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Abstract

In the Tana^Belaya area, western Ethiopia, field data and satellite imagery reveal the existence of two dyke
swarms, the NE^SW Serpent-God dyke swarm, and the NW^SE Dinder dyke swarm. Both swarms are thought to
have the same age, 30 Ma, and are likely to have contributed to feeding the traps. After a description of the swarms,
this paper examines their relationships with the basement structures. The two dyke swarms follow major lithospheric
weakness zones. The Serpent-God dyke swarm follows the Pan-African Tulu Dimtu ductile shear zone, and the
Dinder dyke swarm follows a large NW^SE-trending Precambrian fracture zone already reactivated during the
Mesozoic and Cenozoic as the northern boundary of the Blue Nile Rift. Because the dyke swarms are adjacent but
their orientation differs, the stress trajectory patterns during their emplacement were spatially variable at local scale.
Therefore, rather than plate-boundary processes, the origin of stress is thought to be primarily related to the
Ethiopian plume. Postulating (in the absence of more data relating to the magma chambers that fed the traps) that
dyke orientation is the result of an axisymmetric stress field, the location of the stress source can be placed close to
Lake Tana, which is the centre of the Ethiopian broad negative regional Bouguer anomaly. The dykes in the Tana^
Belaya area provide the first clues to the orientation of the stress field that prevailed in the early history of the
Ethiopian mantle plume, and to some of the factors that guided the distribution of the trap feeders.
9 2003 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Dyke swarms

Continental ma¢c dyke swarms in Large Igne-

ous Provinces (LIP) transmit magma from reser-
voirs located at the asthenosphere^lithosphere
boundary or at shallower depth to the surface
where they feed voluminous traps, on the order
of 105^106 km3 (e.g. Ernst et al., 2001). The com-
position, age, geometry, palaeomagnetism, £ow
pattern, and tectonics of dyke swarms in LIPs
have been investigated in many other parts of
the continental world (review in Ernst et al.,
1995). Dyke swarms have been studied not only
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for locating the eruption sites of £ood basalts (e.g.
Swanson et al., 1975), but also for the identi¢ca-
tion of reservoirs, through magma £ow direction
analysis (e.g. Ernst and Baragar, 1992; Callot et
al., 2001) and overgrowth texture patterns (Oh-
nenstetter and Brown, 1992), as well as for pa-
laeostress trajectory retrieval at various scales on
various planets (May, 1971; Fe¤raud et al., 1987;
Baer and Reches, 1991; Cadman, 1994; Gros¢ls

and Head, 1994; Me'ge and Masson, 1996). Dyke
swarms are thus key contributors to plume tec-
tonics analysis.
As far as the Ethiopian LIP is concerned, the

term £ood basalt province should be avoided be-
cause it incorrectly re£ects the composition and
emplacement of the lavas erupted in response to
the impingement of the Ethiopian plume on the
base of the Ethiopian lithosphere, an event that

Fig. 1. Location of the main dyke swarms in Ethiopia according to and modi¢ed after Mohr and Zanettin (1988). Many dyke
swarms reported on this map have not been studied yet, and unreported swarms are likely to exist. Swarm orientations are indi-
cative of the main dyke strikes, although the swarms on the Afar margin display multiple orientations, presumably in response
to post-emplacement rotations. Previously studied dyke swarms are underlined (references in the text). The Serpent-God and the
Dinder dyke swarms, studied in the present paper, are framed. The Dinder, Metema, Lalibela and Mekele swarms were not in-
cluded in Mohr and Zanettin’s survey. The current exposure of the Trap Series is from various sources.
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took place at 30 Ma (Hofmann et al., 1997). The
whole lava pile includes basaltic lava £ows, basal-
tic tu¡s, as well as a considerable volume of rhyo-
litic, trachytic, and phonolitic products (e.g. Mohr
and Zanettin, 1988). Intermediate volcanic prod-
ucts are scarce but not absent (Mohr, 1963; Mohr
and Zanettin, 1988). In this work we use the ge-
neric term Trap Series instead of £ood basalts for
describing the erupted volcanic products at the
onset of mantle plume activity.
In the Ethiopian LIP a body of work has been

done recently on Trap Series geochemistry and
age determination (Hart et al., 1989; Marty et
al., 1996; Stewart and Rogers, 1996; Hofmann
et al., 1997; Pik et al., 1998, 1999; Ayalew and
Yirgu, 2003; Coulie¤ et al., 2003). Several local

dyke swarms are exposed (Fig. 1), some of which
might belong to the same, thus larger, swarm, but
due to the still huge surface area covered by the
Trap Series as well as the vegetation cover, expo-
sures are usually not followed over distances ex-
ceeding kilometres. East of the East Ethiopian
Rift, local swarms are observed on the rift margin
and the Bale Mountains. On the rift margin,
the Sagatu Ridge dyke swarm has been studied
by Mohr and Potter (1976), Mohr (1980), and
Kennan et al. (1990). On the northern plateau
(Abyssinia), the best known dyke swarm expo-
sures are on the Afar margin and the plain area
southwest of Lake Tana, which we call the Tana^
Belaya area (Fig. 2). Dykes exposed across
the tilted blocks of the Afar margin along the

Fig. 2. Part of Landsat ETM+ image KJ170-02 displaying the Tana^Belaya area, the Serpent-God dyke and the Great Dinder
dyke, the areas where ¢eld work was done, the Serpent-God swarm traverse discussed in the text (AAP), and location of Figs. 6,
7 and 10.
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Kombolcha^Bati Road were investigated by Ab-
bate and Sagri (1969), Justin-Visentin and Zanet-
tin (1974), and Mohr (1983). Reconnaissance
mapping of dykes in the Tana^Belaya area, west-
ern Ethiopia, has been carried out by Jepsen
and Athearn (1963a), and satellite imagery inter-
pretation was proposed by Chorowicz et al.
(1998).
Other investigated dyke swarms in Ethiopia

and Eritrea include the dykes from the Angareb
ring complex (Hahn et al., 1977) and the Asmara
dyke swarm (Mohr, 1999). Other dyke swarms
have been identi¢ed (Mohr, 1971; Mohr and Za-
nettin, 1988, and personal observations), but are
still scienti¢cally pristine (Fig. 1).
It is to be expected that most dyke swarms are

related to one of the following events: trap erup-
tion, Red Sea opening, or opening of the East
African Rift. However, few works have attempted
to correlate the dykes with their regional tectonic
setting. In this paper, we report on the ¢rst ¢eld
observations of the dykes in the Tana^Belaya
area, western Ethiopia, that we complement with
satellite imagery. This area was selected due to
excellent dyke exposure compared with most oth-
er dyke swarms in Ethiopia (Fig. 2). The dyke
swarms are identi¢ed and described, and their em-
placement is investigated, especially in relation to
basement fabric. Basement fabric, stress patterns
inferred from dyke orientation, and gravity data
are combined to put dyke emplacement in the
geodynamic context of the Ethiopian plume.

