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ARTICLE INFO ABSTRACT
Keywords: The Kesem-Megezez Section is located on the western escarpment of the main Ethiopian rift,
Northwestern Ethiopian Plateau central Ethiopia, part of the northwestern Ethiopia plateau, and hosts both flood basalts (Kesem

Crustal contamination
Mantle plume

Alkali basalts
Transitional basalts
Kesem Megezez

Oligocene basalts) and shield volcano basalts (Megezez Miocene basalts) separated by an Oligo-
Miocene silicic pyroclastic formation. Petrography, whole-rock trace, and major element data are
presented for the Kesem Oligocene and Megezez Miocene basalts to assess their petrogenetic
characteristics and the processes involved in their evolution. The Kesem Oligocene basalts are
dominated by aphanitic textures, whereas the Megezez Miocene basalts are dominated by
porphyritic textures. The Kesem Oligocene basalts are alkaline, whereas the Megezez Miocene
basalts have transitional composition. The Kesem Oligocene basalts and Megezez Miocene basalts
show distinct compositional differences. MREE/HREE and LREE/HREE show different depths of
melt segregation and degrees of partial melting for the Kesem Oligocene basalts and the Megezez
Miocene basalts. The geochemical differences (Zr/Nb, Rb/Zr, K/Nb, Ba/Zr and Nb/Zr) between
Kesem alkaline basalts and the Megezez transitional basalts reflect the involvement of EMORB-
like and OIB-like mantle sources in different proportion in their petrogenesis. Using primitive
mantle, garnet- and spinel-bearing lherzolitic sources, a non-modal equilibrium melting model
shows that the Kesem alkali basalt can be produced by equilibrium melting of ~3-4% residual
garnet and about 3% degree of partial melting. Whereas, the Megezez transitional basalts were
formed by melting of ~2-3% residual garnet and >3% degree of partial melting. Geochemical
evidences envisioned a scenario in which magmatism started with the arrival of a mantle plume
(OIB-like; aka Afar Plume), which comes across a sub-lithospheric geochemically enriched and
fertile asthenospheric mantle component (EMORB-like). The upwelling of the hot mantle plume
that impinging beneath the lithiosphere at ~30 Ma generates OIB-type melts due to decom-
pression. The thermal effect of the hot plume also triggered melting of the fertile E-MORB
component in the asthenosphere at the garnet stability depth. Then, the interaction between more
melts from the plume (OIB) and lesser melts from the E-MORB created flood basalts (Kesem
basalts) in the Oligocene. During the Miocene, the progressive melting of OIB and E-MORB
generates the plateau shield basalts (Megezez basalts).
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1. Introduction

The East African Rift System (EARS) is an active intercontinental rifts extending several kilometers in length with widely
distributed bimodal volcanic rocks [e.g., Refs. [1-3]]. The evolution of EARS is attributed to one or two mantle plume(s) [4,5]. The
earliest volcanism in the EARS occurred between 40 and 45 million years ago in southwestern Ethiopia and northern Kenya [5-7].
Subsequent volcanism was widespread in Ethiopia and Yemen between 31 and 22 Ma, with continental flood basalts and felsic py-
roclastic rocks [1,8-10].

Volcanic rocks of Ethiopia are produced from the upwelling of the mantle plume [11-13]. The Ethiopian volcanic province
developed during the Cenozoic, with the eruption of a large volume of continental flood basalt and associated felsic rocks [14]. This
volcanic province is one of the largest igneous provinces (LIPs), covering an area exceeding 600,000 km? [15]. The volcanic province is
classified as Continental Flood Basalt (CFB), shield volcanoes, and rift volcanism [16]. Continental flood basalts erupted during ~30
Ma to form the Ethiopian volcanic plateau [16]. Following the eruption of flood basalts, large shield volcanoes erupted on top of the
flood basalts, covering approximately 20% of the plateau [1]. These shield volcanoes (~30-10 Ma) are different from the flood basalts
in terms of composition and volume. Shield volcanoes have higher elevations ranging from 1000 to 2000 m above the plateau and are
less voluminous [1,15]. Shield volcanoes in the northwestern Ethiopian Plateau include the Simien, Choke, Guguftu, Megezez, and
Guna volcanoes [1].

The investigated area, the western escarpment of the MER, is a part of the northwestern plateau of Ethiopia (Fig. 1). The area
comprises both flood basalts (Kesem Oligocene basalts; 34 to 30 Ma [17]) and shield volcanoes (Megezez Miocene basalts; 10.5 Ma [2,
18,19]). The study area covers a stratigraphic section (>2000 m) from the Kesem River valley (1267 m) to Mt. Megezez (3509 m),
consisting of flood basalts and a shield volcano separated by the Late Oligocene to Early Miocene [17] silicic pyroclastic formation,
which is an interesting area to investigate the geochemical nature of both flood basalts and a shield volcano. Therefore, this study
focuses on the geochemical compositions and mantle source evolution of the Kesem Oligocene flood basalts and Megezez Miocene
shield basalts. This research presents new petrographic and geochemical data and evaluates the role of the asthenosphere, and mantle
plume, the contribution of the lithospheric mantle, and crustal materials in the genesis of the flood and shield basalts. Several prior
studies have been conducted on the petrology and geochemistry of volcanic rocks in the Ethiopian Plateau, but there are limited
geochemical data for the Kesem-Megezez area at the western rift margin of the Main Ethiopian rift, except for studies of volcanic rocks
from the Sheno to Megezez [14] and Gina Ager-Megezez volcanic sections [20].

