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 Abstract  

The Dera-Sire section is located in the eastern escarpment of the Central Main Ethiopian Rift. The 
section consists of, from bottom to top, lower flood basalt (Oligocene), lower ignimbrite, tuff and 

ash, upper basalt (Pliocene), and upper ignimbrite. The lower flood basalts are characterized by 

phyric to aphyric textures. The lower and upper ignimbrite units contain crystals of quartz, 
plagioclase, and lithic fragments embedded within a glassy groundmass. The upper basalts are 

aphyric to plagioclase phyric in texture. The lower flood basalts and upper basalts are alkaline and 

sub-alkaline (tholeiitic) in composition, respectively. The geochemical variations suggest at least two 
dominant mantle components that require the production of both upper tholeiitic and lower alkaline 

basalts. The components are an OIB-like component, which might be similar to the Afar plume 

composition, and an E-MORB-like component in the asthenosphere, indicating that there were no 
temporal mantle source variations from Oligocene to Pliocene magma generations.  However, the 

alkaline affinity of the lower flood and tholeiitic nature of the upper basalts suggest that the depth of 

melting of the lower flood basalt is relatively deeper than that of the upper basalts. The fractionated 
mineral assemblages of the lower flood basalts (plagioclase-olivine-minor clinopyroxene) and upper 

basalts (dominant plagioclase with minor clinopyroxene) suggest that the mantle-derived magma 

rose, accumulated, and fractionated in the lower crustal and upper crustal chambers, respectively. 
Subsequently, the fractionated magma from the lower and upper crustal chambers rose to the surface 

and produced lower flood basalts and upper basalts, respectively. 

 

1. Introduction  

East African volcanism dates back to approximately 45 Ma [1-3], preceding 

the formation of the East African Rift System (EARS) by approximately 20 

million years [4-6]. Volcanic activity in the region is linked to the activity 

of mantle plumes (e.g. Ebinger and Sleep [7], George et al. [3], Rogers et 

al. [8], Furman et al.[9], Rogers [10] and Pik et al.[11]), which has a 

significant impact on the geological history of the area during various 

periods. The Ethiopian volcanic province, the northern part of the EARS, 

is a large igneous province (LIPs) covering an area of approximately 

600,000 km2 [6, 12-14]. The Ethiopian volcanic series consists of two major 

categories: 1) Continental Flood Basalt (CFB) together with shield 

volcanoes, which have extensively covered the northwestern and 

southeastern plateaus of the country; and 2) rift volcanism that includes 

volcanic activity along the Afar Rift and the Main Ethiopian Rift (MER). 

Most of the Ethiopian CFB erupted around 30 Ma to form a vast volcanic 

plateau within a short period of <5 Myr [5, 15-18]. During the Miocene, the 

continental flood basalts were overlain by the eruptions of massive shield 

volcanoes (for example, Mts. Megezez, Guguftu, Guna, Simien, and 

Choke) ~ 23–10 Ma [6, 13, 18, 19]). The MER, the northern part of the 

EARS, stretches approximately 1000 km and represents the region between 

the Kenya rift and the Afar triple junction (Figure 1(a)), where extensional 

deformation began to develop from the late Oligocene-early Miocene to the 

present (e.g., Ebinger et al.[2], Woldegabriel et al.[20], Ebinger et al.[7], 

Wolfenden et al. [21]). The MER system is characterized by a long history 

of magmatism associated with different degrees of lithospheric extension. 

Based on the structural features of the rift segments, the MER is divided 

into three main segments: the Northern MER, Central MER, and Southern 

MER, reflecting the different stages of the continental extension process 

interpreted from different fault architectures, timing of volcanism, and 

deformation [20-22]. The study area is located in the Central MER, which 

is relatively young and formed less than 8 Ma after the formation of the 

Northern MER [23]. The volcanic activity in this region is bimodal in 

composition, with a prevalence of silicic products [18] (Figure 1(b)). 

Most previous studies on Ethiopian volcanism, particularly the rift margin, 

have been conducted at a regional scale, and detailed studies on single 

sections of the rift margin are limited. Several parts of the Ethiopian Plateau 

and rift volcanic rocks need detailed and all-inclusive studies in terms of 

lithologic unit identification, lithological extent, and textural and 

mineralogical characteristics, and finally to establish a complete 

stratigraphic section.  The investigated area (Figure 1), which is the eastern 

escarpment of the central MER and the western boundary of the 

southeastern Ethiopian Plateau, hosts both flood basalts (Oligocene) and 
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rift volcanic rocks, including basalts and pyroclasts (Pliocene) [24]. This 

study focuses on an area located between the towns of Dera and Sire, 

covering a 900-meter stratigraphic section from the Keleta River valley 

(1580m) to the top of the escarpment (2480m). It is an interesting area to 

investigate the petro-stratigraphy and geochemical nature of volcanic rocks. 

Therefore, this study aims to understand the petro-stratigraphy and 

geochemical characteristics of volcanic rocks and presents new data related 

to petrography, petrology, and geochemistry.