1.2. Known geology of the study area

The Tana^Belaya area is at the convergence of
three geologic provinces, the uplifted Trap Series
of Abyssinia to the east, the Pan-African orogen,
observed to the south, and the Mesozoic^Cenozo-
ic basins in Sudan to the west. The dykes are
observed on the Ethio^Sudanese Plain, below
the Abyssinian plateau (Plate I). The plain is
mainly represented by the Pan-African basement
south of Mount Belaya, and the base of the Ter-
tiary Trap Series, made of basaltic £ow breccias
to the north (e.g. Merla et al., 1979). The plain
gradually enters the Sudanese rift domain as one
approaches the Ethio^Sudanese border. Alluvial

sediments have also been deposited by the Nile
and its tributaries.
The Pan-African basement is composed of

magmatic rocks (granites, syenites), metamor-
phosed magmatic rocks (basic metavolcanites)
metamorphosed sediments (graphitic schists, phyl-
lites, quartzites, marbles), and also arkoses (Kaz-
min, 1975; Kazmin et al., 1978; Berhe, 1990;
Braathen et al., 2001). It displays a ductile shear
zone, the Tulu Dimtu shear zone, of mean orien-
tation NNE (Fig. 3). The shear zone exhibits sev-
eral ophiolite exposures, usually called the Tulu
Dimtu ophiolite belt, one of the several Pan-Afri-
can ophiolite alignments identi¢ed from Tanzania
to Egypt and Sudan to Arabia (Shackleton, 1979,
1986; Vail, 1985; Berhe, 1990; Abdelsalam and
Stern, 1996), and dated 800 Ma or younger
(Berhe, 1990). Elevation maps of the Precambrian
basement in Ethiopia were published by Dainelli
(reproduced in Baker et al., 1972, p. 11) and,
more recently, Beyth (1991). Quaternary lava
£ows have been observed to lie directly on the
Precambrian basement (Jepsen and Athearn,
1962), and on the bottom levels of the Trap Series
(¢eld observations by the authors).
The Abyssinian plateau is composed of the Ter-

tiary Trap Series, Miocene shield volcanoes such
as the Semien (Mohr, 1967) and Choke Moun-
tains, and Quaternary volcanics. A review of
trap stratigraphy throughout Ethiopia can be
found in Pik et al. (1998). The total volume of
erupted traps in the Ethiopian LIP was estimated
to be on the order of 400 000 km3, with an initial
surface area of 750 000 km2 (Mohr and Zanettin,
1988). Trap thickness reaches up to 2000 m in
some areas (Jepsen and Athearn, 1962; Hofmann
et al., 1997). Recently determined 40Ar/39Ar dat-
ing in northern Ethiopia has yielded 30 MaQa
few ka for most of the Trap Series (Hofmann et
al., 1997; Coulie¤ et al., 2003; Touchard et al.,
2003). This very short time span is consistent
with the eruption time span at most other £ood
basalt provinces. However, the origin of the
Ethiopian LIP is not fully understood yet. The
age of volcanism has been shown to be as old
as 45 Ma in Kenya, an age that appears to de-
crease northward, where ages as young as 19^12
Ma have been found on the southern Ethiopian
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Plate I. Landsat TM mosaic of Abyssinia (bands 741) showing the location of the major NNE to NE^SW structural patterns discussed in the text. Black arrows highlight Precambrian foliation trends; white arrows highlight Cenozoic dykes, fractures, and scarps whose location and
orientation are thought to have been controlled by basement structure. Tectonic structures that are not directly related to this study have been omitted for clarity; they can be found on Fig. 3. The black dashed line locally highlights the unconformity between the Precambrian base-
ment and the Trap Series (or Mesozoic sediments conformably underlying the Trap Series). The diagram of dyke trends, which locates the Serpent-God dyke swarm, is from Fig. 5.
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plateau (George et al., 1998). Late Miocene vol-
canism has also been documented southeast of the
study area, north of Addis Ababa (Zanettin and
Justin-Visentin, 1974). Hydrovolcanic craters,
Quaternary cinder cones, and related lava £ows
are also observed (Comucci, 1950; Jepsen and
Athearn, 1961). Quaternary cinder cones are ob-
served on the plateau southwest of Lake Tana at
a short distance from the Tana^Belaya area.
The plateau has undergone intense fracturing

ascribed to uplift associated with trap emplace-
ment, as well as normal faulting. Field evidence
shows waning structural deformation after £ood

basalt emplacement, although some areas under-
went Pliocene^Quaternary uplift exceeding 2000
m (Mohr and Zanettin, 1988). A couple of high
intensity historical earthquakes have been re-
ported (Jepsen and Athearn, 1963b).
Coblentz and Sandiford (1994) showed that

lithospheric density variations are presently the
most likely stress sources in the area. They sug-
gested that the present-day state of stress is exten-
sional, and that the magnitude of extensional
stress in the Abyssinian plateau is the highest of
the whole African plate. Bosworth and Strecker
(1997) determined from borehole breakouts that

Fig. 3. Structural map of the Ethiopian highlands and peripheral areas, drawn from interpretation of Landsat TM imagery
(bands 741) and the published literature.
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the minimum stress trajectory in the Sudanese
Plain west of the study area is NNE-oriented,
perpendicular to the stress ¢eld predicted by Co-
blentz and Sandiford (1994). Inversion of fault
slip data sets on faults located around Lake
Tana has suggested that the maximum principal
stress axis is vertical and the other principal
stresses are horizontal and of equal magnitude,
which was interpreted as evidence that the region
undergoes active subsidence with little contribu-
tion of the regional geodynamics (Chorowicz et
al., 1998). Tilted blocks observed on the western
edge of Lake Tana (Jepsen and Athearn, 1963b,
and Figs. 2 and 11) have been interpreted as a
consequence of this subsidence (Chorowicz et
al., 1998).

