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Abstract
Our paleomagnetic investigations in the Northern Main Ethiopian Rift concentrated on ascertaining characteristic remanence 

directions of volcanic and sedimentary layers embodied within the Mt.Galili Formation (MGF). Magnetic stratigraphy was applied 
mainly to support anthropological studies on early hominid evolution. The new paleomagnetic results provided implications for 
stratigraphic age determinations of the MGF, and they also support arguments for rift-related tectonics as block rotation and til-
ting relative to the stable African crust since the Pliocene.

Based on 497 paleomagnetic samples, we applied magnetic stratigraphy on magmatic and sedimentary rocks to determine the 
40 39age of the MGF and correlated the results with published  Ar/ Ar age data on tuff and ignimbrite layers which range from ca. 

5.4 Ma to ca. 2.3 Ma, consistent with biostratigraphic age constraints. Nine magnetic polarity intervals of the Gilbert zone were 
identified within the lower four members of the MGF covering a time span from 5.37 to 3.58 Ma. The upper two members of the 
MGF comprised three polarity intervals assigned to the upper Gauss and lower Matuyama polarity zones. In combination with an 
40 39Ar/ Ar age of 2.35 Ma, located in the middle of the section, we infer that ca. 0.5 Ma and four polarity intervals are missing be-
tween the MGF’s lower and upper members. We attribute this significant depositional gap to uplift of the region due to the intru-
sion of basalt magma, associated with deposition of the Upper Shabeley Laag Member.

Extensional rift tectonic processes were intimately affiliated with magmatic activity and generation of rapidly changing sedimen-
tary environments of the MGF`s deposits, but the bulk of the observed tectonic features resulted from post-depositional tectonic 
overprint, when the re-orientated Wonji Fault System affected the Mt.Galili area in the Quaternary period, thereby creating new 
internal rift (in older rift) structures. Tectonic movements of MGF`s strata were deduced from our analysed characteristic remanent 
magnetisation (ChRM) directions compared with Pliocene reference data. The investigation revealed almost unchanged orienta-
tion of the ChRM-directions for the marginal internal rift zone in the East of the Mt.Galili area, but moderate counterclockwise ro-
tation for the central internal rift zone in the West. The North of the Mt.Galili area suffered moderate clockwise rotation, probably 
due to the Mt.Galili area`s regional position, adjoining a transfer zone between the Quaternary Angele and Addo-Do magmatic 
segments.

____________________________________________________________
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1. Introduction
The East African Rift in Ethiopia is a well-studied area for its 

geological and structural development (e.g. Ring, 2014; Corti 
et al., 2013), and especially as an area of early hominid evo-
lution (e.g. Haile-Selassie et al., 2015; Kimbel and Delezene, 
2009; Kullmer et al., 2008; Macchiarelli et al., 2004; Weber et 
al., 2001; White et al., 1993, 2006, 2009).

The surveyed Mt. Galili (N 9,77°, E 040,55°) area is located in 
a central sector of the northernmost Main Ethiopian Rift (MER), 
that propagated north-eastwards into the southern Afar de-
pression during Miocene to Pleistocene times (Hayward and 
Ebinger, 1996). Thereby, strain patterns changed their direc-
tions, and newly generated internal rift fault systems (Wonji 
faults) replaced marginal rift fault systems (Corti et al., 2013). 
Thus, Quaternary rift basins and magmatic segments (Fig. 1), 
which display right-stepping lateral offset-tectonics (Wolfen-
den et al., 2004; Kidane et al., 2006), formed within Miocene 
rift basins (Beyene and Abdelsalam, 2005). The lithologic and

__________________

tectonic features of the herein described Mt. Galili research 
area are characteristic of such rift-related settings: The region 
exposes a fluviatile-to-lacustrine sedimentary succession in-
tercalated with volcanic marker beds, and it is extensively 
faulted by NNE-SSW oriented normal faults combined with 
trans-tensional movement features. Our new paleomagnetic 
sites cover a composite profile of the MGF (Fig. 8: d, e) encom-
passing a ca. 230 meter thick pile of Pliocene to early Pleisto-

40 39cene deposits. Absolute ( Ar/ Ar) age data obtained from 
volcanic tuff layers by Hujer et al. (2015) serve as stratigraphic 
markers within the examined volcano-sedimentary sequence. 
Examination of numerous profiles from sedimentary sections 
(Hujer et al., 2015) and field observations of rift tectonic dis-
placement features were used to determine the stratigraphic 
positions of the paleomagnetic sample sites.

For the purpose of stratigraphic correlation with other re-
gions of the MER, previous papers have been checked: Earlier

______________
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Figure 1: Major faults and along-axis segmentation patterns within the Northern Main Ethiopian Rift 
(according to Wolfenden et al., 2004). Site of the Mount Galili research area and ambient tectonic pat-
terns are indicated, (AAZ) arcuate accommodation zone. Inset: Main features of the MER-Afar Region. 
(SSR) southern Red Sea, (DH) Danakil horst, (TDG) Tendaho Goba`a discontinuity separating the Red 
Sea and MER, Arabia and Africa can be reconstructed crudely by overlying black dots, (black arrows) 
extension directions.____________________________________________________________________

paleomagnetic studies of rift deposits in the Miocene-Plio-
cene Sagantole Formation (Afar rift region / Middle Awash 
Valley) revealed eight magnetic polarity zones in the time 
frame between 5.6 and 3.9 Ma (Renne et al., 1999). Quade et 
al. (2008) presented a magnetic polarity analysis of deposits 
of the Southern Afar Rift at Gona for the time span from 6.4 
to 0.16 Ma and a magnetostratigraphic study of the eastern 
Hadar Basin examined the Sidi Hakoma and Denen Dora Mem-
bers of the Hadar Formation, revealing two normal and one 
reversed polarity intervals between 3.42 and 3.20 Ma (Dupont-
Nivet et al., 2008). Kidane et al. (2009) presented paleomag-
netic results from a later rift stage in distinct regions within 
the MER, linking together volcanic segments of Quaternary 
age, which yielded about 7°counter-clockwise block rota-
tions along vertical axis. This is consistent with a transten-
sional deformation process during Quaternary times in the 
Fentale region (Corti et al., 2013) and is also of relevance for 
the tectonics in our study area. Erosion and non-deposition 
affected some areas within the Ethiopian Rift in Quaternary 
times, which constitutes an important factor in the MGF´s 
stratigraphic record. Recently, Kidane et al. (2014) presented 
a refined magneto-stratigraphy of the Shungura Formation / 
Omo Group in SW Ethiopia, unfolding seven polarity zones 
between 3.60 and 2.32 Ma. The authors suggest evidence for 
the related Kaena subchron which may have been removed 
in an erosional episode, leaving a hiatus of at least 70 ka in 
the Shungura Formation deposits. This feature may relate to 
the significant upper MGF`s sedimentary gap (Fig.8) reported 
in this study.________________________________________

2. Geological Setting
The Main Ethiopian Rift (MER) 

is bound to the northwest by 
the Ethiopian plateau and to 
the southeast by the Somalian 
plateau (e.g. Beyene and Abdel-
salam, 2005; Buck, 2006). Both 
are composed of continental 
flood basalts of a related mag-
matism predating continental 
break-up by several million years 
(Ayalew et al., 2006). The main 
tectonic elements of the region, 
i.e. the Nubian and Somalian 
plates, suffered initial extension 
from about 25 Ma ago. Subse-
quent rifting isolated continen-
tal microplates, the Danakil and 
Ali Sabieh blocks, and the Afar 
depression started to stretch as 
these blocks began rotating, 
what process became dominant 
since ca. 7 Ma in the Afar region 
(Audin et al., 2004). Since 11 Ma 
the northern part of the MER

was already opening out into the stretched Afar depression 
(Hendrie et al., 1994; Tesfaye et al., 2003; Wolfenden et al., 
2004). Generally, the MER opened at a rate of about 2.5 to 5 
mm/a in ESE-WNW direction during Miocene to Pliocene 
times (Wolfenden et al., 2004), whereby large, discontinuous 
normal border faults developed (Pizzi et al., 2006; Tesfaye et 
al., 2008). Subsequently, continuous rift extension focused on 
newly developed magmatic segments of Quaternary age 
(Ebinger and Casey, 2001; Casey et al., 2006; Keir et al., 2006; 
Corti, 2009) which were connected with coeval rift basins, in-
terpreted as embryonic oceanic spreading centres (Hayward 
and Ebinger, 1996; Manighetti et al., 1998; Ebinger and Casey, 
2001). The formation and continued expansion of large mar-
ginal fault systems induced silicic volcanism, whose felsic vol-
canic strata capped the flood basalt sequences at first. Over 
time, the locus of faulting and magmatism migrated in rift-
ward direction, finally forming the Quaternary magmatic seg-
ments (Fig. 1) within the MER (Ayalew et al., 2006). Magmato-
sedimentary deposits of the surveyed MGF formed and suf-
fered tectonic overprinting under this conditions in Pliocene 
to early Pleistocene times , what is specified in subsequent 
chapters below.