Fig. 1 a) Digital Elevation map of Ethiopia and part of Yemen showing the position of the Main Ethiopia Rift, Gulf of Aden, Red Sea, Ethiopian and Yemeni 

Plateau, including the distribution of shield volcanoes (Kieffer et al., 2004; Corti, 2009) and b) Simplified geological map of central MER after Jepsen and 

Athearn (1997). 1)Pre-Tertiary sediments and crystalline basement, 2) Oligocene (32–29 Ma) and lower Miocene (12–8 Ma) plateau volcanic, 3) Miocene–

Pliocene rift-shoulder trachytic-rhyolitic volcanic and pyroclastic layers, 4) Plio-Pleistocene rift floor, 5) Quaternary central volcanic and basaltic lava flows, 

associated scoria cones and phreato-magmatic deposits, and 6) Quaternary lacustrine sediments and interbedded pyroclastics. 

2. Regional geological setting 

The earliest volcanic activity in the EARS occurred between 40 and 45 

million years ago in southwestern Ethiopia and northern Kenya [1-3], 

However, extensive and widespread volcanism in Ethiopia, Eritrea, and 

Yemen commenced between 31 and 22 Ma, during which the CFB and 

their associated felsic pyroclastic rocks and lavas erupted [4-6, 15, 16, 

25]. Subsequently, from 30 to 10 Ma, a number of large shield volcanoes 

erupted on the surface of the volcanic plateau [6, 13, 18, 19].  In general, 

plateau uplift, crustal thinning, rifting, and formation of magmatic 

provinces during the evolution of the EARS are attributed to the 

upwelling of mantle plumes [3, 7-11]. The EARS is a Miocene-

Quaternary intra-continental extensional system composed of several 

interacting rift segments extending from Mozambique in the south to 

Ethiopia-Afar in the north [26-30]. The EARS joins the Gulf of Aden 

and Red Sea Rifts at the Afar triple junction (Figure 1(a)). The Rift 

System enables the study of compositional variation of erupted magmas 

as a function of extension [31].  

The Ethiopian volcanic province is suggested to be related to Afar mantle 

plume impingement, uplift, volcanism, and extension (e.g., 

Woldegabriel et al. [20],  George et al.[3], Ebinger and Sleep [7], Rogers 

et al. [8],  Furman et al. [9],  Rogers [10], and  Pik et al. [11]). In northern 

and central Ethiopia, volcanism began during the Oligocene with 

eruptions of thick successions of the CFB and their associated felsic 

pyroclastic rocks and lavas. Most of these flood basalts erupted within a 

short period of time (< 5 Ma), where the bulk of the flood basalts 

extruded between 31 and 29 Ma, predating the main extensional event in 

the Ethiopian rift [4, 5, 15, 16, 32]. However, the earliest lavas in the 

Ethiopian Province were found in southern Ethiopia, dating to 45-35 Ma 

[1, 18, 33]. The MER is an 80-kilometre-wide rift zone that separates the 

uplifted northwestern and southeastern Ethiopian plateaus [12]. (Figure 

1). The MER extensional deformation begins to develop in the late 

Oligocene–early Miocene with a rate of extension of 6-7 mm/yr (e.g., 

Chernet et al. [34], Ebinger et al. [35], and  Bonini et al. [36]). The 

majority of MER volcanics are Plio-Quaternary in age, with older 

volcanics restricted to the rift margins. Magmatic activity appears to 

have been episodic rather than continuous [20, 34, 37]. 

3. Materials and methods 

Petrographic studies were carried out on 20 representative fresh samples 

from different volcanic units of the Dera-Sire section. Thin sections were 

prepared at the Central Laboratory of the Geological Institute of Ethiopia 

(GIE). The thin sections were examined using a standard petrographic 

microscope at the petrography laboratory of the Geology Department, 

Natural and Applied Science College, Addis Ababa Science and 
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Technology University (AASTU). 

 Whole-rock geochemical analyses of seven representative samples from 

the basalts were performed using X-ray fluorescence (XRF) for major 

and trace elements at the Geochemical and Geophysical Laboratory 

Center of Arba Minch University. Sample preparation for geochemical 

analysis began by removing the weathered part from the rock surface. 

The sample was then crushed into millimetre-sized chips using a jaw 

crusher. The chips were carefully handpicked using a stereomicroscope 

to avoid the phenocryst, and then pulverized to the size of the powder 

that passed through a 200 mesh with an alumina ceramic mill at the GIE. 

The powdered samples were submitted to the geochemical and 

geophysical laboratory center of Arba Minch University for major and 

trace element geochemical analyses. To evaluate the precision and 

degree of accuracy, blank, duplicate, and standard samples were 

analyzed and compared with previously analyzed standard results. Loss 

of Ignition (LOI) analysis was performed at the Laboratory Center of 

Analytical Chemistry, Arba Minch University. The prepared sample (1.0 

g) was placed in an oven at 1000 ◦C for 1 h, cooled, and then weighed 

(this method of sample decomposition is called thermal decomposition 

furnace (TGA)). The percent loss on ignition was calculated from the 

difference in weight.  