2. Geological setting
2.1. Ethiopian continental flood basalt (CFB)

The Ethiopian LIP is a recent outpourings of continental flood volcanism related to the EARS crustal extension, including the MER
and Afar Rift [1,9,10,14,21,22]. The erupted volcanic display temporal and spatial compositional variations due to different mantle

Fig. 1. Shaded relief map of East Africa and Arabia (NASA SRTM30) illustrating the position (Main Ethiopian Rift = MER, Kenyan Rift = KR), as
well as the Ethiopian and Yemeni plateaus which surround the Afar depression. The circle dash line indicates the extent of Afar plume. The location
of study area site is also indicated by red box. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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source contributions [23]. The continental flood basalts of Ethiopia are characterized by tholeiitic and alkaline rocks [1,24]. Zanettin
[25] stratigraphically divided Ethiopian plateau volcanism into four secessions, i.e., Ashange basalt (pre-Oligocene), Aiba basalts
(34-30 Ma), Alajae basalts and rhyolite (30-26 Ma), and Termaber basalts (Miocene). Later, the northwestern Ethiopian flood basalts
were classified into low-Titanium basalts (LT-type) and high-Titanium (HT1- and HT2-type) basalts based on their titanium (Ti)
contents [8,9].

2.2. The Main Ethiopian Rift

The MER is part of the EARS, connecting the Afar rift in the north with the Turkana depression in the south [2]. It is a volcanic-type
rift showing all rift formation stages starting from early continental extension to continental break-up [26]. The MER is mostly sub-
divided into northern, central, and southern segments with northward rift propagation. The northern MER stretches southward from
the Afar Rift to the Koka Lake region and is separated from the central MER by the Boru Toru ridge [27]. The central and southern MER
are separated by a Goba-Bonga transverse lineament [27].

The study area (Kesem-Megezez section) is part of the northwestern Ethiopia Plateau and the western escarpment of the MER,
covered by volcanics mainly basaltic and pyroclastic rocks (Fig. 2). The lithology of the area consists of basaltic lavas, basaltic scoria,
and various welded silicic pyroclastic deposits. The study area comprises 2342 m thick volcanic sequences (from Kesem river valley
1267 m to Mt Megezez 3509 m). The Kesem basalts are exposed near the Kesem River along the main asphaltic road from Arerti to
Shola Gebeya. It is intensely fractured, irregularly to columnar-jointed, spheroidally weathered, and forms cliffs (Fig. 3). It is char-
acterized by different phases of basaltic flows separated by randomly exposed paleosols (~20 cm thick). It has a dark fresh color with
aphanitic and vesicular textures (Fig. 3a and b). Kesem basalts are commonly aphyric, and rarely porphyritic or glomero-porphyritic.
Moreover, pyroclastic deposits, such as ash and tuff, are intercalated towards the top. The general thickness of the Kesem basalts is
approximately 690 m, ranging from elevations 1267 m at the Kesem riverbed to 1957 m at the base of the ignimbrite unit. The
ignimbrite occurred overlain the Kesem basalts. The fresh color is light grey. The tuff and ash deposits are intercalated with the
ignimbrite in different locations (Fig. 3¢ and d). The silicic pyroclastic formation is, on average, 73 m thick (1957-2030 m elevations)
with variable thicknesses at different locations. The Megezez shield basalts overlie the silicic pyroclastic formation. The Megezez shield
basalts occupy highly elevated and cliff-forming areas characterized by a slope angle of ~5°. It has sharp contact with the underlying
silicic pyroclastic formation. The Megezez shield basalts have an approximate thickness of 1479 m (from 2030 m to 3509 m elevation).
At certain locations, the Megezez shield basalts were cut by basaltic dikes (Fig. 3f). It comprises fine, dark grey (fresh color) with an
aphanitic, vesicular to porphyritic texture (Fig. 3e and f). The porphyritic basalt is characterized by up to 5 mm large plagioclase
phenocrysts and less common aphyric basalts.

3. Petrograpy of basalts from Kesem-Megezez section
3.1. Kesem flood basalt (Oligocene)

The Kesem basalts are characterized by their aphyric texture with a minor amount of plagioclase phenocrysts (Fig. 4a—c). The
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Fig. 2. Geological map of the study area and its surroundings taken from Ref. [48].
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Plagioclase
Phyric basalt

Fig. 3. A and B) outcrops of Kesem basalt, C and D) ignimbrite, E and F) Megezez basalts.

phenocrysts are <1%, and the groundmass is composed of plagioclase, olivine and opaque minerals (KB19). The groundmass consists
of equigranular grains with an intergranular texture (KB 8). Most samples of Kesem basalts have a holocrystalline texture. The Kesem
basalt KB 16 sample contains plagioclase and opaque minerals as phenocrysts. These basaltic samples contain ~3% phenocrysts of
plagioclase minerals within a groundmass composed of microliters, cryptocrystalline and glassy materials. The plagioclases are
euhedral to subhedral with a grain size of up to 2 mm.

