Lamessa et al. Geoenvironmental Disasters (2019) 6:16 Geoenviron menta| Disa sters
https://doi.org/10.1186/540677-019-0131-y

RESEARCH Open Access

Check for
updates

Homogenized earthquake catalog and b-
value mapping for Ethiopia and its
adjoining regions

Geremew Lamessa @, Tilahun Mammo and Tarun KRaghuvanshi

Abstract

The Ethiopian rift which is part of East African Rift system passes through the middle of the country making it one
of the most seismically active regions in the world. Thus, significant and damaging earthquakes have been reported
and recorded in the past in this region. A homogeneous earthquake catalog is of basic importance for studying the
earthquake occurrence pattern in space and time and for many engineering applications including assessment of
seismic hazard, estimation of peak ground accelerations and determination of long-term seismic strain rates.

The first earthquake catalogue for Ethiopia was prepared by Pierre Gouin and later, different authors attempted to
compile a catalogue using different time period intervals and different earthquake magnitude scales. The b-value
mapping and its implication never done for Ethiopia and its environs. The main purpose of the study is therefore
first compile and homogenize earthquake catalog of Ethiopia including Read Sea and Gulf of Aden regions into
Moment magnitude Mw scale through completeness analysis in time and magnitudes. Secondly, mapping b-values
for different Seismgenic regions and understand its implications for magma induced Seismicity in the regions.
During the present study, a new homogenized earthquake catalog in moment magnitude scale (Mw), covering
about 3814 events is prepared for Ethiopia including Red sea and Gulf of Aden regions. The present study area is
bounded within Latitude (4°N —20%N and Longitude (34°N — 48N E and have a magnitude range of Mw (3.0-7.1)
with a total coverage period of 56years (1960 to 2016). The catalog has been analyzed for magnitude
completeness (Mc) using Gutenberg’s Frequency Magnitude Distribution law and it is found to be complete
respectively for Mc 2 4.6+ 0.03, Mc 2 4.6+ 0.03, Mc 232, Mc 2 3.1 and Mc 2 5.1 for Afar including red sea and Gulf
of Aden, Afar rift and Dabbahu Volcano, Northern, Central, and Southern Main Ethiopian Rifts. Further, the
corresponding average b-value of the regions Afar including Red Sea and Gulf of Aden, Afar and Dabbahu Volcano
separately, Northern Main Ethiopian Rift, Central Main Ethiopian Rift and Southern Main Ethiopian Rift respectively
are estimated to be 1.17 £0.05, 1.15 + 0.05, 0.843, 0.826 and 1.03 with respective period of completeness from 2003
to 2014, 2005 to 2014, 2001 to 2003, 2001 to 2003 and 1960 to 2016 for the regions. Later, mapping of the b-values
in the Gutenberg-Richter relation from the newly developed catalog was performed by binning the regions into
minimum of 0.05°x0.05° for Afar and Dabbahu region, 0.1%0.1° for Main Ethiopian rifts and 0.2°0.2° for the other
regions. Thus, the b-value characteristics of various seismogenic zones within the area have been discussed. Hence,
in this study, we clearly observed that magma chamber movement including mapping of volcanic centers and
magmatic segments are mapped using b-values.
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Introduction

The Ethiopian rift System which is part of East African
Rift system passes through the middle of the country
making it one of the most seismically active regions in
the world. Thus, significant and damaging earthquakes
have been reported and recorded in the past in this
region. Of these, the 1906 Langano earthquake with
magnitude 6.8 (mb), the 1961 Kara Kore earthquake
magnitude 6.4(mb) which caused damage to manmade
structures (destroyed the town of Majete) and alterations
in the landscape, and the 1969 Serdo earthquake magni-
tude 6.5(mb) are significant ones (Kebede 1996).

For understanding of Seismicity of a region, the know-
ledge of the geological history and detailed interpretation
of the resulting structure are important. Studies indi-
cated that the result of geodynamic and geomorphic
processes shaped Ethiopian territory since the Oligocene
(Abbate et al. 2015). These processes were activated by
the impingement of plumes under the Afro- Arabian
continental crust. The plume action contributed the rise
to extrusion of huge amounts of magma, uplift, and frag-
mentation of the continental crust and contributed to
the birth of the Red Sea, Gulf of Aden, East Africa Rift
valley, and the adjoining Afar depression.

The accommodating laboratory for understanding in-
active brim processes, continental disintegration, and the
first stages of oceanization is the Eastern Africa Rift in
general and the Afar region, as an contestant for the for-
mation of a new oceanic crust in particular (Barberi and
Varet 1977; Abbate et al. 2015 and reference therein).

According to Bonini (2005), the East African Rift Sys-
tem (EARS) is a region of continental breakup marking
the incipient plate boundary between Nubia and Somalia
plates from Djibouti to Mozambique. In the EARS, the
Main Ethiopian Rift denotes the connection region be-
tween the Afar triple junction and the Kenya Rift regions
where extensional deformation nucleated as early as late
Oligocene-early Miocene times (Ghebreab 1998; Bellah-
sen et al. 2003; Morley et al. 2007). EARS’ has a complex
structural pattern consisting of rift segments with time-
space tectonic evolutions that are apparently different
one from each other. Three main physiographic prov-
inces characterize the Ethiopian region: the highlands,
represented by the Ethiopian and Somali plateaus, Afar
depression and the MER (Fig. 1).

The Ethiopian Rift extends for about 1000 km in a NE-
SW to N-S direction from the Afar depression, at the Red
Sea—Gulf of Aden junction, southwards to the Turkana
depression (Corti 2009) accompanied by serious of
boarder faults and volcanoes along the rift (Fig. 1).

The seismically and volcanically active main Ethiopian
rift is one of few places worldwide where rift evolution
from broadly distributed to focused strain can be tracked
(Ebinger and Casey 2001).
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As built up environments, Engineering structures, and
human development activities increase in areas close to
and within the Ethiopian rift System, it is expected that
the damage on property and loss of human life due to
seismic hazard will increase very significantly (Samuel
Kinde et al. 2011). Further, the largest and most expen-
sive infrastructure projects are in the seismically active
prone regions in the country.

Several magnitude scales are used in earthquake cata-
logues compiled by seismological centers all over the
world to give a measure of the “size” of the earthquakes
for better analysis of seismic Hazard. However, these
scales do not behave uniformly for all magnitude
ranges. Another defect is that the Ms., mb, Mp and Mg
scales exhibit saturation effects at different levels for
large earthquakes. Both these limitations could result in
under- or over-estimation of the earthquake magni-
tudes and therefore, Kanamori (1974); Hanks and
Kanamori (1979) proposed the moment magnitude
scale, My, directly connecting the seismic moment
with the earthquake magnitude, resulting in a uniform
behavior for all magnitude ranges. This definition turns
My into the most reliable magnitude accurately de-
scribing the size of the earthquakes. Due to the advan-
tages of the Mw magnitude scale, it is preferred to
compile earthquake catalogs with all magnitudes
expressed in this unified scale M,, for the purpose of
seismic hazard assessment and other important seismo-
logical problems having engineering applications (Das
and Sharma 2011).

