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Abstract 3-D images of P-wave velocity and Vp/Vs ratio have been produced
for the upper crust of the Abu Dabbab area, North Mars Alam city. The inver-
sion of local travel times of high quality data recorded at eleven mobile seimic
stations around the study area is carried out. The best, in the least-squares
sense, 1-D Vp model and the average value of Vp/Vs (1.72) were computed as
prerequisites of the 3-D inversion that reaches a depth of 14 km. From the 3-D
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2 A. Hosny et al.

model it is evident that the distributions of Vp and Vp/Vs are characterized
by marked lateral and vertical variations delineating structural heterogeneities.
Due to the presence of a thin layer of sedimentary rocks saturated with surface
water, low P-wave velocity and high Vp/V's values are noticed near the surface.
At greater depths, high Vp and low Vp/Vs zones may indicate crustal rocks
with relatively higher rigidity and brittle behavior, while high Vp/Vs and low
Vp may identify zones of relatively softer rocks, with ductile behavior. Low
P-wave velocity values are observed at the intersections among the faults. A
possibility of some magma intrusion could be associated with the high Vp/Vs
values which form an elongated anomaly, in the central part of the study area,
which extends from a depth of 12 km to about 1-2 km of depth.

If the obtained 3-D model is used in the relocation of selected events, they
turn out to be strongly clustered in correspondence with the high velocity
anomalies detected in the central part of the study area. Most of the seismicity
tends to occur at the boundaries between the high and low velocity anoma-
lies and at pre-existing weakness zones, i.e. the areas of intersection among
different faults. The occurrence of the seismic activity in the vicinity of low
velocity anomalies and at the boundary between velocity contrast could also
be explained by the occurrence of serpentinization processes in the crust of the
study area.

Kewwords Seismic tomography, Vp, Vp/Vs structures, Magma intrusion

Subject codes G18009, G11004, G13007

1 Introduction

On the west bank of the Red Sea coast line, South East of Egypt, there is an
active seismic area which is the Abu Dabbab area. This area is located to the
north of Marsa-Alam city between longitudes 33.67° and 35.31°E and latitudes
24.55° and 25.65°N, see Fig. 1.

Seismic activity is recorded daily and earthquake swarms accompanied
by sounds have been known since the beginning of the 20" century in this
area (Morgan et al. 1981). After 1970, the swarms were instrumentally ob-
served and discussed by several authors (Hamada 1968; Fairhead and Girdler
1970; Daggett and Morgan 1977; Daggett et al. 1986; Hassoup 1987; Kebeasy
1990; El-Hady 1993; Ibrahim and Yokoyama 1994). In addition to the swarms
which occurred in 1976, 1984 and 1993, there have been four microearthquake
swarms in January 2003, April 2003, October 2003 and August 2004. How-
ever, two recent events (12 November 1955 (M = 6.0) and 2 July 1984 (M =
5.1)) were widely felt in Upper Egypt (see, Fig. 1).

Recent seismotectonics studies on the swarm of August 2004 have been
done by Hosny (2008) and Badawy et al. (2008) using moment tensor inversion
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Fig. 1 Key map of the study area. The regional seismicity from (1900-2007) close to the study
area has been shown in the right part of the figure (from 1900-2007). Black lines represent the

major faults in the basement interpreted from magnetic intenisty maps (after Bayoumi et al.
1979). The focal mechanism solution after, Kebeasy (1990).

and focal mechanism solutions. They concluded that in the Abu Dabbab area,
the distribution of microearthquakes tends to align in an ENE-WSW direction
marking a zone of activity transverse to the Red Sea. The characteristics of the
seismic activity at Abu Dabbab suggest that the area’s seismicity is related to
local sources rather than regional tectonics. Focal mechanism solutions show
different fault styles. Indeed, all these fault trends are evidently caused by
surface faults (Badawy et al. 2008).