2.1 Magmatism
In the Pliocene-Pleistocene, an extensive volcanic sequence 

of the up to 1500 m thick “Afar Stratoid Series”, characterized 
by individual basalt flows, covered about two thirds of the 
“Afar Fault Embayment” (Varet, 1978). Their unconformable

_____________________________________
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Figure 2:  Geological sketch map of the Mt. Galili research area. Mount 
Galili Formation (MGF) is subdivided into six members. Basalt layers 
are labelled (a-g) relative to their stratigraphic position. Paleomagne-
tic sampling sites are numbered (volcanites encircled, sediments free-
standing) and territorial sector division is illustrated as referred to in 
the text. Map modified after a basic concept of Urbanek et al. (2005). 
Mount Galili: N 9.771952° E 40.552104°_________________________

basal contact with the underlying Miocene “Dalha Series” may 
be due to a period of erosion before the onset of extensive 
magmatic activity that formed the “Afar Stratoid Series”. With-
in the contemporaneous MGF, diverse basalt layers show a 
trend from OIB (ocean island basalt) towards MORB (mid oce-
an ridge basalt) geochemical signatures, thus highlighting a 
magmato-tectonic setting between continental and oceanic 
rifting (Urbanek et al., 2005). Concerning the prominent fel-
sic volcanism, generated from soaring rift faults, Ayalew et al. 
(2006) reported that the felsic rocks, which erupted during 
the formation of the MER in the age range from 28 to 2.5 Ma, 
can be derived from mantle-sourced basaltic magma through 
fractional crystallization, accompanied by variable amounts 
of crustal contaminations. Within the MGF, a significant acidic 
volcanic marker bed (top of the Dhidinley Mb.) features varia-
bility from trachytic-, dacitic-, rhyolitic- up to andesitic com-
position (Urbanek et al., 2005).

According to the stratigraphic concept of the Afar region by 
Varet (1978) and Beyene and Abdelsalam (2005), there exist 
ENE-trending, around 4 Ma old volcanic centres, that are in-
tercalated with the “Afar Stratoid Series”. Some of these com-
prise trachytic and rhyolitic sequences, referred to as silicic 
centres (Barberi and Varet, 1975, 1977; Varet, 1978), whose 
impact was dominant in our research area. In this context, 
the Galili research area contains several basalt fissures, follo-
wing fault structures that are thought to be intimately con-
nected with widespread pillowed basalt flows as well as with 
explosive eruptions of silicic magmas, what provided signifi-
cant stratigraphic marker beds.

2.2 Lithostratigraphy
According to Urbanek et al. (2005) and Hujer et al. (2015), the 

MGF represents a succession of fluvio-lacustrine sediments, 
comprising several horizons of volcanic layers, which are sub-
divided into six members (Figs. 2 and 8: a), each representing 
a sedimentary cycle and typically ending with strata recor-
ding volcanic activity. The volcanic units are regionally assig-
ned to the lower part of the “Afar Stratoid Series” encompas-
sing a time range of ca.4 Ma (Varet, 1978). Sedimentary pro-
cesses and volcanic activities are intimately coupled with tec-
tonic rifting as well as crustal block-rotation and -tilting. Hen-
ce, coeval sedimentation generally shifts from fine-grained 
lacustrine to coarse-grained fluviatile deposits.

2.2.1 Lasdanan Member
Resting on top of a Melaphyr-basalt basement, the Lasda-

nan Member sensu Kullmer et al. (2008) consists of fossilife-
rous lacustrine mudstones incised by fluvial channels and

_________________________

_________________________

____________

intercalated with several porphyric basalt lava flows and tuff 
horizons. The sedimentary successions are heterogeneous 
and pinch out laterally, resulting in direct contact of different 
basalt flows in areas with a lack of primary sediment accumu-
lation. A total of three basalt flows (Fig. 8: d, Bas 1-3), gene-
rated from fissure volcanoes could be identified within the 
sequenced strata of the Lasdanan Member and explosive 
volcanic surge deposits are intimately connected with their 
preceding fissure-basalt intrusions.

2.2.2 Dhidinley Member
Overlying the Lasdanan Member, the Dhidinley Member 

starts with basal coarse-grained, fossiliferous sandstone beds, 
thereafter overlain by an extended lacustrine sandflat-mudflat 
deposit enclosing diatomites and a micritic limestone bed. 
Locally, channel deposits, consisting of well sorted, cross-bed-
ded sandstone are incised into lacustrine strata. Generally, a 
trend from fine-grained lacustrine deposits with isolated 
limestone beds to coarse-grained fluviatile sands is notice-
able. In areas falling dry, mud cracks can be observed and 
dune sands of probably eolian origin may have developed. 
This sedimentary succession is capped by a well-developed 
gray ignimbrite layer (Fig. 8: d, Pyr 1).

2.2.3 Godiray Member
Superposing the distinctive ignimbrite layer of the upper-

most Dhidinley Member, the Godiray Member is composed 
of shale deposits intercalated by layers of pedogenic carbo-
nates and fluvial sands, finally topped with a white, coarse-
grained lapilli tuff. Generally, Godiray Member successions 
hold minor thickness, but definitely represent a discrete sedi-
mentary cycle, that developed in-between successive volca-
nic airfall deposits.

2.2.4 Shabeley Laag Member
The Shabeley Laag Member consists of a multicoloured, 

clayey facies with a gastropod limestone bed, followed by fos-
siliferous cross-bedded sandstone, revealing well-developed 
point bar structures. These lower units of the Shabeley Laag 
Member are overlain by a lower Galili basalt flow (Fig. 8: d, 
Bas 5), that wedges out towards the north and south. The up-
per units of the Shabeley Laag Member consist of lacustrine 
and fossiliferous fluvial meandering channel deposits. Finally, 
this member is capped by the widespread upper Galili basalt 
flow (Fig. 8: d, Bas6). The general coarsening-upward trend is 
interpreted to have been controlled by surface uplift due to 
tectono-magmatic processes. Hence, an erosional surface de-
veloped on top of the extensive upper Galili lava flow, which 
subsequently led to a break of the sedimentary record.

2.2.5 Dhagax Member
A clayey siltstone and sandstone succession of the basal 

Dhagax Member rests unconformably on top of the upper 
Galili basalt. Sedimentary features point generally to lacustri-
ne and fluviatile environments, but the predominant upper 

______________________

____________________
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Sample ID
U51
09_16a
09_32
U11
09_29
09_16
W78
W133/2

Lithology
Ignimbrite

Tuff 
Tuff 

Ignimbrite 
Lapilli-Tuff 

Tuff 
Tuff 
Tuff

Stratigraphy
Dhagax Mb

Shabeley Laag Mb
Shabeley Laag Mb
top Dhidinley Mb

Godiray Mb
basal Dhidinley Mb
top Lasdanan Mb

basal Lasdanan Mb

~Age (Ma)
2.35
3.87
3.91
3.94
3.97
4.25
4.43
5.37

Magnetic Polarity
Reversed
Reversed
Reversed
Reversed
Reversed
Normal

Reversed
Reversed

UTM-North
1080250

1079594

1077907

1078422

1082307

1080416

1077428

1079500

_UTM-East
667371

670971

668956

669794

669010

672366

671967

672626

_

(Zone 37P)

Polarity Scale
C2r.2r MATUYAMA

C2.Ar GILBERT
C2.Ar GILBERT
C2.Ar GILBERT
C2.Ar GILBERT
C3n.1n Cochiti
C3n.1r GILBERT

C3r GILBERT

_

(Cande & Kent 1995)
Table 1: Basic Geochronology-sample information and their determined age, merged with magnetic polarity and  attributed chronostratigraphy. 
Samples and age data from Hujer et al. (2015).___________________________________________________________________________________

portion of the Dhagax Member is clearly dominated by volca-
nic activity, producing a thick pumice tuff and finally ending 
up in a thin gray to reddish ignimbrite layer (Fig. 8: d, Pyr 2).

