.59 11.37 1.82 1.63

ET66 ET66A Lz C-Porph N50%rex 5.63 8.56 8.1 3.64 1.62 4.92 4.84 3.43 4.86 4.69 5.7 1.76 1.66

ET66B Hz C-Porph N50%rex 4.88 8.5 8.1 3.46 1.64 4.92 4.84 2.4 4.84 4.73 4.46 1.75 1.67

ET69 ET69 Lz C-Porph 5.23 8.49 8.06 4.51 2.4 4.93 4.81 3.04 4.84 4.7 4.45 1.74 1.66

ET83 ET83A Hz C-Porph 11.43 8.9 7.93 7.41 3.98 5.03 4.83 6.07 4.89 4.6 9.7 1.8 1.64

ET83B Hz C-Porph 7.28 8.61 8 5.65 2.37 4.95 4.83 3.55 4.84 4.67 5.15 1.74 1.65

ET84 ET84A Hz C-Porph ~20% rex 7.38 8.7 8.08 5.37 2.13 4.94 4.84 4.25 4.88 4.67 6.72 1.77 1.65

ET84B Hz C-Porph ~20% rex 8.61 8.75 8.02 6.91 3.25 4.98 4.82 5.35 4.89 4.64 7.95 1.77 1.63

ET32 ET32 Lz C-Porph 3.14 8.36 8.1 3.94 2.63 4.93 4.8 2.81 4.84 4.7 3.08 1.73 1.67

ET40 ET40 Lz C-Porph 4.26 8.46 8.11 3.69 1.82 4.89 4.8 2.93 4.84 4.7 4.03 1.74 1.67

ET42 ET42 Lz CG 8.83 8.74 8 5.72 2.98 4.97 4.82 4.73 4.87 4.65 7.78 1.78 1.64

ET47 ET47 Hz CG 5.08 8.49 8.07 3.55 1.69 4.91 4.82 2.49 4.85 4.73 4 1.73 1.67

ET48 ET48A Lz C-Porph 4.71 8.48 8.09 2.9 1.8 4.88 4.8 2.62 4.83 4.71 4.4 1.75 1.67

ET48B Lz C-Porph 5.44 8.52 8.07 4.92 2.54 4.94 4.82 2.94 4.84 4.7 5.38 1.75 1.66

ET70 ET70A Lz C-Porph 5.51 8.5 8.05 4.39 2.27 4.9 4.79 3.01 4.83 4.68 4.05 1.74 1.67

ET70B Lz C-Porph 3.35 8.38 8.1 3.3 2.71 4.89 4.76 2.09 4.83 4.73 2.99 1.73 1.68

ET74 ET74A Lz M-Porph N50%rex 6.52 8.55 8.01 4.2 2.21 4.9 4.8 2.99 4.82 4.68 5.49 1.76 1.66

ET74B Lz M-Porph N50%rex 8.54 8.67 7.96 5.37 2.07 4.94 4.84 4.17 4.85 4.65 7.91 1.78 1.64

ET75 ET75 Lz MG 4.22 8.44 8.09 2.55 1.74 4.86 4.77 2.12 4.82 4.72 3.72 1.75 1.68

ET76 ET76 Lz C-Porph 5.26 8.53 8.1 4.01 1.54 4.89 4.82 3.38 4.85 4.69 4.61 1.75 1.67

ET80 ET80 Lz C-Porph 3.41 8.45 8.17 1.94 1.33 4.85 4.79 1.34 4.82 4.75 2.61 1.75 1.7

ET-VB1 ET-VB1 Hz C-porph 12.23 8.88 7.85 8.29 5.77 5.06 4.78 5.28 4.86 4.61 8.84 1.79 1.64

ET30 ET30 Lz C-porph 5.2 8.47 8.04 5 3.18 4.93 4.77 3.47 4.84 4.67 5.48 1.75 1.65

ET37 ET37 Lz MG 2.41 8.33 8.13 2.28 1.16 4.85 4.79 1.64 4.81 4.73 2.75 1.73 1.69

ET38 ET38 Wehrl C-Porph 6.53 8.49 7.96 4.41 4.13 4.94 4.74 1.04 4.76 4.71 3.85 1.74 1.67

ET51 ET51A Lz C-Porph 3.84 8.45 8.13 2.26 1.36 4.87 4.81 1.91 4.82 4.73 3.81 1.75 1.68

ET53 ET53 Lz C-Porph 7.83 8.69 8.04 5.29 2.21 4.93 4.83 4.89 4.88 4.65 7.07 1.77 1.65

ET63 ET63 Lz C-Porph 3.83 8.33 8.02 2.96 2.28 4.87 4.76 1.62 4.78 4.7 2.62 1.72 1.68

ET71 ET71 Lz C-Porph 6.92 8.55 7.98 5.76 3.08 4.95 4.8 4.07 4.84 4.65 4.76 1.74 1.66

ET72 ET72 Hz C-Porph 10.33 8.85 7.98 7.11 3.37 5.01 4.84 5.95 4.9 4.61 9.38 1.79 1.63

ET73 ET73 Lz C-Porph 5.78 8.51 8.03 4.31 2.42 4.89 4.78 3.39 4.83 4.67 3.84 1.74 1.68

ET82 ET82 Lz C-Porph 4.07 8.45 8.12 3.72 2.37 4.91 4.79 2.74 4.84 4.71 3.86 1.73 1.67

ET85 ET85A Lz C-Porph 10.6 8.82 7.93 7.73 4.82 5.06 4.82 4.45 4.85 4.64 9.79 1.8 1.64

ET85B Lz C-Porph 6.44 8.56 8.03 5.76 3.63 4.96 4.78 3.59 4.82 4.65 7.25 1.78 1.65

ET58 ET58 Ol-Wb MG 3.88 8.28 7.96 4.32 2.28 4.87 4.76 3.34 4.82 4.66 4.56 1.72 1.65

ET65 ET65 Wb CG 3.06 8.22 7.97 2.52 1.77 4.84 4.76 1.88 4.79 4.7 3.06 1.72 1.66

ET55 ET55A Wb CP 8.46 7.90 4.26 0.08 4.13 4.92 4.72 3.50 4.82 4.66 7.62 1.76 1.63

ET64B ET64B Wb CG 8.34 7.95 3.38 0.02 2.37 4.87 4.76 1.81 4.79 4.70 5.12 1.74 1.65

ET68 ET58 Gt-Cpx CP 8.62 7.58 9.84 0.15 8.50 5.04 4.63 8.53 4.88 4.48 16.35 1.81 1.53

ET77 ET77 Wb CP 8.38 7.85 4.93 0.13 4.01 4.91 4.72 3.49 4.83 4.67 6.30 1.73 1.63

ET81 ET81 Gt-Wb CG 8.45 7.98 4.42 0.04 2.33 4.90 4.78 3.77 4.84 4.66 6.82 1.75 1.63

§ C-Porph = coarse-porphyroclastic; CG = coarse-granular; MG = medium-granular; rex = recrystallized.
⁎ Comparison between calculated and measured seismic velocities for a different rock types shows ≤ 5% of discrepancy (Barruol and Kern, 1996).

