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Abstract

The northwestern Plateau of Ethiopia is almost entirely covered with extensive Tertiary continental flood basalts that mask the under-
lying formations. Mesozoic and Tertiary sediments are exposed in a few locations surrounding the Lake Tana area suggesting that the
Tana depression is an extensional basin buried by the 1–2 km thick Eocene–Oligocene flood basalt sequences in this region. A magneto-
telluric survey has been carried out to investigate the deep structure of the Tana area. The objectives were to estimate the thickness of the
volcanics and anticipated underlying sedimentary basin. We have collected 27 magnetotelluric soundings south and east of Lake Tana.
Two-dimensional inversion of the data along a 160 km long profile gives a model consistent with a NW–SE trending sedimentary basin
beneath the lava flows. The thickness of sediments overlying the Precambrian basement averages 1.5–2 km, which is comparable to the
Blue Nile stratigraphic section, south of the area. A 1 km thickening of sediments over a 30–40 km wide section suggests that the form of
the basin is a half-graben. It is suggested that electrically resistive features in the model are related to volcanic materials intruded within
the rift basin sediments through normal faults. The results illustrate the strong control of the Precambrian fracture zones on the feeding
of the Tertiary Trap series.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In Ethiopia, Mesozoic and/or Tertiary sediments are
exposed in the south-eastern plateau, in the Ogaden rift
(Fig. 1(a)). In the northwestern plateau, they are exposed
in Mekele, Metema, and the Blue Nile river basin
(Fig. 1(a)). Elsewhere the subsurface structure is poorly
known because the plateau is covered with a large volume
of volcanic materials erupted between �40 and 22 Ma,
with a clear pulse between 31 and 29 Ma (Hofmann
et al., 1997; Kieffer et al., 2004).
1464-343X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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6538 ‘‘Domaines Océaniques’’, Place Nicolas Copernic, 29280 Plouzané,
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The Tana basin, northwest Ethiopia is an uplifted dome
possibly related to the Afar mantle plume (Pik et al., 2003).
The basin was formed by faulting of mid-Tertiary basalts.
The Tertiary basalt cover in the Tana area is assumed to
average 500–1500 m in thickness (Jepsen and Athearn,
1961; Pik et al., 2003). It was suggested from digital eleva-
tion modelling and satellite imagery analysis that Lake
Tana occupies a centre of subsidence and convergence of
three grabens (Chorowicz et al., 1998). Our area of study
is south and east of the lake Tana, in the ESE-WNW Debre
Tabor graben (Chorowicz et al., 1998).

Without any information on the structure of the Tana
region beneath the volcanic series, the relationships
between the location of the eruption of the continental
flood basalts and weakness zones in the crust cannot be
confirmed. However, one preferential orientation of the
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Fig. 1. (a) Simplified geological map of Ethiopia. Modified after Tadesse
et al. (2003) and Mège and Korme (2004). The white square shows the
Tana area. (b) Location map of the Tana area corresponding to the white
square in (a). The numbered circles show the location of the magneto-
telluric soundings. Colors and symbols for the geology are the same as in
(a) (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article).
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dyke swarms feeding the northwestern volcanic plateau in
the Tana area has been related to the NW–SE trending Pre-
cambrian fracture zone (Mège and Korme, 2004). The
NW–SE Precambrian fracture zone was reactivated south
of the Tana region during the Late Paleozoic–Mesozoic
with the extension of the Ogaden rift. In southern and east-
ern Sudan and in Kenya, NW–SE trending Mesozoic and
Tertiary sedimentary basins are related to failed phases of
continental rifting associated with the Central African Rift
system (Bosworth, 1992; Morley et al., 1999; Ebinger et al.,
2000).