2.2.6 Caashacado Member
The Caashacado Member defines the uppermost part of the 

MGF, comprising lacustrine silt, fluviatile sand and a gastropod-
bearing limestone layer. The member ends with a thin pyro-
clastic layer (Fig. 8: d, Pyr 3) on top of the sequence.

2.3 Chronostratigraphy
Urbanek et al. (2005) reported first preliminary radioisotopic 

ages for an extensively distributed ignimbrite on top of the 
Dhidinley Member. Later geochronologic investigation by K. 
Kuiper (Amsterdam) published in Hujer et al. (2015, Tab. 2) 

40 39provided Ar/ Ar data for this ignimbrite and several other 
tuff horizons with their full data sets. Eight samples from vol-
canic air fall tuff and ignimbrite layers comprising the entire 

40 39MGF, were analysed by means of Ar/ Ar dating of feldspar. 
These geochronological data are summarized and correlated 
with our paleomagnetic results in Table 1 and Figure 8. Samp-
le U51 (2.35 ± 0.01 Ma) is a reddish ignimbrite on top of the 
Dhagax Member. Sample 09/16A (3.87 ± 0.02 Ma) is a whi-
tish, ca.10 cm thick tuff layer of the Shabeley Laag Member, 
interbedded with sandstone layers. Sample 09/32 is a wea-
thered tuff layer of the Shabeley Laag Member, located with-
in a sedimentary succession below the upper Galili basalt flow. 
Sample U11 (3.94 ± 0.02 Ma) is an ignimbrite layer from top 
of the Dhidinley Member, and sample 09-29 (3.97 ± 0.03 Ma) 
is the basal layer of a lapilli tuff on top of the Godiray Mem-
ber. Sample 09/16 (4.25 ± 0.02 Ma) is a coarse-grained lapilli 
tuff, sampled ~22 meters above the base of the Dhidinley 
Member. Sample W78 (4.43 ± 0.02 Ma) is a whitish tuff from a 
basal layer of a surge deposit, that locally forms the base of 
the Dhidinley Member. Sample W133/2 (5.37 ± 0.04 Ma) ori-
ginates from a ca. 3 m thick, medium-grained, strongly com-
pacted whitish tuff at the base of the Lasdanan Member.

3. Sampling and laboratory methods
In total, 497 oriented drill core and cube samples were ta-

ken in the course of this study, both from volcanic strata and 
sediments.

________

___

Several fissure basalt ridges and pillowed basalt layers were 
sampled. Fissure basalt ridges represent primary feeding chan-
nel storages and are closely connected with rift-tectonic struc-
tures. Outgassing features increase towards the marginal zo-
nes of individual basalt ridges, where they are closely connec-
ted with effluent stream textures and acid pyroclastic ejec-
tions. Basalt layers represent lava flows extruding from fissu-
res and cones, thereby covering large areas of sedimentary 
rift deposits. Their basal contact zone often reveals features 
of fritted argillaceous sediment, when lava effusions sheeted 
soggy areas of lakes and floodplains. These basalt layers often 
exhibit concentric weathering features.  Basalt samples were 
collected from six individual lava flows, nestling between se-
dimentary strata of the MGF.

Airfall volcanic samples were taken from a prominent ignim-
brite layer, marking the top of the Dhidinley Member, as well 
as from distinctive reddish and grey ignimbrite layers of the 
Dhagax and Caashacado members terminating the MGF. In 
the case of the most significant acid volcanic marker bed 
within the Dhidinley Member, Urbanek et al. (2005) identified 
a variable composition of the volcanic fragments ranging 
from trachytic to dacitic and rhyolitic source melts at higher 
alkali levels, whereas at lower alkali content andesitic source 
melts are suggested. Additionally, sedimentary layers, com-
posed of material such as clay and silty clay, were selected 
from a composite stratigraphic section, encompassing the 
entire range of the MGF`s deposits (Fig. 8: e).

Mafic lava flows and basalt fissures or felsic pyroclastic flows 
were sampled with a gasoline-powered drill, and the collec-
ted 25 mm-diameter cores were oriented with both, a magne-
tic and a sun compass. The average difference between sun- 
and magnetic compass readings was 0,1° for all sites, with 
the highest observed values at drillsites 2 (-6,4°) and 4 (+7,3°). 
Each flow unit was sampled with 7 to 10 cores, spanning the 
entire exposed thickness of the flow or fissure. Standard 2.2 
cm-long specimens were cut from each core for paleomag-
netic laboratory analyses. Clay- and silt-layers were sampled 

3using plastic cubes with a volume of 8 cm , each oriented 
with a magnetic compass.

Specimens were subjected to detailed stepwise demagne-
tization by means of thermal or alternating field treatment 
(70° to 670° C and 3 to 140 mT, respectively). During thermal

___________________________

______________

_____________________________
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Figure 3:  Acquisition of isothermal remanent magnetisation (IRM). Is/IRM: relative IRM intensity, norma-
lized to IRM acquired at 2.5 T. Two groups could be distinguished within the volcanic rocks: one group 
showed a rapid increase of intensity already at the first steps of IRM acquisition and full saturation at 
less than 0.3 T, the second group was characterised by a delayed IRM acquisition, indicating the pre-
sence of magnetic minerals with a higher coercivity. The contribution from high-coercive minerals was 
even higher in the sediment samples._______________________________________________________

Figure 4:  Curie-point determinations for samples from different vol-
canic and sedimentary rock samples. Knorm:  volume susceptibility 
normalized to maximum susceptibility during thermal treatment of 
each specimen.____________________________________________

demagnetisation, the bulk sus-
ceptibility of the specimens was 
routinely measured to observe 
possible mineral transforma-
tions. Paleomagnetic data ana-
lyses included principal compo-
nent analysis based on visual 
inspection of orthogonal pro-
jections using AGICO Remasoft 
software (Chadima and Hrou-
da, 2006). Isothermal remanent 
magnetisation (IRM) acquisition 
and back-field experiments, as 
well as Curie-point determina-
tions of a representative num-
ber of the pilot-specimens ai-
ded identification of the mag-
netic mineral content. Accom-
panying texture measurements 
by means of anisotropy of mag
with the goal of determining the texture. Natural remanent 
magnetisation was measured on a three-axes squid-magne-
tometer with an in-line degausser (2G Enterprises). AGICO 
KLY-2 and MFK-1 instruments were used for measuring low-
field magnetic susceptibility and its anisotropy. All measure-
ments were carried out in the Paleomagnetic Laboratory 
Gams of the Montanuniversity Leoben (Austria).

4. Paleomagnetic results

4.1 Magnetic mineralogy
The intensity and stability of the natural remanent magne-

tisation (NRM) of the different rock types varied strongly and 
there was also substantial variability concerning coercivity 
and unblocking spectra.  The sediment samples were charac-
terized by generally low intensities of NRM (median value of 
all sediments: 0.019 A/m) in comparison with the ignimbrite 
and mafic rock samples (median value of all volcanites: 2.46 
A/m). Acquisition of isothermal remanent magnetisation (IRM) 
and Curie-point determinations yielded information about 
the different magnetic mineral associations in the samples. 
Typically, specimens of Galili basalt and fissure basalt gained 
remanence at low magnetising fields and were entirely satu-
rated at less than 0.3 T. Contrastingly, airfall volcanic and me-
laphyre-basalt samples acquired only up to 90% of their satu-
ration IRM at 0.3 T and continued to gain remanence at higher 
fields, reaching full saturation at field strengths between 0.5 
and 1.5 T. The influence of higher coercive minerals was even 
higher in the sediment samples (Fig. 3).

Most of the temperature dependence of susceptibility deter-
minations of samples from Galili basalt and fissure basalt yiel-
ded Curie-point temperatures ranging between 520°C and 
585°C, which are indicative of magnetite as the main carrier 
mineral. Some samples from these two groups showed an ad-
ditional low-temperature component in the Curie-point curves, 

netic susceptibility were made 

___________

__________________

which we attribute to titano-magnetite. The highest Curie-point 
temperatures in the range between 620°C and 640°C were 
observed in airfall volcanites, indicating that maghemite re-
presents the low coercive magnetic phase in these rocks (Fig. 
4). Contributions from goethite and hematite could be obser-
ved in samples from several basalt flows and sedimentary lay-
ers, suggesting these layers were influenced by weathering.

