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KEYWORDS Abstract Abu Dabbab area is considered as one of the most active earthquake sources in Egypt. It
Abu Dabbab: is defined by its swarm type activity, and complicated stress pattern. This study was conducted to
swarm; evaluate the two and three dimensional spatial distribution of h-value at Abu Dabbab area (Margin
b-value of the northern Red Sea Rift, Egypt). The gridding technique of Wiemer and Wyss (1997) was used

to compute b-value using ZMAP software. The b-value is calculated from a catalog consisting of
850 well-located earthquakes, which were recorded from 1st June to August 2004, using the max-
imum likelihood method. These earthquakes were recorded by temporary digital seismic network,
with magnitudes ranging from —1 to 3.4 ML. It is important to mention that the variations of
b-value with time cannot be easily detected for a short period. Hence, this study has been carried
out to examine the variations of b-value in space. The computed b-value in the Abu Dabbab area
does not follow a uniform distribution. A small volume of anomalously high b-value (b > 1.8)
exists in the central part of the area at a depth between 6 and 9 km. This seems to agree with the
reported low velocity value derived from previous P-wave travel time tomography studies (Hosny
et al., 2009) and the low Q value (Abdel-Fattah et al., 2008). The existence of an anomalously high
b-value region may be attributed to the presence of a magma reservoir or dyke zone beneath the
northern Red Sea Rift that causes an intensively heterogeneous fractured crust or unusually high
pore pressure.
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“Abu Dabbab” is located in the Eastern Desert of Egypt,
24 km from the Red Sea shoreline, and is considered as one
of the most active earthquake sources in Egypt (Fig. 1). Recent
studies (e.g., El-Hady, 1993; Ibrahim and Yokoyama, 1994)
showed that Abu Dabbab region is characterized by a fairly

W continuous seismic activity. The earthquakes of the 12th
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Figure 1 Map view shows the regional location of the study area marked by gray square (top), at bottom a map showing the spatial

distribution of the June-August 2004 earthquake swarms together with the surface faults passing through the Abu Dabbab area (modified

after Akawy, 2008).

(mb = 5.1), were occurred in this area. The area is commonly
well characterized by intense micro-earthquake activity associ-
ated with ‘sounds’ periodically occurring as swarms (Morgan
et al., 1981). Those sounds are produced by distinct rumbling,
which is similar to the sound of distant blast. The historical
reports revealed that these ‘peculiar’ sounds have been heard
by the tribes accompanied this land from many years ago. Fur-
thermore, the Arabic name of “Abu Dabbab” is driven from
this unique sound phenomenon (‘Dabbab’ is hammering
sound).

Several earthquake swarms (e.g., swarms of 1976, 1984, and
1993) have been recorded and discussed by several authors
(Hamada 1968; Fairhead and Girdler, 1970; Daggett and

Morgan, 1977; Daggett et al., 1986; El-Hady, 1993; Ibrahim
and Yokoyama, 1994; Badawy et al., 2008). Recently, some
swarms have been recorded in January 2003, October 2003,
and the period between July and August 2004.

It has been suggested that the occurrence of earthquakes at
a certain seismic sequence is due to stress perturbations associ-
ated with the migration of magmatic or hydrothermal fluids
through new or pre-existing crustal heterogeneities including
crustal fractures (Hill, 1977; Toda et al., 2002; Waite and
Smith, 2002), aseismic slip or fluid pressure differences
(Vidale et al., 2006). In controversy with most of the studies
conducted on Abu Dabbab area, the outcome of the study
by Daggett et al. (1986) attributed such swarms to a plutonic
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intrusion (igneous activity) within the Precambrian crust,
rather than regional tectonic. Moreover, the evidences of high
heat flows revealed that the high level of seismic activity of
Abu Dabbab is probably due to igneous activity. The heat
flows at Abu Dabbab is twice the average value of the Eastern
Desert (47 mW/m?) (Mogi, 1962). The brittle-ductile transition
boundary at Abu Dabbab area is found at a relatively shallow
depth (9-10 km) as deduced from the depth distribution of the
earthquakes and the rheological studies (El Hady, 1993). This
implies a shallow athenospheric intrusion anomaly.