2. Dyke swarm identi¢cation

2.1. Method used

The dykes are observed to cut the base of the
Trap Series. They have been identi¢ed using both
¢eld work and analysis of satellite imagery (Fig.
4). The swarms were ¢rst identi¢ed on satellite
imagery, which also proved to be the most reliable
method for measuring dyke length and strike.
Distinction between dykes and other types of
fractures was investigated in the ¢eld, as well as
dyke composition, thickness, emplacement mech-
anisms, and structural relationships with the host
rock. The dyke map on Fig. 4 was obtained from
satellite imagery analysis and ¢eld data. The ¢eld
areas include the Jawi area, NE of Mount Belaya,
where the dykes have the highest relief, and the
area west of a village named Shahura, west of
Lake Tana. Apart from the largest dykes, most
dykes could not be followed over large distances
due to vegetation and the small number of trails.
The imagery used includes a Landsat ETM+

image of the whole area (6 multispectral channels,
resolution 28.5 m/pixel ; 1 panchromatic channel,
14.25 m/pixel ; and 1 thermal infrared channel, 57
m/pixel), orthophoto maps displaying Spot P mo-
saics (one panchromatic channel, 10 m/pixel)
overlain by Spot stereo-derived digital elevation
models, and multispectral ASTER imagery (in-

cluding three channels of resolution 15 m/pixel).
Dyke length is best measured on the Landsat pan-
chromatic channel and ASTER imagery, whereas
compositional di¡erences are usually easier to
identify on Landsat imagery. Details of dyke
identi¢cation and length measurements using sat-
ellite imagery can be found in Me'ge and Korme
(2004).
Distinction between dykes and other fractures

is a major issue in the Shahura ¢eld area (Fig. 2)
owing to the large number of linear valleys ob-
served to cut the plateau edge. These valleys can
result from preferential water £ow and erosion
along dykes or along other types of fractures. De-
termining whether these valleys highlight dykes or
other fracture types is necessary to place con-
straints on the boundaries of the swarms observed
in the Tana^Belaya area. The issue is also critical
for dyke identi¢cation in other parts of the Ethio-
pian traps, where dense networks of parallel struc-
turally-controlled valley networks are frequently
observed. Our ¢eld work in the study area, as
well in other parts of the Ethiopian LIP, suggests
that distinction between valleys carved above
dykes and above other fracture types cannot be
made solely using geomorphological analysis of
satellite imagery. Most dense networks of parallel
valleys observed in the Trap Series appear not to
follow dykes. The dykes that can be observed in
the ¢eld in such areas are usually not parallel to
the valleys, and are hardly identi¢ed on satellite
imagery because both the dykes and the host rock
are of basaltic composition. Speci¢cally, in the
Shahura area, a small number of valleys were ob-
served to follow dykes, but in most cases dykes
could not be observed. In particular, many E^W
fractures are identi¢ed on imagery but could not
be correlated with dykes in the ¢eld.

2.2. Identi¢cation of swarms

Statistical analysis of dyke orientation (Fig. 5)
shows two preferred dyke trends. NE^SW-trend-
ing dykes extend from Mount Belaya, a plateau
outlier displaying a 1600-m-thick pile of Tertiary
basalts (Mohr and Zanettin, 1988) left after deep
erosion along the Beles River and its tributaries
(Jepsen and Athearn, 1962), to Lake Tana on the
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western edge of the Abyssinian plateau. NW^SE-
trending dykes are globally observed north of the
NE^SW dykes and follow the Dinder River.
Therefore, following the usually used geometric
criterion, we identify two dyke swarms. The
name we ascribe to the NE^SW swarm, the Ser-
pent-God dyke swarm, is from the name local
people give to the longest of these dykes (Fig.
2), which also forms the highest topographic relief
in the area after Mount Belaya (Fig. 6). The NW^

SE-trending dyke swarm has been named the
Dinder dyke swarm owing to its alignment with
the NW^SE structurally-controlled middle section
of the Dinder River, one of the Blue Nile tribu-
taries. Most dykes in the Serpent-God swarm, and
all the major silicic dykes, are restricted to a 15^
20-km-wide corridor, but the total swarm is more
than twice this width. The Dinder dykes appear to
be more widely distributed.
In the two ¢eld work areas (Fig. 2) most dykes

Fig. 4. Dyke location and orientation map in the Tana^Belaya area from satellite imagery and ¢eld data. The map is superim-
posed on the Landsat ETM+ image.
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are parallel, and no cross-cutting relationships
could be found that would have allowed a relative
emplacement chronology between the swarms to
be inferred. Preliminary results of 40Ar/39Ar dat-
ing (in progress) indicate that the dykes from the
Serpent-God swarm are ca. 30.5 Ma old, the same
age as the Trap Series in Abyssinia (Hofmann et
al., 1997). The Dinder dyke swarm is likely to
have the same age as well if it contributed to
feed the Trap Series. Quaternary lava £ows are
not geographically correlated with the location
of the Dinder dyke swarm. The shield volcanoes,
such as the Semien Mountain, have associated
basaltic dyke swarms; however, those swarms
are local and observed within the eroded edi¢ces.
Such volcanoes have not been identi¢ed in the
Dinder dyke swarm area, where in addition the
dykes rather follow a linear trend and are distrib-
uted over a surface area that largely exceeds the
size of shield volcanoes. Therefore, it is expected
that, similar to the Serpent-God dykes, the
Dinder dykes contributed to feed the 30-Ma-old
Trap Series.

2.3. Dyke anatomy

Field work has revealed that compositionally
the dykes fall into two categories, silicic and ba-
saltic. Composite dykes have never been observed.
Of 17 sampled dykes, most have a distinct texture.
Frequently, the freshness of the outcrops does
not allow inference of their initial composition.
The largest of the silicic dykes, the Serpent-God
dyke, however, has a microgranitic composition.
Silicic dykes form prominent reliefs that are easily
identi¢ed on satellite imagery. Although dyke
thickness is on the order of 10 m and elevation
above the surroundings does not usually exceed
several metres, they form hills up to 100 m high
and hundreds of metres wide owing to the pres-
ence of well-developed debris slopes on the dyke
sides (Fig. 6). To the contrary, most ma¢c dykes
do not form signi¢cant relief. Those of highest
relief are observed at the top of bumps that are
not more than a few metres high. Ma¢c dykes
crossing river beds form positive relief not more
than 1 m high across the river bed (Fig. 7) to
linear depressions tens of centimetres deep.
Some others form the £oor of river beds or, as
discussed previously, stream beds. Thus, silicic
and basaltic dykes can be easily distinguished on
satellite imagery on a geomorphological basis.
The reason for this geomorphologic contrast is
related to host rock lithology. The host rock in-
cludes basaltic breccias, £ows, and tu¡. The
chemical alteration susceptibility of the ma¢c
dykes is therefore in the order of that of the base-
ment. In contrast, the silicic dykes, due to the
abundance of resistant minerals such as quartz
and feldspar, are globally more resistant to alter-
ation, despite an alteration crust as thick as sev-
eral tens of cm. The erosional susceptibility con-
trast between the silicic and ma¢c dykes and the
host rock is also enhanced by the fact that the
silicic dykes are systematically thicker than the
ma¢c dykes.
In the ¢eld, mean basaltic dyke thickness was

found to be 2.7 m, whereas mean silicic dyke
thickness was found to be 9.9 m (Fig. 8). Mean
basaltic dyke thickness is actually thought to be
less because thick basaltic dykes are easier to
identify than thin basaltic dykes. The contrast in

Fig. 5. Dyke orientation in the Tana^Belaya area. The hori-
zontal graduations give the percentage of data within the
10‡-wide classes compared to the total number of data. The
dykes are plotted on Fig. 4. See Me'ge and Korme (2004) for
a detailed analysis of this diagram.
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thickness between basaltic and silicic dykes is a
classical observation that Wada (1994) explains
by proportionality between magma viscosity and
internal friction. Because high-viscosity magma
has high international friction, viscous magma
forces the dyke fracture to open wider than ma¢c,
low-viscosity magma can do, resulting in silicic
dykes thicker than ma¢c dykes, all other param-
eters being equal. A detailed analysis of dyke
length can be found in Me'ge and Korme (in
press). The mean length of all the dyke exposures
is 1.6 km, and the longest dyke and of globally
highest elevation is the silicic Serpent-God dyke
(Fig. 2). It displays V30 major en e¤chelon seg-
ments of accumulated length 48 km.

