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Establishment of the correlation between deep
dynamics and processes observed at the daytime sur-
face is an important fundamental problem of modern
geodynamics. The study of mantle plumes, which are
responsible for volcanic processes and riftogenesis in
different parts of the Earth, occupies a special place in
this problem. The system of rift depressions in East
Africa and the Afar triple junction is the most striking
example of the influence of mantle processes on the
near-surface tectonic activity. The correlation between
mantle dynamics and riftogenesis in this region has
attracted the attention of many scholars around the
world (see, for example, [1]). Quantitative estimates of
pull-apart forces in the lithosphere induced by an
ascending plume are estimated in [2]. These works and
a multitude of other observations demonstrate that rift-
ing in East Africa is caused precisely by mantle pro-
cesses.

The Afar triple junction (ATJ) is a transition case
from continental rifting to oceanic spreading (Fig. 1).
Three branches of divergence of the lithosphere located
at almost equal angles (120

 

°

 

) with respect to each other
are observed around the ATJ. Two branches (the Red
Sea and the Gulf of Aden) are incipient oceans with
prominent spreading zones. The third branch (the Ethi-
opian Rift) is the beginning of a large system of depres-
sions extended along the African continent first to the
southwest and then to the south. The total length of the
East African Rift is more than 2500 km.

At a distance of approximately 700 km from the
ATJ, the rifting is attenuated and then resumes again
along two branches around the Tanzania Craton (West-
ern and Eastern rifts). The Eastern Rift is also called the
Kenya Rift in the literature, while the Western Rift is
called Tanganyika Rift (from the name of Lake Tanga-
nyika). The riftogenesis along the entire length of the

East African Rift is accompanied by active volcanic
processes (see, for example, [3]).

The East African Rift can be divided into two
approximately equal (Ethiopian and Tanzanian) seg-
ments by the topography and volcanic activity (Fig. 1).
Regional rises in these two segments 1000–1500 m
high can evidence that the mantle beneath them is char-
acterized by significant deconsolidation, which pro-
motes the ascent of matter. Usually, these phenomena
are associated with one or two plumes. This is also con-
firmed by the analysis of the composition of volcanic
rocks along the rifts, which point to a significant deep
component of the magmas [4]. The problem whether
the Ethiopia and Tanzania rift systems are independent
or whether they are controlled by one mantle plume is
still open. The geochemical data do not give unambig-
uous solution to this problem. For example, the authors
of [3] state that all volcanoes of the East African Rift
are fed from one plume. On the other hand, the authors
of [5] speak about two independent plumes.

The Afar Plume is clearly seen in all global tomo-
graphic models in the upper mantle [6]. However, the
limited resolution does not allow us to distinguish its
detailed structure in these models. On the other hand,
several experiments were carried out to deploy tempo-
ral seismological networks for conducting teleseismic
inversion based on the runtime of beams from remote
events [7–10]. However, due to political problems,
deployments of the stations were local and only frag-
mentary data were obtained about individual parts of
the plume as a result of these investigations.

The authors of [11, 12] presented the inverse tomo-
graphic scheme (ITS), which is based on the runtimes
of signals from earthquakes located in the study region
and recorded on the global seismological network sta-
tions. In the current work, we describe the results of
applying the ITS in the Afar Plume and East African
Rift region, which allowed us to obtain more detailed
structures of the upper mantle than in the global mod-
els. At the same time, these structures are more inte-
grated than in local teleseismic models.
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DESCRIPTION OF THE DATA
AND ALGORITHM

In this study, we used the data of the International
Seismological Center (ISC) during the period from
1964 to 2001, which contains information about arrival
times of signals from earthquakes at more than 7000
stations of the global seismological network. The
authors of [11, 12] showed that the ITS allows us to
obtain stable structures even in regions without seismic
stations. It should be noted that the presence of stations

within the study region increases significantly the sta-
bility of the solution because this allows us to localize
the events better. Similarly to previous works, inversion
was performed in several mutually overlapping circular
regions, which were later united in one model. We used
a total of five circles located along the axis of the East
African Rift. The radius of four circles was 8

 

°

 

, while
the radius of the fifth circle with the center in the Afar
junction was equal to 9

 

°

 

. The inversion over fragments
is carried out because the optimal operation of the ITS

 

Fig. 1. 