Table 4

Calculated seismic anisotropy for the average Mega sample considering different orientation of the foliation and lineation

Orientation of the foliation (S) and lineation (L) Azimuthal anisotropy (horizontally propagating waves) Polarisation anisotropy

Pn waves (%) Love waves (%) Rayleigh waves (%) SKS (%) Surface waves (Sh/Sv)2

S horizontal / L horizontal 3.4 0.5 2.0 2.0 1.1

S vertical / L horizontal 5.1 1.3 2.4 3.3 1.0

S vertical / L vertical 1.7 1.3 1.3 1.3 1.0

S dipping by 45° / L horizontal 5.1 1.7 2 2.4 1.0

S dipping by 45° / L downdip 3.2 2.4 3.8 2.9 1.0
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orientation datum per pixel and themean orientation of each grain. The

former choice allows relating the CPO strength to the variations in grain

size. Large crystals contributemore to the J-index, as they do for the an-

isotropy of physical properties. In naturally deformed peridotites, the J-

index, when calculated using the same parameters as in this study,

ranges between 1 (random CPO) and 18, with an average at ~4.8

(Tommasi and Vauchez, 2015).

The olivine CPO symmetry is characterized by the dimensionless BA-

index (Mainprice et al., 2014) defined as:

BA index ¼ 1
�

2
2−

P010

G010þ P010

� �

−
G100

G100þ P100

� �� �

ð1Þ

where P and G are indexes used to characterize the shape of the distri-

bution (P for Point and G for Girdle; Vollmer, 1990) of the olivine prin-

cipal axes ([100], [010] and [001]). These indexes are calculated from

the eigenvalues of the normalized orientation matrix as P = λ1 − λ3

and G = 2(λ2 − λ3) using the MTEX texture analysis Matlab toolbox.

The BA-index allows a classification of the olivine CPO symmetry into

3 types: fiber-[010], characterized by a point concentration of [010]

and a girdle distribution of [100] (BA-index b 0.35), orthorhombic, char-

acterized by point concentrations of both [100] and [010] (0.35 b BA-

index b 0.65), and fiber-[100], characterized by a point concentration

of [100] and a girdle distribution of [010] (BA-index N 0.65).

The automatic grain detection routine in the MTEX toolbox

(Bachmann et al., 2010) is used for quantitative analysis of grain sizes

and shapes. Grain boundaries are defined by misorientations between

neighboring pixels N15°. Intracrystalline orientation gradients, which

are a proxy for the dislocation density, were quantified by the analysis

of the misorientation of each pixel relative to the average orientation

of the grain (M2M). The decrease in the mean M2M value (averaged

over the entire sample) is used as a proxy for quantifying the recrystal-

lization degree of the sample. Both dynamic and static (annealing)

recrystallization should result in decrease of the intracrystalline disloca-

tion density due to recovery, increase of the volume (area in a 2D EBSD

map) occupied by recrystallized grains, which have lowdislocation den-

sities, and/or growth of grains with low dislocation densities.

3.3. Seismic properties

Seismic properties were calculated using the CPO of all major phases

and their respective modal content estimated from EBSD maps

(Mainprice, 1990). Olivine, orthopyroxene, clinopyroxene, garnet, and

spinel single-crystal elastic constant tensors at ambient conditions

were used (Hearmon, 1984; Abramson et al., 1997; Chai et al., 1997a,

b; Collins and Brown, 1998). A Voigt–Reuss–Hill averaging was applied

in all calculations. Average seismic properties for the lithospheric man-

tle beneathMega were calculated by averaging the elastic constant ten-

sors of all samples calculated using the CPO data rotated into a common

structural reference frame, that is, considering a geographically coher-

ent orientation of the foliation and lineation for all samples. These

values represent therefore maximum estimates of the seismic anisotro-

py that may be produced by the studied xenolith suite.

4. Results

4.1. Modal compositions and thermobarometry

M1 peridotites aremainly harzburgites andM2peridotites are dom-

inantly lherzolites (Fig. 2 and Table 1). There were a few more

lherzolites within M1 peridotites in the original Bedini et al. (1997)

dataset, but comparison of the average compositions of each group in

the present study (M1: 75% ol, 19% opx, 5% cpx, 1% sp. and M2: 59% ol,

23% opx, 16% cpx, 2% sp) and in Bedini et al. (1997) (M1: 73% ol, 20%

opx, 6% cpx, 1% sp andM2: 65% ol, 21% opx, 13% cpx, 2% sp) corroborates

the representativity of the present dataset. Clinopyroxene-rich

lherzolites predominate among the peridotites for which no REE data

is available (Fig. 2), but this group also contains two harzburgites

(ET72, ETVB1), an orthopyroxene-rich lherzolite (ET67), and one

wehrlite (ET38). The pyroxenites have a wide variety of compositions

(Fig. 2a andTable 1). Three are olivine-websteriteswith olivine contents

ranging from 27 to 8%. Six are websterites (four spinel-bearing and two

garnet-bearing, among which one with 2% olivine) and the last one is a

garnet clinopyroxenite.

Comparison of themodal compositions with the compositional evo-

lution predicted by different melting models (Fig. 2b) highlights that

most M1 peridotites have compositions consistent with predictions by

partial melting models, except for a few outliers, which are slightly

enriched in clinopyroxene or in olivine. In contrast, most M2 peridotites

are enriched in clinopyroxene or in both clino- and orthopyroxene.

The contrast inmodal compositions betweenM1 andM2 peridotites

is associated in most cases with coherent changes in mineral chemistry.

M1 peridotites tend to display higher olivine Mg# (atomic Mg /

(Fe +Mg)), ranging between 0.907 and 0.921. OlivineMg# in M2 peri-

dotites varies between 0.884 and 0.913. Ortho- and clinopyroxeneMg#

is also higher in M1 peridotites (Table 1). However, some samples have

mineral compositions inconsistent with their modal data. For instance,

M2 harzburgite ET47 has Fe-rich olivine (Mg# 0.884), but a refractory

modal composition (Fig. 2b),whileM1 lherzolite ET69 hasMg-rich oliv-

ine (Mg# 0.907), but a fertile modal composition (50% olivine, Table 1).

Equilibration temperatures calculated using post-exsolution pyrox-

ene compositions measured by Bedini (1994) and the two-pyroxene

geothermometer of Brey and Köhler (1990; uncertainty of ±50 °C)

range between 830 and 1049 °C (Table 1). Rim temperatures are in gen-

eral higher than core ones, suggesting heating (Fig. 3 and Table 1). The

lowest temperatures (b900 °C) are observed in M1 peridotites cores

and the highest temperatures, in M2 peridotites. The latter also show

a smaller dispersion of equilibrium temperatures. For the two garnet-

bearing pyroxenites, equilibration pressures and temperatures were

calculated using the barometer of Nickel and Green (1985) and the

two-pyroxene geothermometer of Brey and Köhler (1990), respective-

ly. Olivine-bearing garnet-websterite ET56 yields equilibration condi-

tions of 1156 °C and 1.86 GPa (ca. 60–65 km depth) based on core

compositions and of 1100 °C and 1.72 GPa based on rim compositions.

Olivine-free garnet-websterite ET81 yields abnormal low pressures

and temperatures: 775 °C and 0.9GPa (ca. 30–35kmdepth,well outside

the stability field of garnet) using both core and rim compositions.