The data set recorded from June to August 2004 swarms
has been previously utilized in the research works by
Mohamed, 2005; Hosney et al., 2009; Hussein et al., 2011.
They concluded that the seismic activity appears to be more
or less concentrated and clustered at the intersection zones
of faults. Clusters show strike slip, oblique slip, reverse and
normal faults movement in the upper crust. These faults
appear to follow two main active fault trends. The first belongs
to a normal fault system (NW-SE) parallel to the Red Sea
while the other set is a transverse one, perpendicular to the
Red Sea margin. The majority of seismic events are abundant
at depths of 5-8 km and 10-13 km, respectively. The results of
Hussein et al. (2008) agreed with the assumption that the
hypocentral migration at Abu Dabbab is mainly related to
intruded dyke.

The aim of this study was to map the b-value from the
earthquake swarms occurred during June—August 2004. This
study was designed to calculate the spatial distribution of
b-value in order to understand Abu Dabbab’s swarms
and compare these results with the Vp/Vs ratio and P- and
S-velocity tomographic inversion performed using the same
earthquakes. The average b-value for most tectonic regions
of the earth is approximately (b ~ 1) (Minakami, 1990). Con-
versely, in the volcanic areas, most of the crust shows usual
value or even low h-value with rather small volumes of anom-
alously high b-value (b > 1.3) (Wyss and Wiemer, 1997;
Wiemer and McNutt, 1997). There are several factors respon-
sible for the high b-value anomalies such as: a high material
heterogeneity (Mogi, 1962), low applied stress (Scholz, 1968),
high thermal gradient (Warren and Latham, 1970), or low
effective stress (high pore pressures) (Wyss, 1973).

The relative number of small to large earthquakes that
occurred in a given area at a certain time is referred to as
“b-value”. This value can be calculated from the following
equations (Ishimoto and lida, 1939; Gutenberg and Richter,
1944):

log\N =a—bM (1)

where N is the cumulative number of earthquakes having mag-
nitudes equal to or larger than M, and aand b are constants
related to the activity and earthquake size distribution, respec-
tively. The coefficient b describes the slope of the frequency-
magnitude distribution of earthquakes FMD. To estimate
the b-value, a maximum likelihood method is the most com-
monly used (Aki, 1965; Bender, 1983; Utsu, 1999):

_ log,y(e)
D= () = (e — My /2) )

where M is the mean magnitude of the sample and OM,,;, is the
binning width of the data set.

The present analysis requires accurate hypocenter location
as well as a complete data set. It is frequently necessary to
use the maximum number of events available for high quality
studies (Wiemer and Wyss, 2000). This means that an increase
in the number of earthquakes will enhance the resolution of
the results.

2. Tectonic setting

Abu Dabbab area is defined by a complicated structure pat-
tern. The corresponding whole rock sequence which includes
basement rocks, Neogene sediments and Quaternary alluvial
deposits is deformed by four main faults and fracture trends
in the N-S, NE-SW, NW-SE and E-W directions with different
types and senses of motion (Fig. 1). On the basis of analyzing
the fault scarps, drainage pattern, and field data measure-
ments, Aqaway (2008) fully described the history of initiation
and reactivation of these fault trends. He concluded that there
is a relation between the current Red Sea tectonics and the
activity of these faults. The regional and local extensional
stresses are combined causing reactivation and/or neo-
formation of all fault trends in the study area. The present
active drainages are also affected by the existing four trends
of the main faults. A fault segmentation phenomenon is com-
mon for all fault trends which means that the faults are still
growing and coalesce during repeated local earthquakes
(Gillespie et al., 1992; Davis et al., 2005).

Furthermore, the field study indicated that the N-S and
E-W faults are more active than other trends. The E-W faults
are considered as the most active one in the study area. El
Gaby et al. (1988) named this trend as Sheikh Salam trend that
mainly relates the Precambrian ENE to NE compressive stress.
The E-W fault trend was recognized as right lateral strike slip
faults (the older generation) and normal faults (the younger
set) (Bosworth and Stecker, 1997). This tectonic trend runs
for long distances across the Eastern Desert, passing through
the Nile Valley into the Western Desert. Additionally, the
N-S tectonic trend was recorded in the study area as normal
faults, extensional fractures, and strike slip faults. Oblique
mechanisms nature was also identified. Some N-S fractures
are open and barren implying recent activation (Akawy,
2008). The Miocene rocks and the overlying Quaternary sedi-
ments are highly deformed by the N-S trending normal faults.
The NE-SW fault trends are found as strike slip faults (right
and left lateral), normal faults and extensional fractures which
cut the Quaternary sediments section.