4.2 Alternating field and thermal demagnetization 
of NRM

Most samples were subjected to progressive alternating 
field (max 140 mT) demagnetization. Additionally, selected
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Figure 5:  Representative demagnetisation plots (full and open 
circles represent horizontal and vertical projection, respecti-
vely) and intensity decay during alternating field (AF) and 
thermal (Th) cleaning. (A) airfall volcanites, (B) Galili basalt, 
(C) fissure basalt, (D) melaphyre-basalt, (E) sediments. Alter-
nating field demagnetisation in the range between 2 and 
140 mT, thermal demagnetisation at temperatures between 
70°C and 700°C. Pattern numbering refers to specific samples 
from volcanite drill-sites (bk) and sediment-sites (sw).______
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samples from each site were thermally demagnetized. In ge-
neral, the median destructive fields ranged from 5 to 150 mT. 
For the ignimbrites, it ranged from 25 mT to 40 mT, while ba-
salts showed more variability dependent on the mineral com-
position. Results from these experiments indicated that mag-
netite, titano-magnetite and maghemite were the main car-
riers of the NRM. Higher coercive minerals (hematite and/or 
goethite) contributes in amounts up to 30% of the NRM. Well 
defined demagnetisation paths with up to three components 
of NRM and a good separation of the unblocking temperatu-
res and coercivity spectra could be obtained (Fig. 5).

A viscous component could be removed during the first 
thermal or alternating field demagnetisation steps of speci-
mens from the pyroclastic material and ignimbrites of the en-
tire study area (airfall volcanites), whereas the second compo-
nent unblocked at temperatures between 580°C and 640°C 
and at intermediate alternating field strengths with median 
destructive fields between 25 mT and 40 mT, indicating mag-
hemite as the main magnetic carrier mineral (Fig. 5 A). This 
component typically decayed towards the origin and could 
be regarded as the characteristic remanence direction. With 
shallow, negative inclinations and mostly southerly declina-
tions, it was indicative of a reversed polarity zone for most of 
the airfall volcanic materials. An exception is a pyroclastic 
flow at drillsite 28 (Fig. 2, Tab.2) representing the uppermost 
stratigraphic position (Fig. 8: d, Pyr 3, Caashacado Mb.) in the 
MGF, which yields characteristic paleomagnetic directions of 
normal polarity.

Although there was variability as to the magnetic mineral 
associations in the samples, similar remanence components 
were present in specimens from the upper and lower Galili 
basalt flow. A viscous component could be removed during 
thermal demagnetisation at temperatures below 200°C or 
with alternating field-strengths of 5 mT (Fig. 5 B). The remai-
ning components, characterized by low coercivity and un-
blocking temperatures of 300°C and 580°C, yielded southerly 
magnetisations with shallow positive (and some negative) 
inclinations, suggesting a reverse polarity zone for all studied 
Galili basalt extrusions within the Shabeley Laag Member 
(Fig. 8: d, Bas 5,6).

Fissure basalt specimens contained two different compo-
nents of NRM, one of which carried a normal polarity, that was 
removed at 400°C or 20 mT. Subsequent thermal or alterna-
ting field demagnetisation steps yielded a second magneti-
zation vector with a southerly direction and negative inclina-
tion, indicating a reversed polarity (Fig. 5 C). Most specimens 
showed a good separation of the blocking temperatures and 
coercivity spectra. Similarly, many samples from melaphyre-
basalt flows yielded demagnetisation paths containing two 
antipodal vector components. A low temperature and low co-
ercivity component of normal polarity was typically removed 
at alternating field strengths below 20 mT and temperatures 
below 200°C. Subsequently, a well-defined final component 
with southerly declination and shallow negative inclination 
could be observed by means of both demagnetisation me-

_______

______________________________________

____________________________________

thods (Fig. 5 D). The final component with unblocking tempe-
ratures between 580°C and 640°C and comparably high coer-
civity (up to 100 mT median destructive fields) was regarded 
as the characteristic remanence direction.

The quality of the demagnetisation data from sedimentary 
layers differed substantially from those presented above. The 
clay specimens of the MGF were characterised by generally 
lower susceptibilities and lower intensities of NRM. IRM-acqui-
sition (Fig. 3) and Curie-point determinations (Fig. 4) gave evi-
dence for a significantly different magnetic mineralogy. With 
an unblocking temperature higher than 600°C, evidently he-
matite contributed considerably to the high-coercivity spec-
tra. During thermal demagnetisation, mineral transformations 
occurred at higher temperatures in most of the specimens. 
During alternating field demagnetisation specimens rapidly 
lost remanence at low demagnetising field strengths, but 
none of the specimens was entirely demagnetised at 140 mT 
(Fig. 5 E). However, well grouped vector components of dif-
ferent polarity were observed predominantly in sediment 
samples that were affected by thermal overprint from volca-
nic flows. We interpreted this component as the characteris-
tic remanent magnetisation acquired during the cooling of 
the lava flows/ignimbrite eruption and sedimentation/diage-
nesis of clay/silt layers, respectively.

4.3 Characteristic remanence directions
Characteristic remanent magnetisation directions (ChRM) 

for single samples were determined by principle component 
analyses of the magnetisation components observed during 
thermal or alternating-field demagnetisation using Remasoft 
3.0 software (Chadima and Hrouda, 2006). The quality of the 
demagnetisation data varied strongly in accordance with the 
different rock types. More than 70 percent of the samples 
(354 out of 497) yielded interpretable demagnetisation pat-
terns. The directions of the primary components, which were 
used for the magneto-stratigraphic zonation and tectonic in-
terpretation, are presented in stereographic projections in 
Figure 6. Mean values and statistical parameters are presen-
ted in Table 2.

The pyroclastics and ignimbrites (Fig. 6 A, airfall volcanics) 
yielded well-grouped remanence vectors with southerly mean 
directions indicating reverse polarity except an ignimbrite 
sample (bk 28) from Drill Site 28 (Fig. 2, Tab. 2), representing 
the uppermost stratigraphic position in the MGF (Fig. 8: d, Pyr 
3, Caashacado Mb.). All site-mean directions of the Galili ba-
salt gave southerly declinations indicating reverse polarity 
again (Fig. 6 B). However, the mean inclinations of all but one 
sample (bk 18_19) of this rock type were shallow positive, 
which is not in agreement with the paleogeographic position. 
The nature of the deflecting inclinations is yet unclear, but the 
effect of secular variation of the Earth’s magnetic field may 
be a possible explanation. The main group of fissure basalt 
samples, originating from the eastern sector of the Galili re-
search area yielded well grouped southerly site mean direc-
tions indicating reverse polarity. In contrast, one basalt sample

________________

_____________________

_______________________________________
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Table 2: Paleomagnetic data for the Mt. Galili research area. Sample site locality as indicated in Fig. 2. Stratigraphic position as shown in Fig. 8 a,d. 
(n) number of samples used to calculate the mean vector component, (D b.c. and I b.c.) site mean declination and inclination before tectonic cor-
rection, (D a.c. and I a.c.) declination and inclination after tectonic correction, (α95 and k) are the statistical parameters of a Fisherian distribution, 
(Rot) difference between the bedding corrected site mean declination and the 5Ma reference direction (5°/13°); positive values for clockwise, ne-
gative values for counterclockwise rotation. (Inc diff ) difference between the bedding corrected site mean inclination and the 5Ma reference di-
rection (5°/13°), (Tub) maximum unblocking temperature in °C, (MDF) median destructive field, (TC) Curie-temperature in °C, (LT trans) low tem-
perature transition in °C, (Kbulk) mean volume susceptibility in SI-units. Sample site localities are shown in Fig. 2; UTM data give their geographic 
position; stratigraphic position and lithology of samples are indicated as shown in Fig. 8 a-e._____________________________________________



(bk 13) from the outermost North of the Galili research area 
(Fig. 2: drillsite13) showed normal polarity and a single basalt 
sample (bk 14) from Satkawini, located further to the NE from 
the research area (drillsite14) displayed significantly larger
amounts of counterclockwise rotation (Fig. 6 C). The mela-
phyre-basalt and related flows revealed a comparably large 
scatter of the site mean directions and variable α95-values 
(Fig. 6 D). The mean directions pointed towards reverse po-
larity except for a single melaphyre-basalt sample (bk8) from 
drillsite 8 (Fig. 2), which is presumed to be an isochronous 
volcanic event with basalt flows from drillsite 13 mentioned 
above. The mean direction of a strongly tilted melaphyre-
basalt (bk 30) from drillsite 30, located in the SE sector (Fig. 
2) yielded irregular data before tilt correction, but becomes 
shallow negative after tilt correction with respect to the in-
ternal layering of the basalt pillows, indicating that the rema-
nence was acquired before tilting. There was no geological
evidence for the tilting of sample bk16 from a basalt dyke 
located in the SE sector (Fig. 2: drillsite 16), but the irregular 
steep direction of the mean vector let us suggest, that a tilt 
correction would be required. The paleomagnetic results for 
the sediments were of variable quality in accordance with 
the magnetic mineral composition. In general, the site mean 
directions were reasonably well grouped, both polarities oc-
curred, and the remanence vectors showed counterclockwise 
rotation (Fig. 6 E).