4.2. Microstructures

4.2.1. Peridotites

Bedini et al. (1997) proposed a simple correlation between micro-

structural types and chemical composition of the Mega peridotites,

implying a relationship between the deformation and the melt migra-

tion histories. However, the present analysis of the microstructures,

which is based on association of optical observations with data derived

from EBSD mapping, does not corroborate this correlation. Coarse-

porphyroclastic microstructures prevail in all geochemical groups. This

microstructure is characterized by predominance of plurimillimetric ol-

ivine crystals with a well-developed substructure (subgrains and

undulose extinction; Fig. 4a–d), indicative of deformation under low

stress (probably high temperature) conditions. Some samples from

the three groups (ET42, ET46, ET47, ET75, ET37) show medium to

coarse granular microstructures (Fig. 4f) characterized by a lower den-

sity of intracrystalline deformation features in olivine, which implies

that deformation was followed by effective annealing. Finally, a few pe-

ridotites from bothM1 andM2 groups (ET35, ET66, ET84, ET74) display

a partially recrystallized microstructure, characterized by variable pro-

portions of small olivine crystalswith polygonal shapes and very low in-

ternal misorientations, which growth at the expenses of an initially

coarse porphyroclastic microstructure (Fig. 4e).
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Average apparent grain sizes of olivine (diameter of equivalent

spheres with the same area as the grains, weighted by the grain area

in the EBSD map) in the peridotites range from 0.9 to 3.1 mm (Fig. 5).

In the coarse porphyroclastic peridotites, olivine crystals usually display

irregular shapes. Clear shape preferred orientations, marking a foliation,

are seldom observed. The exception is ETVB1 (Fig. 4d), which shows a

foliation marked by the alignment of tabular olivine crystals. Subgrain

boundary spacing in olivine varies from sample to sample. Subgrain

boundaries are closely spaced and undulose extinction is common in

ET32 (Fig. 6a), whereas ETBV1 is characterized by widely spaced

subgrain boundaries (Fig. 6b). Harzburgite M1 ET72 exhibits an inter-

mediate microstructure, with common, but well-defined and widely

spaced subgrain boundaries (Fig. 6c). The decrease in density of

intracrystalline deformation features records either deformation under

lower stress (probably higher temperature) conditions or annealing. It

may be quantified by the analysis of the average (over all olivine crystals

in the EBSDmap) misorientation relative to themean orientation of the

grain (M2M). Closely spaced subgrain boundaries and undulose extinc-

tion result in high averageM2M value, which is of 4.4° for ET32, 4.1° for

ET72, but only 2.8° for ETVB1 (Fig. 5 and Table 1). Olivine-olivine grain

boundary shapes also vary. They range from serrated or sinuous, that is,

showing small or large wavelength sinuosity (Fig. 6a, c), to polygonal,

leading to 120° triple junctions (Fig. 6b). All gradations between the

above microstructures are observed among the studied peridotites. A

striking feature of the peridotite suite is that the decrease in the

intragranular misorientation is not systematically correlated with a re-

duction in the sinuosity of grain boundaries. For instance, coarse-

granular M2 harzburgite ET42 displays olivine crystals with low

intragranular misorientations (average M2M = 1.9°), but curvilinear

grain boundaries (Fig. 4f). In contrast, coarse-porphyroclastic

2.0

1.5

1.0

0.5

0.0

C
p
x
/O

p
x

908070605040

Olivine (%)

Opx Cpx

Ol

ET47ET48B

5 mm

ET66A

ET83A

ET74A

5 mm

5 mm

5 mm

5 mm

 Harzburgite/Lherzolite boundary

 Baker & Stolper (1994) -10 kbar
 Niu et al. (1997) - 10 kbar

 Walter et al. (1995) - 11 kbar

 Walter et al. (1995) - 16 kbar

 Mega metasomatism M1 (this study)
 Mega metasomatism M2 (this study)
 Mega no REE data (this study)
 Mega wehrlites, websterites,

          & clinopyroxenites (this study)
 Mega M1 (previous studies)
 Mega M2 (previous studies)
 Marsabit (Turkana depression)
 Tanzania - Eledoi & Pelo Hill (on axis)
 Tanzania - Olmani (intermediate)
 Tanzania - Lashaine (off-axis)

N Ethiopian rift (Injibara, Dedessa)

ol-websterite

lherzolite

harzburgite

websterite

dunite

w
ehrlite

clinopyroxenite

a

b

Fig. 2.Modal compositions. (a) Ternary olivine–orthopyroxene–clinopyroxene diagram comparing the modal compositions of the studied xenoliths as a function of the metasomatism

type as defined by Bedini et al. (1997) with those from other xenolith localities in the East African Rift System (data from Kaeser et al., 2006; Beccaluva et al., 2011; Baptiste et al.,

2015). (b) Modal compositions of the studied Mega harzburgites and lherzolites plotted on a clinopyroxene/orthopyroxene vs. olivine diagram for comparison with isobaric melting

models calculated for an initial modal composition of 55% olivine, 28% opx, 15% cpx and 2% spinel. The spatial distribution of the three mineral phases and the shape of the phase bound-

aries are illustrated by EBSD phase maps (red = olivine; blue = orthopyroxene; green = clinopyroxene) of some representative samples.
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harzburgite ETVB1 has olivine crystals with well-developed subgrain

boundaries (average M2M = 2.8°), but straight grain boundaries

(Figs. 4d and 6d).

Partially recrystallized peridotites differ from each other essentially

in the proportion of recrystallized grains, which attains N50% in M1

harzburgite ET66 and inM2 lherzolite ET74. Average recrystallized oliv-

ine sizes range from 380–500 μm in ET35, ET66, and ET74 to N600 μm in

ET84. In ET66 and ET84, recrystallized grains have tabular shapes and a

shape preferred orientation (Figs. 4e and 6d, e). In ET66, the elongation

of the recrystallized grains is subparallel to a compositional banding

marked by enrichment in clino- and orthopyroxene (Fig. 2). However,

none of the partially recrystallized samples shows a clear planar or

anastomosed arrangement of the recrystallized grains. The latter are

either distributed randomly within the sample or form irregularly

shaped patches (Figs. 4e and 6d, e). It is noteworthy that the olivine

neoblasts replace both deformed olivine (Fig. 6d) and orthopyroxene

porphyroclasts (Fig. 6e); this suggests that olivine neoblasts may have

formed both by recrystallization (nucleation of a new crystal at the ex-

penses of a deformed olivine crystal aiming to reduce the elastic energy

associated with the dislocations) and by crystallization in response to

the reaction between theperidotite and Si-poormelt (dunitization reac-

tion). Partially recrystallized and granular peridotites may be discrimi-

nated from the coarse porphyroclastic peridotites by their lower

Fig. 3. Average core and rim equilibrium temperatures of some M1 and M2 peridotites

estimated using the Brey and Kohler (1990) two-pyroxene geothermometer

(uncertainty of 50 °C) and the post-exsolution pyroxene compositions measured by

Bedini (1994). The bar marks the average equilibrium temperature for each category.

aa b

c d

e f

Fig. 4. Full-size thin section photomicrographs in plane-polarized light showing the typical microstructures of Mega peridotites: (a–d) Coarse porphyroclastic peridotites displaying

increasing degrees of annealing; (e) partially-recrystallized peridotite; (f) coarse-granular peridotite. Scale bar is the same for all pictures.
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average M2M (usually b2.2°, Fig. 5), since this value decreases with

both the increase of the recrystallized area fraction and the recovery

of the dislocation microstructure. The slightly higher average M2M

(2.8–2.9°) of M1 harzburgite ET84 reflects its low recrystallized fraction

(~20%).