The inferred present day stress field from recent structural
features, recent drainage modification and seismic data shows
N-S compression and multi-directions of extension. The com-
pression is due to the N to NW drift of Africa. The NE-SW
extension across the Red Sea and the N to NW drift of Africa
toward the European plate are the main reasons of the present
stresses (Akawy, 2008).

3. Data

The epicenters of earthquakes used in this study at Abu
Dabbab area (Mohamed, 2005) are shown in Fig. 2. A catalog
composed of 850 events with local magnitude ranging from —1
to 3.6 is used in this study. The range of focal depth for these
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Figure 2  The spatial distribution of the epicenters of the June—August 2004 earthquake swarms.
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Figure 3 Location map of the portable stations distribution that used for monitoring earthquake activity at Abu Dabbab area during

the period from 1 June 2004 to 20 August 2004.

events is between 3 and 15 km. The earthquake activity was
monitored by a local network of eleven portable stations
(Fig. 3) during the period from 1 June 2004 to 20 August
2004. This period of time offers more enough events for map-
ping the h-value at Abu Dabbab area in an attempt to under-
stand the seismotectonic characteristics of this seismic zone. In
fact, the available single permanent station in Abu Dabbab
(ADB) region is not sufficient to locate the microearthquake
activity in order to calculate the b-value and to investigate its
spatial variation. Figs. 4a, b and 5b illustrate respectively the
magnitude of events versus time, map of depth view of data
set and a resolution map showing the maximum radius of
the investigated area and the distribution of epicenters from
which we select gridding space of samples. Using the 1-D
velocity structure obtained from P-wave travel times
(Marzouk, 1988), Hussein et al. (2008) relocated all earth-
quakes used in this study. The estimated location accuracies
of these events are less than 0.3 km in both horizontal distance
and depth. The earthquake swarms of June-August 2004 were
concentrated at focal depths of 8-10 km and 11-15 km respec-
tively. The majority of events occur between 9 and 10 km
depth (Hussein et al., 2011).

4. Method

In this study, the spatial distribution of b-value is computed
using the ZMAP software of Wiemer (2001), where the maxi-
mum likelihood method is applied. This method yields a more
robust estimate than least square regression method (Aki,
1965; Hamilton, 1967). The first step of analyzing the bh-values
is determining the magnitude of completeness Mc¢ and its
uncertainty. Mc is defined as the lowest magnitude at which
100% of the events in a space and time are detected (Wiemer
and Wyss, 2000). In other words, values below Mc are consid-
ered heterogeneous and incomplete. In this study Mc for Abu
Dabbab data set was analyzed using the following sequence: at
first » and a values of the Gutenberg-Richter (GR) power law
using these four methods were estimated, and maximum curva-
ture method, the goodness of fit test and the Mc¢ by b-value sta-
bility (Cao and Gao, 2002).

The results appeared similar and do not differ greatly. In
the present study the maximum curvature (MAXC) method
described by Wyss et al. (1999) and Wiemer and Wyss (2000)
was used to evaluate Mc due to its reliability and simplicity.
The MAXC technique is a fast and simple way to estimate
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Mec which is based on calculation of the magnitude bin with
the highest frequency of events in the frequency magnitude
plot. Fig. 5a shows the estimated Mc¢ equal to 0.0. Then the
synthetic distribution of magnitudes with the same b, a, and
Mec values was computed as shown in Fig. 5b. Regarding map-
ping Mc, the gridding technique of Wiemer and Wyss (1997)
was used. Mc must be estimated for each sample processed
by the algorithm which is outlined in next section. This was
due to the susceptibility of Mc changing with different depth
and location. The Mc¢ must be computed by estimation of
the maximum value of the derivative of the frequency magni-
tude distribution (FMD). At the same time, a map of the good-
ness of fit test to a power law of GR in percentage was
computed (Fig. 6a).