4. Results 

4.1. Lithology and petrography of the study area 

The study area in the eastern escarpment of the Central MER covers the 

volcanic rocks of the Dera-Sire section. It has a 900-meter-thick volcanic 

sequence from the base of the Keleta River (1580 m a.s.l.) to the top of 

the escarpment (2480 m a.s.l.) (Figs. 1 and 2). The lithological units were 

described according to their stratigraphic succession (Fig. 2) based on 

their vertical contact relationship in the field and information from 

previous absolute age data (Agostini et al., 2011). The lithological units 

recognized in the study area from the bottom to the top of the stratigraphy 

include lower basalt (Oligocene); lower ignimbrite, tuff, and volcanic 

ash; upper basalt (Pliocene); and upper ignimbrite (Figure 2). 

Figure 2 a) Geological map of the Dera-Sire area, b) Cross-section of the Dera-Sire area along profile line A-B. Vertical exaggeration (2x), c) Panoramic 

view of the eastern escarpment showing a series of step faults on the eastern rift escarpment and d) Stratigraphic log of the Dera-Sire volcanic section with 

its vertical thickness. 
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Lower basalt: The lower basalt is Oligocene in age [24], and is mainly 

exposed in the western and central parts of the study area (Figure 2). It 

typically formed steep to moderately gentle topographic features (Figure 

3 (a and b). The lower basalt is dark gray, massive, and in places, 

vesicular. The vesicles are partially filled with calcite and silica. In some 

places, it is well exposed and shows sharp contact with the overlying 

ignimbrite unit. The basalt is generally porphyritic and is characterized 

by a dominant and large-sized phenocryst of plagioclase. The lower 

basalt is not a monotonous unit, but consists of several lava flows 

separated by 30-40 cm reddish brown paleosols (Figure 3 (a and b)). 

Petrographically, the lower basalt is phyric in texture. The modal 

percentages of the phenocryst are 2-5% plagioclase, 1-3% olivine, and 

0-1% clinopyroxene. The plagioclase phenocrysts are euhedral and 

tabular in shape, showing zoning and twinning. The olivine phenocrysts 

are subhedral to unhedral in shape and are partly altered to iddingsite. 

The groundmass is composed of microcrystalline plagioclase laths, 

olivine, clinopyroxene, and opaque minerals. Generally, the lower basalt 

is plagioclase-olivine phyric basalt and holocrystalline in texture (Figure 

3 (c-e)). 

Lower ignimbrite: - The lower ignimbrite unit is exposed around the 
Keleta River, and the Rift margin overlays the lower basalt, reaching an 

overall thickness of ~80 m (Figure 2). The lower ignimbrite is composed 

of a sequence of ignimbrite layers separated by paleosols (Figure 4a). It 
is composed of lithic fragments with a maximum diameter of 3 cm 

(Figure 4b). Around the Keleta River, the ignimbrite consists of well-

welded dark ignimbrite with “fiamme” and gray ignimbrite with a 
dominant presence of rock fragments (Figure 4a). Petrographically, the 

lower ignimbrite contains quartz, plagioclase, alkali feldspars (sanidine 

and orthoclase) crystals, and lithic fragments embedded within a glassy 
groundmass (vitric texture) (Fig. 4c and d). The modal abundances are 

2% lithic fragments, ~1% quartz, < 1% plagioclase, and alkali feldspars. 

The quartz grains are subhedral to round in shape. The lithic fragments 
are angular to subrounded. The plagioclase and alkali feldspars are 

elongated in shape. The lithic fragments are composed of basaltic 

fragments (Figure 4c), and the matrix is composed of glass shards. 

Tuff and ash: -The tuff and ash unit covered an extensive area and 

formed a gentle slope (Figs. 2a, b, and d, and 6a and b). The ash and tuff 

are found intercalated in most exposures (Fig. 6b). The ash varies from 

a thin layer up to 2 m thick, is characterized by a light grayish color, and 

is composed of pumice fragments. The tuff and ash conformably overlie 

the lower ignimbrite unit. 

Upper basalt: -The upper basalt is Pliocene in age [24] and is distributed 

in the central and southeastern parts of the study area, exposed along the 

Kara, Sire, and Bollo localities (Figure 2a). The upper basalt forms a 

steep to moderately gentle topography (Fig. 2b), and in places, it has 

columnar joints. The overall estimated thickness of this unit is ~ 85 m 

(Figure 2d). It conformably overlies the tuff and ash and is separated 

from the upper ignimbrite by a paleosol (Figure 6c). It is dark to dark 

gray, with aphanitic to porphyritic, scoriaceous, and vesicular textural 

varieties (Figure 5a and b). The porphyritic variety of the upper basalt is 

characterized by visible plagioclase phenocrysts.   

Figure 3. Outcrops and selected representative photomicrographs of the 

lower flood basalts a) and b) lava flow separated by paleosols c) and d) 

plagioclase-olivine phyric basalt and e) sparsely phyric basalts. In Plane 

Polarized Light (PPL) and Cross-polarize (XPL). 4X magnification. 

Petrographically, the upper basalt is aphyric to sparsely phyric in texture. 

The modal percentages of the phenocryst are 2-6% plagioclase and 0-1% 
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clinopyroxene and 0-1% olivine. The groundmass is composed of 

microcrystalline plagioclase laths, olivine, clinopyroxene, and opaque 

minerals. Generally, the upper basalt is sparsely plagioclase phyric to 

aphric basalt and holocrystalline and intergranular in texture (Figure 5c-

e). 