Since the pioneering work of Aki and Lee (1976), a great number of re-
searchers have used local earthquake tomography to study the three-dimen-
sional (3-D) velocity structure of the crust and upper mantle, and great ad-
vances have been made in the theory and application of this approach during
the last two decades. At present, local earthquake tomography has become a
powerful tool to investigate the structural heterogeneity of the crust and up-
per mantle, and its relationship to seismic and volcanic activity in a region.
However, there are still some limitations in local earthquake tomography. One
of them is that the spatial resolution of the tomographic images obtained is
generally limited by the spacing between the used seismic stations (Zhao and
Laske 2005).

Local Seismic Tomography is a non-linear algorithm. The non-linearity
stems from the fact that both the Earth model and the hypocentral locations
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must be determined simultaneously. In most cases, the solution to the non-
linear inverse problem is obtained through linearization with a reference model.
Thus the procedure usually starts with the definition of an initial model (a
priori model) as close as possible to reality. The choice of the initial model,
necessary for the linearized inversion of travel times, is thus a crucial decision
that intrinsically affects the final results.

Thurber et al. (1999) provided a suitable solution to the problem in order
to determine 3-D images of the Earth. They proposed a method that uses the
a priori velocity model (1-D model), travel times, and hypocentral locations.
A good distribution of local earthquakes is required through the area under
investigation as well as a good selection of the grid nodes where the a priori
model is defined. The grid step depends on the number of rays passing through
the model.

In the present study, by using good quality data, the three dimensional
Vp, Vp/Vs, and Vs models are computed. In the subsequent sections a detailed
description of the data and the procedure for estimating the subsurface velocity
structures will be given. The procedure is subdivided into a number of steps.
The first step deals with the construction of the 1-D a priori model using
VELEST (Kissling et al. 1995). The other steps deal with the computations of
the 3-D Vp, Vs, and Vp/Vs models.

2 Geologic and structural setting

The regional geology of the Abu Dabbab area is related essentially to the
geologic setting of the Central Eastern Desert (CED), Fig. 1. The Red Sea
rifting (~ 30 my ago) led to isostatic readjustment and uplift of the bordering of
(CED) continental margins (Martinez and Cochran 1988). Subsequent erosion
removed their Phanerozoic sedimentary cover and exposed the underlying
crystalline basement which is part of the Arabian-Nubian Shield that formed
during Pan-African (Late Proterozoic) orogeny (Greiling et al. 1988). It was
represented by Middle to Late Proterozic Metamorphic volcano-sedimentary
series, and basic ultrabasic suites, intruded by a wide variety of plutonic rocks,
ranging from diorite gabbro to granite, mainly of upper Proterozoic-Paleozoic
age and by Cenozoic Alkaline ring complexes.

According to EGSMA, 1992, the geology of the Abu Dabbab area in-
cluded three principal lithological complexes: the Basic/Ultrabasic Complex,
the Volcano-Sedimentary Sequence, and the Intrusive Complex. The Intrusive
Complex outcrops in the southern part of the area, constituting a nearly con-
tinuous unit with approximately EW and WNW-ESE limits with the Volcano-
Sedimentary Sequence.

The basic/ultrabasic assemblage forms several major massifs differently
oriented, and a large number of minor scattered bodies characterized by tec-
tonic contacts with the Volcano-Sedimentary Sequence. The ultrabasites are
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Magma Intrusion in the Upper Crust of the Abu Dabbab Area 5

represented principally by talc-carbonate-serpentine rocks that are considered
to be a part of the Pan-African belt (El Sharkawy and El Bayoumi 1979) and
interpreted as an ocean floor ophiolite suite tectonically abducted in conver-
gent zones (Shackleton et al. 1980; Ries et al. 1983 and El Gaby et al. 1984,
1988).

Intrusion breccia in the Southern contact of Abu Dabbab apogranite is
marked. It consists of angular elongate clasts of altered metasediments
(EGSMA, 1992). Fragments display hydrothermal transformation mainly rep-
resented by growth of white mica and fluorite. Space among fragments is filled
by quartz, feldspar and topaz. Several outcrops of limited size hydrothermal al-
tered rocks were also found, located along the contacts of Abu Dabbab granite
with country rocks, which show deeply altered and oxidized rocks, produced
probably by hydrothermal alteration on talc-carbonate or volcano-sedimentary
rocks.