3. Emplacement and post-emplacement history

No feeding reservoir has been identi¢ed for the
dykes to date. Some of the large shield volcanoes
that post-date the Trap Series have a gravity sig-
nature (Makris and Ginzburg, 1987); however,

the existing gravity data coverage in northern
Ethiopia is too sparse to be helpful in the Tana^
Belaya area. Field evidence of vertical or lateral
dyke propagation, such as phenocryst orienta-
tions (e.g. Wada, 1992) was found only exception-
ally. Preferential orientation of plagioclases, ori-
ented bubbles, and extrusion striae helped
determine magma £ow orientation in several in-
stances, but could not be used as a tool to infer
regional £ow patterns.
Clues to propagation direction may sometimes

be inferred from 3-D analysis of dyke segmenta-
tion patterns. However, in the ¢eld area, due to
£atness and the widespread vegetation cover,
dyke segmentation could not be interpreted in
terms of propagation direction. Small-scale fea-
tures of dyke segmentation such as epiphyses
were usually not observed. In the absence of ¢eld
evidence, clues to the direction of dyke propaga-
tion may be inferred from statistical analysis of
dyke length. Me'ge and Korme (in press) have
found suggestions that in the Tana^Belaya area
the basaltic dykes longer than ca. 10 km may

Fig. 6. The Serpent-God dyke. Some elder inhabitants in the surrounding villages lay o¡erings at the bottom of the dyke, which
might be a remnant of the pre-Christian Serpent-God worship (e.g. Bader, 2000). According to one of the most widespread ver-
sions of the myth, the Serpent-God, ’Arwe, was terrifying the inhabitants in the northern part of Ethiopia and used to be o¡ered
maiden ladies as a sacri¢ce every year. It was killed by ’Angabo, the father of Queen Makeda at ca. 1000 years BC, but the wor-
ship is still alive in some remote places in the country. Here the dyke is 20 m thick and is dipping 80‡SE. Location on Fig. 2.
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have been trap feeders, and therefore should have
propagated mainly vertically above the current
topography. For the silicic dykes the issue is less
problematic because silicic melt density is lower
than the density of most plausible host rocks
and silicic dykes therefore propagate vertically.
The Serpent-God dyke presents evidence of hori-
zontal tip propagation at two adjacent segments
(Takada, 1994), but this criterion only gives in-
formation on late-stage dyke growth direction at
the segment tip.
Several means exist to determine whether the

magma was injected into the dykes in one or sev-
eral pulses. The most favourable case arises when
the injection occurs after the previous injection
has cooled enough to be chilled by the new mag-
ma. Internal chilled margins are a good criterion

for determining the number of such injections
(e.g. Platten, 2000). Vertical jointing in the dyke
parallel to the dyke margins may result from mul-
tiple injections (Gudmundsson, 1984). In a case
study, Baer (1995) showed on the grounds of
magnetic fabric analysis that vertical joints that
separate lens-shaped basalt sheets belong to sepa-
rate injection events. The injection history in that
case may be complex and in the absence of mag-
netic fabric analysis determining the succession of
injections is not possible. It can be proposed that
cooling joints that are closely parallel to dyke
margins are more likely to form within a single
magma sheet by gradual magma cooling from the
dyke margins inward (Jaeger, 1968) and release of
associated tensile stress (Lachenbruch, 1962). To
the contrary, a magma injected in a dyke whose

Fig. 7. Basaltic dyke (1.5^2 m thick) in the Ayima River bed. Chilled margins are observed on both dyke sides. Dyke thickness
varies at metre-scale in relation with dyke segmentation. The chilled margin on the right side of the dyke in the foreground pene-
trates within the dyke while a new chilled margin develops outside, suggesting at least two injection stages. On the left side, un-
certainty remains as to whether the cooling joint separates or not two injections. Location on Fig. 2.
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temperature is still close to the temperature of the
arriving magma will probably ¢nd its way
through the previous magma by deforming it ow-
ing to its low elastic modulus. The contact be-
tween the successive intrusions will remain a sin-
uous weakness plane for preferential development
of cooling joints, which therefore will be only on a
broad-scale parallel to the dyke margins (Fig. 9).
In the Tana^Belaya area, external chilled margins
are frequently observed, both at silicic and basal-
tic dykes, but internally chilled margins are ob-
served at a few basaltic dykes only. Detailed ex-
amination of those dykes could not reveal more
than two injections within the same conduit (e.g.
Fig. 7) based on the injection identi¢cation crite-
ria in Fig. 9. Internal chilled margins have not
been observed in silicic dykes. Thus, the number
of magma intruding events within the silicic dykes
remains poorly constrained, whereas there is evi-

dence that some ma¢c dykes as narrow as 1 m
thick formed by two injections at least.
How much the dyke injections participated in

crustal growth was investigated by measuring
dyke dilation along a ¢eld traverse across the
area of main dyke concentration in the Serpent-
God swarm (location on Fig. 2). Table 1 gives the
location and thickness of the 28 dykes observed
across the traverse. Total measured dilation was
found to be 119 m, which equals 0.75% of the 16-
km-long traverse. To give an idea, this dilation is
two to three times more than the accumulated
stretching measured at the Holocene ¢ssure
swarms in the eastern Icelandic rift zone (Gud-
mundsson, 1987). Half the measured dilation is
due to the silicic dykes. Given that the silicic
dykes form major topographic reliefs and are
easily identi¢ed in the ¢eld, we estimate that total
dilation due to the silicic dykes across the whole

