
Abstract

The Axum volcanic rocks constitute important deposits of trap (Oligocene) and post-trap (Miocene- to Pliocene) volcanism at the 

northern end of the great Ethiopian flood basalt sequence. The petrologic diversity of lavas erupted in this area is significant, ran-

ging from basanites to tephrites and phonolites to trachytes. The variation in the concentration of major elements (Fe O , TiO , CaO), 2 3 2

rare earth elements (REE), and incompatible element ratios (Zr/Nb, Nb/Y) in the volcanic rocks of Axum demonstrates the heteroge-

neous character of their source region. Such heterogeneity can be interpreted by the involvement of a mantle reservoir to different 

degrees and mechanisms of partial melting. The geochemical data show that the Axum volcanic rocks represent two magma series, 

which we designate as the flood basalt sequence and the post-trap basalt sequence. The flood basalt sequence, which erupted 

contemporaneously with the Oligocene Ethiopian flood basalts, exhibit high TiO  (2.6 – 4.4 wt%), Fe O  (13.4 – 17.4 wt%), and high 2 2 3

Zr/Nb ratio (9 – 18). In contrast, the post-trap basalt sequence, which has a slight tendency towards the composition of the north-

central Ethiopian shield volcanoes (Guguftu shield volcano) and the central and southeastern Eritrean volcanic suites, exhibit low 

TiO  (2.0 – 2.6 wt%), Fe O (10.5 – 14.6 wt%), Zr/Nb ratio (2.8 – 3.1), and high Nb (60 – 84 ppm), Th (3.9 – 7.2 ppm), and Nb/Y 2 2 3

ratio (2.2 – 2.7). The acidic rocks, on the other hand, are indistinguishable from each other and values of their trace element ratio 

are comparable with the trace element ratios of the post-trap basalt sequence. The acid volcanics (phonolites and trachytes) might, 

therefore, have formed mostly through fractional crystallization of the post-trap basalt sequence magmas.

Die am nördlichen Ende der großen äthiopischen Flutbasaltsequenz auftretenden Axum-Vulkanite bestehen aus Ablagerungen der 

oligozänen Trappvulkanite und den von Miozän bis Pliozän reichenden Posttrappvulkaniten. Die bedeutende petrologische Diversi-

tät der dort auftretenden Lava umfaßt Basanite bis Tephrite und Phonolite bis Trachyte.  Der heterogene Charakter der Magmen-

quelle zeigt sich in der Konzentration der Hauptelemente (Fe O , TiO , CaO), dem Muster der Seltenerdelemente (REE) und in den 2 3 2

Variationen der Verhältnisse einiger inkompatibler Elemente (Zr/Nb, Nb/Y).  Solch eine Heterogenität kann durch Einfluß eines Man-

telreservoirs mit unterschiedlichen Graden und Mechanismen einer partiellen Aufschmelzung interpretiert werden. Die geochemi-

schen Daten zeigen, dass die Axum-Vulkanite zwei Magmaserien repräsentieren, die als Flutbasaltsequenz und Post-Trappbasaltse-

quenz bezeichnet werden können. Die Flutbasaltsequenz, welche gleichzeitig mit den oligozänen äthiopischen Flutbasalten austrat, 

zeigt hohe TiO  (2,6 – 4,4 wt%), Fe2O3 (13,4 – 17,4 wt%) und hohe Zr/Nb Verhältnisse (9 – 18). Die Posttrappbasalte andererseits, 2

die in ihrer Zusammensetzung den nordzentralen Äthiopischen Schildvulkanen (Guguftu Schildvulkan) und den zentralen sowie 

südöstlichen Eriträischen Vulkaneinheiten ähneln, zeigen niedrige TiO  (2,0 – 2,6 wt%), Fe O  (10,5 – 14,6 wt%), Zr/Nb Verhältnisse 2 2 3

(2,8 – 3,1), und hohe Nb (60 – 84 ppm), Th (3,9 – 7,2 ppm), und Nb/Y Verhältnisse (2,2 – 2,7). Die sauren Gesteine, andererseits, 

sind nicht voneinander zu unterscheiden. Die Verhältniswerte ihrer Spurenelemente sind mit denen der Posttrappbasaltsequenz 

vergleichbar. Die sauren Vulkanite (Phonolithe und Trachyte) dürften sich daher hauptsächlich durch fraktionierte Kristallisation aus 

dem Magma der post-Trappbasaltsequenz gebildet haben.

_____________________

___________________________________________________________

1. Introduction

The Axum study area is located in the northern part of the 

Ethiopian highlands and it is mainly covered by Tertiary flood 

basalts and the post-trap, east-west aligned Adwa-Axum pho-

nolite and trachyte plugs (Hagos et al., 2010). These volcanic 

rocks were emplaced in the north - northwestern portion of 

the Tigray region, northern Ethiopia, isolated from the major 

Ethiopian flood basalts by the deeply cut Tekeze basin and 

from the Eritrean highland basalts and trachytes by the Mereb 

basin (Fig.1).

The Ethiopian volcanic province is one of the youngest flood 

basalt deposits on Earth and is a classic example to study

young mantle plume processes underneath the Afar rift. This 

province is particularly favorable for the study of volcanism 

related to all stages of rift development (Barrat et al., 1998). 

Volcanism began in southern Ethiopia around 45 Ma (George 

et al., 1998), followed by flood basalt activity in northern Ethio-

pia and Yemen at ~30 Ma (Hofmann et al., 1997; Pik et al., 

1999).  Subsequent volcanism, from 22 Ma to present, occurs 

as large central vent volcanoes on the plateau or is associated 

with extension and localized in the rift axis (Pik et al., 1999).  

The Ethiopian landmass has experienced volcanic activities 

for a wide time span, from the Eocene to present. In northern
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Ethiopia, in the Axum area, at least 

two phases of eruptive activity have 

taken place; the first during the Oli-

gocene period ~30 Ma (part of the 

Ethiopian flood basalt) and the se-

cond during the Miocene – Pliocene 

periods (post trap basalts and pho-

nolite/trachyte plugs).

The southern, central, and north-

western part of the Ethiopian flood 

basalts have been the focus of nu-

merous studies (e.g., Ayalew et al., 

1999, 2002; Ebinger and Sleep, 1998; 

George et al., 1998; Kieffer et al., 

2004; Mohr, 1983; Pik et al., 1998, 

1999).