In all peridotites, independently of the microstructure defined by

the olivine deformation or of the geochemical group, ortho- and

clinopyroxene have very irregular shapes and no shape-preferred

orientation (Figs. 2, 4, and 6). Orthopyroxene occurs mainly as isolat-

ed grains with highly variable sizes, but it may also form aggregates

with clinopyroxene and spinel. Orthopyroxene-spinel symplectites

are rare. Large, plurimillimetric orthopyroxene crystals usually dis-

play well-defined kink bands and undulose extinctions (Figs. 4a, f,

6f). They often contain olivine inclusions and have interpenetrating

boundaries with olivine (Fig. 6a, e, f). Smaller orthopyroxene grains

(0.4–1 mm) usually do not show intracrystalline deformation fea-

tures. Both large and small orthopyroxene crystals commonly dis-

play cuspate terminations at olivine-olivine-opx triple junctions

(Fig. 6g, h). Small crystals often have interstitial or film-like shapes

(Fig. 6e). A particular feature of partially recrystallized peridotites

is the presence, in coarse orthopyroxene crystals, of embayments

filled by olivine (Fig. 6e). In most peridotites, orthopyroxene con-

tains exsolutions (Figs. 4b–d, 6c, f). Exsolutions are not observed op-

tically in ET32 (Fig. 6a), ET35, ET37, ET42 (Fig. 4f), ET46, ET47, ET63,

and ET75, consistently with the high equilibrium temperatures cal-

culated for most of these peridotites (Table 1).

Clinopyroxene tends to display slightly smaller sizes (0.3–3 mm)

than orthopyroxene, but the largest crystals in clinopyroxene-rich

lherzolites may attain up to 5 mm in diameter (Figs. 2 and 4). It occurs

either as dispersed crystals with very irregular, interstitial-like shapes

or in aggregates with orthopyroxene (Fig. 2). Large clinopyroxene crys-

tals often contain olivine inclusions. Exsolutions of orthopyroxene are

observed in many samples. Wehrlite ET38 has a particular texture,

characterized by poikilitic clinopyroxenes up to 4 mm wide enclosing

smaller olivine crystals. It is noteworthy that the different fragments

of olivine enclosed in these poikilitic pyroxenes preserve the same

crystallographic orientation, implying a static replacement reaction.

Clinopyroxene crystals usually show no intracrystalline deformation

features, but in some samples undulose extinction is present.

4.2.2. Pyroxenites

Websterites and clinopyroxenites microstructures range from gran-

ular (ET64, ET81) (Fig. 7a) to coarse-porphyroclastic (ET55, ET56, ET68,

ET77, ET78; Fig. 7b). In the granular websterites, plurimillimetric

clinopyroxene and orthopyroxene crystals often display polygonal

boundaries and exsolutions. In the porphyroclastic websterites,

millimetric to centimetric anhedral porphyroclasts of clinopyroxene

containing exsolutions can be observed. They sometimes exhibit

undulose extinctions as well as kink bands. Smaller crystals tend to dis-

play polygonal boundaries and are devoid of intracrystalline deforma-

tion features. In ET56, ET68, ET78, and ET81, garnet crystals are

partially kelyphitized and have millimetric sizes (Fig. 7b). In garnet

websterite ET81, garnet occurs as small grains along both ortho- and

clinopyroxene grain boundaries, while in garnet-clinopyroxenites

ET68 and ET78, garnet occurs both as dispersed crystals with interstitial

shapes and enclosed within coarse clinopyroxene crystals showing

undulose extinction. In garnet-websterite ET56 garnet occurs essential-

ly along exsolution lamellae within coarse clinopyroxene crystals and

as inclusions in a deformed olivine crystal that partially replaces

clinopyroxene. Olivine-websterites show irregularly shaped olivine

crystals with subgrains and undulose extinction (former coarse-

porphyroclastic microstructure) partially replaced by orthopyroxene-

rich or clinopyroxene-rich aggregates. In ET58, large crystals with irreg-

ular shapes and undulose extinction compose the former, whereas the

latter are formed by small (b1mm) crystals with a granularmicrostruc-

ture. In ET65, deformed olivines are enclosed in a websteritic matrix

composed by large orthopyroxene crystals with frequent kinks, and by

smaller, irregularly shaped clinopyroxenes and orthopyroxenes.
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Fig. 5. Mean apparent (2D) grain size vs. the mean intragranular misorientation (M2M); both values are area-weighted averages at the thin section scale. Error bars indicate standard

deviations. Dotted symbols indicate coarse-granular peridotites, crossed ones, partially recrystallized peridotites; all other samples are coarse-porphyroclastic peridotites with variable

degrees of annealing. As expected, recrystallization and annealing result in low average M2M values; among coarse-granular and partially recrystallized peridotites M2M values N2.2

are only observed for sample ET84, which has a low recrystallized volume (~20%).
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Fig. 6. Photomicrographs in plane-polarized light. (a) Coarse-porphyroclastic M2 lherzolite ET32 showing olivine porphyroclasts with closely spaced subgrain boundaries and undulose

extinction (ol) partially replaced by a coarse orthopyroxene crystal (opx) with a very irregular shape and numerous olivine inclusions. (b) Coarse-porphyroclastic harzburgite ETVB1

exhibiting elongated olivine crystals (ol) with widely spaced subgrain boundaries and polygonal grain boundaries. (c) Coarse-porphyroclastic harzburgite ET72 showing olivine

crystals (ol) with well developed subgrain boundaries and very sinuous grain boundaries, recording grain boundary migration; the arrow marks a sutured subgrain boundary, which

shape suggests migration. (d) Partially recrystallized M1 harzburgite ET66 displaying tabular, strain-free olivine crystals (ol) growing on olivine porphyroclasts (ol-p) with closely

spaced subgrain boundaries. (e) Partially recrystallized M1 harzburgite ET66 showing an orthopyroxene porphyroclast (opx-p) with embayments filled by tabular olivine crystals (ol),

arrows indicate small interstitial orthopyroxene crystals within recrystallized domains. (f) Partially recrystallized M1 harzburgite ET84 displaying an irregularly shaped orthopyroxene

porphyroclast (opx-p) with kinks (arrow) and exsolutions surrounded by olivine crystals (ol) with low densities of intracrystalline deformation features and polygonal grain

boundaries. (g) Annealed coarse-porphyroclastic lherzolite ET53 showing irregularly shaped orthopyroxene crystals (opx) with cusp-like terminations. (h) Coarse-granular M1

lherzolite ET46 showing irregularly shaped orthopyroxene crystals (opx) with cusp-like terminations (marked by arrows) and olivine crystals (ol) with polygonal grain boundaries.
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4.3. Crystallographic preferred orientations

Olivine, orthopyroxene, and clinopyroxene CPOs of all peridotites

are presented in Fig. 8. Olivine CPOs have moderate to weak intensities

and dominantly orthorhombic patterns, characterized by mutually or-

thogonal point maxima of [100], [010], and [001], with [100] and

[010] usually displaying stronger concentrations than [001]. Some

samples (ET35, ET54, ET48, ET70, ET76) have olivine CPO intermediate

between orthorhombic and fiber-[100], characterized by a point maxi-

mum of [100] and a tendency of both [010] and [001] to form a girdle

normal to it. Orthorhombic patterns with a tendency toward a fiber-

[010] symmetry are also observed (ET38, ET71, ET73, ET82). In most

samples, the relation between the CPO and a shape-preferred orienta-

tion (SPO) cannot be analyzed, because a SPO cannot be identified.

However, in partially recrystallized samples ET66, ET84 and ETVB1,

the concentration of [100] is subparallel to the elongation of the tabular

recrystallized crystals (and of the porphyroclasts in ETVB1) and the

[010] maximum subparallel to their short axis. These observations, to-

gether with stronger concentrations of [100] and [010] relative to

[001], andwith the predominance of b0vwN rotation axes in the accom-

modation of the intragranular misorientations, point to dominant acti-

vation of the [100](010) system in olivine. The olivine CPO data are

summarized in Fig. 9, which presents the strength of the olivine CPO

(characterized by the J-index) versus its symmetry (characterized by

the BA-index). J- and BA-index data for all samples are also shown in

Table 1. There is no correlation between the olivine CPO strength and

symmetry. There is also no systematic variation of the olivine CPO

symmetry or strength as a function of the type ofmetasomatism that af-

fected the peridotites.