Fig. 8. Histogram of dyke thickness from ¢eld observations. Light grey: silicic dykes; dark grey: basaltic dykes.
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swarm is probably close to the actual dilation
along the traverse. Dilation due to the basaltic
dykes is probably underestimated due to the com-
bined e¡ect of narrowness, weak strength contrast
with the host rock, and soil development, which
make tenuous the observable di¡erence between
lava £ows and dykes. A reasonable approxima-
tion of true total dilation over the traverse may
be 1% or more.
Clues to dyke tilting and brittle shearing along

dyke margins or cooling joints after dyke em-
placement have been found, but not in an amount
that would be su⁄cient to infer a global tectonic
activity framework. Most dykes from the Serpent-
God swarm whose dip could be measured are 80^
90‡ dipping, with no preferred dip orientation. At
outcrop scale, the dip angle of a given dyke has
often been observed to vary between 80‡NW and
80‡SE. This variation may be ascribed to local

along strike variations in elastic modulus in the
host rock, and does not imply tectonic tilting.
Two prominent segments of the Serpent-God
dyke studied in the ¢eld showed a consistent 75^
80‡SE dip (the dip angle of the other segments
could not be accurately measured). This feature
may result either from local oblique principal
stress trajectories, for instance due to body forces
associated with uneven palaeotopography, or from
post-emplacement tilting.
Several dykes from the Serpent-God swarm,

mainly (but not only) the thick silicic dykes, dis-
play eroded horizontal slickensides that indicate
post-emplacement shearing. For instance, one of
the measured basaltic dykes displays clear evi-
dence of dextral shearing parallel to the dyke
margin, and later tensile fracturing (Fig. 10).
Although a conclusion as to dyke reactivation at
regional scale cannot be drawn, ¢eld data suggest
that limited tectonic activity may have occurred in
the study area after dyke emplacement.

4. Basement control on dyke emplacement

4.1. Serpent-God dyke swarm

In order to study the relationships between the
dyke swarms and the basement structures, a new
structural interpretation of Landsat TM imagery
(bands 741) of Ethiopia and eastern Sudan was
prepared, on which the Serpent-God and Dinder
dyke swarm locations and trends were superim-
posed (Fig. 3). Mapping reveals that the N055E-
trending Serpent-God dyke swarm (Fig. 5) is the
northward continuation of the Precambrian Tulu
Dimtu shear zone. The orientation of the south-
ern part of the shear zone, which is hundreds of
kilometres long, is N^S. Northward, in the south-
ern Tana^Belaya area, its orientation gradually
changes to NE^SW, then its continuation is
buried by the Trap Series (Figs. 3 and 11).
Continuation of the Tulu Dimtu ophiolite belt

on the northern side of the Trap Series is a matter
of debate. Shackleton (1979) suggested a possible
continuity between the Tulu Dimtu ophiolite and
the Baraka ophiolite belt in Eritrea (Fig. 3; Plate
I), an interpretation later adopted by Stern et al.

Fig. 9. Suggested di¡erence between vertical joints in dyke
induced by (a) gradual cooling inward, and (b) successive
£ows within the same ¢ssure in horizontal or vertical view.
Grey: host rock; plain lines: cooling joints; decorated lines:
chilled margins; numbers: injections events. Spacing of cool-
ing joints is more regular if a single injection occurred, and
the joints are usually parallel over long distances. Lens-
shaped magma sheets suggest more than one injection event
even though internally chilled margins are not or seldom ob-
served. Usually there is no ¢eld evidence as to the succession
of injections within the ¢ssure, but (b) shows a possible ex-
ample of injection succession. Macroscopic analysis of pheno-
cryst orientations, image processing of thin sections, and
analysis of magnetic fabric are tools that may be used to
con¢rm or refute interpretation of such ¢eld observations.
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(1990). In this hypothesis, the ophiolite belt below
the traps must be N^S trending. The map of Vail,
1985 shows the northwestern part of the Tulu
Dimtu ophiolite belt to be N^S oriented, which
is consistent with its continuation as the Baraka
ophiolites, whereas its northeastern part is given a
NNE to NE^SW orientation (see also Vail, 1976).
Kazmin et al. (1978) suggested that the Tulu Dim-
tu ophiolite belt broadens or divides into two
branches south of Mount Belaya, one going to
the north and the other one to the NNE. Shackle-
ton (1988), however, questioned the interpretation
of continuous ophiolite belts in the African Horn.
Nevertheless, despite the apparent absence of a
detailed comparison between the two ophiolite
belts, continuation of the Tulu Dimtu ophiolite
belt toward the Baraka ophiolite has not been
further discussed (Stern, 1994; Tadesse, 1996;

Abdelsalam and Stern, 1996; Braathen et al.,
2001).
Our own mapping suggests that the Tulu Dim-

tu shear zone broadens northward with its west-
ern border trending N and its eastern border
trending NE. The western part of the shear zone
appears ¢rst to join the Ingessana shear zone,
then the Baraka ophiolite near the border with
Eritrea (Berhe, 1990). The eastern, NE^SW-ori-
ented border of the Tulu Dimtu shear zone is
buried in the Tana^Belaya area, and mapping
(Fig. 3) suggests that it joins the shear zone ob-
served north of Semien Mountain.
Figs. 3 and 11 next to Plate I show that not

only has the Serpent-God dyke swarm the same
orientation as the northern Tulu Dimtu ophiolite
belt, but also both are aligned with a series of
structural and geomorphological structures that

Table 1

Dyke Thickness Composition Latitude Longitude
(m)

D002 20 silicic N11‡39P38.59Q E036‡23P28.90Q
D006 8.5 silicic N11‡43P06.59Q E036‡25P16.30Q
D110 13 silicic N11‡36P17.90Q E036‡21P55.05Q
D113 7 silicic N11‡36P35.95Q E036‡21P23.40Q
D116 4 silicic N11‡36P06.64Q E036‡17P40.36Q
D124 6.5 silicic N11‡36P05.69Q E036‡19P57.73Q
D001 2 basaltic N11‡35P03.99Q E036‡28P38.70Q
D003 7 basaltic N11‡40P43.49Q E036‡24P01.60Q
D004 1.3 basaltic N11‡41P10.89Q E036‡23P54.20Q
D005 7.5 basaltic N11‡41P51.99Q E036‡24P42.00Q
D102 9 basaltic N11‡28P13.78Q E036‡25P56.45Q
D103 4 basaltic N11‡34P15.05Q E036‡28P28.01Q
D104 5 basaltic N11‡34P19.14Q E036‡28P14.57Q
D105 1 basaltic N11‡34P20.19Q E036‡28P12.96Q
D106 3.2 basaltic N11‡34P23.55Q E036‡28P08.50Q
D107 2 basaltic N11‡35P29.46Q E036‡24P29.73Q
D108 2.5 basaltic N11‡35P30.20Q E036‡24P26.67Q
D109 2 basaltic N11‡36P11.77Q E036‡22P39.30Q
D111 1 basaltic N11‡36P24.09Q E036‡21P27.77Q
D112 0.6 basaltic N11‡36P28.09Q E036‡21P25.66Q
D114 1 basaltic N11‡36P25.98Q E036‡21P20.53Q
D115 2 basaltic N11‡36P28.97Q E036‡21P17.58Q
D117 1.5 basaltic N11‡36P23.64Q E036‡17P49.79Q
D118 1 basaltic N11‡36P33.49Q E036‡17P53.59Q
D119 2 basaltic N11‡36P58.06Q E036‡17P54.54Q
D120 1.2 basaltic N11‡37P12.33Q E036‡18P11.85Q
D122 1 basaltic N11‡37P11.91Q E036‡18P04.27Q
D123 2 basaltic N11‡35P58.28Q E036‡17P52.32Q
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can be followed northward until the Precambrian
basement is again exposed. East of the dyke
swarm, the edge of the Abyssinian plateau forms
a steep slope several hundreds of metres high ap-
proximately parallel (N030E) to the dyke swarm
(N055E). Although it usually does not display
¢eld evidence of faulting, satellite and aerial im-
agery show many fractures parallel to the plateau
edge on the plateau and in the plain (Plate I, Fig.