The existing studies in the Axum 

region (e.g., Alemu, 1998; Alene et 

al., 2000; Asrat et al., 2003, 2004; 

Tadesse, 1996, 1997) have mainly 

focused on the Precambrian base-

ment and Pan African plutons of the 

area. The only study dealing with 

the volcanics of the Axum area was 

conducted during the regional map-

ping by the Ethiopian Institute of Geo-

logical Survey (1999). In this study, 

___________

the volcanic rocks of Axum were classified on the basis of 

the locality names as the Koyetsa volcanic (stratified flood ba-

salt) and the Adwa trachyte formation (trachytic and phonolitic 

plugs). However, detailed geological investigations are still 

rare in the Axum region. Petrologic and geochemical classifi-

cations of the area were made based on analyses of samples 

collected from the Mai-chew area and of northwestern flood 

basalts. As a result of limited sampling the geological classifi-

cations were not representing the actual volcanic rocks of the 

Axum area.

In this study we have focused on the geochemical (major 

and trace element) characteristics of the Axum phonolites and 

trachytes in relation to the alkali basalts (Hagos et al., 2010), 

and possible petrogenetic relationships among them. We have 

also compared the spatial and temporal variation of the Axum 

volcanic rocks with the central–northwestern Ethiopian shield 

volcanoes and the central–southeastern parts of the Eritrean 

volcanic rocks.

Most continental flood basalts are associated with lithosphe-

ric extensions resulting from distant and/or local stress fields. 

The Ethiopian volcanic province is one of the youngest flood 

basalt provinces, and is related to the opening of the Red Sea 

and the Gulf of Aden (Baker et al., 1996; George et al., 1998). 

The flood basalts were unconformably emplaced on a regional-

ly lateritized sandstone surface (Ukstins et al., 2002) and some 

on deeply eroded basement complexes. Lavas of this province

______________________________________

2. Geological background

erupted 30 Myr ago, during a short 1 – 2 Myr period, to form 

a vast volcanic plateau (Baker et al., 1996; Hofmann et al., 

1997). However, rift-triggered magmatism with an age range 

of 14 – 5 Myr and pre-rift, lower Oligocene (Stewart and Ro-

gers, 1996) volcanic rocks are common to the east and south 

of the main Ethiopian flood basalt respectively. The basalts 

are partly overlain by relatively younger rhyolitic/trachytic and 

phonolitic volcanoes (Ayalew et al., 1999).

The mineralogical and chemical composition of the flood ba-

salt is relatively uniform and most rocks are aphyric to spar-

sely phyric, and contain plagioclase and clinopyroxene phe-

nocrysts with or without olivine (Kieffer et al., 2004). Despite 

their compositional similarities, the Tertiary flood basalts of 

Ethiopia were divided into three types based on their tempo-

ral variations (Mohr, 1983). In ascending stratigraphic order, 

these are called the Ashange, Aiba, and Alage basalts. In con-

trast to the above classification, based on geochemistry Pik et 

al. (1998, 1999) divided the Ethiopian flood basalts into three 

distinct magma types: low-Ti basalts (LT), high-Ti 1 basalts 

(HT1), and high-Ti 2 basalts (HT2) (Fig.1). These authors re-

cognized a suite of ‘low-Ti’ basalts (LT) characterized by rela-

tively flat chondrite-normalized rare earth element (REE) pat-

terns and low levels of Ti and incompatible trace element con-

tents. According to these authors, the HT2 basalts have high 

levels of Ti and incompatible elements and show extreme frac-

tionation of the REE, whereas the HT1 basalts exhibit inter-

mediate characteristics between LT and HT2.

Inter-fingering with the flood basalt, particularly at upper stra-

_______________

_____________

Figure 1: Schematic map of the central, north-western and northern parts of the Ethiopian flood 

basalt province and the Afar triple junction with a box showing the location map of the Axum bimodal 

volcanics. The dividing line between high-Ti and low-Ti basalt province is marked by a dashed line 

(modified from Merla et al., 1979; Pik et al., 1998, and Kuster et al., 2005). CFB = continental flood 

basalts.

Geochemical characteristics of the alkaline basalts and the phonolite –trachyte plugs of the Axum area, northern Ethiopia



tigraphic levels, are felsic lavas and pyroclastic rocks of rhy-

olitic, or, less commonly, trachytic compositions (Ayalew et al., 

1999, Kabeto et al., 2004, Zanettin et al., 2006b). The volume 

and aerial coverage of these felsic rocks substantially increase 

towards the northern end (Tigray and Eritrea) of the Ethiopian 

volcanic province. The trachytes occur as plugs (steep-sided 

conical hills), and lie within an E – W belt extending from the 

eastern margin of the Ethiopian plateau, between Adigrat and 

Senafe, via Adwa and Axum, westward to the middle Tekeze 

river valley. There, the trachytic domes reach their maximum 

frequency and dimension and lie indistinguishably on the Ara-

bian-Nubian shield, Mesozoic sandstone, and Oligocene vol-

canic rocks of the region (Zanettin et al., 2006b).

The felsic rocks of Axum-Adwa area and, by analogy, those 

of the Senafe domes (southeastern Eritrea) were coeval with 

the rhyolitic layers intercalated with the stratoid basalt (traps) 

occurring in both Tigray and in the central Eritrean plateau 

(Dainelli, 1943). The geochemical data show that the felsic 

rocks of the region are highly diversified, ranging from the rhy-

olite field to the phonolitic tephrites (Zanettin et al., 2006). Ac-

cording to these authors, the dykes and domes occurring in 

the Adwa-Axum and Senafe area belong to different magmatic 

series: transitional, mildly alkaline, and strongly alkaline.

The Axum volcanic rocks constitute an important outcrop of 

trap basalts and post-trap basalts as well as phonolite – tra-

chyte  plugs at the northern end of the Ethiopian flood basalt 

province. They are about 5 – 500-m-thick sequences exposed 

around the Axum and Shire regions, covering a total area of 
2about 1200 km . The Axum volcanics are visually classified 

into the Axum basaltic sequences and the phonolite – trachyte 

plugs.

In the study area, the Mesozoic sedimentary rocks and/or 

basement complexes are unconformably overlain by the Ethio-

pian Plateau flood basalts erupted between 31 - 29 Ma (Hof-

mann et al., 1997) and the later phase basaltic rocks. Based 

on field observations and mineralogy, these volcanic rocks 

are broadly subdivided into two major sequences. These are 

the post-trap basalt sequence and the flood basalt sequence.