Upper ignimbrite: -The upper ignimbrite unit is exposed at the top of 

the rift escarpment and separated from the upper basalt by a 30–50 cm 

thick layer of paleosol (Figs. 2 and 6c). The overall thickness of this 

ignimbrite is approximately 30 m (Fig. 2d). In some places, ignimbrite 

is intercalated with thin layers of tuff and ash. The ignimbrite contains 

fiamme, mineral crystals, and lithic fragments.  

Petrographically, the upper ignimbrite shows mineral crystals and lithic 

fragments set in a glassy matrix (glass shards). The mineral crystals are 

composed of 3% quartz and 2% plagioclase. The lithic fragments are 

mostly basaltic and pumice. The basaltic fragments are composed of 

altered olivine (iddingsite) and opaque minerals (Fig. 6d). 

Figure 4. Outcrops and selected representative photomicrographs of the 

lower ignimbrites a) ignimbrite layers separated by paleosol, b) rock 

fragments in the ignimbrite hand specimen, c) glassy textured ignimbrite 

with large basaltic fragments >2mm in diameter and d) ignimbrite with 

quartz and lithic fragments. In Plane Polarized Light (PPL) and Cross-

polarize (XPL). 4X magnification. 

 

 

Figure 5. Outcrops and selected representative photomicrographs of the 

upper basalts. a) outcrops of upper basalts, b) plagioclase phenocrysts in 

the upper basalts, c) and d) phyric texture of upper basalts and e) sparsely 

phyric upper basalts. In Plane Polarized Light (PPL) and Cross-polarize 

(XPL). 4X magnification. 

 

Whole-rock major elements: -The whole-rock major element data for 

representative basalt samples from the Dera-Sire section are listed in 

Table 1. In the total alkali-silica (TAS) classification diagram of Le Bas 

et al. (1986), all the analyzed samples fall in the field of basalt and are 
subdivided into transitional to alkaline and tholeiite series (Figure 7). As 

shown in Figure 7, the Oligocene lower flood basalts are an alkaline 

series with transitional affinity and plot closer to the western rift wall 
basalts [38] and Miocene alkali western rift basalts [39]. The Pliocene 

upper basalts are a tholeiitic series and plot with some samples of the 

eastern rift basalts [38] . 
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Figure 6. Outcrops of a) tuff, b) tuff and ash, c) upper basalts and upper ignimbrite separated by paleosol and d) selected representative photomicrograph of 

upper ignimbrite with crystal and lithic fragments set in a glassy matrix. In Plane Polarized Light (PPL) and Cross-polarize (XPL). 4X magnification.

 

Figure 7. Total alkali (Na2O + K2O) versus SiO2 diagram [40] of the upper and lower basalts. Data for Western (Chefe Donsa Section) and Eastern Rift Wall 

(Sire Section) [38]), Western Rift Wall (Kella Section) [39] are plotted for comparison. The dividing line of alkaline and sub-alkaline is from Irving and 
Baragar [41]. 
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Table 1. Major and trace element data for basalts from Dera-Sire 

Section, eastern escarpment of central Main Ethiopian Rift.  
Sample Lower basalts Upper basalts 

DS-006 DS-007 DS-050 DS-060 DS-020 DS-040 DS-070 

SiO2 

 (wt. %) 