The Tana basin is aligned with two NW–SE structures
of different ages: the Late Jurassic–Cretaceous Blue Nile
rift, south Sudan, and the Late Paleozoic–Mesozoic Oga-
den rift (Fig. 1(a)). Mesozoic and/or Tertiary sediments
are exposed south (Blue Nile Basin), East (Mekele Basin),
and West (Metema Basin) of Lake Tana (Getaneh, 1991)
suggesting the existence of sediments in the Tana region
(Fig. 1(a)) although this assumes a correlation over long
distances. More constrained information is given by the
presence of marine Mesozoic strata, 200 m thick, that are
exposed on the Tana escarpment (Fig. 1(b)), west of the
lake (Chorowicz et al., 1998) and the marine Mesozoic
sequence that totals 880 m, in the Blue Nile Basin, to the
south (Getaneh, 1991). North of the lake, at least 130 m
of Oligocene fluvial sediments were deposited in the Chilga
basin (Fig. 1(b)), the southern part of the NS trending
Gondar graben, formed by faulting of �30 Ma basalts
(Kappelman et al., 2003). From stratigraphic sections con-
structed at different places along the Blue Nile River, the
presence of clastic, carbonate and evaporitic sediments
indicate that this passive continental margin has undergone
marine transgression and regression (Wolela, 1997). The
marine sequence of the Blue Nile basin may be underlain
by rift basins that are believed to be an extension of the
NW–SE trending Karroo rift system of the Ogaden Basin,
known for its potential for oil and gas (Tadesse et al.,
2003). The structural evolution and stratigraphic units
encountered in the Blue Nile basin are broadly equivalent
to those of the Ogaden (Worku and Askin, 1992), which
suggests that the basin might have similar hydrocarbon
potential.

This paper describes how magnetotelluric data have
been used to investigate the existence and thickness of
sub-basalt sedimentary basins in the Lake Tana region
(Fig. 1(a) and (b)). Magnetotelluric (MT) imaging is appro-
priate to characterize sedimentary structure beneath the
lava flows because electrically resistive volcanics do not
mask the more conductive underlying formations. A MT
profile was acquired south and east of the lake (Fig. 1(b))
to provide a resistivity model of the subsurface down to
the Precambrian basement. The MT modelling results
show a high resistivity contrast between the different geo-
logical formations that allows the geometry of the struc-
tures beneath the basaltic layers and above the basement
to be constrained. The results are consistent with a NW–
SE orientated sedimentary basin beneath the lava flows.

2. Magnetotelluric data acquisition and processing

We carried out 27 MT soundings along a 220 km long
profile (Fig. 1(b)) with the SPAM data acquisition system
(Ritter et al., 1998). The horizontal electric and magnetic
field time series were recorded in the 1/128–2048 s period
band in the magnetic north (x) and east (y) directions.
The electric potentials were measured between two non-
polarizable Cl2–PbCl2 electrodes, with separations of
30–55 m. A 150 km section of the profile is oriented
NE-SW, perpendicular to the strike of the main faults.
The eastern part is roughly WNW–ESE, due to limited
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Fig. 2. Example of the magnetotelluric impedance tensor. The four complex elements, Zxx and Zyy (left) and Zxy and Zyx (right) of the impedance tensor
at site 61 are shown in terms of apparent resistivity and phase. The error bars are one standard deviation.
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road access to the north (Fig. 1(b)). The station spacing
varies between 5 and 10 km.

The electric and magnetic field time series were trans-
formed into the frequency domain. The 2 · 2 MT imped-
ance tensor Z relating the horizontal electric (Ex, Ey) to
the horizontal magnetic (Bx, By) fields was determined
using the robust remote reference method of Chave and
Thompson (1989). At most of the sites, we obtained good
data quality in the period range 1/128–256 s allowing sev-
eral kilometres penetration depth. An example of MT
impedance (site 61) representative of the whole data set is
presented in Fig. 2. Both the amplitudes (expressed in
apparent resistivity units, X-m) and phases of the off diag-
onal (xy and yx) and the diagonal (xx and yy) terms are
shown.