Orthopyroxene CPOs are much more variable than the olivine ones

(Fig. 8). 4/9 of the M1 peridotites (ET35, ET69, ET83, ET84), 4/10 of

theM2 peridotites (ET48, ET70, ET76, ET80), and 5/10 of the peridotites

for which there is no REE data (ETVB1, ET30, ET73, ET82, ET85) display

orthopyroxene CPO characterized by [001] and [100] maxima subparal-

lel to the olivine [100] and [010]maxima, respectively. This is consistent

with coherent deformation of both minerals, the orthopyroxene

deforming dominantly by [001](100) glide. However, at least half of

samples in each group show orthopyroxene CPOs that are not consis-

tent with the olivine ones. These CPO are either very weak or are char-

acterized by a maximum of [001] at high angle (45–90°) to the olivine

[100] maximum (Fig. 8).

The clinopyroxene CPO exhibits an even greater lack of consistency

with the olivine CPO than the orthopyroxene CPO (Fig. 8). Most perido-

tites that show coherent olivine and orthopyroxene CPOs have

clinopyroxene CPO characterized by concentrations of [001] and of

[100]* (the normal to the (100) plane) subparallel to the orthopyroxene

[001] and [100] maxima, respectively. However, some (ET35, ET48,

ET76, ET80, ET71, and ET73) display clinopyroxene CPO uncorrelated

to the olivine and orthopyroxene CPOs. In peridotites in which olivine

and orthopyroxene CPOs are inconsistent, the clinopyroxene CPO is

often consistent with the orthopyroxene CPO, but more dispersed

(Fig. 8). An exception is ET66, which has an olivine CPO uncorrelated

with the orthopyroxene CPO, but correlated with the clinopyroxene

one (Fig. 8).

In most pyroxenites, coarse grain sizes and exsolution textures hin-

dered the acquisition of representative CPO. When enough grains were

analyzed, orthopyroxene and clinopyroxene CPO have weak ortho-

rhombic patterns. ET77 and ET81 have coherent orthopyroxene and

clinopyroxene CPOs. In ET55 and ET64, they are not correlated.

4.4. Seismic properties

The similarity in olivine CPO symmetry (predominance of ortho-

rhombic patterns) results in similar seismic anisotropy patterns for all

Mega peridotites. The individual seismic anisotropy patterns are there-

fore presented as Supplementary Material (Fig. S1). Seismic anisotropy

intensities for individual samples are nevertheless variable (Table 3). In

the peridotites, the maximum P-wave propagation anisotropy is com-

prised between 2.4 and 12.3%, maximum S-wave polarization anisotro-

py ranges between 1.9 and 8.3% (Fig. 10), and maximum propagation

anisotropies for fast (S1) and slow (S2) waves range between 1.2 and

5.8% and 1 and 6.1%, respectively. Themaximum intensity of seismic an-

isotropy for both P- and S-waves show a gross positive correlation with

olivine CPO intensity andmodal content and a negative correlationwith

the clinopyroxene modal content (Fig. 10a,c,d), but no systematic vari-

ation function of the olivine CPO symmetry (Fig. 10b) The dispersion in

Fig. 10a and c results from uncorrelated variations in olivinemodal con-

tent and CPO intensity.

In Fig. 11, we present average seismic anisotropy patterns calculated

based on the elastic constants of all peridotites and of the 6 pyroxenites

for which representative CPO were obtained. Although many perido-

tites do not show a clear shape preferred orientation defining the folia-

tion and lineation, based on the analysis of the CPOs and of the

misorientation data, we concluded that in the present xenolith suite

the olivine [100] maximum is parallel to the lineation and the [010]

one, normal to the foliation.We then calculated average seismic proper-

ties supposing a common orientation of the foliation and lineation, that

is, a coherent deformation of the entire lithospheric mantle beneath

Mega. In the average peridotite, the P-wave propagation is the fastest

close to the lineation and the slowest, normal to the foliation. S-wave

polarization anisotropy is the highest for waves propagating parallel

to the foliation plane and normal to the lineation, and the lowest for di-

rections within 30° of the lineation in the XZ plane. For all propagation

aa

b

Fig. 7. Photomicrographs in plane-polarized light showing typical microstructures of Mega

pyroxenites. (a) Coarse-granular spinel-websterite ET64. (b) Coarse-porphyroclastic

garnet-clinopyroxenite ET78; note the undulose extinction and the kelyphitized garnet

inclusions (arrows) in clinopyroxenite porphyroclasts (cpx) as well as larger kelyphitized

garnet (gt) aggregates.
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directions, the fast split S-wave is polarized parallel to the lineation. S1

waves propagate faster within the foliation plane, with the highest ve-

locities at ca. 45° to the lineation, and slower normal to the foliation.

S2 waves have slow velocities for all propagation directions at high

angle to the lineation and are the fastest within 30° of the lineation in

theXZ plane. The highest Vp/Vs1 ratio is detected forwaves propagating

parallel to the lineation and the lowest Vp/Vs1, for waves propagating

normal to the foliation.

The average pyroxenite has a much weaker anisotropy and more

complex patterns. Yet, comparison between the seismic properties of

the average peridotite and of the average peridotites + pyroxenites

sample indicates that the sole effect of increasing the proportion of py-

roxenites up to 13% in the lithosphericmantle beneathMega is to slight-

ly decrease the seismic anisotropy.

Fig. 12 shows the intensity of azimuthal anisotropy that would be

detected by horizontally propagating Pn, Love and Rayleigh waves, the

birefringence of vertically propagating SKS waves, and the polarization

anisotropy of surface waves (ε) calculated considering the average seis-

mic properties ofMega xenoliths for different end-member orientations

of the foliation and lineation in the lithospheric mantle. In all cases

where the lineation is horizontal, horizontally polarized S-waves are

faster than vertically polarized ones (ε N 1). A horizontal foliation results

in moderate azimuthal anisotropy for Pn and Rayleigh waves (3.4 and

2%, respectively), moderate SKS splitting (2%), and extremely low

Lovewave azimuthal anisotropy (0.5%). A horizontal lineation in amod-

erate to strongly dipping foliation produces strong Pn azimuthal

anisotropy (5.1%). SKS splitting ismaximum(3.3%) for vertical foliations

and decreases with the decrease in the dip of the foliation plane (2.4%

for a 45° dip). Rayleighwave azimuthal anisotropy also decreases slight-

ly with the decrease in the dip of the foliation plane (2.4% for a vertical

foliation and 2% for a 45°-dipping foliation). Love waves azimuthal an-

isotropy is always low, but slightly higher for 45°-dipping foliation

(1.7%). A vertical lineation results in low anisotropy for all wave types

(1.7% for Pnwaves and 1.3% of SKS splitting and surfacewaves azimuth-

al anisotropy) and in faster propagation of vertically polarized surface

waves (ε b 1). A 45°-dipping foliation with a downdip lineation pro-

duces the highest Rayleigh and Love waves azimuthal anisotropy

(3.8% and 2.4%, respectively), but moderate SKS splitting (2.9%) and

Pn azimuthal anisotropy (3.2%). Moreover, this orientation of the folia-

tion and lineation results in inversion between the fast and the slow sur-

face wave (Love or Rayleigh) as a function of the propagation direction

(back-azimuth).