Besides, one of the basic seismological parameters
used to describe an ensemble of earthquakes is the b-
value in the Gutenberg-Richter frequency-magnitude
relation which demands the Homogenized earthquake
catalog in moment magnitude scale. In addition, b-
values beneath volcanoes have been investigated by
numerous scientists. Various studies conducted by
Wiemer and Benoit (1996), Wiemer and Wyss (1997),
Wyss et al. (2001), Murru et al. (2007) and Cauzzi et al.
(2016) came to the conclusion that b-values is promising
method to spatially map or model magma chambers
beneath the volcanoes. Meanwhile, it is accepted among
scientists that elevated b-values in the proximity of a
volcano can be used to model the magma chamber.

Furthermore, Complete and Homogenized earthquake
catalogues are necessary for the study of earthquake be-
havior, b-value mapping, designing earthquake resistant
structures and understanding geodynamic process asso-
ciated with earthquakes (Talukdar 2014).

Historical and even instrumental data records are by
their nature are incomplete due to lack of earthquake
recording instruments during early days of earthquake
occurrence and sparse distribution of the instruments in
later time (Das and Sharma 2011). Besides, Gutdeutsch
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Fig. 1 Tectonic setting of the study region; Colored and shaded relief map of some parts of East African Rift system. Red triangles show
volcanoes from the Global Volcanism Program (2013). The East African Rift system separates the Nubian and Somalian plates to the west and east
of the rift, respectively. The Arabian plate is separating from Nubia and Somalia with the triple junction at Afar region. The yellow doted curved
line indicates the Tendaho-Goba'ad Discontinuity. The black lines indicate Normal and Boarder faults. WBF-Woniji Fault Belt, BF- Boarder Faults

and Hammerl (1999) discussed the reasons for incom-
plete historical earthquake data.

The first earthquake catalogue for Ethiopia was pre-
pared by Pierre Gouin (1979). Later, Ayele (1995)
attempted to compile a catalogue from 1960 to 1993 for
the Horn of African region by using body wave magni-
tude. Both catalogues have used variety of earthquake
magnitude scales particularly the latter one was in body
wave magnitude scale that makes it difficult to use them
for any reliable seismic hazard assessment studies. How-
ever, the present study compiles different events of various
magnitude scales in one homogenized catalog, expressed
in terms of one standard scale, i.e. moment magnitude,
My Therefore, the purpose of the present study was
firstly to prepare unified Earthquake catalog for Ethiopia
and hence generate improved earthquake Catalog for the
country through analysis of its completeness (in time and
Magnitude). Secondly, present study also focused on com-
puting and mapping of b-Values for the rifts of Ethiopia;

Afar rift (including Red Sea and Gulf of Aden), Afar rift
and Dabbahu Volcano separately, Northern Main Ethiop-
ian Rift (NMER), Central Main Ethiopian Rift (CMER),
Southern Main Ethiopian Rift (SMER) (Fig. 2) and from
homogenized catalog moment magnitude Mw. Present
study attempts to combine spatial and temporal variations
in b-value. The combination of both results might be
another tool which seismologists could use to monitor
volcanoes and Earthquakes.

Methodology

Seismic data sources

Parametric Earthquake data of Ethiopia and its adjoin-
ing regions was compiled in the range of (4°-18°) Lat
and (34°-48°) Lon for magnitude range 3-7, depth 0-
60 km, magnitude type -mb, ms, Mw, M;, Mp. For
present study about 7000 Earthquake events of the
country and its environs were compiled from 1900 to
2016 (116 years).
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Fig. 2 Seismicity Map of Ethiopian Rifts (Including Red Sea and Gulf of Aden rifts) from the new catalog. The legend color bar on the right
bottom of the map indicates the Hypocenteral depths variations of Earthquake. The rectangular legend on the top right of the map indicates the
size of the of the Earthquakes magnitude’s ranges in Moment magnitude scale in the regions
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The earthquake information gathered for each event in
the database consists of the earthquake date, epicentral
coordinates, earthquake magnitude in various scales mo-
ment magnitude (Mw)-very few, surface-wave magnitude
(Ms), body-wave magnitude (my), duration magnitude
(Mp), and local magnitude (Mp)) and depth. In order to
compile the earthquake data for a new seismic catalogue
of Ethiopia, all the accessible national and international
seismological data banks were used. There are some
sources of data utilized from works done by Gouin
(1970, 1979); Ayele (1995); Kebede (1996); Kebede and
Asfaw (1996); Ayele and Kulhdnek (1997); Keir (2006);
Ayele et al. (2007) on historic and instrumental earth-
quakes of Ethiopia and its environs.

Furthermore, the instrumental data were compiled from
Institute of Geophysics Space Science and Astronomy
(IGSSA), Addis Ababa University, International Seismo-
logical Centre (ISC)-the ISC Bulletin (Data retrieved from

the ISC web site 2015) contains data from 1900 to the
present day, National Earthquake Information Center
(NEIC)- recorded earthquakes from 1973 to the present,
EHB, Bob Engdahl- EHB Bulletin (Data retrieved from the
ISC web site 2015) conatains data available for the period
1960 to 2006, and Global Centroid Moment Tensor Cata-
log (GCMT) (Online data from 1976 up to the present.
Later, all necessary corrections and catalog complete-
ness check has been made, a homogenous Earthquake
catalog of Ethiopia and the adjoining regions has been
prepared. There after the b-values and b-value maps for
respective regions have been computed and prepared
respectively. Besides, declustering has been applied to
remove fore shock and after shock events to prepare
the new homogenized catalog. Hence, Reasenberg
(1985) declustering algorithm was used which has been
very popular among the seismological communities.
Even, Stiphout et al., (2012) and Wiemer (2001) have
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considered only the algorithm of Reasenberg (1985) in
the latest Zmap of Seismicity analysis. Even though the
old version of the Zmap considers Reasenberg (1985)
and Gardner and Knopoff (1974) including others
declustering algorism like Uhrhammer (1986). The
latest Zmap version for Seismicity analysis considers
Reasenberg (1985).

Estimating moment magnitude mw from magnitudes (m,,
Ms, Mp and M,) scales

The earthquake magnitudes were previously reported in
different magnitude scales namely; body wave magnitude
mb, surface wave magnitude Ms., local magnitude ML
and Duration magnitude MD. In the present study mo-
ment magnitude scale Mw has been derived by regres-
sion relations after performing all necessary corrections
and by making all relevant catalog check.

Scordilis (2006) checked that m;, and Mg as reported by
ISC were found to be equivalent to mb and M, of NEIC
with the help of least square fit by taking globally occurred
earthquake data. Accordingly, the m;, and Mg data set
taken from ISC has been used in the present study.