3.2. Megezez shield basalts (Miocene)

The Megezez basalts are phyric in texture, with phenocrysts of clinopyroxene, olivine, and plagioclase set in intergranular and
intersertal textured groundmasses of olivine, plagioclase and opaque minerals. Based on their major phenocryst contents, plagioclase
phyric, olivine-pyroxene phyric and pyroxene-phyric basalts are observed in the Megezez basalts (Fig. 5). The plagioclase-phyric basalt
consists of up to 4% plagioclase phenocryst (MB3). The size of plagioclase phenocryst ranges from 1 to 4 mm. The groundmass is
holocrystalline in texture and contains olivine, plagioclase and opaque minerals. The olivine pyroxene-phyric basalt has olivine and
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Fig. 4. Selected representative photomicrographs of Kesem Basalts. In Plane Polarized Light (PPL) and Cross-polarize (XPL). 4x magnification.

pyroxene as the major phenocrysts, with a holocrystalline texture (MB8). Olivine is altered to iddingsite. It consists of approx-
imatly10% phenocrysts within the groundmass of plagioclase, opaque, pyroxene and olivine minerals. The sizes of olivine and cli-
nopyroxene phenocrysts ranging from 1 to 4 mm. The pyroxene-phyric basalt shows pyroxene as the major phenocryst (~4%). The
groundmass contains olivine, pyroxene, and plagioclase with a holocrystalline texture (MB11). The size of the clinopyroxene phe-
nocrysts ranging from 1 to 3 mm.

4. Analytical method
Ten representative samples were sent to the Australian Laboratory Service (ALS) to determine major and trace element contents.

Sample preparation was done at ALS Geochemistry, Addis Ababa. 0.20 g of the sample powder was added to 0.90 g of lithium tet-
raborate flux, and the mixture was homogenized and fused in a furnace at 1000 °C. The resulting melt was cooled and dissolved in 100
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Fig. 5. Selected representative photomicrographs of Megezez Basalts: a) plagioclase phyric basalts, b) olivine-cpx phyric basalts and ¢) cpx phyric
basalt. In Plane Polarized Light (PPL) and Cross-polarize (XPL). 4x magnification.

mL of 4% nitric acid/2% hydrochloric acid. The solution was then analyzed using Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) and Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) for major and trace elements, respectively
(Tables 1 and 2). A Gravimetric analytical technique was used to determine the loss on ignition (LOI).

Repeatability of the data was checked using duplicate analysis, and accuracy of the data was checked by international rock standard
samples (OREAS102a; https://www.oreas.com/crm/oreas-102 and AMIS0304; https://amis.co.za/wp-content/uploads/AMIS0304-
Certificate.pdf). The accuracies of major and trace elements are mostly better than 1-2% and 5%, respectively.

5. Whole rock geochemistry
5.1. Geochemical classification

Based on the Total Alkali versus Silica (TAS) plot, the Kesem Oligocene basalts and Megezez Miocene basalt samples fall in the


https://www.oreas.com/crm/oreas-102
https://amis.co.za/wp-content/uploads/AMIS0304-Certificate.pdf
https://amis.co.za/wp-content/uploads/AMIS0304-Certificate.pdf

Table 1
Major oxide and CIPW normative data for rock samples from Kesem-Megezez Section.

D 30 wnay g

Type Kesem alkali basalt Megezez Standard (this analysis)
Transitional basalt Trachy-andesite
Sample no KB9 KB12 KB13 KB14 MB3 MB7 MB10 MB11 MB1 MB4 OREAS 102a AMIS0304
Easting (m) 564,823 557,343 558,123 564,525 552,925 551,123 553,947 553,590 554,725 553,905
Northing (m) 1,004,655 1,005,259 1,007,110 1,009,462 1,021,113 1,017,885 1,024,135 1,019,203 1,017,999 1,020,806
Elev. (m) 1720 2129 2193 2427 3026 3019 3395 3420 3078 3007
SiO, (Wt%) 47.1 45.8 46.9 45.7 49.1 45.6 48.8 45.6 57.8 61.7 65.3 12.5
Al,03 15.55 16.15 16.35 15.9 15.6 14.95 14.9 14.7 15.9 16.1 12.25 1.52
Fey03* 14 14.65 14.55 14.9 14.8 14.65 14.55 14.75 8.55 6.79 7.99 21.5
CaO 7.29 8.03 8.08 7.98 6.85 11.15 8.58 10.85 4.59 3.33 1.96 28.8
MgO 4.92 5.83 4.98 5.91 2.78 6.96 4.07 7.06 1.7 0.77 2.23 2.87
Na,O 3.64 3.32 3.55 3.26 3.86 2.51 3.53 2.6 4.87 5.03 0.14 0.1
K0 1.54 1.46 1.28 1.18 1.52 0.76 1.24 0.76 2.53 3.11 4.34 0.26
TiO, 3.37 3.6 3.4 3.42 3.45 2.84 3.49 2.76 1.76 1.52 0.28 1.78
MnO 0.18 0.18 0.18 0.18 0.18 0.19 0.19 0.18 0.17 0.17 0.06 0.44
P05 1 0.52 0.52 0.48 0.58 0.29 0.48 0.28 0.71 0.54 0.14 18.3
LOI 1.88 1.76 0.22 1.6 1.74 2.23 0.75 1.32 0.41 0.41 1.74 2.24
Total 100.47 101.3 100.01 100.51 1.74 100.95 100.65 101.15 99.95 0.41 100.32 101.3
Mg# 44 47 43 47 30 52 39 52 31 20

“ Total Fe as Fe203; DL = detection limit.