46.88 47.56 46.28 45.99 50.5 50.43 50.25 

TiO2 4.14 3.83 3.98 3.89 3.5 3.53 3.5 

Al2O3 14.38 13.64 14.1 13.92 14.53 14.47 14.4 

Fe2O3 14.65 14.94 15.37 15.43 13.53 14.04 13.73 

MnO 0.13 0.23 0.15 0.21 0.22 0.18 0.17 

MgO 5.5 5.37 5.9 5.9 3.08 3.4 3.6 

CaO 10.06 10.03 10.03 10.12 9.23 9.26 9.25 

Na2O 2.77 2.78 2.71 2.79 3.01 3 3.04 

K2O 0.71 0.67 0.67 0.7 1.21 0.98 1.15 

P2O5 0.74 0.92 0.78 0.74 0.88 0.87 0.87 

LOI 0.61 0.7 0.47 0.93 0.5 0.73 0.77 

Total 99.96 99.97 99.95 99.69 99.69 100.2 99.96 

Sc (ppm) 27.33 29.36 25.75 29.07 30.32 28.75 29.48 

V 409 386.95 398.25 407.08 336.79 358.4 362.79 

Ni 41.6 32.56 40.8 42.71 19.53 20.53 23.6 

Rb 11.07 14.15 13.93 14.38 21.42 20.58 19.51 

Sr 710.72 675.53 721.54 702.64 602 594.74 594.15 

Zr 150.05 164.09 145.32 155.91 171.38 164.16 165.08 

Th 1.68 1.95 1.69 1.75 2.14 2.09 2.09 

Ba 453.55 734.06 477.98 459.94 712.96 712.36 677.76 

Zn 101.71 125.75 106.24 107.06 127.17 90.3 95.14 

Cu 99.61 144.54 143.72 115.23 75.39 95.74 67.15 

Cr 15.42 16.13 29.95 33.26 53.21 46.25 14.15 

W 54.22 57.44 50.71 48.38 50.12 40.51 45.35 

Pb 2.16 2.3 2.25 2.06 2.84 2.92 3.01 

Nb 18.57 18.86 18.8 18.17 18.92 18.51 18.38 

Hf 3.82 4.13 3.63 3.91 4.32 4.13 4.16 

Mn 976.29 1723.9 1237.76 1224.6 1693.92 1360.91 1290.22 

Mo 4.59 8.49 5.43 4.36   10.39 4.7 

The lower basalt shows MgO ranging from 5.37–5.9 wt% and SiO2 

ranging from 45.99–47.56 wt%. The upper basalt has a slightly narrow 

range of MgO and relatively higher SiO2 contents, ranging from 3.08–

3.6 wt% and 50.25–50.5 wt%, respectively, compared to the lower 

basalt. Selected major elements versus MgO (wt%) plots are shown in 

Figure 8. In most plots, the lower and upper basalts showed two distinct 

compositions. TiO2, CaO, Fe2O3, and CaO/Al2O3 show higher contents 

in the lower basalt, while Al2O3, K2O, Na2O, and SiO2 are higher in the 

upper basalt (Fig. 8a–h). Al2O3 is positively correlated with MgO in the 

lower basalt and negatively correlated with MgO in the upper basalt. 

Fe2O3 shows positive trends with MgO for both the lower and upper 

basalts. In the upper basalt, CaO, TiO2, and Na2O remained almost 

constant as the MgO content varied. K2O is constant in the lower basalt 

but negatively correlated in the upper basalt. The MgO versus 

CaO/Al2O3 ratio shows a positive correlation trend in both groups, but 

the CaO/Al2O3 ratio defines a gentler and steeper slope in the upper and 

lower basalts, respectively (Fig. 8h). CaO/Al2O3 defines two groups 

between the lower and upper basalts: the lower basalt plots towards the 

higher CaO/Al2O3 ratio (> 0.7), while the upper basalt has a ratio of < 

0.65. 

Whole-rock trace element: - 

Trace element data for the Dera-Sire section basaltic rocks is shown in 

Table 1. Selected trace elements plotted with MgO are shown in Figure 

9. The compatible elements Ni and V are positively correlated with MgO 

in both Oligocene lower basalts and Pliocene upper basalts. Incompatible 

element Nb is almost constant with decreasing MgO contents in both the 

Oligocene lower basalts and Pliocene upper basaltic groups. Zr, Sr, and 

Th also remain constant as MgO decreases in the upper basaltic group. 

In the lower basaltic group, while Zr and Th show a negative correlation, 

Sr shows a positive correlation with MgO. In most of the plots (Fig. 9), 

the Oligocene lower basalts plotted together or along the same trend with 

Eastern and Western rift wall basalts (Ayalew et al., 2018) and the 

western rift wall Oligocene tholeiitic basalts (Meshesha et al., 2021), 

whereas the plot of the Pliocene upper basalts of this study were isolated. 
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Figure 8 Variation diagram of major elements vs. MgO (wt. %) of 

samples from upper and lower basalts. Data for Western (Chefe Donsa 

Section) and Eastern Rift Wall (Sire Section) [38], Western Rift Wall 

(Kella Section) [39] are plotted for comparison 

 

 

. 

Figure 9. Selected trace element plots against MgO (wt.% %) from upper 
and lower basalts. Data for Western (Chefe Donsa Section) and Eastern 

Rift Wall (Sire Section) [38], Western Rift Wall (Kella Section) [39], 

2021) are plotted for comparison. 
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Figures 10 (a and b) show Zr/Nb vs. Rb/Nb and MgO vs. Zr/Nb plots. 

The Zr/Nb ratio is almost constant in all samples from both Oligocene 

lower basalts and Pliocene upper basalts. However, the Rb/Nb ratio is 

higher in the Pliocene upper basalts as compared with the Oligocene 

lower basalts. 

The primitive mantle-normalized multi-element patterns are shown in 

Figure 10 (c-f). The patterns in both groups are almost similar and show 

a slight enrichment of highly incompatible elements over relatively less 

incompatible elements. The overall patterns in both groups show a closer 

resemblance to oceanic island basalts (OIB type) than to enriched mid-

oceanic basalt (E-MORB) and typical normal mid-oceanic basalt (N-

MORB) [42]. Although both the lower and upper basalts display a 

general OIB pattern, they have some different features. There is a 

significant enrichment in Ba in the lower and upper basalts of the Dera-

Sire section compared to the typical characteristic features of oceanic 

island basalt (OIB) patterns [43]. On the other hand, HFSE (Nb, Zr, and 

Hf) in both basaltic groups show a slight depletion relative to the OIB 

pattern. Compared with the western rift wall basalts in the Kella area 

[39], both the lower and upper basalts in this study bear clear similarities 

in patterns (Figure 10 d). Furthermore, except for the negative K 

anomaly observed in the study by Ayalew et al. [38], the Dera-Sire basalt 

patterns show overall similarities with the eastern and western rift wall 

basalts (Figure 10 (e and f)). 