Post-trap basalt sequence: this sequence is located about 5 

-10 km south of the town of Axum, mainly unconformably over-

lying the sheared, deformed and deeply weathered basement 

complex of Deigo and Adi-Tsehafi villages at an altitude of 

2020-2130 m. The rocks are gently inclined (<5°), 5 – 60 m 

thick, and show southwest lava flow direction. They are rarely 

vesicular, columnar jointing, and commonly less weathered 

than the adjacent flood basalt sequence. The lava flows of 

this basaltic sequence are thicker but less continuous than 

the neighboring flood basalt sequence. Normally, such rocks 

are laterally discontinuous and usually exposed along the deep 

canyons of the southern and northern part of the area (Fig. 3).

__________

____

3. Geology and petrography of the Axum 

volcanic rocks

3.1 The Axum basaltic sequences

The basalts are commonly aphyric to highly phyric with a 

significant amount of phenocrysts (Fig. 2a). The phenocryst 

minerals constitute about 25 vol% and comprise euhedral to 

subhedral pyroxene, olivine, and plagioclase-lath. More over 

opaque minerals (ilmenite, magnetite) constitute up to 20 vol% 

in the matrix. The groundmass is dominated by plagioclase 

and pyroxene.

Flood basalt sequence: this sequence, about 350 – 400 m 

thick and commonly exposed in the central and western part 

of the area at an altitude between 2080 – 2600 m, is invaria-

bly weathered and intercalated with thin pyroclastic (ash-tuff 

fallout) materials. This basaltic sequence, unconformably over-

lying the clastic Mesozoic sedimentary rocks of the region, is 

the western extension of the Adigrat basaltic sequence, but is 

isolated from the Adigrat basalts by the Adwa basin. The ve-

siculated and weathered parts of this sequence contain some 

secondary minerals like calcite veins in addition to silica and 

zeolites. These rocks show extensive aerial distribution and 

erosion formed domical edifices that rise to about 300 m – 

the Ferasit and Morer ridges. These volcanic rocks comprise 

coarse-grained, plagioclase-phyric, ± K-feldspar-bearing ba-

salts. The feldspars are well aligned and show well-preserved 

flow texture. In most of the samples, the pyroxenes exist as 

euhedral to subhedral mega-phenocrysts (Fig. 2b).

Widespread volcanic to hypabyssal igneous materials, for-

ming steep sloped plugs and ridges, were produced probably 

between 7 and 3 Ma (Beyth, 1972), when they punctured and 

partially extruded/intruded the upper part of the clastic Meso-

zoic sedimentary and the Tertiary flood basalt sequence. These, 

silica-poor volcanic to hypabyssal rocks belong to the Axum-

Adwa phonolite–trachyte volcanic field and are exposed mostly 

at the north side of the study area (Fig. 3). The variation in 

mineralogy is gradational and ranges from nepheline-rich pho-

nolite (Bete-Giorgis phonolites)- to nepheline-poor phonolitic-

trachyte (Adi-Tsehafi trachytes) and trachytes (Mai-Koho tra-

chytes).

These rocks are emplaced directly at the northwestern end 

of the town of Axum and about 4 km to the northeast of the 

Gobo-Dura ridge. The exposure is in the form of a large, com-

pletely exposed, circular (~3.2 km in diameter) erosional dome 

rising about 300 m above the alkaline basalts. Only few pri-

mary structures and secondary features such as some colum-

nar joints along the hilly parts of the dome and weak sphero-

idal-type weathering in some of the rounded blocks are ob-

served in the dome. The phonolitic rocks are still massive, but 

moderate weathering along fracture surfaces and complete 

alteration along contacts and weak zones occur. The Bete-

Giorgis phonolite plugs show a zoned texture with a light co-

lored and fine-grained rim at the contact with the trachytes, 

and a dark-colored, medium- to coarse-grained core. The up-

________

3.2 Miocene- to Pliocene-age Axum Phono-

lite – Trachyte plugs

3.2.1 Bete-Giorgis Phonolites

Miruts HAGOS, Christian KOEBERL, Kurkura KABETO & Friedrich KOLLER



hill part of the dome is relatively flat and covered by debris of 

the fine-grained phonolites.

The Bete-Giorgis phonolites have variable texture. They are 

porphyritic with phenocrysts of alkali pyroxene, nepheline, and 

feldspars. Under plane polarized light, the pyroxenes have 

high-relief, brownish- to greenish color, with needle-like to ske-

letal form. The nephelines are rectangular- to hexagonal in 

shape and some exist in the form of inclusion inside the alkali 

pyroxene phenocrysts (Fig. 2c). In some of the samples (AX 

43 and AX111) the nephelines are highly altered to zeolites 

and they mask the presence of other minerals. The aegirines 

are tabular- to elongated and in places they grew at the rims 

of other minerals.

Five km west of Axum, along the road to Shire, there is an 

about 200 – 250 m thick, circular (3.5 km in diameter) and 

dome-shaped phonolite outcrops. They are dark-gray to pink 

in color, extremely massive, unweathered, and occur in pla-

ces as 35-m-long single blocks. Most of the blocks are tabu-

lar and elongated, but few form spherical outcrops. Despite 

its unique lithologic setup the Gobo-Dura ridge constitutes va-

rious relics reflecting the ancient architecture of the Axumite 

Empire. At the northeastern part of the dome, there is ancient, 

(~1700 years old) quarry-site hosting dozens of semi-finished 

obelisks. To further study the mineralogical and geochemical 

characteristics of these archaeologically important rocks, five

____________________________

___________________________________

3.2.2 Gobo-Dura phonolites

samples were collected for analyses.

Petrographically, the Gobo-Dura phonolites are also domi-

nated by phenocrysts of pyroxene, nepheline, and some early 

crystallized sanidine. The pyroxenes are light-brown to green 

with distinct relief under plane polarized light. Very large grains 

of partly altered, subhedral to anhedral nephelines mask other 

low-relief minerals (Fig. 2d). Highly altered mafic minerals and 

some intergrowths of aegirines surround the nepheline phe-

nocrysts. Tightly locked needle-like feldspars filled the inter-

stices of the pyroxenes.