9SZ/12 (£202) 6 UoAoH



Table 2
Trace element data (ppm) for basaltic lavas from the Kessem and Megezez area.

Type Kesem alkali basalt Megezez Standard (this analysis) DL
Transitional basalt Trachy-andesite

Sample KB9 KB12 KB13 KB14 MB3 MB7 MB10 MB11 MB1 MB4 OREAS 102a AMIS0304

Easting (m) 564,823 557,343 558,123 564,525 552,925 551,123 553,947 553,590 554,725 553,905

Northing (m) 1,004,655 1,005,259 1,007,110 1,009,462 1,021,113 1,017,885 1,024,135 1,019,203 1,017,999 1,020,806

Elev. (m) 1720 2129 2193 2427 3026 3019 3395 3420 3078 3007

v 200 315 304 308 283 352 284 403 56 32 36 349

Cr 20 50 40 30 10 80 20 70 20 20 50 100 0.15

Rb 23.6 31.3 18.6 18.2 22.5 12.4 21.7 14.3 47.4 72.3 240 10

Sr 751 1025 883 749 665 417 548 500 700 651 37.5 3540

Y 35.3 28.6 26.1 24.4 39.5 21.6 34,5 23.4 46.9 44.7 97 422 0.02

Zr 259 242 212 203 279 144 235 164 321 344 329 1100 0.04

Nb 33.7 36.5 28.9 27.4 335 19.4 33.9 20.3 38.7 39.8 32 >2500

Cs 0.15 0.14 0.09 0.13 0.1 0.04 0.12 0.03 2.07 1.46 3.05 0.34

Ba 574 460 500 407 511 189 292 174.5 792 870 362 2580 0.07

La 35.8 30.6 27.5 26 36.6 16.6 28.2 18.4 48 49.4 293 3280 0.00

Ce 79.6 68.5 60.7 56.5 66.9 37.1 61.5 36.9 95.3 102 595 8090 0.01

Pr 11.00 9.22 8.37 7.9 10.5 5.12 8.69 5.37 13.3 13.75 53.3 >1000 0.00

Nd 51.00 41.7 38.7 36.7 46.6 24.3 40.4 25.2 61.9 60.2 181 4310 0.01

Sm 11.10 8.65 8.55 7.99 10.95 6.05 8.87 6.17 13.2 13.5 26.6 606 0.03

Eu 3.20 2.62 2.32 2.3 3.24 1.82 3.02 1.92 3.5 3.58 3.56 141.5 0.01

Gd 10.10 8.83 7.54 7.39 10.95 6.60 9.92 6.32 13.00 12.3 19.7 364 0.01

Tb 1.34 1.12 1.00 1.00 1.54 0.87 1.28 0.93 1.66 1.66 2.7 335 0.01

Dy 8.13 6.21 5.51 5.66 8.66 5.09 7.87 5.1 9.91 10.65 17.55 139.5 0.03

Ho 1.30 1.10 1.11 0.92 1.58 0.99 1.42 0.97 1.82 1.8 3.5 17.4 0.07

Er 3.67 3.11 2.94 2.7 4.15 2.54 3.86 2.66 4.81 5.25 11.25 36.8 0.03

Tm 0.41 0.34 0.32 0.31 0.49 0.26 0.46 0.30 0.63 0.63 1.51 3.38 0.01

Yb 2.39 2.12 2.04 2.04 2.83 1.66 2.62 1.82 3.52 3.57 10 17.9 0.04

Lu 0.36 0.31 0.29 0.28 0.42 0.28 0.39 0.25 0.54 0.59 1.57 2.02 0.04

Hf 6.1 6.0 5.3 5.4 7.5 4.2 6.4 4.8 7.6 8.8 9.3 25.2 0.06

Ta 5.9 5.9 4.2 2.7 2.7 1.7 2.8 1.9 3.7 4.0 2.6 11.3 0.08

Th 2.87 3.20 2.46 2.47 3.25 1.92 3.26 1.92 6.40 8.20 35.6 493 4.69

U 0.77 0.88 0.67 0.62 0.50 0.60 0.85 0.52 1.60 2.07 692 221 0.03

D 30 wnay g

9SZ/12 (£202) 6 UoAoH
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basalt field, but two samples fall in the trachy-andesite field. Samples from the Kessem Oligocene basalts are alkaline, whereas samples
from the Megezez Miocene basalts and trachy-andesites are transitional with alkaline affinity (Fig. 6a). As shown in Fig. 6b, the
Megezez Miocene basalts plot within the limits of the Ethiopian transitional basalts field defined by Ref. [28]. In contrast, the Kessem
Oligocene basalts distinctly fall in the field of alkaline basalts. However, on the volcanic classification diagram of [29] using immobile
elements (Nb/Y vs. Zr/TiO3 x 0.0001), all samples fall in the field of alkaline basalts (Fig. 6¢), where the Megezez Miocene basalts plot
towards the boundary of sub-alkaline basalts rather than Kessem Oligocene basalts. Therefore, based on their chemical composition,
samples of the study area are classified into two major groups; Kesem alkali basalts (Oligocene) and Megezez transitional basalts
(Miocene).