5. Discussion

5.1 Discussion and interpretation of paleomagnetic 
results

Volcanic drill core samples from various stratigraphic levels 
(Fig. 8: d) and sediment cube samples combined from several 
outcrops, but correlated with specific members of the MGF 
(Fig. 8: e) were used to analyse their characteristic remanence 
directions and magnetic polarity in order to enable correla-
tion with the global paleomagnetic polarity time scale (GPTS) 
of Cande and Kent (1995). The correction with field data al-
lowed an approximate valuation of post-depositional tecto-
nic rotation and tilting of the MGF`s strata (Fig. 7a). Characte-
ristic magnetic vector intensities, orientation and assigned 
magnetic polarity for particular sediment samples together 
with their geographic position are given in Table 3. Verifica-
tion of our new paleomagnetic data is based on the expec-
ted paleodirection of the Earth´s magnetic field in early Plio-
cene times and their correlation with the GPTS, supported by 
absolute age data of several airfall volcanic marker levels.

____________________________________

___
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Figure 6: Site mean directions with α  confidence circles before (left) 95

and after (right) tilt correction. Equal area projection displayed with 
solid symbols for lower hemisphere and outlined symbols for upper 
hemisphere. (A) airfallvolcanites, (B) Galili basalt, (C) fissure basalt, (D) 
melaphyre-basalt (E) sediments. Lithologic grouping , stratigraphic 
position and statistical parameters as presented in Tab.2. (bk) drill 
core specimens.____________________________________________
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Sample No

1-2
1-4
1-7

2-7

3-2
3-3
3-6
3-7
3-8

4-4
4-6

5-3
5-4
5-5
5-9

6-1

7-1
7_2
7-3

8-2
8-4

10-2
10-6

11-3
11-4
11-5
11-6
11-7
11-8
11-10
11-11

12-1
12-2
12-5
12-6
12-7

13-1
13-2
13-3
13-6

Polarity

N
R
N

N

N
N
R
R
R

N
N

N
N
N
N

R

N
N
R

N
R

R
R

N
R
R
R
R
N
R
N

R
R
R
R
R

R
N
N
N

Dec

7.8
140.3
351.4

25.1

356.4
348.5
166.2
185.0
171.7

357.6
355.0

5.9
1.0

347.3
309.6

163.0

358.0
6.1

171.7

355.3
172.7

162.8
173.5

355.0
166.0
166.0
173.6
154.5

0.2
173.6
349.7

166.9
174.6
151.6
166.9
178.8

198.7
341.1

6.7
351.3

Inc

3.8
6.4
-0.3

25.3

13.1
18.1
-30.5
-2.5
-8.7

17.2
14.8

33.6
24.3
21.2
49.7

-5.4

13.2
-30.9
-30.2

9.5
-6.2

-16.7
-0.7

3.4
-2.4
8.8

-14.3
-14.1
14.0
-32.2
12.6

-13.5
-2.6
-4.2
14.7
-6.5

-1.8
14.3
14.6
14.8

M[A/m]

2.79E-02
4.21E-04
8.28E-02

3.05E-01

8.13E-03
2.27E-03
3.05E-03
1.09E-03
7.09E-03

2.36E-02
9.29E-04

3.24E-04
1.59E-03
6.13E-02
5.10E-02

2.70E-02

1.85E-02
3.55E-04
1.96E-03

8.72E-03
7.31E-04

8.38E-04
5.03E-04

9.19E-04
2.79E-03
2.87E-03
5.67E-04
5.07E-03
1.62E-03
1.13E-03
9.78E-03

5.90E-04
8.26E-04
5.52E-04
1.14E-03
4.83E-03

1.09E-02
1.24E-02
7.61E-03
6.86E-03

GPS-Nr

3
3
3

6

9
10

126
127
128

13
55

56
57
58
59

20

26
27
28

31
125

34

52
50
60

120
121
122
124
129

64
64
64
64
64

66
65
68
71

Zone

37P
37P
37P

37P

37P
37P
37P
37P
37P

37P
37P

37P
37P
37P
37P

37P

37P
37P
37P

37P
37P

37P
37P

37P
37P
37P
37P
37P
37P
37P
37P

37P
37P
37P
37P
37P

37P
37P
37P
37P

UTM-East

672256
672256
672256

672405

670576
670537
670774
670597
670588

672016
672077

672454
672579
672465
672404

671263

675554
675440
675228

670966
670950

671189
671189

672267
672317
672310
672275
672251
672239
672214
672251

669239
669239
669239
669239
669239

671853
671670
672075
672126

UTM-North

1079437
1079437
1079437

1079427

1078446
1078467
1078455
1078620
1078480

1079125
1079194

1080061
1080036
1079976
1079979

1077416

1087193
1087212
1087178

1077917
1078171

1078167
1078167

1079850
1080118
1079980
1080084
1080059
1079992
1079928
1080684

1078076
1078076
1078076
1078076
1078076

1080969
1080775
1081358
1081602

Polarity of primary Vectors from Sediment-Samples:

SedSite 1: Morquorbashi North, Sediments below Basalt Flow (SE Sector)

SedSite 2: Morquorbashi North, fritted Sediments below Basalt Flow (SE Sector)

SedSite 3: Get Hercule West (SE Sector)

SedSite 4: Morquorbashi North, Las Danan Sediments (SE Sector)

SedSite 5: Mealphyr Area E from Strike Slip Basin (SE Sector)

SedSite 6: Las Danan Area West (SE Sector)

SedSite 7: Satkawini (not shown on map)

SedSite 8: Gele Alu River South (SE Sector)

SedSite 10: Gele Alu River South, stream bifurcation(SE Sector)

SedSite 11: Strike-Slip-Basin (SE Sector)

SedSite 13: Melaphyr Area, middle Gele Alu Riverbed (SE Sector)

SedSite 12: Shabeley Laag Mb N from Camp (W Sector)

Sample No Polarity Dec Inc M[A/m] GPS-Nr Zone UTM-East UTM-North

Table 3: Magnetic polarity, magne-
tic vector orientation and ChRM-
vector intensity of sediment samp-
les from various sites (“Sed Sites”) 
of the research area as indicated in 
Fig. 2. UTM gives the geographic 
position of individual samples. For 
stratigraphic range of the “SedSite”-
profiles see Fig. 8: e. ChRM intensity 
data (M[a/m] ) derived from alter-
nating field demagnetisation in the 
range of 2 to 140 mT.____________

According to the reference 
curve from Besse and Courtillot 
(2003), the expected paleodirec-
tion for the mean latitude and 
longitude of the study area at an 
age of 5 Ma has a declination of 
3° and an inclination of 13°. The 
Earth magnetic field direction
during the sampling period 2008 
had a declination of 1.6° and an 
inclination of 3.9° according to 
the Inernational Geomagnetic 
Reference Field (Thébault et al., 
2015). Concerning our major stu-
dy area (Mt.Galili area s.str.), a 
total of 34 sites yielded an over-
all mean direction of 352.5° / 9.4° 
with an α  of 5.5° before tilt cor-95

rection and 351.3° / 8.1° with an 
α  of 5.3° after tilt correction. 95

The suspicious vector directions 
of the majority of the Galili ba-
salt samples (Fig. 8: d, Bas 6, Sha-
beley Laag Mb.) holding sou-
therly declinations and positive 
inclinations indicated, that the 
characteristic remanence vec-
tors found in these basalt samp-
les were not representing pri-
mary remanence directions. Af-
ter exclusion of all data of the 
Galili basalt (8 sites), the remai-
ning 32 sites gave an overall 
mean direction of 352.9° / 14.9° 
with an α  of 4.7° before and 95