5. Discussion

Based on their equilibration temperatures (and pressure for the gar-

net pyroxenite), the peridotites and pyroxenites xenoliths from Mega

sample a hot and thin lithospheric mantle between 35 and 60 km.

This is consistent with estimates of the depth of the lithosphere-

asthenosphere boundary at b80 km from surface wave data (Pasyanos

and Nyblade, 2007; Fishwick, 2010). The analysis of the xenoliths' mi-

crostructure highlights a complex evolution of the lithospheric mantle

PERIDOTITES Metasomatism M1 - small melt fractions

olivine or thopyroxene clinopyroxene

Fig. 8.Olivine, orthopyroxene, and clinopyroxene crystal preferred orientations of all studied peridotites. Lower hemisphere stereographic projections, contours at 1multiples of a uniform

distribution intervals.Maximumandminimumconcentrations are indicated on the scale bar at the right of each polefigure. Black arrowsmark pyroxene CPOuncorrelatedwith the olivine

CPO, gray arrows, partially correlated ones. Full line marks the foliation (olivine shape preferred orientation), when visible in the thin section.
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in the flanks of the southern Ethiopian rift, characterized by a pervasive

low-stress deformation (whichmay be rift-related or older) followed by

spatially variable degrees of static recrystallization. Microstructural ob-

servations also provide evidence for multiple events of reactional melt

percolation, which led to extensive, but spatially heterogeneous

refertilization of the lithospheric mantle. The two metasomatism types

may be explained by spatially heterogeneous melt percolation. They

may record an evolution in the composition of themelt in a vertical per-

colation column, the deeper parts of the column acquiringM2 composi-

tions and the shallower ones, M1 compositions. However, if melt

transport is focused, the two metasomatism types may also record the

difference between themain conduit,where interactionswith large vol-

umes of melt produce M2 compositions, and a reactional domain in

the wall-rock, where M1 compositions are formed by reaction with

low melt fractions. Microstructural observations support that at

least part of the refertilization postponed deformation, suggesting

that reactive melt infiltration into the lithospheric mantle off the

rift-axis was not systematically accompanied by widening of the do-

main accommodating the rifting deformation. It is important to

stress that the present observations do not corroborate the previous

interpretation by Bedini et al. (1997), which linked the different geo-

chemical signatures of the metasomatism, namely the interaction

with small melt fractions (M1) and with larger volumes of basaltic

melts (M2), to systematic changes in the microstructure. Reactive

melt percolation probably favored annealing, but there is no one-

to-one relation between the intensity of melt-rock interactions and

annealing. In this section, we summarize the microstructural and

petrological evidence corroborating these conclusions (a sketch

summarizing the inferred evolution is presented in Fig. 13) and com-

pare the present observations to data from other xenolith localities

and seismic observations in the East African rift system.

5.1. Relations between deformation, static recrystallization, and

metasomatism

Peridotite xenoliths from Mega exhibit dominantly coarse-

porphyroclastic microstructures (Fig. 4), characteristic of deformation

by dislocation creep under low stress, probably high temperature condi-

tions. Analysis of the olivine CPO and low-angle misorientation data,

which imply dominant activation of [100]{0kl} systems, corroborates

this interpretation. The variations in subgrain boundary spacing, in av-

erage intragranularmisorientation, and in sinuosity of grain boundaries

among the peridotites (Figs. 4, 5 and 6) indicate nevertheless that this

deformation was followed by variable degrees of annealing (static re-

covery and recrystallization). Annealing may also explain whymedium

and coarse granular peridotites with ‘undeformed’ microstructures

PERIDOTITES Metasomatism M2 - basaltic melts

olivine or thopyroxene clinopyroxene

[001] [100] [010] [001] (100)

Fig. 8 (continued).
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(absence of a SPO and low density of intragranular deformation fea-

tures, quantified by low average M2M values b2.5°, cf. Figs. 4, 5 and

6), show clear olivine CPO (Fig. 8).

The partially recrystallized microstructures, characterized by

growth of strain-free polygonal neoblasts over relict porphyroclasts

with closely spaced subgrain boundaries, are a particular feature of

the Mega xenolith suite. Coherence between the shape of the olivine

neoblasts in ET66 and ET84 (Fig. 6d, e, f) and their CPO (the long axis

of the crystals is parallel to the [100] maximum concentration and

the short one, to the [010] maximum) suggests a crystallographic

control on the growth of the neoblasts. The analysis of the micro-

structure does not permit to determine unambiguously whether

the recrystallization is static or dynamic. Based on the coarse grain

sizes, the very low internal misorientations, and the polygonal

shapes of the recrystallized olivines, we favor nevertheless the hy-

pothesis of a static recrystallization.

Mantle xenoliths fromMega also exhibit compositional, microstruc-

tural, and geochemical evidence for variable degrees of interaction with

melts of basaltic or more evolved compositions. Variation in the melt–

rock reaction products, sometimes within a sample, points to changes

in the melt composition and implies multiple events of reactive melt

percolation. Refertilization, that is, reactive melt percolation leading to

crystallization of pyroxenes at the expense of olivine, predominates

(Fig. 2), but early reactive melt percolation leading to crystallization of

olivine at the expenses of pyroxenes (dunitization) is recorded by the

absence of orthopyroxenes inwehrlite ET38 and by the presence of em-

baymentsfilled by olivine in coarse orthopyroxenes in recrystallized pe-

ridotites ET66 and ET74 (Fig. 6e).

The present microstructural data does not allow fully constraining

the relative timing between deformation, annealing, and metasomatic

events. Pre- or synkinematic melt percolation may have occurred,

but evidence for these early melt percolation episodes in the

PERIDOTITES No REE data

Fig. 8 (continued).
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microstructural record is patchy. For instance, in wehrlite ET38, olivine

shows extensive and well-developed intracrystalline deformation fea-

tures, which indicate that the olivine-producing reactive melt

percolation that consumed the orthopyroxene is pre- or syn-

deformation. The coexistence of deformed and undeformed pyroxe-

nites also corroborates spatial heterogeneity and multiple episodes

of magmatic percolation and deformation. Indeed, the pyroxenites

were interpreted by Bedini (1994) as magmatic cumulates formed

during the same event that produced the M2 metasomatism in peri-

dotites. Most exhibit magmatic or metamorphic (cooling) micro-

structures (Fig. 7a), but some show partially recrystallized

microstructures (Fig. 7b), which suggest that, locally, significant de-

formation (finite strains high enough to produce recrystallization)

postdated the reactive melt percolation.

Microstructural observations put stronger constraints on the latest

events. In all studied peridotites, pyroxenes have very irregular shapes,

with cusp-like terminations (Figs. 2, 4, and 6). Such features are unstable

during deformation, suggesting that these crystals underwent at most in-

cipient deformation after the last refertilization episode. Microstructural

evidence supports therefore that the latest refertilization event postdated

the main deformation episode. A later, very low strain, but high stress

event recorded by the high density of subgrains and well developed

undulose extinction in a few samples, like ET32 (Fig. 6a), might be related

to diking and xenolith extraction processes (Goetze, 1975).