It is important to mention that the variations of b-value
with time cannot be easily detected. By constructing differen-
tial h-value map for this short period between June and August
2004, the time factor has no significant effect on the h-value.
Hence, this study has been carried out to examine the varia-
tions of b-value in space.

To map b-value, the method by Wiemer and Wyss (1997)
and Wiemer and Katsumata (1999) was used. The b-value
was computed in two and three dimensional grids with nodal
points separated 0.002° horizontally and 0.002° vertically using
a fixed number of earthquakes (n = 50) considering the near-
est N events at each node of the grid taking into account the
magnitude of completeness of the data as well. These parame-
ter settings were selected as the best fit of the size of the area to
be covered (Fig. 6b), density of earthquakes and the reliability
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(a) Plot of magnitude of located events as a function of time and (b) view map of events as a function of depth.

of results. Many iterations are made for different grid spacing
(i.e., 0.001-0.005°) as well as the number of events per sample
has been changed from 10 to 70 events for detecting more sta-
bility of results. By using this grid method the radius varies
with the earthquake density while the number of events is
fixed. Furthermore we reestimate h-value by using another
approach in which the radius was fixed and not the number
of events at each node. The b-value was computed at different
radii (i.e., at 1, 2, 3, 4, 5, 6, and 7 km) respectively to find the
appropriate radius for resolving b-value contrasts in the area
of study. It has been noticed that sampling with radii from 1
to 4 km shows essentially the same pattern but with different
coverage. The radii values less than 3 km showed more details
in b-value contrast. Thus the optimal radius for sampling
events to map b-value is ranged from 1 to 3 km. The b-value
is computed by using only the earthquakes with M > Mc. This
technique requires that the number of earthquakes with
M > Mc must be larger than or equal to the minimum number
of events located in each cell. Otherwise the b-value was dis-
carded. Finally, the h-value estimated at each node is trans-
lated into a color code. Thus, we can identify the anomalous
area of b-value.

The standard error of these h-values is given by Shi and
Bolt (1982) as follows:

o(b) = 2300\ (Z:(M; — Myur)/n(n — 1)) 3)

where n is the total number of events of the given sample.
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(FMD).

The difference between two b-values is considered signifi-
cant if they are different either at 95% confidence interval or
higher. However, a(b) seems to underestimate the true stan-
dard deviation of h-value based on the assumption of complete
catalog and a correct estimation of the magnitude of complete-
ness Mc. Therefore, we compute the standard deviation of
b-value using the boot strap approach, taking into considera-
tion the Mc standard error as described by Schorlemmer
et al. (2003).

5. Results

The combination of the relatively high seismicity, swarm type
activity, and the complicated stress pattern of Abu Dabbab
area suggests that the spatial changes of b-values may be con-
sidered as an important characteristic of this area, providing
additional insights for the cause of earthquake swarms. Fig. 6¢
illustrates the map of the magnitude of the completeness value
computed for the earthquake swarm of June-August 2004.
The magnitude of completeness changes spatially between
—0.6 and 0.4. However, there is one value for each node which

is the minimum magnitude above which this node is complete.
The minimum threshold magnitude (Mc¢ = 0; Fig. 5a) for all
grid points is also selected automatically by the ZMAP soft-
ware. Thus, the analysis is restricted only to earthquakes of
M = Mec. To assess the validity of our calculations, we deter-
mined the standard errors.

The resulting spatial distribution of b-value in Abu Dabbab
area revealed areas of high and low values as well as areas of
normal crustal values as demonstrated in the two-
dimensional map (Fig. 7a). The b-value ranges between 0.5
and 1.8. The majority of errors in b-value are less than 0.1
(Fig. 7b). Fig. 7c displays a plot of bh-value as a function of
depth for earthquakes in the study area. The two dimensional
map does not reflect a clear picture while the cross section
shown in Fig. 8 as well as the three dimensional one in
Fig. 9 show clear pictures for the distribution of the h-values
with depth. On the cross section (Fig. 8) one can see that the
high b-value extends from 4 to 10 km depth. It displays two
high b-value areas stand out, one extending from 7 to 9 km
depth, while the other one exists at 11 km depth. Mapping
of b-value in three dimensions (Fig. 9), shows anomalously
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(a) Map of the goodness of fit of a straight line to the observed frequency magnitude relation in percent of the data modeled

correctly; (b) image of the radius range computed by ZMAP software; and (c) image of the range of threshold magnitude for all grid point
values, Mc¢ (Magnitude of completeness) as computed by ZMAP software.