To convert my, Ms, My and Mp in to moment magni-
tude Mw different global empirical relations developed
by different authors (Scordilis 2006; Akkar et al. 2010;
Das and Sharma 2011; Karimiparidari et al. 2013;
Kadirioglu and Kartal 2016) have been used and com-
pared with the existing mb-Mw and Ms-Mw pairs of
data compiled from Global Centroid Moment Tenser
(GCMT) having 133 and 119 events for mb-Mw and
Ms-Mw pairs respectively. The regression relations for
the conversion of my, Mg, M; and Mp into moment
magnitude Mw for the present study are:

m,, conversion into M,
The empirical relation for M,-mb pairs according to
Scordilis (2006);

MW = 0.85(+0.04)mb + 1.03(+0.23), 3.5<m,<6.2, R*
=0.53,0 = 0.29, n = 39,784,

(1)

The empirical relation for M,, -mb pairs according to
AKkkar et al. (2010);

MW = 1.104(=£0.03)mb-0.194(+0.16), 3.5<mb<6.3,
(2)

The empirical relation for M,, -mb pairs according to
Karimiparidari et al. (2013),
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M,, = 1.572622(+0.022)mb-3.071216
(£0.092),3.1<mb<6.0,RMSE = 0.47

(3)

The empirical relation for M, -mb pairs according to
Das and Sharma (2011);

mb—(1.65 + 0.2)

M, =———— =
0.65 + 0.003

=0.54,0 = 0.27,n = 23,245

,2.9<mb ISC<6.5, R?

(4)

The Moment magnitude M,, is not directly available
in GCMT data bank but the seismic moment (Mo) is
observed in GCMT. Then, MW is computed from Mo
for the corresponding (mb-Mw pairs) using Eq. (5);

3
M, =7 Mo-107,n =133 (5)

M,, = 0.6880mb + 1.86,3.1<mb<6.5, R?
=0.99,n = 133 (OLS)

M,, = 0.834mb + 1.181,3.1<mb<6.5, R?
=0.99,n = 133(OR)
(7)

Ms conversion into M,,
The empirical relation for M,-Ms pairs according to
Scordilis (2006)

M,, = 0.67(£0.04)Ms + 2.07(+0.03),3.0<M,<6.1, R?
=0.77,6 = 0.17,n = 39,784
(8)
The empirical relation for M,,-Ms pairs according to
Akkar et al. (2010)
M,, = 0.571(40.02)Ms + 2.484(+0.11),3.0< Ms 5.5,
)
Mw = 0.817(4+0.03)Ms + 1.176(+0.18), 5.5 < Ms<7.5,
(10)

The empirical relation for M,,-Ms pairs according to
Karimiparidari et al. (2013),

M,, = 0.623642(+0.015)Ms + 2.289902(=+0.076),
3.0sMs<6.1, RMSE = 0.19
(11)

The empirical relation for M,,-Ms pairs according to
Das and Sharma (2011)
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M,, = 0.67(£0.00005)Ms + 2.12(40.0001),
3.0<sMs<6.1,R?> = 0.83,0 = 0.12, n = 24,807
(12)
M,, = 1.06(£0.0002)Ms + 0.38(40.006),
6.1<Ms<7.4,R> = 0.89,0 = 0.16,n = 2,250
(13)

The empirical relation for M,-Ms pairs according to
Kadirioglu and Kartal (2016)

M,, = 0.59(+0.03)Ms + 2.46(+0.12),
3.0<Ms<6.1,R? = 0.80, RMSE = 0.18, n = 405
(14)

Mw = 0.92 (£0.14) x Ms + 0.51 (£0.9),
6.1<Ms<7.4,R* = 0.86, RMSE = 0.15,n = 32
(15)

From observed Mg for respective Mw, the regression
relations were developed and are presented by Egs. 16
and 17.

M,, = 0.506Ms + 2.943,3.1<Ms<6.5,
R* =0.99,n = 119(OR).

M,, = 0.351Ms + 3.666,3.1 <Ms<6.5,
R* =0.99,n = 119(OLS).

(17)

M, conversion into M,,

Since observed M data is not available for the corre-
sponding Mw from GCMT catalog for the country, it is
not possible to make any comparison with previous
works for the validity of conversion from M to Mw. Ac-
cordingly, Karimiparidari et al. (2013) relation was used
for conversion from M to Mw. The procedure used for
the conversion by Karimiparidari et al. (2013) is first to
see the relation between My (Nutili Magnitude) and M.
Therefore, he has developed a relationship between My
(Nutili Magnitude) and My, with Eq. (18).

My = 0.90 (£0.03) x My + 0.51 (£0.13),2.7<ML<6,
R* = 0.78, RMSE = 0.15,n = 856
(18)

This equation is valid within the magnitude range
of 2.7<Mj <6. The relationship is reliable with the
RMSE =0.23 and R*=0.78 and this resulted in select-
ing the equation than the rest for the conversion.
Hence, in order to convert My to My when only the
M, magnitude is known, as in the present case, first
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M, is converted into My by using Eq. (18) and later
My is converted into My by using Eq. (19) (Karimi-
paridari et al. 2013)

My = 0.67 (£0.09) x My + 1.73 (£0.43),
3.5<My<6.3,R> = 0.79, RMSE = 0.2,n = 67
(19)

Finally, by using Eq. (19), the M| magnitude events
were converted into Mw for the catalog developed dur-
ing the present study.

Mp conversion into M,,

Like M; conversion into Mw as discussed above, the ob-
served Mp was also not available for the corresponding
Mw from GCMT catalog for the country. Therefore, it
was not possible to make any comparison for the validity
of conversion from Mp to Mw. However, it was
attempted to review literatures to be used as conversion
relations. Akkar et al. (2010) conversion equation (20) is
relatively good R*> and RMSE, hence this relation was
used for conversion of Mp into My

My = 0.764 (+£0.04) x Mp + 1.379 (£0.2),
3.7<Mp<6.0,R? = 0.7, RMSE = 0.2, = 673.2
(20)

Mapping b-values

Once the catalogue is homogenized and completed in
time and magnitude in Moment magnitude M,, scale at
hand, b-values are calculated and mapped for selected
regions using Zmap developed by Wiemer (2001). There
are different ways to calculate b-values, most commonly,
the maximum likelihood method by Aki (1965) is used
for calculating b-value Therefore, in the present study,
the maximum likelihood method is used with Bootstrap-
ping which has shown to be a robust and unbiased esti-
mation in most of the cases (Wiemer and Wyss 1997)
for computation of b-values for respective regions. For
an earthquake catalogue with mean magnitude Mean
and cutoff magnitude MC or the minimum magnitude
(Mpin) of the given sample the maximum likelihood
gives;

b= logy, (3)/ (21)

(Mmean_MC)
Shi and Bolt (1982) provided an improved formula to

calculate the standard error of the magnitude-frequency
b value by equation (22)

5 — 2,306 | 2t Mim(M))*

n(n-1) (22)
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where ‘n’ is the sample size. 'db" in these calculations
tends to underestimate the true standard deviation of ‘b’
because it assumes a correctly determined magnitude of
completeness MC and a complete catalogue.

The number of earthquakes increases with decreasing
magnitude. This size distribution of earthquakes in a
seismogenic zone can often be described by a power law
relationship. The earthquake frequency-magnitude
distribution (FMD) describes the relationship between
the frequency of occurrence and the magnitude of
earthquakes (Ishimoto and Iida, 1939; Scordilis 2006).