In a 2-D Earth, the electromagnetic induction equations
separate into two modes, the transverse electric (TE) mode
(currents parallel to structure and in the direction of con-
stant conductivity, the geoelectrical strike) and the trans-
verse magnetic (TM) mode (currents perpendicular to
geoelectrical strike). Currents parallel to structure only
induce magnetic fields perpendicular to it, and vice versa
for the TM mode. Thus the diagonal elements of the
impedance tensor vanish. The MT impedance tensor at
each site was rotated to the direction that best-fits an off-
diagonal tensor. The geoelectrical strike direction was
determined by rotating the impedance tensor into the com-
plex direction minimizing its diagonal elements. This was
done choosing the rotation angle of the real axis of the elec-
tric or magnetic field that either maximizes or minimizes
the impedance tensor. This angle defines, for each period,
a maximum electric field direction (MED) or a minimum
magnetic field direction (Counil et al., 1986). In a 2-D
geometry the MED corresponds to the strike of the 2-D
structure. At most sites, the rotation angle was well defined
and constant with period, although the direction changes at
periods >10–20 s at others indicate a structural direction
change at greater depths. This is illustrated in Fig. 3 where
the MED are shown for period of 0.5 and 48 s. At 0.5 s per-
iod, representative of approximately the first kilometre
below surface, there are two main directions, 110–150�N
and 20–60�N, that agree well with the two Pan-African
basement fracture and shear zone trends in NE Africa
(Abdelsalam and Stern, 1996). The 110–150�N direction
corresponds to the NW–SE direction of the Mesozoic-
Early Tertiary basins in South Sudan (Bosworth, 1992)
while the 20–60� direction corresponds to the NNE–SW
Pan-African basement shear zone trend. At longer periods
(48 s on Fig. 3), the NW–SE direction clearly dominates,
indicating that deeper structures are more influenced by
the fault direction that was reactivated during rifting.
Twenty-one sites along a NE–SW profile (from 79 in the
NE to 62 in the SW) were considered for modelling in order
to investigate the deep structure of the main NW–SE
geological trend.

3. Modelling

The 2-D inversion method used is based on an iterative
technique that minimizes a misfit function between the data
and the 2-D model calculation in both TE and TM modes
(Hautot et al., 2002). The forward problem is solved with a
finite-difference 2-D algorithm. The 2-D model space is
parameterized by blocks of uniform resistivity whose thick-
ness increases with depth.

For each site, the MED was compared to the main tec-
tonic trend to determine which of the maximum or mini-
mum components corresponds to the TE mode (and,
respectively, to the TM mode). The 2-D model overlies
a homogeneous half-space and sits between two 1-D



36˚E 37˚E 38˚E

11˚N

12˚N

13˚N

T=0.5 s

36˚E 37˚E 38˚E

11˚N

12˚N

13˚N

T=48 s
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structures to apply the boundary conditions on the calcula-
tion. The thickness of the 2-D region was set to 15 km. The
parameters of the inversion are the resistivities of each
block, the half-space and the 1-D layers. A thin 30 m top
layer was added to correct for most of the static shift
(Jones, 1988). This was not enough to correct for strong
local distortion of the electric field observed at sites 52–
73. For these sites, we first minimized the misfit for the full
TM impedance and the phase of the TE impedance. We
obtain a real static shift factor that was subsequently con-
sidered for the inversion of both full TE and TM
impedances.

The root-mean-squared (rms) misfit error for the best-
fitting 2-D resistivity model is 3. The 2-D MT response
of the 2-D model matches the data reasonably well. Six
examples are shown in Fig. 4. The best-fitting model is
shown in Fig. 5. Although data provide constraints to
�15 km depth, only the upper 5 km of structure is shown
because the purpose of this paper is to discuss structures
above the basement. The electrical resistivity of rocks
depends mainly on the conductive phase (fluids, highly
conductive minerals). Sediments are more electrically con-
ductive than unaltered igneous (>1000 Xm) and volcanic
(>few hundred Xm) rocks. In our model, the resistivity dis-
tribution in the top 2–3 km is heterogeneous. There are two
well-resolved resistive structures along the profile beneath
sites 60–57 and beneath sites 71–73 (labelled R1 and R2
in Fig. 5). These two bodies are in a less resistive medium,
which shows a layered structure with an inserted conduc-
tive layer (X, Fig. 5), particularly at the two ends of the
profile (beneath sites 62–61 and sites 76–79). Below 2–
3 km depth, the resistivity is uniformly higher suggesting
that the Precambrian basement (B, Fig. 5) has been
reached. The top of the basement deepens between sites
59 and 71, down to 5 km depth below surface.