12), suggesting that it is also controlled by the
basement. Thus, although the dyke swarm and
the plateau edge are not strictly parallel, both
appear to be controlled by the same weakness
zone. North of Lake Tana, the edge of the plateau
follows the same N030E orientation. Although
the edge does not display evidence of faulting ei-
ther, it is parallel to the western border fault zone
of the Gonder graben, one of the three main gra-

Fig. 10. Close-up view of a 2^3-m-thick basaltic dyke (Me'ge and Korme, 2004, ¢g. 6) displaying dextral shearing parallel to the
dyke margins and subsequently tension fracturing. Shearing occurred through C/S planes in which C are some of the cooling
joints that are parallel to the dyke margin, and S shears are Riedel (R) shear joints. P joints may have reactivated cooling joints
oblique to the dyke strike. The enlarged area shows the cross-cutting relationships between a Riedel shear (R) plane and a calcite
vein segment (V). The stress trajectories succession cartoon sketches the evolution the local stress ¢eld (minimum principal stress
c3) during: (1) dyke emplacement; (2) post-emplacement shearing (approximate orientation, the double arrows illustrates the un-
certainty in the c3 trajectory); and (3) calcite vein opening and ¢lling (calcite ¢bres assumed to be perpendicular to the vein
boundaries). Location on Fig. 2.
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Fig. 11. Structure map of the Tana^Belaya area (location on Fig. 3), showing alignment between the Dinder dyke swarm and the
Mesozoic^Cenozoic Blue Nile Rift northern border fault and between the Serpent-God dyke swarm, the Tulu Dimtu Pan-African
shear zone and the Cenozoic structures and Quaternary reliefs observed on and in the vicinity of the plateau border. Only the
major dykes are located on this map.
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bens around Lake Tana (Fig. 3), and is parallel to
a fault zone observed on the plateau slope. East
of the Angareb ring complex, the edge of the
plateau, uno⁄cially called the Angareb Ridge,
clearly follows a series of N030E fractures, some
of which are observed to continue southward and
cut the edge of the eastern Gonder graben fault
scarp. The Angareb Ridge continues as a long
narrower linear cli¡, the uno⁄cial Semien Ridge,
that cuts the northern £ank of the Semien shield
volcano. The cli¡ is locally as high as 1 km, and
follows a trend that is sensibly parallel to the dyke
swarm (N060E). Several other cli¡s of lower relief
are parallel to the Semien Ridge. Although any of
them display ¢eld evidence of faulting (Mohr,
1967), the cli¡s are parallel to many fractures ob-
served on the northern side of the Semien Ridge
(Plate I). Basaltic dykes have been reported in the
Semien Mountain (Mohr, 1967; Lebas and Mohr,
1970). Systematic measurements of dyke attitude
along the road of the Semien National Park (un-

published work by the authors) has revealed two
types of dykes. The ¢rst series is composed of
N030^N045E oblique dykes, not more than 1 m
thick and frequently associated with sills. The sec-
ond series is composed of N060^N070E vertical
and subvertical, 1^3-m-thick basaltic dykes. It is
possible that the ¢rst dykes are local, whereas the
second, which are parallel to the regional trend of
the Semien Ridge, are of regional extent and
make some of the fractures observed north of
the Semien Ridge on satellite imagery (Plate I).
The Precambrian shear zone is exposed NE of
the Semien Ridge. Foliation trends are oriented
N050E on average, a declination that gradually
decreases to N^S toward the North in Eritrea
(Fig. 3, Plate I). The general fracture pattern at
regional scale between the southern and northern
shear zones is thus a series of dominantly N030E
segments.
Satellite imagery analysis reveals a second re-

gional structural trend, which we call a tectonic

Fig. 12. Aerial view of the plateau edge north of the Kar Ridge. Normal faults are indicated by black arrows. The unconformity
between the Tertiary volcanic rocks and the Precambrian basement is outlined by the thin dashed line. The widely spaced dashes
follow the Tulu Dimtu shear zone. The plateau edge is parallel to the Tulu Dimtu shear zone. Satellite imagery shows that the
westernmost ridge and faults are probably the same structure. Location on Fig. 11.
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line below, that is slightly oblique (N060^70E) to
the Precambrian foliations. At the northeastern
end of the Serpent-God dyke swarm, the dykes
are aligned with the Zend Ridge, a major linear
crest (Fig. 11, Plate I). The crest is connected with
the Lake Tana shoreline by a probably transcur-
rent fault that transversely cuts across tilted
blocks (Chorowicz et al., 1998). Several N060^
070E-oriented structural features aligned with
the dyke swarm are also discontinuously observed
between Lake Tana and the Erta ’Ale in Afar
(Plate I). South of Semien Mountain, the tectonic
like is marked out by a ridge similar to the Zend
Ridge, but on the Afar margin and in Afar it is
mainly observed as parallel linear valleys. On
Plate I, one of the tectonic line fractures is
marked out by a river bed that obliquely cuts
across the Precambrian shear zone east of the
Semien Mountain. The N060^070E tectonic line
is therefore not associated with the events that
formed the Tulu Dimtu shear zone.
We deduce that the location of the Serpent-

God dyke swarm may have been controlled by
the superimposition of two basement patterns ori-
ented ca. 30‡ apart. One is the Tulu Dimtu ductile
shear zone, which is in average N045E-oriented
below the Trap Series, the other appear is a
N060^70 tectonic line, which probably formed
as a brittle deformation zone because of its
straightness. Its age is not known. Hypotheses
for its formation include: (1) post-orogenic shear-
ing of the Pan-African belt ; (2) Mesozoic and Ce-
nozoic rifting (the rift would then be oblique to
the NE^SW rifts that opened during this period in
the African Horn, including the nearby Mekele
graben; Fig. 3) ; (3) late Cenozoic rifting at the
East Ethiopian Rift, which is parallel to the trend
of the tectonic line. In that case, the tectonic line
would be more recent than the 30-Ma-old Ser-
pent-God dyke swarm and could not have in£u-
enced its location.