 

The location of the East African rift system and surrounding territories. Topography and bathymetry are given in meters.
Lines with ticks show the edges of the rift troughs. Triangles denote active volcanoes with an age not older than 2 Ma. (ATJ) Afar
triple junction.
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is provided when the lateral size of the study region is
approximately two times greater than the vertical size.

We selected a total of 583 sources located in these
circular regions (Fig. 2). During their selection, the
minimal number of phases was equal to 30 and the min-
imal empty azimuthal segment did not exceed 180

 

°

 

. In
the calculations of the theoretical runtimes, we took
into account the Earth’s ellipticity, the variable Moho
thickness in accordance with the global model, and the
elevation of stations above sea level. A total of ~67 000
P-phases and 6147 S-phases remained as a result of
quality evaluation after localizing the sources. A num-
ber of S-phases more than 10 times smaller (as com-
pared to the P-phases) leads to a significantly lower
level of the S-model resolution, which will be shown in
the synthetic tests.

The details of the inversion algorithm are described
in more detail in [11]. According to this tomographic
scheme, the distribution of anomalies of P

 

-

 

 and

 

 

 

S-seis-
mic velocities is calculated at the nodes of a grid, which
are located at horizontal levels at depths ranging from
50 to 670 km according to the density of beams. The
inversion is performed simultaneously for the distribu-
tion of P- and S-velocity anomalies and parameters of
the sources (coordinates and time in the source).

RESULTS AND TESTING

The results of inversion for models of P- and S-
velocities are shown in the left column of Fig. 3. The
most prominent anomaly is observed in the region of
the Afar triple junction in both P- and S-anomalies at all

 

Fig. 2. 

 

Configuration of the observation system in this work. Dashed circles denote the location of five regions for which indepen-
dent calculations were performed. Gray circles denote earthquakes. Triangles denote recording stations. The sizes of the circles and
triangles reflect the number of phases corresponding to the sources and receivers used in the work.
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depth intervals. At greater depths, this anomaly is seen
as an isometric body with a size of 600–800 km, while
it spreads over a significantly larger territory at smaller
depths. It should be noted that the amplitude of the
anomaly is 2–3 times weaker at greater depths than at
higher sections. However, this hardly reflects the real
relations as will be shown below using synthetic mod-
eling. The lower amplitude at lower sections can be
related to lesser density of beams.

It should be noted that a smaller high-velocity
anomaly can be seen within the dominating low-veloc-
ity anomaly in the region of the Afar triple junction. A
similar structure is also observed in the regions of other
plumes in the spreading zones.

The reliability of this and other distinguished anom-
alies was studied in a series of synthetic tests. The
essence of the tests is in specifying an artificial struc-
ture of seismic inhomogeneities (a chessboard or actu-
ally expected anomalies) and calculation of runtimes in
this model based on the beams used in the real system
of observations. Next, noise with a level close to that
expected in the real data (with dispersion of 0.2 and 0.5 s
for the P-and S-data) is added to the synthetic runtimes.
After calculating the synthetic runtimes, we complete
the inversion procedure (including the absolute local-
ization of the sources) regions. All free parameters for
the inversion were selected the same as in the case of
processing real data.

 

Fig. 3. 

 

Results of inversion of real data and restored configuration of anomalies by means of synthetic modeling. An example is
shown for the P

 

-

 

model at depths of 100 and 500 km.
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Here, we present the results of only one test, whose
objective is in contriving a model that restores the con-
figuration of the anomalies after inversion similar to the
real data observed after inversion. The initial synthetic
anomalies were specified in the form of prisms in three
layers: 30–110 km, 110–250 km, and 250–700 km.
Their configurations are shown in the middle column of
Fig. 3.

The upper layer reflects the lithosphere structure.
Large thick African and Tanzania cratons are presented
by an elevated anomaly (+3%). The head of the Afar
Plume, which merges with the Kenya Plume, is repre-
sented by an anomaly with lower velocities (–4%). A
relatively small hole with zero amplitude is specified
for the P-model within the Afar Plume. In the S-model,
this anomaly remains negative with greater amplitude
than the background value (–5%). In the second layer
modeling the asthenosphere, the model is a high-veloc-
ity root of the African Craton (+3%) and merged heads
of the Afar and Kenya plumes (–4%). In the deeper
layer, two separate plumes of the same shape and
amplitude (–4%) are modeled. The shape and ampli-
tude of the anomalies presented in this model were
obtained as a result of many attempts, which resulted in
gaining the maximal similarity between the results of
inversion of the real and synthetic data. The right col-
umn in Fig. 3 shows the results of restoration. One can
see that all main anomalies are restored correctly, and
the results of the synthetic inversion are similar to the
results of processing the real data shown in the left col-
umn of Fig. 3.