Fig. 2 shows the simplified geologic map of the Abu Dabbab area and its
surroundings, re-plotted after the geologic map 1:100,1000 scale of EGSMA
1991. The map also shows possible surface faults passing through the area
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Fig. 2 Simplified geologic map of the Abu Dabbab area and its surroundings, re-plotted after
the geologic map 1:100,1000 of EGSMA 1991. The map also shows possible surface faults
passing through the area based essentially on the interpretation of 1:40,000 aerial photographs
by EGSMA 1992. The microearthquakes are located using the 3D-tomography results of this
study.
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based essentially on the interpretation of 1:40,000 aerial photographs by
EGSMA 1992. Rock unit distribution and foliation trends show a rather com-
plex structural pattern. The interfingering of rocks of the Basic Ultrabasic Com-
plex withrocks of the Volcano Sedimentary Sequence is completely folded and
faulted, suggesting that this process belongs to the first deformation phases of
the regional tectonic evolution. The EW trending shear zones of the southern
sector, affecting also rocks of the Intrusive Complex, belong probably to suc-
cessive phases of deformation, that may be associated with thrust faulting of
the Intrusive Complex plutonites over volcano-sedimentary rocks.

Trend distribution of fault systems (based mainly on a photogeological
study) show a rather homogeneous pattern, only with a relative lack of EW
faults. NNW to NW faults appear linked to regional foliation trends, while
NNE to NE faults generally cut with high angle regional structures. NNE to
NE faults belong probably to a younger system.

3 Data selected

More than 850 events are selected for Vp and Vp/Vsinversions, see Fig. 3. The
data are the arrival times picked with high precision from digital waveforms
with low residuals and good ray coverage from local earthquakes recorded
by the Abu Dabbab local telemetered network, operated and maintained by
the National Research Institute of Astronomy and Geophysics. This seismic
network is equipped with a digital acquisition system and a trigger algorithm
for event location and consists of 10 short-period seismometers equipped with
a vertical seismometer in addition to one Orion station with three components.
Data were sent via telemetry to the acquisition center at Marsa-Alam City.

The selected events are azimuthally well distributed. As can be seen from
Fig. 3 all events used in the inversion are concentrated inside the study area.
The number of observations for each selected event is not less than 8. The
locations were calculated using the HYPO71 program (Lee and Lahr 1975)
and once again by the VELEST program. The data set covers the time span
from July to August 2004 with local magnitudes ranging from 2 to 3.6 and
depths ranging from 3 km to 16 km. Events with high residuals and which are
located outside of the invistigated area are excluded from the inversion.

The 3-D Vp inversion was obtained using 8000 P-wave arrival times with
an estimated picking accuracy of &= 0.1s. The data set for the 3-D Vp/Vs model
consists of 4000 S-P wave arrival times. The earthquakes for the Vp/Vs models
were carefully selected to assure a significant number of S arrival times.

4 The 1-D model

The reliability of the results obtained with the linear tomographic inversion
strongly depends on the initial reference model. Kissling et al. (1995) showed
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Fig.3 Location of the 3-D inversion grid nodes superimposed on Landsa(™ image. The dashed
rectangular box limits the area under investigation. The red lines show possible faults modified
after EGSMA 1991 and 1992 and are based essentially on the interpretation of 1:40,000 aerial
photographs.

that an inappropriate initial reference could significantly affect the quality of the
tomographic results. We therefore followed the Kissling et al. (1995) approach
in order to obtain the reference 1-D model of the study area. The 1-D modeling
carried out in the current work has been performed with the program VELEST
(Kissling et al. 1995) by inverting for hypocenters at every iteration, and by
inverting station delays and velocity values every second iteration, until the
total RMS value (root mean square misfit of travel time residuals) reduces sig-
nificantly and stabilizes. The choice of the initial information used as an input
model for VELEST was taken from the refraction model of Marzouk (1988).
A comparison between the initial and the inverted (final) 1-D crustal model,
as listed in Tables 1 and 2, is shown in Fig. 4. The Vp velocity model is assigned
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Table 1 Simplified refraction-based model used as a starting model in the linear inversion.