5.2. Major elements

Whole-rock major element data for the Kesem alkali and Megezez transitional basalts are presented in Table 1. Kesem alkali basalts
have a limited MgO range (4.92-5.91 wt %) and a lower SiO; (45.7-47.1 wt %) than Megezez transitional basalts (Si03 = 45.6-49.1 wt
%; MgO = 4.06-7.06 wt %). The major element variation diagrams are shown in Fig. 7a-h. The Kesem alkali basalts and Megezez
transitional basalts to trachy-andesites K20, Na;O and Al,O3 are negatively correlated with MgO, while CaO is positively correlated
with MgO.

For the Kesem alkali basalts, TiOs is positively correlated with MgO. However, TiO- is negatively correlated with MgO for the
Magezez transitional basaltic samples and sharply decreases toward the trachy-andesite samples. Fe;Os is positively correlated with
MgO in the Kesem alkali basalts, whereas it remains constant among Megezez transitional basalts and sharply decreases for the trachy-
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Fig. 6. a) Total alkali (NayO + K;0) versus SiO, diagram [49] of the Kesem-Megezez basaltic rocks, b) The Ethiopian transitional basalts field
defined by Ref. [28] and c) Volcanic classification diagram of [29] using immobile elements (Nb/Y vs. Zr/TiO; x 0.0001). Data for LT- and
HT2-type basalts are from Refs. [8,9], Sheno and Megezez basalts from Ref. [14] are plotted for comparison. The dividing line of alkaline and sub
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andesites. On the other hand, CaO/Al;03 against MgO shows different trends for the two basalts. In the Kesem alkali basalt, as MgO
decreases CaO/Al;03 shows a nearly constant horizontal trend. However, in the Megezez transitional basalts, the CaO/Al»03 ratio is
positively correlated with MgO.
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5.3. Trace elements

The whole-rock trace element data are presented in Table 2. The incompatible trace element plots of Rb, Ba, Zr, Y, and Nb against
MgO display different trends for both the Kesem alkali and Megezez transitional basalts (Fig. 8a—f and 9a-f). Rb, Ba, Zr, Y, and Nb
correlate negatively with MgO. Moreover, the trace elements Yb and Th display a positive correlation with Zr in both groups. Whereas,
V vs. Zr plot shows negative correlation for both groups. Furthermore, some of the incompatible trace elements against compatible
elements Cr and MgO show distinctive trends for the two groups, e.g., Ce vs. Cr and MgO, Ba vs. MgO, Sr vs. MgO. In addition, Sr vs. Zr
also shows two different positive trends; the Kesem alkali basalt shows a steep trend, while the Megezez transitional basalt to trachy-
andesite shows a gentle slope. Trace element Ce against MgO in the Kesem alkali basalt shows a steep trend within a limited range of
MgO, while the Megezez transitional basalt to trachy-andesite shows a gentle slope. For Ba versus MgO, the two groups exhibit parallel
but separate trends.

As shown in Fig. 10a and b, the overall patterns of primitive mantle normalized trace elements for both the Kesem alkali and
Megezez transitional basalts are similar to oceanic island basalts (OIB-type) and enriched asthenospheric mantle (E-MORB). The
patterns show incompatible element enrichment and compatible element depletion. Both basaltic groups are significantly enriched in
HFSE (Nb and Ta) than the LILE and LREE (La and Ce), which is a typical feature of OIB-like patterns [30]. Generally, in both basaltic
groups, peaks in Ta and Ba and a trough in Th are observed. The trachy-andesite samples, MB1 and MB4 from the Megezez transitional
group, show highly enriched in incompatible elements and depleted in Nb, Sr, and Ti.
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Fig. 8. Selected trace element plots against MgO (wt. %) of the study area. Data for LT- and HT2-type basalts are from Refs. [8,9], Sheno and
Megezez basalts from Ref. [14] are plotted for comparison Symbols as in Fig. 6.
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Fig. 9. Selected trace element plots against Cr, Zr in ppm and MgO (wt. %) of the study area. Symbols as in Fig. 6.

As shown in Fig. 10c and d, the chondrite-normalized rare earth element (REE) patterns of the Kesem alkaline and Megezez
transitional basalts show enrichment in light rare earth elements (LREE) relative to heavy rare earth elements (HREE). These char-
acteristic features are similar to those of ocean island basalt (OIB-type) [31]. In contrast, the Megezez transitional basalts show less
enrichment in light rare earth elements (LREE), with an affinity of E-MORB compared to the Kesem alkaline basalts (Fig. 10d). The
Kesem alkali basalts have LREE/HREE (La/Yby = 9.1-10.7), MREE/HREE (Tb/Yby = 2.2-2.54 and Dy/Yby = 1.8-2.27) and
LREE/MREE ratios (La/Smy = 2.07-2.3). Megezez transitional basalts also show LREE/HREE (La/Yby = 7.17.1-9.28), MREE/HREE
(Tb/Yby = 2.11-2.38 and Dy/Yby = 1.8-2.05) and LREE/MREE (La/Smy = 1.77-2.36).