4.2. Dinder dyke swarm

The Dinder River, in the Tana^Belaya area and
north of it, is controlled by Precambrian NW^SE
strike-slip faults. The whole Arabian^Nubian
shield is a¡ected by large fractures having this

orientation (e.g. Kazmin et al., 1978; Adamson
and Williams, 1980; Berhe, 1990).
The dyke swarm is aligned with structurally

controlled sections of the Blue Nile River and
with some of its tributaries, the major ones being
the Dinder and Rahad rivers (Fig. 3). The Pre-
cambrian fracture zone that controls the course of
these rivers was reactivated during the Mesozoic
and Cenozoic as the northern border fault of the
Blue Nile Rift (e.g. Salama, 1997). At the prox-
imity of Khartoum, this fault is occupied by the
Blue Nile River bed. Southeastward, it controls
the trend of the Rahad River as far as the Sudan
border. At this location, the fault is correlated
with a NW^SE-trending negative gravity anomaly
(Ibrahim et al., 1996) which is clearly distinct
from the Blue Nile Rift gravity signature. At
the Ethio^Sudanese border, the rift rests against
an E^W trending gravity anomaly (Bosworth,
1992).
From this place southeastward, there is no evi-

dence of the fracture zone on satellite imagery
over 120 km. In the Tana^Belaya area, however,
its existence is revealed by its controls on the
Dinder River course. There is structural evidence
of continuation of the Blue Nile Rift trend in
Ethiopia east of the Dinder River. The Mesozoic
and Cenozoic Blue Nile Rift and the late Palaeo-
zoic^Mesozoic Ogaden Rift, which is observed
from Somalia to the Blue Nile gorges south of
Lake Tana (e.g. Jordan, 1972), are aligned, so
that even though all the grabens in these two rifts
were not active at the same time, they are geo-
metrically connected. The Blue Nile^Ogaden
trend can be followed until the Red Sea and the
Gulf of Aden. Several portions of the Red Sea
rift, as well as the orientation of the Afar margin
in northern Ethiopia and Eritrea (Fig. 3) and the
elongation axis of the volcanoes located at the
spreading axis of the Red Sea, such as the Erta
Ale (Plate I), have the same orientation. The Mar-
da fault Zone in SE Ethiopia and Somalia (Fig. 3)
is the southward continuation of this Red Sea
axis, and is another major Precambrian boundary
that was reactivated in the Mesozoic and Cenozo-
ic (Purcell, 1976) that is aligned with the Blue
Nile^Ogaden trend. Furthermore, Tertiary vol-
canic centres and lava £ows aligned along the
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Marda Fault show that this Precambrian weak-
ness zone was utilised during the Tertiary as a
long, NW-oriented volcanic ¢ssure parallel to
the Dinder dyke swarm. There is thus good evi-
dence that the Dinder dyke swarm follows one of
the major structural trends of East Africa.

4.3. Lithosphere structure and dyke emplacement

The lithosphere weakening mechanisms are
thus of two kinds. In the case of the Blue Nile
and Ogaden rifts, the lithosphere was thinned by
tectonic stretching. The rifts should have been
areas of preferential magma melting by mantle
decompression when the Ethiopian plume im-
pinged at the bottom of the lithosphere, as well
as deep channels for evacuating the magmatic
heat to regions outside the plume centre (Ebinger
and Sleep, 1998).
Emplacement of the Serpent-God dyke swarm

above a ductile shear zone is unlikely to have been
in£uenced by individual foliation planes. The
shear zones can be followed on satellite imagery
as periodically spaced ridges oriented parallel to
the foliation planes (Figs. 11 and 12, Plate I). The
ridges are probably located between zones of
maximum strain determined by lithologic succes-
sions. These highly strained zones are preferential
zones of potential reactivation. Similar to litho-
sphere thinning, such weakness zones decrease
the elastic lithosphere thickness. Using gravity
data, Tessema and Antoine (2003) have recently
emphasised that the Proterozoic shear zones in
East Africa are su⁄ciently mechanically weaker
than the surrounding resistant cratonic areas
that they may have in£uenced the direction of
Phanerozoic rift propagation. Given that dyke di-
lation at depth replaces tectonic stretching at the
surface in volcanic rifts, we suggest that the loca-

tion of the Serpent-God dyke swarm can be sim-
ilarly explained.
The Tertiary basaltic magmas may have been

generated in situ, or have migrated from other
sublithospheric areas (Thompson and Gibson,
1991; Ebinger and Sleep, 1998) in response to
the arrival of the Ethiopian plume. A fraction of
the magmas would have been trapped at the Tulu
Dimtu shear zone and along the southeastern por-
tion of the Blue Nile fracture system owing to
their weak mechanical properties. A fraction of
the magma would have been injected upwards
and formed the basaltic dykes. Two mechanisms
for generating the silicic magmas can be envis-
aged. They may have formed by di¡erentiation
of the basaltic reservoirs. However, the age of
the basaltic and silicic dykes cannot be separated
on the basis of 40Ar/39Ar dating (in progress),
which suggests that a more likely mechanism for
silicic magma generation may be crustal melting
in shallower reservoirs at the same time the basal-
tic reservoirs were active. In northern Ethiopia,
rhyolite domes that are aligned with the Ser-
pent-God dyke swarm have been given the same
age (30 Ma) and show evidence of crustal melting
(Ayalew and Yirgu, 2003).
It may be interesting to note that the tectonic

boundary highlighted by the Tulu Dimtu shear
zone and the N050^070E tectonic line geographi-
cally is concordant with a NE^SW-oriented line
going through Lake Tana, to the NW of which
the magmas of the Trap Series were signi¢cantly
contaminated by the crust (Pik et al., 1998, 1999).

5. Summary and discussion

This paper reports on the ¢rst ¢eld and satellite
imagery analysis of dykes in the Tana^Belaya

Fig. 13. (a) Outline of the Precambrian weakness zones that controlled dyke emplacement, and location and orientation of the
studied dyke swarms. (b) Stress patterns inferred from geometric analysis of dyke orientation, and example of an axisymmetric
stress ¢eld that would be consistent with the observed dyke distribution and geometry. Such a stress ¢eld could result from a
pressurised magma body, or body forces associated with topographic uplift and magmatic loading (isostatic or £exural) of the
lithosphere. The diameter of the circle with the arrows is arbitrary. The regional Bouguer anomaly is from Makris and Ginzburg
(1987). On the lower right is a proposition of anomaly spreading from an initial axisymmetric geometry. The location of Lake
Tana and the Red Sea shoreline is drawn for easy location only; none of them existed when the dykes were intruded.
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area in western Ethiopia. Earlier works reported
either a single, NE^SW-oriented dyke swarm (e.g.
Mohr and Zanettin, 1988), or a dyke swarm that
would be part of a radial network about Lake
Tana (Chorowicz et al., 1998). Statistical analysis
carried out in this paper appears to favour the
hypothesis that two distinct swarms exist, one
N040^070E and the other N105^140E. Most
dykes are ma¢c, but the longest and thickest are
silicic. Total dilation across the N040^070E-trend-
ing Serpent-God swarm is found not to exceed
200 m at the exposed structural level.