351.4° / 13.2° with an α  of 4.7° 95

after tilt correction (Tab. 2). The 
mean tilt-corrected inclination 
value of the reduced dataset 
fits with the expected paleo-
inclination, whereas the coun-
terclockwise deflecting overall 
mean declination gave evidence 
for trans-tensional tectonic dis-
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Sample No

14-5
14-6
14-7
14-8

15-1
15-2
15-3
15-4
15-5
15-6
15-8

16-1
16-2
16-3
16-6
16-7
16-9
16-10

17-1
17-3
17-4
17-5
17-6
17-7
17-8
17-9
17-10
17-11
17-12

18-1
18-2
18-3
18-4
18-5
18-7
18-8
18-9
18-10

19-1
19-3
19-4
19-5

20-4
20-6

21-2
21-7

Polarity

N
R
N
R

R
R
R
R
R
R
R

N
R
N
N
N
N
N

R
N
N
N
N
N
R
R
N
N
N

N
N
R
R
R
R
R
R
R

R
R
R
R

R
R

N
R

Dec

349.2
194.6

1.1
190.7

186.8
157.4
159.6
154.8
168.4
189.8
198.0

340.6
206.6
359.5
341.2
355.2
349.1
343.0

178.3
348.3

0.6
347.9
335.5
349.4
144.3
202.9
10.7

355.2
8.3

353.4
7.9

148.9
144.2
170.1
135.7
145.0
127.9
166.7

164.0
176.3
164.7
159.1

165.9
172.1

354.9
162.1

Inc

19.4
16.7
19.7
8.6

-11.1
4.5

-13.8
-0.6
1.1
-9.1
13.6

69.1
12.3
28.8
13.0
8.6

-52.6
7.1

-23.1
18.4
19.9
22.5
23.8
35.0
-2.4
-7.7
30.2
20.8
17.9

24.4
24.7
-19.4
-18.9
-23.5
-25.4
0.8

-25.8
-19.2

34.9
-1.5

-10.2
-17.9

-14.8
-29.4

20.6
-20.9

M[A/m]

6.17E-02
1.44E-01
2.10E-02
1.79E-03

5.48E-02
5.72E-04
6.19E-04
3.64E-03
5.05E-03
1.77E-01
1.08E+00

1.08E-04
6.64E-04
9.73E-03
8.05E-04
6.13E-03
1.70E-03
5.41E-04

5.07E-04
2.16E-03
2.39E-02
4.64E-02
1.34E-01
4.73E-03
5.68E-02
3.52E-02
4.02E-03
3.66E-02
3.97E-02

1.46E-03
1.67E-02
1.18E-02
6.77E-03
6.11E-04
2.88E-04
5.75E-04
4.50E-04
1.12E-03

1.46E-03
5.49E-03
2.17E-02
3.59E-03

8.19E-02
3.78E-03

2.17E-03
3.99E-01

GPS-Nr

_

73
73
74
75

77
78
80
82
83

132

84
85
86
87

104
106
107

88
89
90
91

112
115
116
117
118
133
134

92
94
95
96

108
110
142
143
144

97
98

140
141

103
102

137
139

Zone

37P
37P
37P
37P

37P
37P
37P
37P
37P
37P
37P

37P
37P
37P
37P
37P
37P
37P

37P
37P
37P
37P
37P
37P
37P
37P
37P
37P
37P

37P
37P
37P
37P
37P
37P
37P
37P
37P

37P
37P
37P
37P

37P
37P

37P
37P

UTM-East

671720
671720
671683
671776

671650
671748
671740
671704
671633
671634
671286

669616
669551
669488
669482
669438
669388
669360

671901
671574
671502
671469
671553
671462
671439
671428
671413
671509
671459

669547
669742
669528
669523
669571
669568
669520
669501
669681

669230
669259
668901
668829

668739
668746

667343
667408

UTM-North

1083133
1083133
1083115
1083238

1081190
1081637
1081575
1081582
1081334
1081290
1081480

1082256
1082254
1082208
1082228
1082205
1082189
1082189

1077434
1077257
1077270
1077233
1077972
1077227
1077228
1077234
1077230
1076741
1076766

1078524
1078614
1079052
1079061
1079785
1079747
1080024
1080028
1079727

1080215
1080253
1080472
1080459

1079663
1079670

1080253
1080040

SedSite 19: Area W from Mt.Galili (W Sector)

SedSite 14: Northern Gele Alu Riverbed (NE Sector)

SedSite 15: Extensional basin E from Mt Galili (NE Sector)

SedSite 16: Dhidinley-Basin N from Mt Galili (W Sector)

SedSite 17: Las Danan Area (SE Sector)

SedSite 18: Area south from Mt.Galili - Lower Shabeley Laag Mb. (W Sector)

SedSite 20: Godiray Valley, Shabeley Laag Mb (W Sector)

SedSite 21: Dhagax Mb (W Sector)

Sample No Polarity Dec Inc M[A/m] GPS-Nr Zone UTM-East UTM-North

konstruiert

placements after the remanen-
ce acquisition.

Twelve distinct polarity inter-
vals could be identified by the 
distribution of normal and re-
verse characteristic remanence 
directions from both, volcanic 
layers and fine-grained sedi-
ments (Fig. 8: d,e and Tab. 3). 
Their correlation with the GPTS 
of Cande and Kent (1995) is in-
dicated by the age of tuff hori-
zons intercalated with the MGF´s 
volcano-sedimentary pile (Fig. 8: 
c and Tab. 1). Further magneto-
stratigraphic subdivision resul-
ted from polarities of primary 
magnetic vectors identified in 
volcanic marker horizons and se-
dimentary deposits in between 
(Tab. 2 and 3). The combined 
results from different localities 
yielded a composite magneto-
stratigraphic profile comprising 
the entire MGF (Fig. 8).

5.2 Tectonic interpretation
From an supraregional point of 
view, the studied Mt.Galili area 
is sandwiched between the 
Quaternary Angele and Addo-
Do magmatic segments, which 
display right-stepping lateral 
off-set tectonics (Fig. 1),  rela-
ted to a distinct NE-migration 
of the Afar triple junction and a 
progressive change of plate ex-
tension directions throughout 
the Pliocene (Wolfenden et al., 
2004, Kidane et al., 2006). Re-
sultant change of strain field 
orientation generated re-orien-
tation of hitherto existent fault 
systems. Thus, newly formed 
strain fields of internal faults 
(Wonji fault system) interacted 
with strain fields of previous 
marginal fault systems, thereby 
generating tectonically rhomb-
shaped crustal blocks which ex-
perienced counterclockwise ro-
tational movement as a result 
of continued change in strain 
field orientation. In this regard, 
Corti et al., (2013) postulate a