Depth (km) Velocity (km/s)

0 35
1.5 4.5
35 6.0
10 6.6
26 8.0

Table 2 The inverted (final) Vp crustal model for the area, used as a reference model in the
3-D tomography.

Depth (km) Velocity (km/s) Depth (km) Velocity (km/s)

0 4.30 12 6.50
1.0 4.45 20 6.80
3.0 5.90 25 7.50
6.0 4.30 32 8.10
9.0 6.25

to the nodes of a 3-D grid and the velocity value at any other point is obtained
by linear interpolation between the nodes. The Vp/Vs initial model for the 3-D
Vp/Vs inversion, has been calculated for each event by means of the Wadati
diagram, (Wadati 1933), Fig. 5a and b, and the average value is 1.71. This
mean value is calculated using 220 microevents having at least four S-P times,
correlation coeffcient R = 0.9 for each Vp/Vs value and RMS less than 0.05.

5 Inversion method and procedure

The calculation of the 3-D velocity structures was carried out using the
SIMUL2000 routine (Thurber et al. 1999). The algorithm produces 3-D Vp, 3-
D Vp/Vs,and also 3-D Vs crustal structural models using P-wave and S-P travel
times from local earthquakes and explosions. It was originally developed by
Thurber (1983), but experienced many subsequent modifications (e.g., Um and
Thurber 1987; Eberhart-Phillips and Michael 1993; Rietbrocke 1996; Thurber
et al. 1999). The structural model is defined on nodes at the intersections of a
possibly unevenly spaced rectangular grid, and the model parameters between
neighboring grid nodes are determined by linear B-spline interpolation.

The area under investigation is represented digitally by grids and a map
view of the model is shown in Fig. 2. The model dimensions are 15 km in the
X-direction, 13 km in the Y direction, and 15 km in the Z-direction (depth).
The grid extends: in the X-directions at -7, -6, -5, -4,-3,-2,-1,0, 1,2, 3, 4,5, 6,
and 7 km; in the Y-directionsat4, 3,2, 1,0, -1, -2, -3, -4, -5, -6, -7, and -8 km;
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Fig. 5 (a) Wadati diagram example of the event 8.8.2004 at 03h 55m 41s. From the slope, the
vp/vs value is 1.68 with error 0.02. (b) Histogram of Vp/Vs values used for the determination
of the mean Vp/Vs value.
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in Z-directions at 0, 1.0, 3.0, 4, 5, 6, 7, 8, 10, 12, and 15 km. The coordinates
of the grid center are latitude 25°1720”N and longitude 34°30'00"E.

The calculation starts by assigning the velocity values of the 1-D reference
model (Table 2) to all the nodes of the 3-D grid. The travel time from the
hypocenter to the station is calculated by the pseudo-bending method (Um
and Thurber, 1987). The solution is then obtained by an iterative procedure,
solving for hypocenter location and calculating the velocity of the medium,
with a damped least-squares approach. The next stage is the proper choice of
the damping parameter.

The damping parameter for each inversion is chosen empirically by evalu-
ating a trade-off curve of data variance and solution variance, thus the damping
will vary with the model grid and the data set (Eberhart-Philips 1986). The best
selected damping values for the Vp velocity model and Vp/Vs model are 5 and
10, respectively, as shown in Fig. 6. These values lead to a significant reduction
in the data variance with only a moderate increase in model roughness.