6. Discussion

The petrographic and geochemical results of the Kesem-Megezez section reveal two distinct categories of basalts; 1) Kesem alkali
basalts and 2) Megezez transitional basalts. The Kesem alkali basalts are part of the northwestern Ethiopian Plateau flood basalts,
which are Oligocene in age. In contrast, the Megezez transitional basalts are part of the northwestern plateau shield basalts, which are
Miocene in age. Generally, the geochemical characteristics of Kesem basalts are correlated with those of Sheno basalts [14] and
HT1-type basalts [8,9], whereas, the Megezez basalts correlate with Choke basalts [1,37] and HT1-type basalts [8,9]. The Kesem and
Megezez basalts are part of the Aiba and Tarmaber-Megezez formations, respectively [32-34].

The observed geochemical (major and trace element) variations between the Kesem alkali and Megezez transitional basalts may
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have been caused by the magma evolution process, the variable contribution from crustal materials, and/or from their mantle source.
The compositional difference between the Kesem alkali and Megezez transitional basalts may indicate either magmatic processes or the
nature of the mantle sources in their petrogenesis. The sources of their compositional variations are discussed below by assessing the
possible magmatic processes (fractional crystallization, crustal contamination and the degree of partial melting and depth of melt
segregation) and their mantle source features.

6.1. The role of fractional crystallization

The Kesem alkali and Megezez transitional basalts show low MgO and Cr contents (Kesem alkali basalt Cr = 50 ppm and MgO =
4.92-5.91 wt %; Megezez transitional basalt Cr = 80 ppm and MgO = 2.78-7.07 wt %) as compared to mantle-derived primitive
basalts [Cr > 1000 ppm, MgO = 10-15 wt %; 35]. The presence of such low contents of MgO and Cr in the studied samples suggests that
both the Kesem alkali basalts (Oligocene) and Megezez transitional basalt (Miocene) have undergone some degree of fractionation
from their parent magmas.

As shown in Figs. 7b, ¢, e-h, 8c and e, and 9a, the major and incompatible trace element plots against MgO and Cr show clear
distinctive trends for the Kesem alkali basalts and Megezez transitional basalts. This suggests that the Kesem Alkali basalts and
Megezez transitional basalts were not differentiated by a similar fractional crystallization process. For instance, Al,O3 against MgO in
Kesem alkali basalt shows a steep trend within a limited range of MgO, whereas the Megezez transitional basalt to trachy-andesite
shows a gentle slope. Al;O3 is higher in the Kesem alkali basalts than in the Megezez transitional basalts for the same MgO values.
Sr against MgO shows a positive trend in Kesem alkali basalts but a negative trend in Megezez transitional basalts. The trace element Ce
against MgO and Sr against Zr in the Kesem alkali basalt shows a steep trend, whereas the basalt to trachy-andesite shows a gentle
trend. In plots of CaO, K50, NayO and Ba versus MgO, parallel but different trends are observed in the Kesem alkali and Megezez
transitional basalts.

In both the Kesem alkali and Megezez transitional basalts to trachy-andesites, Al;O3 is negatively correlated with MgO, while CaO
is positively correlated with MgO, suggesting fractionation of olivine and pyroxene with insignificant plagioclase fractionation. On the
other hand, CaO/Al»03 against MgO shows different trends for the Kesem alkali and Megezez transitional basalts. In the Kesem alkali
basalts, as MgO decreases, CaO/Al,03 shows a nearly horizontal trend, implying that olivine is the dominant fractionation phase.
However, in the Megezez transitional basalts, the CaO/Al;O3 ratio decreases as MgO decreases, indicating that both pyroxene and
olivine minerals were the dominant fractionated phases. Based on the petrographic descriptions of the Megezez basalts, the major
crystallization phases are olivine, oxides, plagioclase and clinopyroxene (Fig. 5), in agreement with the above discussions. There are
slight positive TiO, variations with MgO among the Kesem alkali basalts. However, TiO, increases with decreasing MgO for the
Megezez transitional basalts and sharply decreases toward the trachy-andesite, indicating titanomagnetite fractionation in the Kesem
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basalts but not in the Megezez transitional basalts. Fe3O3 also decreases with decreasing of MgO only in the Kesem alkali basalts, but
remains constant among the Megezez transitional basalts supporting the fractionation of titanomagnetite in the Kesem alkali basalts
but not in the Megezez transitional basalts. The petrographic descriptions also support this inference of no titano-magnetite frac-
tionation in the Megezez transitional basalts since opaque minerals are observed only as groundmass (Fig. 5).

Therefore, these compositional variations between the Kesem alkali and Megezez transitional basalts may demonstrate that the
Kesem alkali and Megezez transitional basalts are different and that their compositional variations might not be explained by similar
fractional crystallization processes.

6.2. The role of crustal contamination

The variations in major and incompatible trace element compositions between the Kesem alkali and Megezez transitional basalts
possibly indicate variable contributions of crustal components and/or mantle sources to their genesis.