______________

_______
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Figure 7: Paleomagnetic directions and implications on the tectonic interpretation of the Mount Galili area: a.) Map showing the relative move-
ment of paleomagnetic vectors with respect to the paleo-geographic reference direction. All vectors (each labelled with a sample site number) are 
transposed to normal polarity. For each site, the absolute amount of the deviation of observed declination and inclination values (after tilt correc-
tion) from the expected paleo-declination and -inclination is demonstrated in Table 2. The Pliocene reference direction for the study area (183°/-
13°), calculated from the polar wander path of Besse and Courtillot (2003), is plotted in the map for comparison. (AAZ) arcuate accomodation zone 
with respect to the migration oft he Afar triple junction since ca. 4 Ma (Wolfenden et al., 2004;  see Fig. 1). Four different tectonic units can be dis-
tinguished based on the paleomagnetic results: (1) Western part of the study area (Mt.Galili area sensu stricto), is characterised by a moderate 
counterclockwise rotation of the paleomagnetic vectors, (2) Eastern part of the study area (Lasdanan) with virtually unrotated vector directions, (3) 
a slightly clockwise rotated Ringstructure area, separated by an arcuate accomodotion zone (AAZ) from the (4) Satkawini area (N-NE extended re-
search area) with strong counterclockwise rotation. b.+ c.) Site mean directions with α  confidence after tilt correction. Lambert azimuthal equal-95

area projection displayed with full symbols for lower hemisphere and open symbols for upper hemisphere. For the tectonic interpretation, plots 
from different areas are combined: (1) Plots for the Mt.Galili area sensu stricto (b), featuring a unique counterclockwise rotation component of 12° 
(mean value). (2) Plots for the NE extended research area (c), featuring a major counterclockwise rotation of 41°and 52°, respectively (Satkawini) on 
the one hand and a clockwise mean rotation of 12° (Northern basalt, arcuate accommodation zone) on the other hand. Site locations with diver-
gent mean directions are indicated. d.) Schematic cross section of the Mt. Galili Area (modified after W. Hujer and Ch. Urbanek). Course of the cross 
section (A-B) is shown in paragraph (a)._________________________________________________________________________________________

transfer zone with dominant strike-slip displacement and 
block rotations in rift areas amongst Quaternary magmatic 
segments. As Pliocene to Lower Pleistocene deposits of the 
Mt.Galili area have been strongly affected by re-orientated 
strain of the Quaternary Wonji fault system, consequential 
tectonic features are dominant, apparently forming a new rift 
structure within the MER.

Areas with different tectonic evolution can be distinguished 
by the deviation of the mean paleomagnetic vectors from the 
expected Pliocene reference direction of 183°/-13° (Besse and
Courtillot, 2003) in the Mt.Galili survey area (Fig. 7a):
1.

2.

_____________________________

_______
The easternmost part of the Mt.Galili area (Lasdanan) exhi-
bits an almost unchanged orientation of the characteristic 
remanence directions, what we interpret to represent a sta-
ble, non-rotated marginal segment of the internal (Wonji) 
rift zone. In a westward direction, the stable rift segment is 
bounded by a tectonic zone of sinistral strike-slip displace-
ment features, which, combined with extension (transten-
sion), created counterclockwise block rotations (Fig. 7a,b) 
that are characteristic features of this marginal transfer zone 
among ambient Quaternary magmatic segments (Fig. 1).
The northern part of the Mt.Galili area (centred by a rhyoli-
tic ring structure) suffered clockwise rotational tilting (up 
to 12° rotation and up to 19° tilting). This area is conside-
red as a tectonically weakened zone of accommodation be-
tween crustal segments (with respect to the migration of 
the Afar triple junction over the last ca. 4 Ma) and is charac-
terized by slightly clockwise internal block rotations (Fig. 7 
a, c) and higher dextral displacement features.

__

__________

In contrast, the western part of the Mt.Galili area (Mt.Galili 
area sensu stricto) embrace a unique counterclockwise ro-
tation component of 12° (mean value), but the modulus of 
vector inclination concerning individual rift blocks is vari-
able in either direction (Fig. 7 a, b). Generally, the Mt.Galili 
area sensu stricto is dominated by steep inclined dip-slip 
faults, bordering westerly dipping crustal segments.

We consider the tectonic movements demonstrated in Fi-
gure 7 to be the primary result of major block- rotation and 
tilting following extensional accommodation of crustal seg-
ments during the Quaternary (lateral off-set of the Angele 
and Addo-Do magmatic segments, see Fig.1) within the nor-
thern MER. Generally, the horizontal rotations around a verti-
cal axis are due to the overall rift orientation, not being per-
pendicular to the plate movements (Casey et al., 2006). Thus, 
fault bounded blocks are rotated to take up the specific ex-
tensional strain in a process known as transtension. Further-
more, concerning mainly the western part of the Mt.Galili 
area, significant extensional strain caused the overall crustal

_____

_________

The Satkawini area in the NE extended research region pre-
sumably sustained the largest counterclockwise rotation 
(-36° and -52° rotation) within the investigation area (Fig. 7
a, c), but due to the low number of samples and possible 
influence of secular variation, we are not sure if these data 
could be verified sufficiently; further investigations are re-
quired. Our findings would infer, that the Satkawini area is 
displaced relative to the Mt.Galili area sensu stricto by dex-
tral shifting dislocation of crustal segments along an arcu-
ate accommodation zone (AAZ in Fig. 1 and 7a).
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Figure 8: Magneto-stratigraphy of the MGF as reported here. Column 
(a) shows the stratification and thickness of the MGF. Column (b) is a 
generalized lithologic profile with a simplified display of sediment 
portions modified after Urbanek et al. (2005). Column (c) indicates the 

40 39position (   ) of tuffs and ignimbrites used for absolute Ar/ Ar dating 
of feldspar minerals as presented in Hujer et al. (2015), resultant abso-
lute age data with their related sample number (Tab. 1) are indicated. 
Column (d) marks the position and magnetic polarity of volcanic rock 
layers (Bas=Basalt, Pyr=Pyroclastics), which were sampled as drill cores 
at different locations in the research area (Drill Sites*). Column (e) in-
dicates the stratigraphic range and magnetic polarity of sediments 
(cube samples) from selected profiles (Sed Site*). Column (f ) gives 
the polarity zonation suggested here. Column (g) depicts part of the 
GPTS of Cande and Kent (1995) and tie lines to column (f ) denote 
probable correlations, assuming that four polarity subchrons are mis-
sing due to a sedimentary gap in the time interval from 3.04 to 3.58 
Ma. Column (h) gives ages of magnetic polarity transitions as accep-
ted by Cande and Kent (1995). * Details are given in Tab. 2 and 3.___

block tilting towards the westward situated centre of the 
(Wonji) rift.

5.3 Stratigraphic implications
The paleomagnetic investigations presented here were fo-

cussed on the stratigraphic correlation (Fig. 8) of volcano-se-
dimentary strata exposed in the Mt. Galili research area (Fig. 
2). A composite lithologic profile of the MGF (Fig. 8: a, b, modi-
fied after Urbanek et al., 2005 and Hujer et al., 2015), comple-
ted with absolute age data from tuff horizons (Fig. 8: c; see 
Hujer et al., 2015), was the basis for our consideration rela-
ting to its magneto-stratigraphic correlation (Fig. 8: f, g, h). 
Volcanic layers (Fig. 8: d), serving as stratigraphic marker hori-
zons, provided statistically significant magnetic polarity data.

Several successions of sedimentary layers, altogether span-
ning the entire composite profile of the MGF (Fig. 8: e), were 
analysed for characteristic remanence directions to determi-
nate their magnetic polarity (Tab. 3). Paleomagnetic and ra-
diometric data (Tab.1), as well as lithologic and tectonic field 
observations were correlated with the composite lithologic 
profile of the MGF. Finally, a total of 12 polarity zones could 
be identified (Fig. 8: f ) which were assigned to magnetic chrons 
of the GPTS of Cande and Kent (1995), thus providing a time 
frame for the deposition of the MGF in the research area (Fig. 
8: g, h).

Due to paleomagnetic and radiometric data, a  sedimentary 
gap of ca. 500 ka is supposed between the uppermost Shabe-
ley Laag Member strata (upper Galili basalt) and the Dhagax 
Member. In this regard, we consider a close connection with 
extensional rift tectonics occurring simultaneously with ba-
salt magma intrusion and the thereby provoked elevation of 
ambient rift segments. Consequently, the western area was 
presumably a morphological high after the upper Galili basalt 
extrusion, for which reason sedimentation suspended during 
a substantial time interval. This tectono-magmatic evolutio-
nary trend was already initiated by the extrusion of the lower 
Galili basalt flow (Lower Shabeley Laag Member). Subsequent-
ly, localized rift-block elevation generated lakeside environ-
ments, where sometimes windblown costal dunes settled, 
preferential in the wind shadow of fissure basalt ridges (SE 
sector, Lasdanan area). Continued tectonic reconfiguration of 
the scenery is evidenced through a regional, unconformable 
layering of the upper Galili basalt flow. We consider the highly 
elevated Mt.Galili rift-block (Fig. 7 d) related to its nearby po-
sition to the volcanic feeder channel area of the upper Galili 
basalt lava extrusion.