4. Discussion

The observed geoelectric strikes are well correlated to
the two main regional tectonic trends identified in the area
from surface geology and satellite image analysis (Chor-
owicz et al., 1998; Mège and Korme, 2004), NW–SE for
the main direction and NNE-SSW for local and superficial
structures. In the model shown in Fig. 5, the conductive
medium (resistivity <20 Xm) above the basement (B,
Fig. 5) can be interpreted as sediments to be correlated with
any or all of the Late Paleozoic–Tertiary sediments that
were deposited in Ethiopia. Without well data, we cannot
make long distance correlations with passive margins
sequences in eastern Ethiopia and Somalia or rift sequences
in Sudan and northern Kenya. However, the resistivity
model can be compared to the lithostratigraphic section
of the Blue Nile Basin (Wolela, 1997), south of the sur-
veyed area, and to MT experiments in similar environ-
ments (Hautot et al., 2000; Whaler and Hautot, 2006).

On the passive margins, the Adigrat sandstone is a well
documented fluviatile to nearshore marine formation,
deposited on the basement rocks throughout much of
East-Africa and the Middle East (Getaneh, 2002). The
thickness of Adigrat sandstone is estimated to be �450 m
in the Blue Nile basin and it attains a maximum of 700 m
in the Mekele basin (Wolela, 1997; Getaneh, 2002). The
age of the formation is controlled by the continental topog-
raphy and ranges from Late-Paleozoic to early Jurassic
(Bosellini et al., 2001). In the early Jurassic, marine trans-
gression from the East resulted in the deposition of a
�900 m marine sequence composed of limestones, sand-
stones, shale and evaporites (Bosellini et al., 2001). In the
Cretaceous, mudstones and sandstones deposited during
a regression stage over a thickness of �550 m, whereas con-
tinental rifting, initiated in the Late Jurassic, continued in
Sudan, associated with the Central African Shear zone
(Bosworth, 1992).

In our model, the thickness of sediments above the base-
ment is 1.5–2 km at the south-west and north-east ends of
the profile. This is in good agreement with the Blue Nile
stratigraphic section where a maximum sediment thickness
of �2 km is found (Wolela, 1997). The highly conductive
layer (X, Fig. 5) inserted between the two slightly more
resistive layers can be interpreted as the Jurassic marine
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Fig. 4. Examples of the MT data and the fit of the 2-D model shown in Fig. 5. Results are expressed in apparent resistivity units (X-m) and phase
(degrees). The squares are the components in the maximum impedance direction, and the circles, in the minimum impedance direction. Phases have all
been plotted in the first quadrant to show more detail. The dashed line is the TE model response and the solid line the TM model response. The maximum
impedance is the TM mode for sites 62, 60, 58, and 76, and the TE mode for sites 53 and 79.
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sequence, containing conductive materials such as gypsum
and shales. This layer would therefore overly the Adigrat
sandstone, deposited on the crystalline basement. Above
this possibly Jurassic marine sequence, the age of the for-
mation can range from Late Jurassic to Tertiary. In the
Blue Nile gorge section, the Tertiary volcanics lay on
420 m thick sandstone that may have deposited in the Cre-
taceous (Getaneh, 1991). To the North, in the Chilga basin
(Fig. 1(a)), a minimum 130 m thick sequence of lacustrine
sediments with an Oligocene date conformably overlays



Fig. 5. The 2-D vertical resistivity cross-section from modelling the MT data. The arrows show the locations of the MT sites. X, R1, R2, B: see text for
details.
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the volcanics (Kappelman et al., 2003). The thickness of the
trap series in northwestern Ethiopia averages 1000–1500 m
(Pik et al., 2003). In the Blue Nile gorge, Kidane et al.
(2002) sampled 230 m thick lava flows. In our model, the
thickness of the uppermost resistive layer, which can be
interpreted as Tertiary volcanics, does not exceed 250 m
(beneath sites 59–55).