Incompatible trace element ratios such as La/Nb, Nb/U, K/Nb, and Ba/Nb are commonly used to distinguish uncontaminated
oceanic basaltic rocks (MORB/OIB) from basalts contaminated by the continental crust [30,36]. The average Nb/U ratio of oceanic
basalt is 47 + 10 [36], whereas that of continental crust is ~25 [37]. Therefore, the Kesem alkali and Megezez transitional basalts were
probably not affected by crustal contamination because the Nb/U ratios of the Kesem alkali basalt (Nb/U = 41.4-44.1) and Megezez
transitional basalt (Nb/U = 32.3-67) are in the range of mantle-derived oceanic basalts (MORB/OIB). However, the two
trachy-andesite samples from the Megezez area (MB1 and MB4) have Nb/U ratio of 24.18 and 19.2, respectively, indicating significant
crustal contamination. According to Weaver [30], the trace element ratios for crustal materials are La/Nb = 2.2, Ba/Nb = 54 and
Ba/La = 25. In contrast, the ratios in mantle-derived oceanic basalt are La/Nb (0.66-1.32), Ba/Nb (4.3-17.8) and Ba/La (4-16.6). The
Kesem alkali basalt (La/Nb = 0.83-1.24, Ba/Nb = 12.6-17.3 and Ba/La = 15.03-16.03) and the Megezez transitional basalts (La/Nb
=0.83-1.09, Ba/Nb = 8.6-15.2 and Ba/La = 9.08-13.9) show values within the range of mantle-derived basalts. Therefore, there is no
crustal material contribution to the petrogenesis of the Kesem alkali and Megezez transitional basalts. However, the two
trachy-andesite samples from Megezez (Ba/Nb = 20.4 for MB1 and Ba/Nb = 21.8 for MB4) reflect crustal material contributions. As
shown in Fig. 11a and b, except for the two trachy-andesite samples, the Kesem alkali and Megezez transitional basalts plotted in the
field of oceanic island basalts (OIB). Furthermore, there are no trends toward the upper continental or lower crust [38,39], suggesting
that there is no crustal contribution to the genesis of the Kesem alkali and Megezez transitional basalts.

In conclusion, the available trace element evidences indicate that the Kesem alkali and Megezez transitional basalts show no or
insignificant involvement of crustal contamination in their genesis. As a result, the incompatible trace element variations suggest that
crustal contamination is not the cause of the compositional variations in the Kesem alkali and Megezez transitional basalts.

6.3. Degree partial melting and depth of melt segregation

The compositional variations between the Kesem alkali basalts and Megezez transitional basalts may be due to the variable magma
segregation depth and degree of partial melting of the homogenous mantle source. The Kesem alkali basalts show relatively wider
ranges of Gd/Yb (3.62-4.2) and La/Yb ratios (12.7-14.9), whereas the Megezez transitional basalts show narrow ranges of Gb/Yb
(3.4-3.9) and La/Yb ratios (10-13.8). The Megezez transitional basalts may have been derived from a relatively shallow depth with a
higher degree of partial melting than the Kesem alkali basalts (Fig. 12a). As shown in Fig. 12b, the Kesem alkali and Megezez tran-
sitional basalts may have been derived from a mantle source within the stability field of garnet at depths greater than 80 km [40,41].
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A non-modal equilibrium melting model of the spinel- and garnet-bearing lherzolitic mantle source using primitive mantle [31] asa
starting source was used to assess the melting conditions of the Kesem alkali and Megezez transitional basalts. As shown in (Sm/Yb)x
versus (La/Sm)y, the Kesem alkali basalt can be produced by melting of ~3-4% residual garnet with a 2-3% degree of partial melting.
Whereas, the Megezez transitional basalts are formed by melting of ~2-3% residual garnet with >3% degree of partial melting
(Fig. 12¢).

6.4. Mantle source characteristics

The primitive mantle-normalized multi-element, and chondrite-normalized REE patterns of the Kesem alkali and Megezez tran-
sitional basalts are generally more similar to the OIB-like patterns (Fig. 10). The Megezez group shows a slight tendency towards the E-
MORB pattern. The enrichment of LREE relative to MREE and HREE, as well as the fractionation of MREE from HREE, indicate that the
source of the Kesem alkali basalts (Oligocene) and the Megezez transitional basalts (Miocene) were located in deep mantle sources with
a garnet stability field (Fig. 10).

As shown in Fig. 13a and b, Nb/Zr versus Rb/Zr and Ba/Zr plots demonstrate that both the Kesem alkali basalt and Megezez
transitional basalt fall inside the mantle array between oceanic island basalt (OIB) and enriched mid-oceanic ridge basalt (E-MORB),
[31]. It is also shown in K/Nb versus Zr/Nb (Fig. 13c) and Th/Yb versus Nb/Yb plots (Fig. 13d) where all basalts plot between the
values of the OIB and E-MORB mantle components. In the Th/Yb versus Nb/Yb (Fig. 13d) plot, the Kesem alkali basalts (Oligocene)
display a greater tendency towards the OIB mantle component, whereas the Megezez transitional basalts (Miocene) show a greater
tendency towards the E-MORB mantle component. These features are also observed in the REE and multi-element patterns in Fig. 10a