The power law equation is given as equation (23)

logN = a-bM (23)
where N: the cumulative number of earthquakes with
magnitude greater or equal than M. a and b are parame-
ters that describe the FMD. The parameter a describes
the productivity of the volume, and b, the slope of the
frequency-magnitude distribution (FMD), describes the
relative size distribution of events. This relationship is
only valid down to the magnitude of completeness, Mc.
Mc denotes the lowest magnitude at which 100% of the
events in a space-time-volume are detected (Woessner
and Wiemer 2005; Nasir et al. 2010; Alamilla et al
2014).

For b-value and b-value mapping in the present study,
a homogenized catalog into moment magnitude scale
Mw with high quality data set during the period 1960—
2016 were used (Fig. 2). The distribution of b-values and
its spatial changes was mapped by using a grid of 0.2° x
0.2° for time period of 2003—2014 with Mc = 4.6 for Afar
region including Red sea and Gulf of Aden rifts. Further,
the b-value was computed for both Afar and Dabbahu
volcano separately by using the grid size of 0.05° x 0.05°
for a complete time period of 2005-2016 with Mc value
of 4.8. Besides, the b-value map for NMER is computed
with grid size of 0.1° x 0.1° for a time period of 2001-
2003 with Mc value of 3.2. Similarly, the b-value for
CMER is mapped by using a grid of size 0.1° x 0.1%or a
time period of 2001-203 with Mc value of 3.1. Finally,
the b-value map for SMER was computed with a grid
size of 0.1° x 0.1° for a time period of 1960-2016 with
Mc value of 5.1. The four regions that were considered
and discussed above are shown in Fig. 2 (SMER, CMER,
NMER and Afar Rifts and Dabbahu MS(including Red
sea and Gulf of Aden Rifts)).

Magnitude of completeness mc

Accurate knowledge of Mc is essential for mapping out
a variety of different seismicity parameters such as ‘@’
-and b-values, it is recommended to estimate Mc as pre-
cisely as possible in order to maximize the number of
events in the catalogue while at the same time not
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assuming a too low value for the magnitude of com-
pleteness so as not to lower the b-value too much.

Woessner and Wiemer (2005, 2005) have compared
different methods on how to obtain the best possible
value for MC. The details of the different methods such
as EMR-Method (Entire Magnitude Range), Maximum
curvature (MAXC), Goodness of-fittest (GFT), etc. are
described in great detail by Woessner and Wiemer,
2005, b). In the present study, the MAXC method was
used to evaluate Mc for different regions with their
respective complete catalog in time and magnitude
throughout the study.

Results and discussions

Results

Homogenized earthquake catalog of Ethiopia and its
environs (1960-2016)

The empirical magnitude conversion equations for mb
vs Mw presented in this study (see equations (6, 7)) are
compared with the previously developed magnitude
conversion equations (1, 2, 3, 4) respectively by different
authors (Scordilis, 2006; Akkar et al, 2010; Das and
Sharma, 2011; Karimiparidari et al., 2013).

The comparisons are given in Fig. 3(a) for mb into
Mw conversions.

Similarly, the empirical magnitude conversion equa-
tions for Ms. vs Mw presented in this study (see equa-
tions (16, 17)) are compared with the previously
developed magnitude conversion equations (8, 9, 10, 11,
12, 14, 15) respectively by different authors (Scordilis,
2006; Akkar et al, 2010; Das and Sharma, 2011;
Karimiparidari et al., 2013; Kadirioglu and Kartal (2016).
The comparisons are given in Fig. 3(b) for Ms. into Mw
conversions.

The residual graphs are presented in Fig. 4(a) Residual
graphs for Mw (obs) - Mw (est) Scordilis (2006) to mb,
(b) residual graphs for Mw (obs)-Mw (est) to mb by Or-
dinary Least square (OLS) from this study, (c) mb vs
Mw (observed), (d) Mw (obs)-Mw (est) to mb by OR
from this study and Fig. 5(a), Ms. vs Mw (observed) (b)
residual graphs for Mw (obs)-Mw (est) to Ms. by OR
from this study, (c) Mw (obs)-Mw (est) to Ms. by OLS
from this study, and (d) Residual graphs for Mw
(obs) - Mw (est) Scordilis, 2006 to Ms.

It should be noted that the M} and Mp, estimates gen-
erally depend on the information disseminated by local
seismic agencies. In addition, observed My and Mp were
not available for the corresponding Mw from GCMT/
HRVD catalogue for the country, therefore it was not
possible to make any comparison for the validity of con-
version from M; and Mp to Mw. However, relations
proposed by Karimiparidari et al. (2013) was used to de-
velop conversion from M to Mw by using equation (18,
19). Relation proposed by Akkar et al. (2010) on the
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Fig. 3 (a) Result comparison MW versus my, of this study and obtained by (Scordilis, 2006; Akkar et al,, 2010; Das and Sharma, 2011; Karimiparidari
et al, 2013) (b) Result comparison MW versus Ms of this study and obtained by (Scordilis, 2006; Akkar et al., 2010; Das and Sharma, 2011;
Karimiparidari et al, 2013; Kadirioglu and Kartal, 2016)
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other hand which has relatively good R* and RMSE, were
used for the conversion of Mp to My by using equa-
tions (23, 24).

B-value maps of Ethiopian rifts including Red Sea and Gulf
of Aden

Afar rift including Red Sea and Gulf of Aden In the
present study, b-values were computed, and b-value
maps were prepared for Ethiopian rifts (including Red
sea and Afar Rifts). Further, Seismicity map of the re-
gions were prepared using the homogenized catalogue in
Moment magnitude scale and the new seismicity data
for respective regions Figs. 2 and 6(a-f).

The seismicity parameters(Mc, a and b-values), the
horizontal slices and the 3D b-value distribution maps
for the Afar including Red Sea & Gulf of Aden Rifts have
been determined The seismicity parameters such as the
average a and b - values for this region respectively are
a=8.29 and b-value=1.17 + 0.05. The magnitude of
Completeness (Mc) is equal to 4.6 +0.03 and the period
of completeness is from 2000 to 2014 (see Fig. 6(a-f))
and the Seismicity distribution / Commutative verses
time following Gutenberg’s law indicating that it is
complete.

The middle portion of southern Red Sea at both
depths 12 km and 28 km, are characterized by very high
b-value of about 2.0 + 0.05(see Fig. 7(a and b)) and the
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3D b-value map (Fig. 7(c)) confirms that the high char-
acteristics of b-value in the middle portion of southern
Red Sea extends beyond the depth of 20 km. The North
Red sea has relatively less b-value than that of the south-
ern region and is about 1.2. This shows the Red Sea re-
gion is divided in to two seismic sources. From the b-
value and Seismicity distribution points vie it is observed
that the northern part of the southern red sea has differ-
ent b-value features than the middle part of the Red sea
as indicated in Fig. 7(a and b).