About five km to the north of the town of Axum, where the 

river Gwada turns to the north, the great unconformity that 

separates the late-Proterozoic granitic intrusion and the clas-

tic Mesozoic sedimentary rocks is injected by the Miocene- to 

Pliocene rocks of the area. These are subvolcanic bodies (sills) 

exposed along the Gwada river after intense erosion of the 

overlying rocks (sandstone and trap basalts). These sills are 

about 15 m thick, and comprise massive, partially weathered 

and fine- to medium-grained rocks. The second-largest quarry-

site, which was in operation during the time of King Kaleb 

(~520 AD) of the Axumite Empire, is situated at this outcrop. 

The length of a single block of rock does not exceed 15 m, 

but this quarry site was mainly used as a source for rocks 

used for inscriptions and various underground and gravestone 

works during the reign of King Kaleb. To study the geochemi-

____________________

______________________________

3.2.3 Adi-Tsehafi trachyte

Figure 2: Petrography of the volcanic rocks of Axum area showing various mineralogical and textural features. Images (a), (b), (e) and (f) were 

taken under crossed polarizers, whereas (c) and (d) were taken under plane polarized light. (a) Aphyric–phyric, plagioclase rich alkali basalts with 

medium - coarse-grained phenocrysts of olivines and clinopyroxenes; the plagioclase are lath-like but randomly aligned, where as the phenocrysts are 

rounded to angular of varying size. (b) Coarse-grained, plagioclase-phyric, ± K-feldspar bearing basalts. Dark-colored minerals of Ti oxides and Mg 

oxides are filling the interstices of other grains. (c) Highly porphyritic with phenocrysts of alkali pyroxene, nepheline, sodic pyroxene/aegerine and 

feldspars.  (d) Phenocrysts of pyroxene, nepheline, sodic pyroxene, and some early crystallized feldspars. Highly altered mafic minerals and some 

intergrowths of aegirines surround the nepheline phenocrysts. (e) Dark-colored, well aligned, elongated- to needle-like, tightly packed grains of K-

feldspar with few anhedrally shaped nephelines. This sample is transitional between trachytes and phonolites (Gobo-Dura phonolites). (f) Fine- to 

coarse-grained (inequigranular) elongated and in some cases euhedral-shaped K-feldspars with well-developed trachytic textures are the main con-

stituents. Most of the phenocrysts show simple twinning and others spherulitic texture.__________________________________________________
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cal characteristics of these rocks, three samples were analyzed 

for their major and trace element contents. The Adi-Tsehafi 

trachytes constitute needle-like- to elongated, holocrystalline, 

medium-grained feldspars (orthoclase) and sparsely distribu-

ted dark-green sodic pyroxenes/aegirines. Most of the mine-

rals are highly weathered but some subhedral- to anhedral ne-

pheline crystals filled the interstices of the feldspars (Fig. 2e).

At the northern and northwestern part of Axum, trachyte flows 

cut by phonolite plugs are widely distributed and at places they

formed mountain-chains as high as 500 m. They are conside-

red to be the western extension of the Senafe–Adwa trachy-

tic plugs (Zanettin et al., 2006b), but with a remarkable shift 

in their morphology. The Senafe–Adwa trachytic plugs are 

steeper and taller (~1000 m) than the Axum trachytic plugs, 

which are dome-shaped and not >400 – 500 m tall. The Mai-

Koho trachytes are whitish-grey in color, soft, moderately wea-

thered, thinly layered and intensely fractured. These rocks are

3.2.4 Mai-Koho trachytes

commonly emplaced adjacent to the phonolites, but they are 

steep plugs and form chain-like exposures.

Fine- to coarse-grained (inequigranular) elongated and in 

some cases euhedral K-feldspars with well developed trachy-

tic textures are the main constituents of the outcrop. The feld-

spars occur both as groundmass and as phenocrysts. Some 

of the phenocrysts show simple twinning and others have sphe-

rulitic texture. Some mafics (dark minerals) exist, but they are 

highly oxidized (Fig. 2f).

Our sampling set out to include both the mafic and felsic vol-

canic rocks of Axum. Thirty-three samples were carefully se-

lected from 112 samples collected from the entire Axum area 

and prepared for X-Ray Fluorescence (XRF) spectrometry and 

Instrumental Neutron Activation Analysis (INAA). 100-200 g 

of clean, unaltered interior chips were selected from approxi-

_______________

______________________________

4. Geochemical  Data

4.1 Sampling and Analytical methods

Figure 3: Geological map of the volcanic rocks of Axum area. The 1:50,000 scale topographic maps of Axum, Adwa, Enda-Silasie, and Chila were 

taken as a base map. The spatial variations of rocks, lithologic contacts, and the structures were extracted from 1:50,000 scale aerial photographs 

(Eth94), Landsat ETM+ 2002, and ASTER. Color composite images of Landsat bands 7, 5, and 2 are commonly used to differentiate between the 

clastic Mesozoic sedimentary rocks and the overlaying flood basalts, but geologic structures such as faults, fractures and lineaments were extracted 

from aerial photographs (ETH94). In some areas the high spatial resolution image, the ASTER image was used (modified from Hagos et al., 2010).___
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mately one kilogram of sample material for crushing and pre-

paration of powders for chemical analyses. Petrographic thin-

sections were also prepared for 32 samples from each of the 

basaltic, trachytic and phonolitic rocks, and detailed minera-

logical analyses were made under an optical (petrographic) 

microscope. For some of the minerals, the semiquantitative 

volume estimates were determined by visually estimating the 

mineral proportions in thin sections.

From the 33 analyzed samples 19 were from the two types 

of basalts and the remaining samples were from the phonolitic 

- trachytic rocks of the Bete-Giorgis, Gobo-Dura, Adi-Tsehafi, 

and Mai-Koho ridges. All rock samples were first crushed in a 

stainless steel jaw crusher and then powdered in an agate mill 

in order to avoid contamination of transition elements (such as 

Co, Ta, and Nb) for the chemical analyses. Contents of major 

oxides, minor and trace element (Nb, Zr, Y, Sr, Ga, Cu, Ni, V) 

abundances were determined using wavelength-dispersive 

XRF spectrometry at the Department of Lithospheric Research, 

University of Vienna, Austria. 1.2 g of powdered rock was mi-

xed with 6 g of lithium tetra-borate to prepare fused pellets 

used for the analyses of the major oxides, and 10 g of pow-

dered rock was used to prepare pressed pellets for the ana-

lyses of the trace elements.