It is worth noting that the amplitude of the restored
anomalies is much lower than the values in the initial
model. The decrease is particularly significant at great
depths. This example points to the problem of ambigu-
ity in determination of the amplitude of anomalies,
which is typical for all types of tomographic inversions.
At the same time, it is possible to estimate the real value
of an anomaly based on the results of this test. For
example, if anomaly –4% at a depth of 400–500 m is
seen as anomaly –1% in the synthetic reconstruction, it
is possible to say that the inverse statement is also cor-
rect. In other words, if we have 1% as a result of inver-
sion of the real data, the amplitude of the anomaly is
4% in the real Earth.

In addition to this test, we also carried out the chess-
board test, which demonstrated a reliable reconstruc-
tion of anomalies with a size of 400 km in the P-model
and 600 km in the S-model.

DISCUSSION

Inversion of the ISC data yielded the upper mantle
pattern of inhomogeneities beneath the Afar triple junc-
tion and East African Rift. The reliability of the
obtained images was demonstrated by means of syn-
thetic testing. A model for interpretation of the obtained
results was contrived (Fig. 4). We suppose that the

dynamics of the East African Rift is determined by the
existence of two plumes: Afar and Tanzania. There are
no grounds to think that these plumes differ principally
in power or size at large depths. In both cases, the size
of these anomalies at a depth of 500 km is approxi-
mately 600 km. It is likely that this value shows the size
of the region heated by the plumes rather than the size
of the plumes. The authors of [13] showed that power-
ful plumes (~100 km in diameter), such as the Afar and
Tanzania plumes, can cause warming and chemical
alterations in a region of ~200 km around the plumes,
which approximately corresponds to the size of the
observed anomalies. Another piece of evidence for the
existence of two separate plumes beneath the East Afri-
can Rift can be seen in the topography of the study
region (Fig. 1). One can clearly see two isometric
domes with similar sizes and amplitudes.

Despite the fact that the Tanzania and Afar plumes
possibly have similar characteristics in the depths, their
influence on surficial processes appears to be princi-
pally different. According to our model, the Afar Plume
reaches the base of the relatively thin lithosphere and
divides it into three segments at an angle of 120

 

°

 

. This
leads to the formation of two spreading zones (in the
Red Sea and the Gulf of Aden) and the Ethiopian rift
system. Judging from our data and other geophysical
data, the Tanzania Plume is rising exactly beneath the
Tanzania Craton, where the lithosphere is expected to
be quite thick. The plume cannot divide this lithosphere
(as at the Afar triple junction) and spreads along its
base. An already weakened plume flows reach the edge
of the craton. Nevertheless, their intensity appears suf-
ficient for the opening of the western and eastern
branches of the East African Rift.

Is this a mere coincidence that the head of the plume
appeared beneath the thick lithosphere of the craton?
The results of numerical modeling [14] demonstrate
that this situation is quite natural. The thick lithosphere
of the cratons attracts ascending flows in the mantle and
initiates the formation of plumes. This means that sim-
ilar processes can also occur beneath other cratons, for
example, the Siberian Craton.

An interesting feature is observed within the Afar
Plume in the form of a local high-velocity anomaly.
Three alternative hypotheses can be suggested to
explain this anomaly. According to the first hypothesis,
high velocities at the axis of the plume are explained by
anisotropy. The beams, which predominantly propagate
along the vertical direction in our observation system,
appear faster in the area of maximal velocity of matter
ascent in the plume due to the dominating vertical ori-
entation of olivine crystals in the plume. According to
the second hypothesis, high velocities in the plume are
caused by the ascent of abyssal matter, which has a dif-
ferent (higher velocity) composition. The third hypoth-
esis is based on the supposition about the existence of a
reverse descending current in the plume put forward by
N.L. Dobretsov and A.G. Kirdyashkin in [13, 15].
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Thus, based on physical modeling, we demonstrated
the possibility of descending motions of colder matter
in the ascending plume center. It is possible that pre-
cisely this process is observed in the obtained tomo-
graphic images.
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Fig. 4. 

 

Scheme for interpretation of the structure under the East African Rift. The inset shows a chart of the region with the approx-
imate location of the profile (heavy dashed line), for which the scheme is shown. (ATJ) Afar triple junction; (TC) Tanzania Craton.
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