The lack of correlation between the olivine and pyroxenes CPOs in

roughly half of the studied peridotites corroborates post-kinematic

refertilization (addition of pyroxenes) by reactive melt percolation.
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However, many of the peridotites that exhibit clear compositional and

microstructural evidence for refertilization show correlated olivine

and pyroxenes CPO. Does this imply that reactive melt percolation

locally predated deformation? As discussed above, the shapes of the py-

roxenes indicate that any deformation that postdated the reactive melt

percolation episodes producing refertilization resulted in very low finite

strains. If refertilization occurred under static conditions, correlation

between olivine and pyroxenes CPOs may be explained if the reactions

resulted in further growth of pre-existing deformed pyroxene crystals

rather than crystallizing new grains. In this case, the kinks in

orthopyroxene porphyroclasts and the undulose extinction in both

ortho- and clinopyroxenesmight also be inherited from themain defor-

mation episode or, as proposed before, record local deformation related

to xenolith extraction processes.

Reactive melt percolation may have favored annealing. In most

Mega peridotites, microstructural evidence of melt-rock reaction is ho-

mogeneously distributed within the samples, suggesting porous flow

(Figs. 2, 4, and 6). The presence of intergranular melt films creates fast

diffusion paths. It may therefore have favored the growth of polygonal

neoblasts in the partially recrystallized peridotites and the almost

complete reequilibration of grain shapes in some of the coarse-

porphyroclastic samples, like ETVB1 (Fig. 4d). Grain growth favored by

fluid films along grain boundaries has indeed been proposed by Drury

and Van Roermund (1989) to explain development of euhedral olivine

crystal in kimberlite-borne peridotite mylonites. Presence of intergran-

ular melt films during annealing might also explain why in some sam-

ples grain boundary migration was favored relative to recovery,

leading to inconsistency between grain boundary morphology and

intragranular misorientation in the Mega peridotites. However, there

is no simple relation between geochemical indicators of the intensity

of the metasomatism, such as the perturbation of the modal composi-

tions and the enrichment in trace elements, and microstructural evolu-

tion due to annealing (Fig. 5). There is also no correlation between

equilibration temperatures and intensity of annealing (Table 1).

5.2. Comparison with data from other xenolith localities in the East African

rift

Fig. 2a compares the compositions of Mega peridotites to those of

mantle xenoliths from other localities in the East African rift system.

Modal compositions ofMega peridotites are similar to those of xenoliths

from theMarsabit volcanic field in the Turkanadepression (Kaeser et al.,

Fig. 11. Average seismic anisotropy patterns calculated based on the seismic constants for all peridotites (40 thin sections analyzed by EBSD, Table 1) and 5 pyroxenites (6 thin sections

analyzed by EBSD; samples ET55, ET64, ET68, ET77, ET81 in Table 2). From left to right are displayed the 3-D distributions of P-wave velocities (Vp), S-wave polarization anisotropy (AVs)

and the orientation of fast shear wave polarization plane, S1 wave velocities (VS1), S2 wave velocities (VS2), and the Vp/VS1 ratio. Lower hemisphere stereographic projections. Black

squares and white circles indicate maximum and minimum values, respectively. Top left insert shows the structural reference frame.
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2006). Localities from the northern Ethiopian rift (Dedessa and

Injibara), which are within the continental flood basalt extrusion

domain, display a higher proportion of very fertile, pyroxene-rich

lherzolites (Beccaluva et al., 2011). In contrast, localities from the

Tanzanian divergence (Eledoi, Pello Hill, Olmani, and Lashaine), which

sample a younger domain of the East African rift that has been affected

by lower volumes of magmatism, showmuchmore refractory composi-

tions, which range from orthopyroxene-rich harzburgites to dunites

(Baptiste et al., 2015 and references therein). A change in the dominant

type of melt–rock reactions in the lithospheric mantle along the rift sys-

tem is corroborated by microstructural observations, which indicate

that crystallization of olivine at the expenses of pyroxene predominated

in the Tanzanian peridotite xenoliths, whereas refertilization reactions

prevailed in Mega and northern Ethiopian peridotites. This change

probably records variations in the percolating magma composition

due to differences in partial melting depths and degrees and in the

melt transport processes (Fig. 14). High degrees of shallow melting in

the mature northern East African rift produce tholeitic basalts. Reactive

percolation of these melts will produce refertilization. This process is

similar to the refertilization atop of a melting front described in the

Lherz and Ronda peridotites massifs (Le Roux et al., 2007; Soustelle

et al., 2009). On the other hand, deep low degrees of melting in the

younger southern sections of the East African rift produce alkaline ba-

salts. If thesemelts are transported at fast rates through the lithosphere,

by channeling along shear zones, for instance, they will be in chemical

disequilibrium and produce dunitization reactions in the lithospheric

mantle (e.g., Kelemen and Dick, 1995).

Microstructures also differ among the various xenolith localities in the

East African rift. Mega peridotites show mainly coarse-porphyroclastic

microstructures, with variable degrees of annealing. Fine-grained

porphyroclastic andmyloniticmicrostructures, which are observed in pe-

ridotite xenoliths from Marsabit (Kaeser et al., 2006; Kaczmarek and

Reddy, 2013) and from on-axis volcanoes in the Tanzanian Divergence

(Baptiste et al., 2015), are absent among Mega peridotites. One may

question whether the partially recrystallized microstructures in the

Mega suite represent annealed equivalents of those mylonites. However,

the partially recrystallized peridotites from Mega lack highly elongated

orthopyroxenes, which are characteristic of the high-stress deformation

that formed the mylonites in Marsabit and Pelo Hill. Annealing cannot

erase this grain elongation. Orthopyroxene shapes may be modified by

melt-rock reactions, but analysis of the orthopyroxenes in the Mega re-

crystallized peridotites does not show any evidence (residual elongation

or alignment of relict crystals with similar orientations) of initial aspect

ratios N10:1. This suggests that, differently from the other two localities,

intense high stress deformation, implying strain localization, did not

occur in the lithospheric mantle beneath Mega.

The Mega peridotite suite also shows a smaller proportion of granu-

lar peridotites than the northern Ethiopian xenolith suites (Beccaluva

et al., 2011) and than the off-rift axis Lashaine peridotites from the

Tanzanian Divergence (Baptiste et al., 2015). The more pyroxene-rich

compositions of the peridotites from the northern Ethiopian localities

(Beccaluva et al., 2011), suggest that they sampled amantle that has ex-

perienced percolation of large volumes of magma (integrated through

time), consistently with their location within the continental flood ba-

salt province. Interaction with larger volumes of magmas may have fa-

vored annealing of rift-related or older deformation structures in the

lithospheric mantle beneath the Ethiopian plateau. The Lashaine peri-

dotites, on the other hand, might represent an older lithospheric do-

main, which has not been reactivated by the rifting (Dawson, 2002;

Baptiste et al., 2015).

Comparison of the olivine CPOs in the Mega peridotites with those

from xenoliths from the Tanzanian Divergence reveals that Mega peri-

dotites have weaker CPO with more orthorhombic patterns (Fig. 9).

The contrast in olivine CPO symmetry and intensity is particularly

markedwhen the comparison is made with peridotites from on-axis lo-

calities of the Tanzanian Divergence, which exhibit dominantly strong

olivine CPOs with a fiber-[100] symmetry. Lower strain intensities or a

more developed annealing in the lithospheric mantle beneath Mega

may explain this change in olivine CPO pattern. Peridotites from

Marsabit display dominantly weak tomoderate olivine CPOwith ortho-

rhombic to fiber-[010] symmetries (Kaczmarek and Reddy, 2013), sim-

ilar to Mega peridotites. No CPO data is available for xenoliths from

northern Ethiopia.