 

Figure 10 a) Plots of Rb/Nb vs. Zr/Nb, b) MgO vs. Zr/Nb, c) multi-

element primitive mantle-normalized patterns of the upper and lower 
basalts compared with d) Western Rift Wall (Kella; Meshesha et al., 

2021), e) Western Rift Wall  (Chefe Donsa [38]); and d) Eastern Rift 

Wall (Sire; [38]). Mantle and normalization values of OIB, E-MORB 
and N-MORB are from Sun and McDonough [42].  

5. Discussion 

The MER is divided into Southern, Central and Northern Rift Segments 

[18]. The study area is part of the central segment of the eastern 

escarpment of the MER, which is characterized by a diverse geology 

consisting of basalt, ignimbrite, and tuff. The eastern escarpment of the 

MER in the study area (Dera-Sire section) is highly affected by a series 

of step-normal faults (Figure 2c). The volcanic stratigraphic column was 

established using field observations, petrographic descriptions, 

geochemical characteristics, and geochronology (Figure 2d). The overall 

volcanic sequence in the Dera-Sire section is approximately 900m thick, 

extending from the Keleta River to the top of the escarpment (Figure 2b 

and d). From bottom to top, the volcanic sequence is lower basalt, lower 

ignimbrite, tuff and ash, upper basalt, and upper ignimbrite. The 

petrographic and geochemical results of the lower and upper basalts of 

the Dera-Sire section exhibit two distinct mineralogical and geochemical 

basaltic groups. The lower basalt is plagioclase-olivine phyric, and the 

upper basalt is aphric to sparsely plagioclase phyric. Based on 

geochemical classification, the lower and upper basalts are alkali and 

tholeiitic, respectively. The mineralogical and geochemical variations 
between the two groups may reflect variable magmatic evolution 

processes, contributions of crustal materials, and different mantle 

sources. Therefore, possible causes for the compositional variations of 

the lower and upper basalts are discussed below. 

5.1. Role of fractional crystallization and degree 

of partial melting 

The concentrations of Ni and Cr of the lower basalts (Cr =15.42-33.26 

ppm and Ni = 32.56-42.71 ppm) and upper basalts (Ni =19.53-23.6 ppm 

and Cr =14.15-53.21 ppm) contents with low MgO values (3.08-5.9 wt 

%) are lower than the ranges of primary magma (Ni > 400–500 ppm), 

(Cr > 1000 ppm), and MgO (10-15 wt. %),[44] in equilibrium with a 

typical upper mantle mineral assemblage [45], showing that both lower 

and upper basalts are highly fractionated. The major and trace element 

variation diagrams show two distinct compositions, one for the lower 

basalt and the other for the upper basalt (Figures 8 and 9). Al2O3 is 

positively correlated with MgO in the lower basalt, possibly indicating 

the fractionation of plagioclase and olivine, which is a typical 

fractionation feature in the alkali and transitional magmatic series. 

Petrographic studies (Fig. 3) also indicate that the lower basalts are 

dominated by fractionated plagioclase and olivine phenocrysts. Al2O3 

versus MgO in the upper basalt shows a negative trend, indicating that 

there are no plagioclase fractionations. The ratio CaO/Al2O3 decreases 

with a decrease in MgO for the lower basalt along the clinopyroxene 

fractionation trend, probably suggesting fractionation of clinopyroxene. 

The CaO/Al2O3 ratio showed a slight decrease with a decrease in MgO 

for the upper basalt, indicating minor clinopyroxene fractionation. 

TiO2 versus MgO displays constant trends in the upper basalts (Figure 

8), indicating that there was no titanomagnetite fractionation. Although 

the lower basalt displays higher TiO2 than the upper basalt, there is no 

clear fractionation trend observed in Figure 8, which also indicates that 

there is no titanomagnetite fractionation in the lower basalts. The 

petrographic descriptions indicate that opaque minerals are observed 

only as groundmasses in both groups, which also supports the above 

inference of no titanomagnetite fractionation. V is positively correlated 

with MgO in both basaltic groups, possibly indicating clinopyroxene 

fractionation. Even though the basaltic groups cannot be co-magmatic 

because of their time gaps, there is a possibility that they originated from 

similar mantle sources that melted during different periods. However, 

the observed compositional variations between the lower and upper 

basalts cannot be explained by fractional crystallization alone. As shown 

in Figure 11, the upper basalts show higher Rb/Nb and Zr/Nb ratios than 
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the lower basalts. This indicates a variation in the degree of partial 

melting, with the upper basalts formed by a higher degree of partial 

melting than the lower basalts. 