Contents of the rare earth element (REE) and other trace 

elements (i.e., Sc, Cr, Co, Zn, As, Se, Br, Rb, Sb, Cs, Ba, Hf,

_____________________

___________________________

Ta, W, Ir, Au, Th, and U) were analyzed by INAA at the Depart-

ment of Lithospheric Research, University of Vienna. For this, 

samples weighing between 115 and 130 mg were sealed into 

polyethylene capsules, as well as 60- to 100 mg of three of 

the following international rock standards: carbonaceous chon-

drite Allende (Smithsonian Institute, Washington DC, USA; Ja-

rosewich et al., 1987), the granite AC-E (Centre de Recher-

che Pétrographique et Géochimique, Nancy, France: Govin-

daraju, 1989), and the Devonian Ohio shale SDO-1 (United 

States Geological Survey, Govindaraju, 1989) were irradiated 

for 8 hours at the Triga Mark II reactor of the Atominstitut der 

Österreichischen Universitäten, Vienna, at a neutron flux of 
12 -2 -12.10  n cm  s . Details of the INAA method, including stand-

ards, correction procedures, precision, and accuracy, are re-

ported in Koeberl (1993), Son and Koeberl (2005), and Mader 

and Koeberl (2010).

According to the total alkali-silica (TAS) classification of Le 

Bas et al. (1986) (Fig. 4) the volcanic rocks of the Axum – Shire 

area belong to phonolites, trachytes, basaltic-trachyandesites, 

basalts, trachybasalts, basanites, and tephrites show a range 

in the SiO  contents from 43 to 69 wt% (Table 1). The Axum vol-2

_________________________________

4.2. Results

4.2.1Major elements

canic rocks plot in the alkaline field 

or slightly within the transition field, 

with the exception of one sample 

(AX12). All basaltic rocks have <49 

wt% SiO  contents and high (~4.3 – 2

7.4 wt%) Na O + K O contents. The 2 2

phonolitic–trachytic rocks of the area 

have 58 – 69 wt% SiO  contents. The 2

Bete-Giorgis phonolites are silica-

undersaturated (58.6 – 59.3 SiO  2

wt%), with very high  Al O  (18.5 – 2 3

19 wt%) and  Na O (8.9 – 9.9 wt%) 2

contents. The CIPW normative com-

positions of the Axum volcanics (Ta-

ble 2) reflect these geochemical vari-

ations. All samples from the Axum 

volcanic rocks, except the samples 

from the Mai-Koho trachytes, are 

normative quartz-free (Table 2). The 

Mai-Koho trachytes (silica-oversatu-

rated) contain a significant amount 

of normative quartz (5 – 9.5 wt%). 

All rocks of the post-trap basalt se-

quence and some of the flood ba-

salt sequence are basanites and/or 

alkali-olivine basalts. However, an 

olivine tholeiite tendency is observed 

for the flood basalt sequence group 

(e.g., AX12, AX29, and AX32).

The alkali contents of the Gobo-

____Figure 4: Total alkali-silica diagram comparing the geochemical characteristics of the volcanic 

rocks of Axum. The dashed line distinguishes tholeiitic from alkaline basalts (from Le Bas et al., 1986).



Dura phonolites vary between 13.4 and 14.5 wt % Na O + K O. 2 2

Samples AX11, 12 and 45 correspond to the Bete-Giorgis pho-

nolites; whereas samples AX06, 10a and 45c are analogous to 

the foid-bearing trachytes (the Adi-Tsehafi trachytes). The Adi-

Tsehafi trachytes, on the other hand, do not show a wide range 

in alkalinity; however, all samples plot close to the phonolite-

trachyte boundary (Fig. 4). The compositions of the felsic rocks 

from Axum, therefore, correlate linearly in the TAS diagram 

and their total alkali (Na O + K O)  contents or their alkalini-2 2

ties decrease systematically from the Bete-Giorgis phonolite 

to the Mai-Koho trachytes, whereas the SiO  (wt%) contents 2

increase (Fig. 4).

Almost all basalt samples, except sample AX47b, are highly 

to moderately fractionated mafic rocks with MgO values be-

tween 2 and 8 wt% (Hagos et al., 2010). The distribution of

____________________________________

TiO  in the basaltic, tephritic, and basanitic rocks of the area 2

covers a wide range (1.5 – 4.4 wt%) and shows two well-de-

fined trends: the low-Ti post-trap basalt sequence and the high-

Ti flood basalt sequence (Fig. 5a). The MgO and TiO  contents 2

in the phonolite – trachyte rocks are very low (0.01 – 0.14 wt% 

MgO and 0.03 – 0.15 wt% TiO ). Instead, the content of Al O  2 2 3

is very high (16.5 – 19 wt%), which exceeds the contents of 

Na O + K O + CaO and follows the same trend as that for the 2 2

total alkalis (Fig. 5c). Generally, the Axum phonolitic – trachy-

tic rocks have very low but nearly identical contents of TiO , 2

MgO, and CaO. The Al O , Na O, K O, and MnO contents are 2 3 2 2

very high (Fig. 5a – h). Most of the samples from the Bete-Gi-

orgis and Gobo-Dura phonolites have significant Cl contents 

(0.12 – 0.34 wt%), in contrast to the low contents in the ba-

salts and trachytes of the region._______________________

Table 2: CIPW norm calculation in wt% for the volcanic rock of Axum, northern Ethiopia. The norm 

calculation was from the CIPW software. Qz: quartz; or: orthoclase; ab: albite; an: anorthite; ne: nephe-

line; di: diopside; hy: hypersthenes; ol: olivine; ac: acmite; mt: magnetite; il: ilmenite; ap: apatite; nms: 
2+ 3+metasilcate. The Fe /Fe  ratios for basalts, trachytes and phonolites are 4:1, 3:2 and 1:1 respectively.

4.2.2 Trace elements

The trace element contents of the 

Axum basaltic sequences are high-

ly variable. The post-trap basalt se-

quence displays the highest incom-

patible trace element contents. In 

contrast, the flood basalt sequence 

is less enriched. This is illustrated 

in Figs. 6b, d, e, and h, where se-

lected trace element contents are 

plotted against SiO  contents. Nega-2

tive correlations in the plots of the 

contents of some incompatible trace 

elements vs. SiO  (wt%) are obser-2

ved in the basaltic sequences (Fig. 