In summary, analysis of a ~N–S xenolith-based profile along the East

African rift system from northern Ethiopia to the Tanzanian Divergence

highlights a decrease in the importance of magmatic processes in the

lithosphericmantle, consistentwith the decrease in the volume ofmag-

matic products at the surface (Fig. 14). Xenoliths occasionally display

evidence for localized deformation, expressed as mylonitic microstruc-

tures recording intense high-stress deformation that may be rift-

related However, these features are only observed in the southern

xenolith-bearing localities: Marsabit in the Turkana depression, where

mylonites correspond to the least metasomatized samples (Kaeser

et al., 2006), and on-axis sites in the Tanzanian Divergence (Baptiste

et al., 2015). At first sight, these data suggest an anti-correlation be-

tween pervasive magma flux through the lithosphere, leading to

refertilization, and localized, high stress deformation. The data is, how-

ever, too patchy for discriminating between a temporal evolution (local-

ized, high stress deformation of an initially cold lithosphere) or a spatial

variation in deformation style. Indeed, the Mega and Ethiopian plateau

localities, which do not contain mylonites, are both offset from the rift

axis.

5.3. Anisotropy in the lithospheric mantle beneath the southern Ethiopian

rift

The average seismic properties of the Mega xenolith suite indicate

that the lithospheric mantle beneath the southern part of the main

Ethiopian rift has a low tomoderate seismic anisotropy. This low anisot-

ropy results fromboth the ratherweak olivine CPO and the high propor-

tion of pyroxenes that characterize this xenolith suite. As discussed in

Section 2, the southern part of the Ethiopian rift is poorly covered by

seismological data.We have to compare the seismic properties calculat-

ed from the xenolith data with seismic data obtained north and south of

the study region. Estimates for crustal and lithospheric thickness be-

neath the Ethiopian rift from shear velocity models range between

25–35 km, and 70–80 km, respectively (Dugda et al., 2007). Based on

these data, which suggest a 35–55 thick lithospheric mantle with S-

wave velocities in the range 4.1–4.2 km/s (Dugda et al., 2007) and the

average seismic properties of theMega xenolith suite, wemay estimate

SKS delay times for different orientations of the foliation and lineation

(Fig. 12).Maximumdelay times, in the range of 0.28–0.45 s, are predict-

ed for vertical foliations and horizontal lineations. Horizontal lineations

are also required to explain the rather high P-wave velocities measured

beneath the northern part of the rift-parallel KRISP refraction profile in

Kenya (Mechie et al., 1994). Even in this most favorable case, the pre-

dicted delay times are much lower than those measured in the Afars

and in the northern and central Ethiopian rift (0.5–3 s; Gashawbeza

et al., 2004; Kendall et al., 2005). This comparison corroborates the in-

terpretation that most of the anisotropic signal beneath the main

Ethiopian rift and in the Afars results from oriented melt pockets,

which may be located in the crust, lithospheric mantle, or astheno-

sphere (Kendall et al., 2005; Hammond et al., 2014; Hammond and

Kendall, 2016).

The delay times predicted based on the average Mega seismic prop-

erties are also lower than those predicted for the upper layer in stations

offset from the rift in the Ethiopian plateau and Yemen (0.7–0.95 s),

which are characterized by fast SKS polarization parallel to the pre-

existing (Precambrian) structures and faster seismic velocities in the

mantle (Hammond et al., 2014). Calculated delay times based on the

Mega xenoliths data are also lower than those observed in stations in

the Kenya rift (0.8–2.4 s; Gao et al., 1997; Walker et al., 2004). These
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observations suggest that the low intrinsic anisotropy observed beneath

Mega is not a general feature of the Precambrian domains that surround

the rift, but it is a consequence of the extensive reactivemelt percolation

recorded by the studied xenoliths. It might therefore be representative

of the contribution of olivine crystal preferred orientations in the litho-

spheric mantle beneath the regions submitted to extensive magmatic

percolation, such as the Main Ethiopian rift.

6. Conclusion

Analysis of the microstructures and crystal preferred orientations,

together with previous geochemical data on a suite of 42 mantle

xenoliths (32 peridotites and 10 pyroxenites) from Mega shows that

the lithospheric mantle beneath the eastern flank of the southernmost

Ethiopian rift segment in the East African rift system records evidence

for:

(1) Reactive percolation of melts, mainly by porous flow-typemech-

anisms, but with volumes and compositions of the melts varying

in space and, probably, also through time. This process resulted

in a high variability in compositions, which range from LILE-

enriched harzburgites (M1 metasomatism) to pyroxene-rich

lherzolites depleted or only slightly enriched in LILE (M2metaso-

matism), as well as olivine-websterites and pyroxenites.
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(2) Low-stress deformation by dislocation creep, which produced

the coarse-porphyroclastic microstructures and orthorhombic

[100](010) type olivine CPO. This deformation was followed by

variable degrees of annealing, expressed as either recovery or

grain boundary migration, and, locally by a recrystallization epi-

sode. The processes leading to recrystallization could not beunam-

biguously identified. However, based on the absence of stretched

orthopyroxenes,which are typical features of high-stress deforma-

tion of peridotites, and the presence of embayments in coarse

orthopyroxenes filled by deformation-free polygonal olivine crys-

tals, we favor static recrystallization (and/or crystallization) of ol-

ivine favored by melt percolation.

The microstructural and CPO data also indicate that at least the last

reactive melt percolation event, which resulted in refertilization and

that is best expressed in the M2 lherzolites, postdates the main defor-

mation. Static recrystallization in presence of melt may explain the

equilibrated polygonal grain boundaries in some annealed samples

and in the recrystallized ones. However, in contrast to previous conclu-

sions by Bedini et al. (1997), we donot observe evidence for a simple re-

lation between the intensity of annealing and the type and intensity of

the metasomatism or the equilibration temperatures.

Another characteristic feature of Mega peridotites is their weak to

moderate olivine CPO, which, together with enrichment in pyroxenes

in many samples, result in a weak intrinsic seismic anisotropy of the

lithospheric mantle beneath the eastern flank of the southernmost

Ethiopian rift. Maximum anisotropies for all seismic wave types would

be sampled if the lithospheric mantle beneath Mega had a vertical foli-

ation (normal to the olivine [010]max) and a horizontal lineation (olivine

[100]max): AVPmax=5.1%, AVSmax=3.4%, AVRayleighmax=2.6%. Even

in this case, SKS delay times associated with solid-state deformation

fabrics in the lithospheric mantle (i.e., in the absence of oriented melt

pockets) would be b0.5 s. Comparison with seismic anisotropy data in

other domains of the East African rift system submitted to less extensive

melt percolation (that is, offset from the main magmatic centers) sug-

gest, however, that this low anisotropy is a local feature, probably re-

lated to the extensive reactive melt percolation recorded by the

studied xenoliths. Yet, the processes leading to the dispersion of

the olivine CPO during reactive melt percolation, in particular

when it results in refertilization, are still not understood. Another

open question is whether this decrease in anisotropy is a general fea-

ture of lithospheric mantle domains submitted to extensive melt

percolation under static conditions.

Finally, comparison with peridotite xenoliths from other localities

within the East African rift system highlights a change in the dominant

type of melt-rock reactions in the lithospheric mantle, which records

variations in the percolating magma composition due to differences in

partial melting depths and melt transport processes. Dunitization pre-

vails in peridotites from the Tanzanian divergence, where deep melting

beneath a thick lithosphere and, probably, melt channeling along shear

zones produce magmas in strong disequilibrium with shallow litho-

spheric peridotites. In contrast, predominance of refertilization in

Mega and in other localities from the Ethiopian and Kenyan rifts implies

that the magmas that percolate the lithospheric mantle in these more

mature domains were produced at shallower depths, consistently

with geophysical data that suggest a thin lithosphere.
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