In Afar rift there are areas where b- values are high
and low. The central Afar region has relatively normal
b-value of about 1. However, in the south-west Afar re-
gion and the north-east of Afar region has high b-value
of about 1.5. The Gulf of Aden Rift has b-value in the
range of 1.1 to 1.2 which is the elevated b-value in the
region.

Afar rift and Dabbahu volcano Afar rift and Dabbahu
volcano were investigated by using 3D b-value map sep-
arately to see the relationship between the b-value and
the tectonics of the magma induced seismicity in the rift.
The spatial and temporal variations in the distribution of
seismicity and stress accumulation are characterized by
b-values for the Afar rift (Fig. 8(a)-(d)) and the Dabbahu
volcano separately (Fig. 9(a-e).

From Fig. 8(d), under the Dabbahu, Hararo, Erta’ale,
Asel volcanoes and other yet two unknown magmatic
segments (MS) have high b-values (1.25-1.8). Imme-
diately under the Dabbahu volcano, it is clearly seen that
the b-value is very high and is about 1.8.

With the same seismicity parameters for the Afar rift
but different grid size of 0.05°%0.05° a separate 3D map
of b-values is developed for Dabbahu volcano with
respective 2D b-value slices as shown in Fig. 9(a-e).

NMER The Seismicity map, magnitude of completeness,
average values of Seismicity parameter(a and b-values)
and variations of b-value with time in years for the
NMER are shown in Fig. 10(a-e).

The seismicity parameters such as average a and b-
values for this region respectively are a = 4.0, b-value =
0.702 + 0.07. The magnitude of Completeness (Mc) = 3.1
and period of completeness is from 2001 to 2003.This
shows the Seismicity distribution /Commutative versus
time follows Gutenberg’s law showing that it is complete
as shown in Fig. 10(a-e). The b-value depth slices of the
NMER at depth of 0.1km, 5km, 7km and 15k are
shown in Fig. 11(a-d) respectively. The 3D map of
the b-value of the NMER is shown in Fig. 11(e).

CMER Seismicity map, Cumulative number of events vs
time-straight-line trend, Magnitude of Completeness
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bootstrapping: b-value=1.17+/-0.05, a-value
(annual)=7.15 and Mc=4.6+/-0.03

with time, b-value variation over the magnitudes in Mw
scale, ni =80, Mmin = Mc = 3, average values of seismi-
city parameters(a, b values and Mc). Depth slices and 3D
map of b-value for CMER at depth of 0.1 km, 7 km, 15
km and the 3D b-value map showing the features in 3D
of the Central Main Ethiopian Rift (CMER) are shown in
Fig. 12(a-i) respectively. The Central MER is bounded by
the Yerer-Tullu-Wellel volcano-tectonic lineament to
the north and the Goba—Bonga lineament to the south
(see Fig. 13). It is also bounded to the east and west by
fault escarpments.

The major magmatic segments in CMER are shown in
Fig. 12(f-i). Some of these are Aluto MS, Aluto-Gedemsa

MS and Boset-Kone MS and the Guraghe boarder fault
(GBE).

The high b-value signatures were observed at 0.1
km depth beneath all the magmatic segments men-
tioned above and Guraghe BF, however there is no
high b-value signature beneath Aluto-MS and is
slightly seen at this depth Fig. 12(f). At 7km depth
Fig. 12(g) beneath all mentioned features above ex-
cept the Guraghe BF indicates high b-value anomaly.
The high b-value anomaly is started to diminish be-
neath Guraghe BF. At 15km depth the major mag-
matic segments in Fig. 12 except the Guraghe BF.
The Boset -Kone MS is increased in width and length
and becomes continuous till this depth but it was
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discontinuing between 0.1 and 7 km slice depth, the
Guraghe BF is not observed well at this depth.

SMER The seismicity parameters for the SMER such as
the average a and b- values for this region respectively
are a=6.9, b-value =1.03 and the magnitude of Com-
pleteness (Mc) = 5.1 Fig. 14(c). The period of complete-
ness is from 1960 to 2016 shows the Seismicity

distribution /Commutative versus time follows Guten-
berg’s law showing that it is complete Fig. 14(b).

The high b-value signatures were observed throughout
the depths between 0.1km to 35km dipping in South
East- south west and north of SMER with high b-values.
The central part of SMER has relatively normal(b-
value = 1) and low b-value near the volcano represented
in the map. At 0.1 km depth, the high b-value is very
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close and to the north of the volcano represented in the
map.

Discussions

Homogenized catalog of Ethiopia and its environs

In both mb and Ms conversion into Mw relationships,
estimates by Scordilis (2006) approach yielded results
that are closer to the orthogonal regression (OR) rela-
tionships of the results of the present study (see Fig. 3(a-
b)). This also confirmed by the residual graphs presented
in Fig. 4(a) Residual graphs for Mw (obs) - Mw (est)
Scordilis, 2006 to mb, (b) residual graphs for Mw (obs)-
Mw (est) to mb by Ordinary Least square (OLS) from
this study, (c) mb vs Mw (observed), (d) Mw (obs)-Mw

(est) to mb by OR from this study and Fig. 5(a), Ms. vs
Mw (observed) (b) residual graphs for Mw (obs)-Mw
(est) to Ms. by OR from this study, (c) Mw (obs)-Mw
(est) to Ms. by OLS from this study, and (d) Residual
graphs for Mw (obs) - Mw (est) Scordilis, 2006 to Ms.

The scatters plots in Fig. 4(b and d) almost show
closer results but Fig. 4(d) in random variations sug-
gests unbiased estimations of Mw from mb magnitude
scales than Fig. 4(b). The orthogonal regression (OR)
relation developed for the observed data of mb-Mw
pairs agrees well with the work of Scordilis (2006)
regression.

In the same way the scatters plots in Fig. 5(b) show
the same results with the Scordili’s Fig. 5(d) than the
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Depth: 12 km

Fig. 9 Dabbahu Volcano: The depth Slices of b-value at depth of: (@) 0.1 km (b) 2 km (c) 6 km (d) 12 km (e) 3D b-value map of the Dabbahu
Volcano, we can see the migration (depth and lateral variation) of the magma chambers beneath the Dabbahu Volcano showed in DEM on top
indicated by the high b-values, the red symbol(-)showed in this map is the EQ events
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residual plot of Fig. 5(c) indicating the random variations
suggests unbiased estimations of Mw from Ms. magni-
tude scales than Fig. 5(b).

In case of Ms. vs. Mw relationship, estimates by Scor-
dilis (2006) yield closer results to this study of the
orthogonal regression relationships. This is also con-
firmed by the residual graphs Fig. 4d and are close to
zero residuals than residuals in OLS Fig. 4b. In the case
of Ms-Mw pairs regressions Fig. 3(b) and residuals and
Fig. 5(b) of the OR than OLS Fig. 5(c) is again in good
agreement with Scordilis (2006). On the other hand, the
relationship proposed by (Akkar et al, 2010; Das and
Sharma, 2011; Karimiparidari et al., 2013; Kadirioglu and
Kartal, 2016) for both MW-mb and Ms. pairs has calcu-
lated slightly lower MW estimations when compared to
the present study results and the estimations by Scordilis
(2006) relation.