5.3.1 Geochronologic arguments
40 39Based on Ar/ Ar data (Tab. 1) provided from Hujer et al. 

(2015), four different samples (U11, 09/16A, 09/29, 09/32), al-
beit of different quality, seem to point towards a depostional 
age around 3.9 Ma. One sample is substantially younger (U51 
at 2.35 Ma) and three samples are older (09/16 at~4.25 Ma, 
W78 at ~4.43 Ma and W133/2 at ~5.37 Ma). These results are 
consistent with our stratigraphic field observations, revealing

__________________________________________

_________________________________

that several ash fall tuff layers cluster around the deposition 
of a dominant ignimbrite layer in the upper Dhidinley and Go-
diray members (Fig. 8: d, Pyr 1), marking a time interval around 
3.9 Ma. The MGF`s basal Lasdanan Member was strongly affec-
ted by several eruptions of volcanic fissure basalt lava flows 
(Fig. 8: d, Bas 1-3), each genetically related with air fall tuff 
deposition, providing stratigraphic partitioning of different 
layers and finally marking the very base of the MGF at ca. 
5.37 Ma. Furthermore, the substantially younger age at ca. 
2.35 Ma provides, combined with magneto-stratigraphic con-
siderations, a strong argument for the existence of a ca. 540 
ka lasting gap on top of the Shabeleley Laag Member related 
to suspended sediment accumulation, hence indicating the 
lack of four magnetic polarity intervals (Fig. 8: g, h).

5.3.2 Magneto-stratigraphic arguments
A tuff sample embedded with sediments of the basal Las-

danan Member indicates an absolute age of 5.37 Ma (Tab.1 / 
sample W133/2). This volcano-sedimentary pile rests paracon-
formably on basalt lava flows, which we assign as the very
base of the Lasdanan Member. Thus, the MGF`s lower limit in 
the Mt.Galili research area is marked by a massive basement 
layer of melaphyre-basalt which extruded most probably du-
ring the C3r Gilbert (R6 in Fig. 8: f ) reverse chron. In the exten-
ded SE sector (Satkawini) a fissure basalt extrusion, holding 
reverse magnetic polarity (Bas 1 in Fig. 8: d) is correlated with 

40 39this basal layer of the MGF. Ar/ Ar dating of a surge layer at 
the base of the Dhidinely Member provides an upper age 
boundary of 4.43 Ma (Tab.1: sample W78) for the Lasdanan 
Member. Our paleomagnetic investigations yielded seven 
successive polarity zones within the Lasdanan Member,  com-
prising a time range from ca 5.37 to 4.43 Ma, which we assign 
to the C3r Gilbert (R6), C3n.4n Thvera (N6), C3n.3r Gilbert (R5), 
C3n.3n Sidufjall (N5), C3n.2r Gilbert (R4), C3n.2n Nunivak (N4) 
and C3n.1r Gilbert (R3) chrons (Fig. 8: f, g).

40 39Based on Ar/ Ar data (Tab. 1), the Dhidinely Member spans 
the time interval from ca.4.43 to 3.92 Ma. Deposits of this 
member yield a succession of three polarity zones, compri-
sing the C3n.1r Gilbert (R3) reverse chron, the C3n.1n Cochiti

________

________________
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(N3) normal chron and parts of the C2Ar Gilbert (R2) reverse 
chron (Fig. 8: f, g). Godiray and Shabeley Laag members show 
continuous reverse polarity, which is assigned to the C2Ar Gil-
bert (R2) chron (Fig. 8: f, g) indicating a time range between 
ca 3.92 Ma and ca. 3.58 Ma.

Red ignimbrites of the Dhagax Member are dated to 2.33 Ma 
(Tab.1: sample U51), thus their reverse polarity zone is assig-
ned to the C2r.2r Matuyama (R1) chron (Fig. 8: f, g). Underly-
ing coarse grained sediments probably represent the C2.An.1n 
Gauss (N2) chron. Hence, we propose a lack of four polarity 
intervals due to the formation of an erosional surface linked 
to the extensive basalt lava flow (upper Galili basalt) in the 
upper Shabeley Laag Member. The top of the Caashacado 
Member is marked by a normal polarity zone, which is attri-
buted to the C2r.1n Reunion (N1) normal chron (Fig. 8: f, g), 
indicating an upper limit of ca. 2.15 Ma for the hitherto exis-
ting range of the MGF.

6. Conclusions
Based on our radiometric and paleomagnetic results, the 

volcano-sedimentary strata of the Mount Galili Formation 
(MGF) were deposited between ca. 5.37 and ca. 2.15 Ma. The 
lower four members of the MGF (Lasdanan, Dhidinley, Godi-
ray and Shabeley Laag) cover nine magnetic polarity intervals 
within a time span of 5.37 to 3.58 Ma for their deposition. 
Consequently, they can be chronologically correlated with 
the Sagantole Formation in Northern Ethiopia (Renne et al., 
1999; Quade et al., 2008).

The upper two members of the MGF (Dhagax and Caasha-
cado) contain three polarity intervals (chrons C2An.1n [N2], 
C2r.2r [R1] and C2r.1n [N1]) ordered around an Ar/Ar age of 
ca. 2.35 Ma, thereby providing the formations upper age limit 
of ca 2.15 Ma. Thus, we conclude that, with respect to the 
GPTS of Cande and Kent (1995), four polarity intervals (chrons 
C2An.3n, C2An.2r, C2An.2n and C2An.1r) and consequently 
ca 540 ka, from 3.58 to 3.04 Ma, are missing within the suc-
cession, between the lower and upper MGF.

We assign this significant depositional gap to tectonic uplift 
processes of the region caused by the eruption of the upper 
Galili basalt lavas during deposition of the Upper Shabeley 
Laag Member. Hence, isochronic deposits of the Hadar For-
mation, which accumulated elsewhere between ca. 3.8 to 2.9 
Ma, do not exist in the Mt.Galili study area. Instead, a major, 
area-wide, angular unconformity separates the upper Galili 
basalt layer (top of lower MGF) from overlying lacustrine and 
conglomeratic fluvial channel deposits as well as pumice tuff, 
ignimbrite and pyroclastics of the upper MGF (Dhagax- and 
Caashacado Members), which may be correlated with the Bu-
sidima Formation elsewhere (Quade et al., 2008). Thus, their 
accumulation may be related to major tectonic faulting and 
crustal subsidence since ca. 2.9 Ma as well as to pyroclastic 
eruptions around 2.4 Ma resulting from recurrent faulting (Tier-
celin,1986).

Furthermore, our paleomagnetic vector data from volcanic 
layers indicate that the research area was subjected to rift-re-

____________________________

________________________________

______________________________

______________

_________________________________________

lated tectonics (crustal block rotation and tilting) relative to 
the stable African crust since the Pliocene. We consider the 
Mt.Galili area to be a central segment of the northern MER, 
where extensional rift-tectonics evolved since the Miocene, 
thereby affecting the Pliocene to early Pleistocene stratifica-
tion of the MGF permanently. Since the Quaternary, the Mt. 
Galili area was sandwiched between newly formed magmatic 
segments, which display characteristic right-stepping lateral 
off-set tectonics. This tectonic setting may be induced by an 
arcuate accommodation zone with respect to the migration 
of the Afar triple junction for the last 4 Ma (Wolfenden et al., 
2004), but the major impact happened in the Quaternary pe-
riod, when the generation of weakened zones within a pro-
gressively thinned crust triggered re-orientation of a newly 
formed internal fault system (Wonji Fault System) with res-
pect to the trend of the pre-existing Miocene border fault 
system of the northern MER (Bonini  et al., 2005; Corti, 2009). 
Thus, faults of two trends interacted within an oblique strain 
field relative to the divergence directions of the Nubian- and 
Somalian plates, finally resulting in rhomb-shaped tectonic 
patterns with both, dip-slip and strike-slip displacement. Mi-
nor counter-clockwise block rotations are required to accom-
modate the difference in slip direction along the different 
fault systems (Corti et al., 2013). This is supported by our pa-
laeomagnetic data. Due to the intermittent position of the 
Mt.Galili area between the Angele and Addo-Do magmatic 
segments, a transfer zone, with dominant strike-slip displace-
ment, triggered significant tectonic structures such as strike-
slip extensional basins in the eastern sectors of the research 
area. Supposedly, due to closeness of the Mt. Galili region 
towards the Afar triple-junction, the dimensions of tectonic 
dislocations are appreciably higher than those observed in 
central regions of the MER (Kidane et al., 2009).
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