6a and f) and the alkaline acidic rocks 

(Fig. 6b, d and e) of Axum. Negative 

correlations are also observed for 

the V and Ni vs. SiO  contents (not 2

plotted). The contents of incompa-

tible trace elements, such as Nb, Zr, 

and the REE, increase with the si-

lica content up to the phonolitic-tra-

chytes (Adi-Tsehafi trachytes), but 

are slightly lower again in the Mai-

Koho trachytes. The content of Y in-

creases slightly from the basanites 

to the basaltic trachy-andesites, 

shows very high values in the Bete-

Giorgis phonolites, and decreases 

sharply from the Gobo-Dura phono-

lites to the Mai-Koho trachytes.

The chondrite-normalized REE pat-

terns for the post-trap basalts and 

the flood basalt sequence are diffe-

rent (Fig. 7a). The post-trap basalt 

sequence has highly sloping light 

REE (LREE) and relatively flat hea-

vy REE (HREE) patterns; in contrast

____
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the flood basalt sequence has a comparatively flat LREE and 

moderately slopping HREE pattern. The average chondrite-

normalized La/Yb ratios (13.1) of the post-trap basalt sequence 

are higher than the value for flood basalt sequence, which is

7.7 (Hagos et al., 2010).

Chondrite-normalized incompatible trace element diagrams 

(Fig. 7b) show generally a coherent behavior with enriched low-

field strength elements (Ba, Rb, K) and depleted high-field

Figure 5: Harker variation diagrams for the bimodal volcanic rocks of Axum area. All the major oxides are characterized by their unique trend as 

SiO2 progress from 43 – 69 wt%.

Geochemical characteristics of the alkaline basalts and the phonolite –trachyte plugs of the Axum area, northern Ethiopia



Figure 6: Plots of selected trace element contents (ppm) against differentiation index (SiO2 wt%) for the Axum volcanic rocks. The binary plots of 

the contents of Sc, Co, Rb, Th, Zr, Nb, Ba, and La versus SiO2 illustrate the compositional variation among the Axum volcanic rocks.______________

strength elements (Zr, Hf, Y) throughout the post-trap basalt 

sequence; however, this behavior is reversed for the flood

basalt sequence. In the normalized multi-element diagram the 

elemental contents of Nb and Ta in the post-trap basalt se-
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quence are enriched by a factor of 3 compared to the flood 

basalt sequence, but the Sr, Nd, and Yb concentrations in both 

rocks are similar (Hagos et al., 2010).

The phonolite - trachyte rocks have similar chondrite-norma-

lized REE patterns. All have steep LREE and flat HREE pat-

terns. They also show strong negative Eu anomalies with (Eu/ 

Eu*)  ratios ranging from 0.21 to 0.30 for the Bete-Giorgis and n

Gobo-Dura phonolites and 0.12 to 0.33 for the Adi-Tsehafi 

and Mai-Koho trachytes (Table 1). The trachytes have a wider 

range of the (Eu/Eu*)  ratio and this shows that there is a re-n

latively broader compositional range than for the phonolites.

The volcanic rocks of the northern Ethiopia in general, and 

the Axum volcanic rocks in particular, are among the least stu-

died parts of the Ethiopian flood basalts. The Axum volcanics

___________________

_

5. Discussion

are highly diversified and cover the range from basanites/te-

phrites, basalts, trachybasalts, and basaltic trachy-andesites 

to phonolites and trachytes. Hagos et al. (2010) conducted a 

geochemical study on the Axum volcanics and found two groups 

(post-trap basalt and flood basalt sequences) of mildly to high-

ly alkaline basaltic rocks.

Pik et al. (1998, 1999) grouped the Axum volcanics as transi-

tional to tholeiitic low-Ti basalts, but our study on the northern 

end of the Ethiopian flood basalt confirmed that the Axum vol-

canic rocks are not tholeiitic in character; instead they are al-

kaline constituting a wide range in the TiO  content and highly 2

diversified rocks (trachybasalts – basanites – tephrites) (Fig. 4).

Based on the TiO  content  and the incompatible trace ele-2

ment concentration variations, the Axum basalts are grouped

_____________________________

5.1 The alkaline basalts of Axum

Figure 7: Chondrite-normalized rare earth and primitive mantle-normalized incompatible trace element abundance patterns of the Axum volcanic 

rocks. Normalization factors after Taylor and McLennan (1985) for the chondrite-normalization, and Sun and McDonough (1989) for the primitive mantle 

normalization. (a) steeply inclined light REE, strong negative Eu anomaly and gently inclined heavy REE. (b) strong negative anomalies are observed 

at Ba, Sr, and Ti.
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Figure 8: Binary plots of major element, trace element, and ratio comparing the Axum alkaline basalts with the northwestern Ethiopian flood ba-

salts and shield volcanoes; (a and b) major oxides vs. SiO  (wt %); (c and d) highly incompatible trace elements (Nb and Th) vs. La, and (e and f) ra-2

tios of the important trace elements (Nb/Y and La/sm) vs. Zr contents.________________________________________________________________

in to two parts as post-trap basalt sequence (1.5 – 2.6 TiO  2

wt%) and flood basalt sequence (2.6 – 4.5 TiO  wt%) (Hagos 2

et al., 2010). The different elemental compositions of post-

trap basalt and flood basalt sequences are clearly evident on 

TiO  vs. SiO , Nb vs. La, Hf vs. Th, Nb/Y vs. Zr, and La/Sm 2 2

vs. Gd/Yb plots (Fig. 8). The rocks from the post-trap basalt 

sequence, with their unique geochemical signature, are unlike 

those in any other part of the Ethiopian flood basalt province 

(Fig.8); however, Zanettin et al. (1999, 2006b) and Kieffer et 

al. (2004) documented the existence of low-Ti alkali basalts in

the central Eritrean highlands (Adi Ugri and Asmara basalts) 

and in the central part of the northwestern Ethiopian volcanic 

province (Choke and Guguftu shield volcanoes), respectively. 

Zanettin et al. (2006a) believed that during the early Miocene 

(24 – 22 Myr) this alkaline magmatism extended from Adi Ugri 

(Mendefera), and perhaps also from Adwa-Axum to Senafe. 