3
(a) | (b)
43 - Garnet stability field
Ar‘ ’ 4
2 25 —
=
- -~ 5 =z | O ¢ o0
S §l 03 2|
O 3 E
38 - a
©
Q =
(%]
g L
15 — Spinel stability field
3.3 I 1 L [ | J x
55 65 75 85 95 105 6.5 75 8.5 9.5 10.5 11.5
La/Lu (La’Yb),
8 1% 1
(c) “‘o‘|,‘..
, et 4% Gt
Garnet Iherzolite 2% ““.‘
6 L
=
o) waspeetttt
E 4 = 1 2% Gt
Q
: *30/ 2% Spinel lherzolite
" e o
2 0% [ | L 2% Sp
10% 3% 2% 1%
0 \ |
1 2 3 4

(La/Sm),

Fig. 12. a) Gd/Yb versus La/Lu b) (Tb/Yb)y versus (La/Yb)y plots and c¢) Non-modal batch melting modeling of a lherzolitic mantle source, (Sm/
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taken from Refs. [52,53]. Normalization values are from Ref. [31]. Stability fields of Garnet and Spinel in Figure b is taken from Ref. [41]. Symbols
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and b.

Therefore, from the observed trace element patterns and ratios, the Kesem alkali and Megezez transitional basalts are more likely to
be derived from the mixing of two mantle components in various proportions: 1) mantle plume (OIB) and 2) an enriched astheno-
spheric mantle (E-MORB). The basalts in both groups fall along a mixing line between the OIB and the E-MORB (Fig. 13d). The linear
trend along the average OIB and E-MORB in the Kesem and Megezez basalts indicates a possible interaction of the OIB-type plume with
the E-MORB component melt in their source origins, with a dominant proportion of plume component (OIB) during the Oligocene (OIB
= 55-75%; EMORB = 25-45%), but an equal proportion of OIB and enriched asthenosphere (E-MORB) in the Miocene (OIB = 40-60%,
EMORB = 40-60%), (Fig. 13d).

The results of this investigation demonstrate that mantle plume (OIB) and metasomatized N-MORB (EMORB) components play a
significant role in the genesis of Oligocene flood basalts and Miocene shield basalts in the Ethiopian plateau. However, previous in-
vestigations of various parts of the Ethiopian Plateau magmatism inferred contributions of the depleted asthenospheric mantle (N-
MORB) and lithospheric mantle [8,9,42,43], heterogeneous supper mantle plume upwelling [1], or interaction of an asthenospheric
mantle and EM-like subcontinental lithospheric mantle [SCLM; 44].

Based on the above-discussed geochemical evidence, the following scenario explains the genesis of basalts from Oligocene and
Miocene magmatism in the Ethiopian Plateau. Magmatism began with the arrival of a mantle plume (OIB; aka Afar Plume) that came
across a sub-lithospheric geochemically enriched and fertile asthenospheric mantle component (E-MORB). The enriched astheno-
spheric mantle component (E-MORB) possibly originated from an earlier depleted mantle wedge (N-MORB) that was metasomatized
and enriched by subduction fluid/sediment during the Neoproterozoic subduction history of the region [45,46]. Alternatively, the
E-MORB component may originate from plume- entrained blobs/lenses of mantle components from a depth below the asthenosphere
[47]. Thus, the uprising of a hot mantle plume that impinging beneath the lithiosphere at ~30 Ma [9] generates OIB-type melts due to
decompression. Simultaneously, the thermal effect of the hot plume also triggered the melting of the fertile EEMORB component in the
asthenosphere at the garnet stability depth. Then, the interaction between more melts from the plume (OIB) and lesser melts from the
E-MORB created flood basalts (Kesem basalts). During the Miocene, progressive melting of the OIB and E-MORB generated the plateau
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shield basalts (Megezez basalts).
7. Conclusions

This study covers both the Oligocene flood and Miocene shield basalts from the Kesem-Megezez section. Kesem alkali basalts
(Oligocene) are aphyric in texture and holocrystalline groundmasses containing olivine, pyroxene and plagioclase minerals with <1%
plagioclase phenocrysts. The Megezez transitional basalts (Miocene) are phyric in texture and holocrystalline groundmass containing
olivine, pyroxene and plagioclase minerals with 10%-20% of pyroxene, olivine and plagioclase phenocrysts. The Kesem and Megezez
basalts are alkaline and transitional, respectively.

The geochemical variations in the Kesem alkaline basalts and the Megezez transitional basalts result from different depths of
melting by variable degrees of partial melting. The Kesem alkali basalt can be produced by melting of ~3-4% residual garnet with
approximatly3% degree of partial melting, whereas the Megezez transitional basalts are formed by melting of ~2-3% residual garnet
with >3% degree of partial melting.

The results of this investigation demonstrate that mantle plume (OIB) and metasomatized N-MORB (EMORB) components play a
significant role in the genesis of Oligocene flood basalts and Miocene shield basalts in the Ethiopian plateau. The interaction between
more melts from the plume (OIB) and lesser melts from the E-MORB created the flood basalts (Kesem alkali basalts) of the Ethiopian

plateau during the Oligocene (~30 Ma) and mixing between more melts from the E-MORB mantle and less plume component (OIB)
generated the shield basalts (Megezez transitional basalts) in the plateau during the Miocene.
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