It should be noted that the My and Mp, estimates gen-
erally depend on the information disseminated by local
seismic agencies. In addition, observed My and Mp were
not available for the corresponding Mw from GCMT
catalogue for the country, therefore it was not possible
to make any comparison for the validity of conversion
from M; and Mp, to Mw.

However, relations proposed by Karimiparidari et al.
(2013) was used to develop conversion from M to Mw by
using equation (18) and (19). Relation proposed by Akkar
et al. (2010) on the other hand which has relatively good
R? and RMSE, were used for the conversion of Mp, to My,
by using equations (23) and (24). Therefore, using above
regression relations, about 3814 earthquake events were
left as a new Homogenized Earthquake catalogue of
Ethiopia and its environs during the last 56 years (1960—
2016) with a magnitude of >3Mw, showing a consistent
pattern of cumulative rate changes. In the present study, it
has also been confirmed that the Orthogonal regression
relations are stronger relations than OLS for the earth-
quake magnitude conversions.

b-value characteristics of Ethiopian rifts including Red Sea
and Gulf of Aden

Afar rift and Dabahu magmatic segment including Red Sea
and Gulf of Aden

The Northern and Southern portions of the southern red
sea do have unique character of larger earthquakes (in
1967, Mw = 6.1, 6.2 and Mw = 6.7 in same year and 1993,
Mw = 6.7) that agrees well from the b-value characteristics
of these regions. These two regions have unique b-values.
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Fig. 11 Depth Slices of b-values for NMER at depth: (a) 0.1 km, (b) 5km (c)7 km (d) 15 km (e) 3D map of b-value with red dot posted over it
showing earthquake events in Moment magnitude Mw 2 3.0 within the specified period of completeness Fig. 10(b). The black horizontal and
vertical lines are indicated respectively by Ambo lineament and Ankober boarder faults

The Northern Region of Southern red sea has lower b -
value of about 1.1 and Southern portions has higher b-
value equal to about 1.5.(see Fig. 7(a and b)). This implies
large proportion of smaller number of magnitude of

earthquakes are more concentrated in the Northern por-
tion than in the southern portion of the red sea, that had
only one large earthquake of magnitude of 6.1 in 1988 as
shown in Fig. 2 during 1960—2016. Besides, Northern Red
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(See figure on previous page.)

Fig. 12 Central Main Ethiopian Rift (CMER): (a) Seismicity map of CMER (b) Cumulative number of events vs time-straight-line trend -relatively
complete (c) Magnitude of Completeness (Mc) with time (d) b-value variation over the magnitudes in Mw scale, ni =80, Mmin=Mc=3.1 (e)
average values of seismicity parameters(a, b values and Mc)using maximum likelihood method. Depth slices and 3D map of b-value for CMER at
depth of: (f) 0.1 km, (g) 7 km, (h) 15 km and (i) the 3D b-value map showing the fetures in 3D, the two horizontal slices at 5 km and 15 km depth
and one vertical slices supperimossed by DEM showig Aluto-Gedemsa and Boset kone volcanoes circled by black color. The red dots show the

Earthuake events ditribution along the depth indicted

Sea (north of 18°N) is characterized dominantly by normal
faulting events (Hofstetter and Beyth, 2003) this also con-
firmed by relatively by high b-value and the southern re-
gion has mixed focal solutions including dominantly
reverse mechanisms and strike - slip motions (Hofstetter
and Beyth, 2003).

From Fig. 6(d), it can be seen that b-value decreases
from time period 2010 to 2011 indicating that the seismic
activity has been increasing in this time range and it also
suggests that abrupt increase around 2011 Fig. 6(b) in the
region. The Gulf of Aden Rift has b-value more than 1 in
the range of (1.1 0.5 )-(1.3 +0.7) at both 12km and 28
km depth) (see Fig. 7(a and b)) indicating that increased
material heterogeneity or crack density has resulted into
high b-values (Mogi, 1962) beneath the rifts.. This sug-
gests an increase in applied shear stress (Scholz, 1968) or

an increase in effective stress (Wyss, 1973) decreases the
b-value. Many evidences suggest that b can act as a stress
meter in the crust which came from the fact of asperity
(Wiemer and Wyss, 1997; Prasad and Singh, 2015).

There is an abundance of seismic activity on land that
is conformed by the high b-value anomaly, west of the
Gulf of Aden, and in the Gulf of Aden, which is mainly
in the ENE — WSW direction (see Fig. 7(a and b)). Fur-
ther, Hofstetter and Beyth (2003) and Manighetti et al.
(2001) have indicated a mixture of normal faulting and
left - lateral strike - slip movements along NW-SE -
striking fault planes. The WSW-ENE is spreading centre
of the Gulf of Aden that propagates westward up to the
Danakil - Aysha’a block. Aysha’a. Fault plane solutions
of some events suggest normal faults with a fault plane
striking E-W to ENE-WSW. According to Vergne et al.

38° 39° 40° 41° 42°

43°
Fig. 13 Location of the Dabbahu rift segment within the Afar triple junction zone; major fault zones. Danakil Block is a microplate between the
Nubian and Arabian plates. Red shading indicates 50 km-long magmatic segments (MS)—zones of dense faulting and aligned Quaternary
eruptive centers—the current locus of strain within Afar (after C J Ebinger et al,, 2008, b and reference therin). The black dots show the
earthquake events in moment magnitude scale Mw from this study superimposed on a digital elevation model (Shuttle Radar Topography
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(2016), the Gulf of Aden rifted margins transition from
being volcanic being magmatism in the west to non-
volcanic or including little evidence of magmatism in
the east (Ahmed et al., 2014) this confirms that high b -
value on the western side than on the eastern side of
Gulf of Aden (see Fig. 7(a and b)). Besides, most of the
active zones of the Afar Depression including the Dobi
cluster and Serdo sequence as shown in Figs. 1 and 13,
respectively are found around 42°E and 12°N and to the
west around 41.8°E and 12°N. From focal mechanisms,
the Dobi is almost all Normal faults and the Serdo is
strike-slip motion where b-values are high and low re-
spectively in these regions. The distinguished tectonic
features of this region are the Tendaho Goba’ad

discontinuity (TGD) and various known and unknown
magmatic segments to produce magma induced seismi-
city in the region (See Fig. 13 and Fig. 9).