Kieffer et al. (2004) also confirmed that the Choke and Gu-

guftu shield volcanoes erupted around 22 Ma ago contempo-

raneously with the central Eritrean Alkali basalts.

The post-trap basalt sequence is fresh, unaltered, undefor-

__________
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med and overlies a deeply and newly eroded basement com-

plex, indicating the relatively young time of emplacement of 

these basalts. Several authors confirmed that the post-trap al-

kaline rocks span a wide time of eruption. The silica-undersa-

turated rock types (basanites, nephelinites, and phonolites) in 

some of the younger shield volcanoes are even younger (25 

to 5 Ma; Zanettin et al., 1976).  Kieffer et al. (2004) have al-

so pointed out that the post-trap magmatism in the Ethiopian 

highland is getting younger north or southwards of the Choke 

and Guguftu shield basalts. Mt. Guna, which erupted to the 

north of the Choke and Guguftu shields, has an Ar/Ar age of 

10.7 Ma (Kieffer et al., 2004 and references therein). Although 

the absence of geochronological data constrains the study of 

temporal relationship of Axum post-trap basalt sequence with 

the other post-trap basaltic rocks of Ethiopia, our geochemical 

analyses of rocks from the Axum area reveal that there is a 

similarity with the composition of the Guguftu shield volcano 

(Fig. 8b, d, e, and f). In several binary element plots the post-

trap basalt sequence of Axum is tightly clustered, with very 

high contents of Nb, La, Th, Ta, and high Nb/Y and La/Sm ra-

tios. In contrast, the composition of the Guguftu shield basalt 

is less tightly clustered and has moderate to high contents of 

Nb, La, Th, as well as moderate Nb/Y and La/Sm ratios. These 

alkaline post-trap basalts of Axum display extremely high in-

compatible trace element contents that are characteristic of 

magmas formed by low degrees of partial melting, most pro-

bably during the last phase of the Ethiopian plateau volcanism.

The Axum flood basalt sequence shows broad geochemical 

characteristics ranging from highly to mildly alkaline basaltic 

suites. This flood basalt does not share any geochemical cha-

racteristics with the Axum post-trap basalt sequence, except 

their alkalinity (Fig. 8a-f). Instead, our geochemical data of 

the flood basalt sequence from the Axum area complement 

the Adigrat data (samples E215 and E217) reported by Pik et 

al. (1998, 1999).

Figure 8 shows that in terms of their trace element contents 

and ratios, the flood basalt sequence from the Axum area re-

semble Pik et al.’s (1999) HT1 flood basalt from the Adigrat 

area. Both basalts share an alkaline – mildly alkaline magma-

tic character with relatively moderate concentrations of the 

highly incompatible trace elements and moderately fractiona-

ted trace element patterns. In most of the binary plots (Fig. 8b, 

c, e, and f) both basaltic suites cluster in the same region and 

it is difficult to differentiate them. The trends observed in Fi-

gure 8, and the strongly differentiated nature of these lavas, 

suggest that their characteristics could result from upper crus-

Figure 9: (a and b) Plots of Ta vs. Zr and Nb vs. Zr, showing the two apparent evolution trends for the Axum volcanics and the other Ethiopian 

flood basalts and shield volcanoes. Most Axum flood basalt sequence and the other Ethiopian volcanics rocks plot at lower Ta and Nb contents. (c) 

Zr/Nb vs Zr plot for the volcanic rocks. The post-trap basalt sequence with their cogenetic acidic rocks have the same low Zr/Nb ratio, however, the 

flood basalt sequence and other Ethiopian volcanics rocks have a higher and wider Zr/Nb ratio. (d) Nb/Y vs. Zr plot showing high Nb/Y ratios for the 

post-trap basalt sequence with their co-genetic acidic rocks.________________________________________________________________________
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Figure 10: Discrimination diagrams, showing that the Axum volcanic rocks plot into two clusters in all the three diagrams: (a) The Zr-Nb-Y dis-

crimination diagram for the Axum basalts and phonolites. Volcanic rocks from various tectonic provinces generally fall into these fields: AI–AII: within-

plate alkali basalts; AII-C: within-plate tholeiitic basalts; B: P-type mid-oceanic ridge basalts; D: N-type mid-oceanic ridge basalts; C-D:  volcanic arc 

basalts (Meschede, 1986). (b) The Th-Hf-Ta discrimination diagram divides the triangle into; N-MORB: normal-type mid-oceanic ridge basalt; E-MORB 

(WPT): enriched mid-oceanic ridge basalt (with-in-plate tholeiite; WPA: within-plate alkali; and IAT; island-arc tholeiite (Wood, 1980). (c) The Th-Zr-Nb 

discrimination diagram also divides the triangle into: N-MORB, E-MORB (WPT), WPA, and IAT (Wood, 1980).________________________________

tal contamination of mantle-derived magmas (Pik et al., 1999).

There is no reliable evidence whether or not the Axum pho-

nolite–trachyte plugs are coeval with the Ethiopian shield vol-

canoes or if they are Pliocene- to recent alkaline acidic rocks 

that extruded/intruded the trap along the ENE trending nort-

hern Afar lineament. It is evident from the field observation

that the Axum phonolites and trachytes do not interfinger with 

the Axum flood basalt sequence, but instead they are overly-

ing these basalts and, at places, intrude and deform the ba-

saltic flow layers. There, the phonolitic/trachytic domes reach 

their maximum frequency and dimension, and overlie the schis-

tose basement, Mesozoic sandstone, and trap volcanic rocks. 

According to Zanettin et al. (2006b and references therein) 

the ‘‘domiform lavas’’ were erupted after a long erosive cycle, 

in the course of which both the Magdala stratoid volcanic rocks 

and the sandstone were locally removed, thus uncovering the 

basement schists. These authors hypothesized that the age 

of the domes was rather recent, Quaternary or Late Pliocene, 

and assigned the same age to the acid domes in the Senafe 

area.