Beneath sites 60–73, the structure is more complex than
elsewhere along the profile. Two resistive bodies are
intruded within the sediments (R1 and R2, Fig. 5) and
there is a deepening of the basement top that suggests a
30–40 km wide basin. The resistive bodies (R1 and R2,
Fig. 5) intruded in the sedimentary sequence could be asso-
ciated with volcanic materials. The northwestern Ethiopian
Plateau lavas are fissure-fed flood basalts (Pik et al., 1998).
A large number of dykes were identified in the Tana area
(Chorowicz et al., 1998; Mège and Korme, 2004), and the
NW–SE orientation of one of the largest swarms was asso-
ciated with the NW–SE Precambrian fracture zone reacti-
vated during Mesozoic extension (Mège and Korme,
2004). In the resistivity model shown in Fig. 5, the resistive
body (R1, Fig. 5) beneath sites 71–73 extends from surface
to the basement along the eastern boundary of the basin
Fig. 6. Schematic geological cross-section interpreted from the resistivity mo
between basement and igneous rocks.
structure. We present in Fig. 6 a schematic geological
cross-section interpreted from the electrical structure to
illustrate the hypothesis that normal faults could have
served as fissures feeding the trap series. The second resis-
tive body (R2, Fig. 5), beneath sites 60–62, sits horizontally
within the sediments and might be a sill.

The resolution of the resistivity model and lack of nearby
information to relate to our structures prevents us dating
the tectonic event that resulted in the NW–SE basin
between sites 59–71 (Fig. 5). The borders of the basin, inter-
preted as normal faults as illustrated in Fig. 6, suggests an
extensional phase that could be either related to the Late-
Paleozoic Early Mesozoic rifting phase or to the Mesozoic
Cenozoic Central African rift system, or even both rifting
phases. In both cases, continental rifting resulted in NW–
SE trending basins, as is the case for the Late Paleozoic–
Mesozoic Ogaden rift and for the Mesozoic Tertiary rift
in Southern Sudan (Worku and Askin, 1992) and Northern
Kenya (Bosworth, 1992). A thickness of 0–350 m Permo-
Triassic sediments, underlying the Adigrat sandstones, has
been identified in the Blue Nile Basin (Wolela, 1997) and
are associated with the Late Paleozoic–Mesozoic rifting
phase. The basin could have been reactivated during the
del in Fig. 5. Question marks indicate where it is difficult to distinguish
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extension phase that occurred during the Mesozoic and
early Tertiary in east and central Africa. The width
(30–40 km) and thickness (�3 km) of the basin revealed in
the resistivity model (Figs. 5 and 6) can be compared to
the geometry of the Mesozoic-early Tertiary White Nile
and Blue Nile rifts, in south Sudan, with typical widths of
20–50 km and thicknesses of 2.6–3.2 km (Bosworth, 1992).

5. Conclusions

We present the results from a magnetotelluric survey in
the Lake Tana region, Ethiopia. The data analysis shows
a NW–SE regional geoelectric trend. Two-dimensional
modelling of the data was carried out along a NE-SW pro-
file. The model presented is the first geophysical image of
the deep structure beneath the Tana region. The electrical
structure reveals a 1.5–2 km thick sedimentary series
beneath 0–250 m thick continental flood basalts. The sedi-
ments could have been deposited from the early Mesozoic
to Tertiary. The deepening of the basement over a 30–
40 km width is interpreted as the sedimentary infill of a
structure inherited from NW–SE Precambrian faults. It is
suggested that the continuation from the surface to the
basement along the eastern border of the basin of a resistive
body is related to dikes that contributed to feed the trap ser-
ies. The model also provides evidence for sills intruded
within the sediments. The intrusion of igneous material
within an existing sedimentary basin potentially plays a role
in the thermal maturation of the sediments with implica-
tions for their resource potential (England et al., 1993).
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