higher b-value (b ~ 1.8) in the central part of the area above
9 km depth. This high value was concentrated in small volume
while the surrounding crust beneath Abu Dabbab shows nor-
mal to low values. This is clearly appearing in the cross section
(Fig. 8). This depth is the same depth where the mb 5.1 earth-
quake of 1984 occurred. This event displays a high stress drop
of 9.7 MPa and strike slip faulting mechanism with normal

component (Hussein et al., 2011). This depth also represents
the depth of the brittle-ductile transition zone (El Hady,
1993), where the maximum shear stress exists. An intensive
activity is found at this depth which indicates a more heteroge-
neous medium with numerous small fractures (Hussein et al.,
2011). This is being consistent with the relatively high heat flow
(92 mW/m?) in Abu Dabbab area which is mainly attributed to
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the emplacement of magmatic fluids. Furthermore, the anoma- deduced from tomographic studies (Hosny et al., 2009) and
lously high b-value in the depth range of 6-9 km coincides well low Q value (Abdel Fattah et al.,, 2008) as well. Hoseny
with the low P-wave velocity anomaly and high Vp/Vs ratio et al. (2011) showed that the earthquakes occurring at a depth
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of less than 9 km reflect high compensated linear vector dipole
(CLVD) ratio. The resulting focal mechanism solutions of
some events at this depth range indicate reverse faulting mech-
anism in contrary to suggestion of Schorlemmer et al. (2005)
that high, medium, and low b-values correlate worldwide with
normal, strike-slip and thrust faulting respectively. The com-
posite fault plane solution obtained from the P-wave first
motion of the micro-earthquakes which lie in the depth range
of 8—10 km shows a reverse faulting mechanism (Hussein et al.,
2011). The observed reverse slip in Abu Dabbab may be attrib-
uted to magma intrusion. Khodayar and Einarsson (2004)

suggest that dyke intrusions are one of the kinematic origins
for the observed reverse faulting mechanisms.

6. Discussion and conclusions

We interpret the anomalously high b-value at depths 6-9 km
beneath Abu Dabbab as a result of the presence of active shal-
low magma reservoir beneath the northern Red Sea Rift which
facilitates the formation of concentrated dyke since Abu Dab-
bab area is located very close to the margin of the northern
Red Sea Rift where the crustal thickness varied from 5.1 to
8.3 km throughout the main trough (Gaulier et al., 1988a).
All evidences support the idea that this seismic activity at
Abu Dabbab area is due to this reservoir which is the starting
point of intrusion. The presence of magma chamber gives rise
to the main factors linked with the high heterogeneity, high
pore pressure and high thermal gradient. On other words,
the high b-values are considered as indication of high crustal
heterogeneity of the local stress regime (Farrell et al., 2009).
This high heterogeneity of stress causes numerous small cracks
in the crust to be oriented in all directions. The existence of lin-
ear trend of small earthquakes extending from the axis of the
Red Sea toward Abu Dabbab supports our conclusion. This
band of seismicity coincides with one of the accommodation
zones existing in the northern Red Sea.

It is clear that the insufficient coverage of the recording sta-
tions of the Egyptian National Seismological Network at Abu
Dabbab area limited the continuous observation of the seismic
activity. However, the present analysis requires a long-term
observation of the seismic activity at Abu Dabbab. Therefore,
there is a necessity for installing permanent local seismological
network for obtaining the location of microearthquakes with
higher accuracy for future studies concerning this area.

The b-value computed in this study is found to range
between 0.5 and 1.8. A high b-value anomaly was detected at
a depth below 7. This is due to the migration of fluids from
a magma storage in the Red Sea along the accommodation
zones which passes through Abu Dabbab area. The low
P-wave velocity anomaly and high Vp/Vs ratio deduced from
tomographic studies (Hosny et al., 2009; Shater, personal com-
munication) and low Q value (Abdel Fattah et al., 2008) at this
depth supports this interpretation.
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