The silica-poor rocks at Axum constitute the Bete-Giorgis pho-

nolites, the Gobo-Dura trachy-phonolites, and the Adi-Tsehafi 

phonolitic trachytes. Each of these rock types has distinct geo-

chemical and petrographic characteristics. However, their trace 

element ratios (e.g., Zr/Nb, Nb/Y, La/Lu) show limited variation, 

which indicates a homogeneous source region. Geochemically, 

these alkaline rocks, including the peralkaline trachytes, cor-

respond to the silicic rocks of the central and southeastern Eri-

trea (Zanettin et al., 2006b), which are characterized by very 

low contents of MgO (0.02 – 0.2 wt%); however, the Eritrean 

silicic rocks cover relatively diversified suites, from tephri-pho-

nolite to rhyolite. The Axum acidic rocks, on the other hand, 

are less diverse, ranging from phonolites to trachytes, and

5.2 The Axum Miocene- to Pliocene pho-

nolite – trachyte plugs

exhibit gradual variation from the nepheline-rich to the nephe-

line-poor rocks.

The post-trap and flood basalt sequences of the Axum area 

exhibit major petrogenetic differences (Hagos et al., 2010). 

The accompanying phonolites and trachytes correspond to 

the incompatible element-enriched post-trap basalt sequence. 

The petrogenetic relationship between the basalts and the 

phonolite/trachyte rocks is inferred from binary and ternary 

plots of the contents of incompatible trace elements and their 

ratios (Figs. 9 and 10). The Zr vs. Ta and Zr vs. Nb diagrams 

show a well-defined linear correlation among the post-trap 

basalt sequence and the phonolitic/trachytic rocks (Fig. 9a 

and b), and their incompatible element abundances progres-

sively increase with increasing degree of fractionation. Simi-

larity of incompatible trace element is often cited as strong 

evidence that fractional crystallization has been the dominant 

process in the evolution of mafic to felsic magmatic suites 

(Weaver 1977; Wilson, 1995). The Zr/Nb ratio of the Axum 

phonolites and trachytes and the post-trap basalt sequence is 

nearly constant (Fig. 9c; 3 – 4.5) with the exception of the Adi-

Tsehafi trachytes, which have relatively higher Zr/Nb ratios 

ranging from 5 – 5.7, which are still much lower than in the 

Axum flood basalt (Zr/Nb 10 – 18; Fig. 9c).

Low Nb/La ratios (<1.0) in volcanic rocks are a reliable trace

element index of crustal contamination (Kieffer et al., 2004). 

The tholeiitic basalts of the Ethiopian flood volcanics have 

persistently low Nb/La ratios, typical of crustal contamination, 

whereas alkali basalts from the late veneer on the Simien 

shield, samples from all other shields, and the HT1 and HT2 

lavas of Pik et al. (1999), have high Nb/La ratios (Kieffer et 

al., 2004). Our data support this interpretation. The same be-

havior is seen in the Axum volcanics, where a persistent crus-

5.3 The alkaline basalt – phonolitic/tra-

chytic magma interactions of the Axum 

volcanic rocks.

_______________

Miruts HAGOS, Christian KOEBERL, Kurkura KABETO & Friedrich KOLLER



tal signature is absent in the alkaline volcanic rocks.

The Zr/Nb ratios in volcanic rocks may also reflect crustal 

contamination or variation in degree of partial melting (Wilson 

et al., 1995; Kamber and Collerson, 2000). The Adi-Tsehafi 

trachyte is sandwiched between the Chila granite and the Me-

sozoic sandstone unit. The slight increase in the Zr/Nb ratio 

for the Adi-Tsehafi trachyte reflects relatively low degree of 

partial melting or crustal involvement either from the sand-

stone or late Proterozoic Chila granite.

At given Zr contents most of the post-trap basalt sequence 

samples have higher Ta, Nb, and Th contents and Nb/Y ratio 

(Fig. 9a, b and d) than do the flood basalt sequence. Kamber 

and Collerson (2000) have indicated that Nb is more sensitive 

to variations in degrees of partial melting than Zr, and hence 

can be used to constrain the influence of variable degrees of 

melting. The discrimination diagrams Zr/4-2xNb-Y, Th-Hf/3-Ta, 

and Th-Zr/117-Nb/16 of Axum volcanic rocks form two clus-

ters (Fig. 10a-c). The samples from the Axum flood basalt se-

quence fall within the enriched-MORB of within-plate basalts, 

and the samples from the post-trap basalt sequence and the 

phonolites/trachytes of Axum indistinguishably plot within the 

within-plate alkali basalt field. Hagos et al. (2010) stated that 

the source reservoirs for both the post-trap and the flood ba-

salt sequences seems to be one and the same and resemb-

les those of the OIB, but the main petrogenetic change be-

tween these two basaltic rocks of Axum would be most pro-

bably in the degree and mechanism of partial melting of the 

rocks in the mantle plume.

All possible combinations of the REE, trace element contents 

and their ratios confirmed that the Axum area experienced two 

volcanic episodes. The first volcanic episode, the Axum flood 

basalt sequence, occurred contemporaneously with the north-

western Ethiopian flood basalts. The second magmatic epi-

sode, the Axum post-trap basalt sequence and associated 

felsic rocks, evolved most probably during the last phase of 

the Ethiopian shield basalts. From the geochemical analyses, 

the flood basalt sequence of Axum and the HT1 flood basalts 

of Adigrat are indistinguishable. However, the second group 

of basalts, the post-trap basalt sequence, exhibits different 

and distinct geochemical characteristics.

Unlike the alkaline basalts, the phonolites and trachytes of 

Axum exhibit similar geochemical characteristics. The contents 

of oxides (Al O3, Fe O , Na O, MnO) and the trace elements 2 2 3 2

(Nb, La, Rb, Zr) decrease linearly with increasing SiO  content 2

from the Bete-Giorgis phonolites to the Mai-Koho trachytes. 

All these rocks have a similar degree of fractionation that is 

characterized by very low MgO and TiO  contents, ranging 2

from 0.01 – 0.14 wt% and 0.03 – 0.15 wt%, respectively.

The Nb vs. Zr, Zr/Nb vs. Zr, and Nb/Y vs. Zr binary plots and 

the Zr/4-2xNb-Y, Th-Hf/3-Ta, and Th-Zr/117-Nb/16 discrimina-

tion diagrams confirmed that the post-trap basalt sequence, 

the phonolites, and the trachytes evolved from the same pa-

rental magma that invaded some parts of the west-central Ti-

_______

__________________

____________________________

_________________

____

6. Conclusions

gray and most probably the central and southeastern part of 

Eritrea (Adi-Ugri, Asmara, and Senafe volcanic rocks) ~19 to 

6 Ma after the major Ethiopian flood basalts.
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