5.2. Effect of Crustal Contamination 

The Nb/Th ratio of oceanic basalt is 12-19 [42], and the continental crust 

Nb/Th ratio is ~1.42 [46]. Therefore, the Nb/Th ratios of the upper 

basalts (~ 9) and the lower basalts (9.7–11.1) are closer to the range of 

mantle-derived oceanic basalts and very far from the value of continental 

crust, implying that both the lower and upper basalts are affected by 

insignificant crustal materials. Ba/Nb ratio is an effective trace element 

ratio for assessing potential contamination by crustal materials, where 

the ratio of Ba/Nb values for crustal materials is 54 and mantle-derived 

oceanic basalt ranges from Ba/Nb (4.3–17.8) (Weaver, 1991). Thus, the 

observed values of the lower basalts Ba/Nb = 24.4–38.9 and the upper 

basalts Ba/Nb = 36.9–38.5 reflect minor crustal contamination in the 

genesis of both groups of basalt. As shown in K/Nb versus Th/Nb and 

Zr/Nb versus K/Nb (Figure 11c and d), both upper and lower basalts plot 

far from typical upper and lower continental crust values [47, 48], 

implying that both lower and upper basalts were insignificantly affected 

by crustal materials. Therefore, the incompatible trace element evidence 

indicates that crustal contamination cannot be considered the major 

controlling factor for the geochemical variations observed in both the 

upper and lower basalts. 

 

Figure 11 Selected highly incompatible trace element and ratio plots a) 

Rb vs. Rb/Nb, b) Zr vs. Zr/Nb, c) K/Nb vs. Th/Nb, d) Zr/Nb vs. K/Nb 

and e) Rb/Zr vs. Nb/Zr. Data for Western (Chefe Donsa Section) and 
Eastern Rift Wall (Sire Section) [38], Western Rift Wall (Kella Section) 

[39] are plotted for comparison. OIB, E-MORB, N-MORB and primitive 

mantle (PM) values from Sun and McDonough [42]. Reference values 

for upper crust (UC) and lower crust (LC) are taken from (R&F) [47, 
48]. 

 

5.3. Mantle Source Variations 

As shown in Figure 10c, the primitive mantle-normalized patterns of the 

upper and lower basalts are slightly lower than those of the OIB-type and 

higher than those of the E-MORB [42]. In terms of large ion lithophile 

elements and high field strength elements, both the upper and lower 

basalts show more enrichment than N-MORB [42]. The upper basalts are 

enriched in Nb, Ba, and Rb relative to the lower basalts. 

As shown in Figure 11e, Rb/Zr versus Nb/Zr is used to discriminate 

between mantle end-members involved in the genesis of the upper and 

lower basalts. Both the upper and lower basalts plot within the mantle 

array, and most of the data plot between the OIB and E-MORB end-

members. The upper basalts are characterized by a higher Rb/Zr ratio 

than the lower basalts. Neither the upper nor the lower basalts showed 

any interaction with crustal contaminants. 

As shown in Figure 11e, at least two mantle components are required to 

produce both the lower (alkaline basalts, Oligocene in age) and upper 

basalts (tholeiitic basalts, Pliocene in age). These components are an 

OIB-like component [42], which might be similar to the Afar plume 

composition and an E-MORB-like component in the asthenosphere [42]. 

Based on the above discussion, there were no temporal mantle source 

variations from Oligocene to Pliocene magma generation. However, the 

alkaline nature of the lower basalt and the tholeiitic nature of the upper 

basalt suggest that the depth of melting of the lower basalt during the 

Oligocene is relatively deeper than that of the upper basalts in the 

Pliocene. 

 

5.4. Petro-Stratigraphy and Magma Plumbing 

System 

The discussion of petrostratigraphy and magma plumbing is constrained 

by the petrographic and geochemical results of the Dera-Sire section 

along the eastern MER escarpment (Figure 2). This discussion addresses 

the magmatic evolution inferred from the dominant phenocryst and 

microphenocryst mineral assemblages in a given flow with an assumed 

depth of fractionation and magnitude of magma flux into the lithosphere. 

Similarly, the phyric and aphyric textural differences among the volcanic 

units in the stratigraphic succession of the Dera-Sire section also provide 

clues for understanding the behaviour of the magmatic plumbing system. 

Textural arrangements, zoning in plagioclase, and a wide range of 

phenocryst phase variations are very common in the described volcanic 

rocks, and these suggest a fractional crystallization history of the magma. 

The crystal shape of the minerals further supports the above assertion, 

with euhedral and subhedral minerals forming first, and anhedral crystals 

crystallizing later, providing insight into the formation of the volcanic 

products in the stratigraphic succession. 

The lower basalts (alkaline basalts, Oligocene) display a modal 

percentage of up to 2-5% phenocrysts of plagioclase as the main phase, 

followed by olivine (1-3%), and minor clinopyroxene (< 1%). 
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Plagioclase phenocrysts have euhedral to subhedral shapes with tabular 

and elongated phenocrysts within the intergranular to microcrystalline 

groundmass. The olivine phenocrysts have subhedral shapes. Minerals 

such as plagioclase laths, olivine, clinopyroxene, and opaque minerals 

with intergranular texture constitute the groundmass. The overall 

mineralogical assemblage of the lower basalts is plagioclase-olivine-

minor clinopyroxene. 

The upper basalt (tholeiitic basalts, Pliocene) consisted of aphyric and 

sparsely plagioclase phyric basalts. The plagioclase phyric basalts 

display a modal percentage of up to 6% plagioclase phenocrysts as the 

main phase with minor olivine and clinopyroxene. The plagioclase 

phenocrysts show twinning and zoning. It is characterized by euhedral 

to subhedral shapes and tabular and elongated crystals within the 

intergranular to microcrystalline groundmass. Plagioclase laths with 

olivine, clinopyroxene, and opaque minerals constitute the groundmass. 