5.1. The studied dyke swarms as compared to other
dyke swarms associated with mantle plumes

Clearly, the dyke swarms identi¢ed here present
several di¡erences with the dyke swarms usually
observed in other LIPs. The basaltic dykes in the
Tana Belaya are much shorter and thinner than
most basaltic dyke swarms associated with mantle
plumes, which typically have lengths of hundreds
of kilometres and thicknesses of tens of metres.
The crustal level exposed may in part explain
this di¡erence. In contrast with most dyke swarms
associated with mantle plumes, erosion in the
Ethiopian LIP has not removed more than 1 km
from the initial topographic surface. This is much
less than the amount of erosion in regions dis-
playing older dyke swarms (e.g. Baragar et al.,
1996), even for Mesozoic dykes (Callot et al.,
2001). Basaltic dyke thickness gradually decreases
to 0 between the level of neutral buoyancy and
the surface. The studied dyke swarms are likely to
be observed above the level of neutral buoyancy
(e.g. Wilson and Head, 1994), in contrast to most
currently exposed dyke swarms associated to
mantle plumes. If portions of the studied dyke
swarms are still buried by the Trap Series, or
are exposed but not yet identi¢ed, length-depth-
width scaling for fractures (Schultz and Fossen,
2002) implies that the thin portions of dykes ob-
served at the surface correspond to signi¢cantly
thicker dykes at depth.
It is striking, however, that dyke dilation seems

to be in great part achieved by silicic dykes, which
are usually not reported in other dyke swarms
associated with LIPs, which are exclusively basal-

tic (e.g. Ernst et al., 1995). Silicic dykes have been
observed in the Serpent-God dyke swarm only,
which formed above a ductile shear zone. Peculiar
conditions of crustal melting in this setting might
explain this particularity. For instance, water cir-
culation is made easier in the shear zones than in
the surrounding basement rocks due to a higher
permeability, and may have lowered the solidus in
the shear zones.

5.2. Considerations on the Ethiopian mantle plume

Both dyke swarms follow weakness zones in-
herited from the Precambrian that we have iden-
ti¢ed and discussed in this paper. Similar base-
ment structural control on dyke emplacement
has also been reported for the much larger Oka-
vango Karoo dyke swarm by Le Gall et al. (2002).
One of the swarms is 30 Ma old and contributed
to feeding the Trap Series, and there is a good
probability that the second has the same age.
Dykes are thought to follow the trajectory of
the maximum horizontal principal stress (Stevens,
1911; Johnson, 1970; Koide and Bhattacharji,
1975; Muller and Pollard, 1977; Me¤riaux and
Lister, 2002), at least at regional scale (Baer et
al., 1994). Since the two dyke swarms are adja-
cent, the stress source must be able to vary spa-
tially at a very local scale. This probably rules out
plate-boundary and related processes (Zoback,
1992). In a mantle plume setting, stress orienta-
tion is expected to be at least partly in£uenced by
the axisymmetric plume geometry, or by pressur-
ised magma centres (McKenzie et al., 1992; Me¤r-
iaux and Lister, 2002). In the current state of the
art, no evidence for more than a single axisym-
metric stress source playing a role in the orienta-
tion of the studied dykes can be taken into ac-
count, because feeding magma chambers for the
30-Ma-old magmatism have not been identi¢ed
yet. In the Tana^Belaya area, the short-wave-
length gravity coverage is presently too sparse to
help locate possible feeding magma chambers.
An example of a model of dyke emplacement in

which the stress ¢eld in the study area is primarily
a consequence of a single, axisymmetric source
such as a mantle plume head or a large magma
chamber is proposed in Fig. 13. This model ac-
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counts for dyke location and geometry, in£uence
of inherited crustal fabric, and requirement that
dyke orientation re£ects principal stress trajecto-
ries.
Fig. 13 also display the outline of the present-

day regional Bouguer gravity anomaly in Ethiopia
after Makris and Ginzburg (1987), interpreted by
Rapolla et al. (1995) as due to dynamic uplift of
the continental lithosphere and ascent of low-den-
sity plume material. The size of the anomaly can-
not be explained by the volcanic activity that took
place between the Miocene and the present, which
is expressed in the residual Bouguer anomaly
(Makris and Ginzburg, 1987, ¢g. 9). Thus, the
low-density material probably dates back to the
beginning of the plume activity and has drifted
with the African plate, without moving with re-
spect to the plate (Sleep, 1994). The regional grav-
ity anomaly coincides with the western edge of a
zone of negative anomalies of shear wave velocity
in the mantle that extends between 100 and 250
km depth (Ritsema and van Heijst, 2000). This
anomaly has been interpreted as the upper part
of a hot, buoyant plume rooted beneath South
Africa at 2000 km depth and inclined northward
(Gurnis et al., 2000), maybe as a result of the
mantle £ow imposed by the motion of the African
plate (Ni et al., 2002).
The gravity data reported in Fig. 13 clearly

show the in£uence of the NE^SW Precambrian
fabric on deep mass distribution. If the rising
plume was cylindrical in shape and resulted in
an initially axisymmetric stress ¢eld, the zone of
partial melting would have initially occupied a
circular zone in plan view (e.g. Watson and
McKenzie, 1991). The heating and melting zones
would then have propagated along the major
NW^SE weakness zone. The Tulu Dimtu shear
zone was not reactivated in extension prior to
the volcanic activity of the Ethiopian plume, so
that it would have been a preferential zone of
dyke intrusion, but would not have channelled
the heat and the generated magmas from the
centre of the plume as e⁄ciently as the NW^SE
weakness zone would have, following the mecha-
nism described by Ebinger and Sleep (1998) for
the Ethiopian plume.
New insights on dyke emplacement have been

o¡ered in this study by the joint analysis of dyke
swarm geometry, basement heterogeneity, and the
ambient stress ¢eld. A well-known factor that
governs dyke distribution anisotropy in LIPs is
the interaction between the stress generated at
the injection centre and other stress ¢elds, such
as from other injection centres or plate-boundary
processes; this paper illustrates that dyke distri-
bution at regional scale may also be primarily
controlled by basement heterogeneity.
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