In the present study, the following steps are followed to calculate the 3-D
Vp and Vp/Vs models. During the first steps of tomographic inversion for 3-D
Vp and Vp/Vs, an inversion step, with only one iteration, has been done to test
the configuration of the model grid. This configuration is tested by observing
the “derivative weight sum” (DWS, number of rays per each node) result.
The goal of this step is to investigate the adequacy of the ray coverage and
the resolution, see Fig. 7. The 3-D Vp and Vp/Vs models are calculated by
fixing the damping values for Vp and Vp/Vs, respectively, as obtained from the
damping parameters test and allowing hypocenter relocation. The final 3-D Vp
and Vp/Vs models were obtained after five iterations. The topography of the
study area, taking into the station elevation and the station corrections account,
has been considered in the inversion process.
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Fig. 6 Trade-off curve for the variance of the velocity perturbations and root mean square travel
time residuals. Numbers near the blue diamonds denote the damping parameters adopted for
the inversions. Circled values 5 and 10 are selected as the bestdamping value for Vp and Vp/Vs
models, respectively.
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Fig.7 Distribution of the number of rays passing through each grid node (hit counts). Hit counts
are represented for each profile, A, B, and C. The hit count scale is shown at the bottom.

6 Discussion and conclusion

The best measure to estimate the quality of the inversion result is given by
the resolution matrix. The resolution matrix describes the distribution of the
information for each node, such that each row is the averaging vector for a pa-
rameter. In this study most of the earthquake hypocenters are in the depth range
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12 A. Hosny et al.

from 4 to 15 km, and the 3-D Vp, Vp/Vs and Vs models are resolved. To min-
imize numerical artifacts, damping allows only small velocity perturbations in
areas of low resolution.

Based on the 3-D Vp and Vp/Vs models, we relocated more than 850 events
that occurred within the study area during the period 1-20 August 2004 in order
to give an improved representation of the seismicity pattern to be compared
with the calculated tomographic model. Through tomographic results, the ve-
locity cross sections that are constructed for Vp, Vs, and Vp/Vs are represented
in Figs. 8, 9, and 10, respectively, through profiles A, B, and C. From these
sections we noted that the distributions of Vp and Vp/Vs are characterized
by marked lateral and depth variations, suggesting the presence of significant
structural heterogeneities. If these velocity contrasts and variations are the ex-
pression of horizontal and vertical discontinuities, an attempt to delineate the
fault geometry at depth is natural (Eberhart-Philips and Michael 1993).

The overall Vp and Vp/Vs pattern reflects the complex geologic features
of the study area. The mean value of Vp/Vs is a very important parameter to
infer some rheological features and to understand the spatial distributions of
earthquakes. The low Vp/Vs areas may indicate higher rigidity crustal rocks
with brittle behavior, while the increase of Vp/Vs ratio may identify areas of
relatively more soft crustal rocks with ductile behavior (Seiduzova et al. 1985).

Low P-wave velocity anomalies can be seen through different depths and
they could be related to the intersection among the faults cutting the area. The
high P-wave velocity anomalies (brittle rocks) are bounded by low velocity
anomalies that correspond to more ductile rocks. In fact the low Vp and high
Vp/Vs anomalies could be due to some magma intrusions present at depth.
These high Vp/Vs anomalies could suggest the occurrence of small size vol-
umes of hot intrusive igneous rocks initiated at different depths. The origin of
these intrusive igneous rocks could be explained by the presence of fractional
heating at depth that could arise from the reactivation of old shear zones during
the formation of active Red Sea rift.

Boulus et al. (1990) and Morgan et al. 1985 studied the Red Sea coastal
thermal anomaly in Egypt and they perceived for the Abu Dabbab area a high
heat flow value of about 92 mW/m? + 10, which is more than twice the average
value of Egyptian Eastern desert (47 mW/m?). El Hady (1993), reported, from
the distribution of earthquake focal depths and rheological studies, that the
brittle-ductile transition in the Abu Dabbab area occurs at a relatively shallow
depthrange (9 ~ 10 km) which is consistent with the measured heat flow value
of the Abu Dabbab area.