In the review article by Wiemer and Wyss (2002) cited
in (Murru et al, 2007), elevated b-values (low stress
areas) in the proximity of a volcano can be used to
model the location, the size and the morphology of a
magma chamber or the funnel of the volcano (Rierola,
2005). The b-value mapping is also a useful tool to dis-
play variation of stress accumulation over large areas.
Generally, it is agreed that large earthquakes occur in
high stressed areas (low b) and no large earthquake took
place in high b areas (Nuannin, 2006) but swarms of
earthquake like that of NMER (See Fig. 13 and 10).
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A lower value of b implies that the region is under
higher applied shear stress, and a higher value of b indi-
cates that the area is already gone through the tectonic
events. Spatial variations of b-value have also been stud-
ied by several researchers in number of seismically active
areas (Wiemer and Benoit, 1996; Farrell et al., 2009;
Singh et al., 2015). Observations of b-values in space
reflect locally the effective stress (Scholz, 1968). From
the Fig. 8(d), it can be seen that under the Dabbahu,
Hararo, Erta’ale, Asel volcanoes and other yet two
unknown magmatic segments have high b-values (1.25-
1.8) showing the dyke injection, surface fissuring and
volcanic eruption in Afar with associated swarm of
earthquakes acmes the potential seismic hazard of rift
zones in Ethiopia (Keir, 2006). As cited in Ebinger et al.
(2008, b), the Red Sea, Gulf of Aden and East African rift
arms formed within a Palaeogene flood basalt province
associated with the Afar mantle plume (Yirgu et al,
2006). The thermal anomaly associated with the Palaeo-
gene mantle plume persists today, as shown by low P-
and S-wave upper-mantle velocities beneath the uplifted
plateaux of Arabia and NE-Africa (Debayle et al, 2001
and Benoit et al., 2003) Bastow et al. 2005; Benoit et al.
2006). Hence, the spatial 3D b-value map prepared during
present study for these three regions showed variation of
the volcansim with depth and laterial variation of the low
velocity zones respectivelly, which are confirmed by the
high and the low b-values associated with occurance of
Large earthquakes (eg.1915.7,Mw = 6.8 occurred in the
south-west red sea riftas shown in Fig. 7(a, b and c¢),
respectively. The three rifts have high b-values in their
repective magma chambers and low b-values where
large earthquake phenomenon were observed.

The study also showed the movement of the magma
chambers with the depth as it can be seen from Fig. 9(a-
e), it can be clearly seen that there are three markedly
observed high b-value Anomalies beneath the Dabbahu
volcano having different thicknesses and lateral exten-
sions in all depths.

Three high b-value anomalies indication of magma
chambers were observed at 12km, 6km, 2km and
0.1 km depths.

At 12 km depth Fig. 9(d):

The (1st), (2nd) and (3rd) magma chambers are
distinctly observed with high b-value respectively in be-
tween longitude (40.15° - 40.6°) and latitude (12 ° - 12.2 °),
longitude (40.35 © - 40.7 °) and latitude (12.35 °-12.5 °)
and longitude (4045 ° - 40.6 °) and latitude (12.65 ° -
12.75 °). Further, at this depth, the three magma chambers
are separately observed.

At 6 km depth Fig. 9(c):

The 1*and 2nd high b-value anomalies-magma cham-
bers started to be connected with different lateral exten-
sion than they were at 12 km depth but the 3rd magma
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chamber is observed with different lateral extension than
what it was at 12 km depth.

At 2 km depth Fig. 9(b):

The 2nd magma chamber is diffused and connected to
3rd and detached from the 1st with different lateral
extension than what it was at 12 and 2 km depth.

At 0.1 km depth Fig. 9(a):

The 3rd and 2nd magma chambers are fully connected
with the 3rd and increased its length in latitude and it
thinned in longitude directions.

Therefore, as can be seen from Fig. 9(a-d), there are
spatial high b-value anomalies migration which probably
linked to migration of magma chamber beneath
Dabbahu volcano.

Generally, it is agreed that large earthquakes occurs in
high stress areas (low b) and no large earthquake took
place in high b value areas (Nuannin, 2006) however
swarms of Earthquake and present study results also
conforms this fact Fig. 7(a-c). The high b value anomal-
ies (low Stress) are regions of increased crack density,
and/or high pore pressure, related to the presence of
nearby magma storage and this interpretation is sup-
ported by all the available geophysical evidence, such as
tomographic studies and geodetic deformation measure-
ments in the study regions (Ebinger et al., 2008, b). The
magma induced seismicity for Africa is discussed and
confirmed by different author (Aki, 1984; Wiemer and
Benoit, 1996; Rierola, 2005; Keir, 2006; Ebinger et al.,
2008, b; Feng et al, 2009; Trebbin and Wassermann,
2010; Prasad and Singh, 2015).

The dyke -induced Seismicity in the MER and the
Dabbahu Seismicity by the Magma injection has been
discussed by (Keir, 2006; Ayele et al., 2007, 2015;
Ebinger et al,, 2008, b). The Dabbahu rift event occurred
in the southernmost Red Sea rift north of the Afar triple
junction as indicated in Fig. 13 (Ebinger et al., 2008, b).
This fact is evident by high b-value signature. The
emplacement of magma and the accompanying crustal
extension, as suggested by Keir (2006) and Ebinger et al.
(2008, b) for the high crustal deformation rates would
give rise to factors responsible for high b-value measure-
ments in this regions (see Fig. 9(a-e)). These may be
associated with mainly high heterogeneity of the crust
due to numerous cracks from the increased stress and a
high thermal gradient, which is also supported by focal
depth distribution. The period of uplift and the period of
high b-values overlap in time, these could be the under-
lying reasons for the high b-values measured in the
present study area. The area of high b-values of 1.8 +
0.05 in Dabbahu Magmatic segment may also be a result
of magmatic fluids migrating from the Dabbahu volcano
(see Fig. 9(a-e)).

In general, the presence of magma gives rise to the main
factors causing higher b-values, mainly high heterogeneity,
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and high thermal gradient. The presence of partial melt
causes higher temperatures. In turn, a zone of relatively
lower stress around the area of partial melt is created in
the Dabbahu volcano-magmatic segment which is repre-
sented by high b-value signature (Fig. 9(a-e)).There is
slight difference between the position and direction of the
Dabbahu MS with the present study and pervious study.
In the present study it is placed in North-west. However
in the previous study it was almost placed in north (Ebin-
ger et al,, 2008, b) (see Fig. 13). The high temperatures in
the lower crust made this layer ductile that has possibly
reduced the strength of the material and thus, would not
allow significant stress buildup (less stressed rift) within it
(Ebinger et al.,, 2008, b).

The Main Ethiopian rifts (MER)

The magma induced seismicity in the NMER is
highlighted in this study by b-value maps for some
known magmatic segments as shown in Fig. 11(a-e) and
Fig. 13. The high b-values (the low stress region) is asso-
ciated with the swarms and it represents regions where
already stress is released because of the magma eruption
and migration, the eruption centers shown in Fig. 13
(after Keir, 2006; Ebinger et al., 2008, b) with high
temperature, material heterogeneity and magma cham-
ber migration. As a result, the magma induced swarms
of earthquake has happened in the area, as shown in
Fig. 10(a). Generally, in the NMER the average b-value is
low (0.702 70.07). The low b-values indicate high stress
region with large magnitude earthquakes occurrence in
this rift. Further, Natural Hazards associated with seis-
micity and volcanic eruptions poses a serious risk to life
and economy in the NMER. In this rift there are also
places that are characterized by high and low signature
of b-values, indicating less and high stressed features,
respectively.