Both the lower and upper ignimbrites contain 5–15% quartz crystals, 

alkali feldspar (dominant sanidine with minor orthoclase), plagioclase, 

and opaque minerals. The groundmass of ignimbrite is composed of 

microlites of similar minerals embedded in a glassy matrix (vitrophyric 

texture). At places, the lower ignimbrite samples consist of crystals of 

quartz and feldspar together with flattened and compacted glass shards 

displaying a eutaxitic texture and rock fragments of basaltic 

composition. 

Based on the above petrographic discussion of the volcanic rocks in the 

Dera-Sire section, we envisaged the following scenario to explain the 

magma plumbing system (Fig. 12): The major crystallization phases of 

the lower basalts are plagioclase, olivine, and minor clinopyroxene 

minerals. The presence of olivine and minor clinopyroxene phenocrysts 

in the lower basalts suggests that the mantle-derived magma passed 

through the lithospheric mantle, accumulated in the lower crust (lower 

crustal chamber), and fractionated there. Then, the fractionated magma 

from the lower crustal chamber rose directly to the surface and produced 

lower basalts during the Oligocene. 

The lower ignimbrites and tuff and ash units, which are silicic in 

composition, are possibly produced by 1) fractional crystallization and 

crustal assimilation, and 2) crustal melts or remelting of partially 

solidified magma caused by the high influx of magma that produced the 

lower basalts. The presence of paleosol between the lower basalts and 

lower ignimbrites indicates a hiatus between the two stratigraphic units. 

The upper basalt (tholeiitic basalts, Pliocene) consisted of aphyric and 

sparsely plagioclase phyric basalts. The major crystallization phases of 

the sparsely phyric upper basalts are plagioclase and minor 

clinopyroxene. According to Morse (1980) and Krans et al. (2018), 

plagioclase crystallizes over clinopyroxene at a lower pressure (<5 kbar). 

From this mineral assemblage, we suggest that mantle-derived magma 

passed through the lithospheric mantle, accumulated in the upper crust 

(upper crustal chamber), and fractionated there. Then, the fractionated 

magma from the upper crustal chamber directly rises to the surface and 

episodically produces Pliocene phyric upper basalts. In contrast, the 

aphyric texture in the upper basalts may indicate a substantial influx of 

magma into the plumbing system, which caused the magma to rise to the 

surface without settling in the upper crustal chamber to produce aphyric 

verities in the upper basalts. 

 

 

The upper ignimbrite was also produced under conditions similar to 

those of the lower ignimbrite, caused by the high influx of magma that 

produced the upper basalts. The presence of paleosol between the upper 

basalts and upper ignimbrite indicates that there is also a hiatus between 

the two stratigraphic units. 

 

Figure 12. Simplified cartoon showing mantle source components and 

plumbing model of Dera-Sire section. 

 

6. Conclusions 

Field observations, petrographic, and geochemical investigations are 

conducted in the Dera-Sire volcanic section, the eastern escarpment of 

the central Main Ethiopian Rift. Stratigraphically, the Dera-Sire section 

consists of different units from bottom to top: lower flood basalt 

(Oligocene); lower ignimbrite, tuff, and ash; upper basalt (Pliocene); and 

upper ignimbrite, separated by paleosols. 

Petrographically, the lower basalt is characterized by phyric in texture. 

The phenocrysts are composed of plagioclase, olivine, and minor 

clinopyroxene within the groundmass of microcrystalline plagioclase 

laths and opaque minerals. The lower ignimbrite contains quartz, 

plagioclase crystals and lithic fragments embedded within a glassy 

groundmass. The upper basalts are aphyric to sparsely phyric basalts, 

with a mineral assemblage of dominant plagioclase and minor 

clinopyroxene. The upper ignimbrite unit is composed of quartz crystals 

and lithic fragments of basaltic and pumice sets in a glassy matrix. The 

matrix is characterized using glass shards. 
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Geochemically, the lower basalts are alkaline in composition, whereas 

the upper basalts are sub-alkaline (tholeiite) in composition. The lower 

and upper basalts show two distinct compositions in the variation plots 

of the major oxide and trace elements. The observed compositional 

variations between the lower and upper basalts cannot be explained by 

the fractional crystallization process or crustal contamination. The 

geochemical variations suggest that at least two dominant mantle source 

components are required to produce both lower and upper basalts. The 

components are an OIB-like component, which might be similar to the 

Afar plume composition, and an E-MORB-like component in the 

asthenosphere, indicating that there was no temporal mantle source 

variation from the Oligocene to Pliocene magma generations. However, 

the alkaline affinity of the lower and tholeiitic nature of the upper basalts 

suggests that the melting depth of the lower basalt is relatively deeper 

than that of the upper basalts. From the presence of olivine and minor 

clinopyroxene phenocrysts in the lower basalts, it is suggested that 

mantle-derived magma accumulated in the lower crust and fractionated 

before eruption. Then, the fractionated magma from the lower crustal 

chamber rose directly to the surface and produced lower basalts in the 

Oligocene. However, from the major crystallization phases of the upper 

basalts, it is suggested that mantle-derived magma accumulated in the 

upper crust and fractionated before eruption in the Pliocene. 
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