Using the 3-D velocity model for the relocation of the same events that
have been used in the structure inversion, shown in the velocity sections A,
B, and C, the earthquakes are strongly clustered in correspondence with the
central high velocity anomaly and are concentrated at high and low velocity
contrasts. Such clustering can be explained by the focusing of both local and
regional stress in this zone of strong rigidity contrast.
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Fig. 8 Profile A, vertical cross-section, of Vp, Vs and Vp/Vs variations and relocated hypocen-
ters. Red and blue colors denote low and high Vp and Vs velocities, respectively, while blue and
red colors denote low and high Vp/Vs ratio, respectively. Small open circles show the relocated
earthquakes which occurred within a 3 km wide band around each profile. The percent velocity

perturbation scale is shown at the right of each cross section.
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Fig. 9 Profile B, vertical cross-section, of Vp, Vs and Vp/Vs variations and relocated hypocen-
ters. Red and blue colors denote low and high Vp and Vs velocities, respectively, while blue and
red colors denote low and high Vp/Vs ratio, respectively. Small open circles show the relocated
earthquakes which occurred within a 3 km wide band around each profile. The percent velocity
perturbation scale is shown at the right of each cross section.
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ters. Red and blue colors denote low and high Vp and Vs velocities, respectively, while blue and
red colors denote low and high Vp/Vs ratio, respectively. Small open circles show the relocated
earthquakes which occurred within a 3 km wide band around each profile. The percent velocity
perturbation scale is shown at the right of each cross section.
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Hydrothermal alteration on talc-carbonate and serpentine rocks or volcano-
sedimentary rocks have been noticed in the study area (as seen before in the
geologic setting section). Hydrated mineral assemblages generally have sub-
stantially lower seismic velocities than their parent rocks; this effect is well
known for serpentinite. The seismic velocity and density of the mantle decrease
while Vp/Vs increases with the increasing degree of serpentinization in crustal
rocks.

Serpentinization may generate seismic reflectivity, an increase in magne-
tization, an increase in electrical conductivity, and a reduction in mechanical
strength.

After seismicity relocations, using the new 3-D model, most of the seismic
events occur as clusters. The majority of these clusters are located in the depth
ranges, from 5 to 8 km and from 8 to 12 km. The earthquake swarms recorded
during the past century and the currently located seismicity have focal depths
not greater than 12 km. This may be taken as an indication that ductile material,
at high pressure and temperature, or fluid, is present below the high rigidity
material in the upper crust, supporting the presence of intrusive igneous rocks
through the upper crust of the Abu Dabbab area.

As a test of reliability and accuracy of the new 3-D model in the location
of events, we used this new model for the relocation of 400 selected events,
evenly distributed in the study area, that were not used in the structure inver-
sion. Comparing the locations of these events, obtained using the old model
(Fig. 10a) and the new model (Fig. 10b), we observe that the epicenter’s distri-
bution is more clustered and concentrated at the intersections among the faults
cutting the area, when the new model is used. On the other hand, by using the
old model, the seismicity locations are scattered and widely distributed over
the area considered. Therefore, the improvement noticed in the correlation be-
tween relocated events and the existing faults in the Abu Dabbab area is a real
achievement due to the availability of the new 3-D model.

The appearance of most of the seismicity clustered around these inter-
sections supports and is in agreement with the hypothesis of the intersection
theory by Talwani and Rajendran (1991). A model proposed by Gabrielov et
al. (1996) implies that block interaction along intersecting faults leads to stress
and strain accumulation and secondary faulting around the intersection. This
causes the generation of new faults of progressively smaller size, so that a
mosaic structure, a node, is formed around the intersection. The instability of
fault junctions was also studied by McKenzie and Morgan (1969), King (1983,
1986), Cronin (1992), and McCaffrey et al. (2000).
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Fig. 11 Topographic map with the location of the earthquakes which were not used in the
inversion, (a) locations using the old model, and (b) locations using the new model. Three
ellipses define the three zones occupied by the relocated epicenters. Solid lines indicate the
possible faults (see, Fig. 2 for reference). Different focal depths are indicated with different
symbols.
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