From the Fig. 11(a) at depth of 0.1km, it is clearly
observed that the high b-values exist beneath the Ambo
Lineament, Ankober boarder Fault (about b-value = 1.2—
1.5). Also, very high b-value exist at North east of Anko-
ber Fault segment. This is Angelele_Fentale_ Dofen
Magmatic Segment (MS) (abot b-value =1.6-2) which
include Kone Ms. located in South of Angelele_Fentale_
Dofen_MS. The b-value depth slices of the NMER at
depth of 0.1km, 5km, 7km and 15k are shown in
Fig. 11(a-d).

At 5km depth (Fig. 11(b)), all the high b-values that
were observed at a depth of 0.1km are also observed
here and another high b-value anomaly is observed
south-west of Angelele_Fentale_Dofen_MS which is
around Kone MS where it has not been observed at
depth of 0.1 km. In addition, at this depth the high b-
value anomaly is present in south- east of Angelele_
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Fentale_ Dofen Magmatic Segment (MS) with increased
b-value anomaly with lateral extension.

At a depth of 7 km (Fig. 11(c)), new features of the b-
value anomalies appear beneath the Ankober boarder
fault, Kone Ms. and south-east of Angelele_Fentale_
Dofen_MS and appeared to diminish. At depth 15km
(Fig. 11(d)), high b-value anomalies beneath Kone,
south-east of Angelele_Fentale_Dofen_MS and Ankober
boarder fault has not been seen, however a new high b-
value anomaly in west of Ankober boarder fault was
observed. With this, it may be concluded that seismic
activity in the Ankober area is limited to 15km depth
only. In the (Fig. 11(a-d)),the horizontal and vertical
black lines show the Ambo lineament and Ankober
border Fault, respectively. The signature of high b-values
beneath the faults and the lineaments is probably
because of the high material heterogeneities and high
crack densities, associated with high pore pressure and
high temperature. NMER seismicity shows a concentra-
tion of medium to large -magnitude earthquake swarms
at the base of (0.1-15) km deep seismogenic layer
beneath the magmatic segments Fig. 11(e).

The major magmatic segments in CMER are shown
in Fig. 12(f-i). These are Aluto MS, Aluto-Gedemsa_
MS and Boset-Kone_MS. The Guraghe boarder fault
is also shown in CMER. Further, high b-value signa-
tures are observed at a depth of 0.1 km beneath all
the magmatic segments (see Fig. 12(f)) and Guraghe
BE. Besides, no high b-value signature is observed be-
neath the Aluto_MS, however marginal b values are
seen at this depth Fig. 12(f). At a depth of 7km in
Fig. 12(g) beneath all mentioned features except the
Guraghe BF, high b-value anomaly of 1.3 is observed
and these values correlate well with the works of
Wilks et al. (2017) that they also obtained b-value of
about 1.3 for the Aluto magmatic segment. This b
-value might be a result of hydrothermal fluid from
beneath the volcano of Aluto and dominantly normal
faulting in the region (Wilks et al, 2017). High b-
value anomaly starts to diminish from 7 km depth be-
neath the Guraghe BF which means that the Guraghe
BF exists only up to a depth of 7km for the period
for which the catalogue was prepared under the
present study (see Fig. 12(g and h)). Also, at a depth
of 15km all observed features, the Boset -Kone MS
have increased in width and length and becomes con-
tinuous till this depth but it discontinued between 0.1
and 7 km slice depth (see Fig. 12(g and h)). The Gur-
aghe BF is not observed well at this depth. Generally,
other than features like Aluto, Boset-Kone_MS, and
Guraghe BF, the rest regions have low b-value, prob-
ably indicating high stressed region.

The SMER average b-value, a-value and Mc respect-
ively are 1.03+ 0.1, 6.9 and 5.1 (see Fig. 14(c)).
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High b-value signatures are observed throughout the
depths of 0.1 km to 35 km and dipped in the South East-
south west and north of SMER with high b-values (see
Fig. 14(d and e)). The central part of SMER has relatively
normal and low b-value near the volcano represented in
the map. At 0.1 km depth, the high b-value is near and
north of the volcano represented in the map. Further, It
can be seen that strike along (SMER to Afar) the rift
axis, beneath the NMER and Afar regions, relatively high
signature of b-values exist, which indicate more active
region (low stress region) and in the CMER it has low b-
value anomaly which indicate low activity (high stress
region).

Conclusions

A homogeneous earthquake catalog is of basic import-
ance for studying the earthquake occurrence pattern in
space and time. Such a catalog may also be useful for
many engineering applications including assessment of
seismic hazard, estimation of peak ground accelerations
and determination of long-term seismic strain rates and
seismic microzonation studies. Firstly, in this study, a
homogenized earthquake catalog consists of 3814 mo-
ment magnitude Mw events for Ethiopia and adjoining
region has been developed. This improved earthquake
catalog of the country was prepared through systematic
analysis to account for its completeness both in time
and Magnitude.

Secondly, b-Values and maps were computed for Afar rift
(including red sea and Gulf of Aden), Afar rift separately,
Dabbahu volcano, NMER, CMER and SMER for the pur-
pose of understanding the b-value characteristics of the re-
gions. This implies the b-value can characterize the magma
induced seismicity, magma chamber migration and move-
ment in the study regions as confirmed by Fig. 9(a-d).

The seismicity parameters (average) a=846 and b-
value =1.12 + 0.02, magnitude of Completeness (Mc) =
4.6 and period of completeness from 2003 to 2015 are de-
termined for Afar rift (including red sea and Gulf of
Aden). Further, the average, a =8.49 and b-value=1.21 +
0.04, magnitude of Completeness (Mc) = 4.8 and period of
completeness from 2005 to 2014 are determined for Afar
rift and Dabbahu Magmatic segment. Besides, the seismi-
city parameters (average) a=>5.77and b-value =0.843,
magnitude of Completeness (Mc)=3.2 and period of
completeness from 2001 to 2003 are determined for
NMER. Similarly, a-value = 4.33and b-value = 0.826, mag-
nitude of Completeness (Mc)=3.1 and period of com-
pleteness from 2001 to 2003 are determined for CMER.

Finally, the seismicity parameters (average) a = 6.9and
b-value = 1.03, magnitude of Completeness (Mc)=5.1
and period of completeness from 1960 to 2016 are
determined for SMER.

Page 22 of 24

In general, the presence of magma gives rise to the main
factors causing higher b-values, mainly high heterogeneity,
and high thermal gradient in the study region. The pres-
ence of partial melt causes higher temperatures, in turn, a
zone of relatively lower stress around the area of partial
melt is created like in the case of Dabbahu volcano-
magmatic segment and migration represented by high b-
value signature (see Fig. 9(a-d)). It is observed beneath for
some of the major magmatic segments in the rift and
volcano are indicated by high b-values. Ankober Fault,
Guraghe BF and Ambo lineaments are also indicated by
high b-value anomaly. Magma chamber migration beneath
the major volcanoes like Dabbahu, Angelele Fentale-
Dofen etc. are parallelly indicated by elevated b-value
anomaly. Hence, in this study, we clearly observed that
magma chamber movement including mapping of
volcanic centers and magmatic segments are mapped
using b-values. Besides, Lineaments and faults can also be
mapped using b-values.
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