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Abstract-Seismic
strain rates estimated from volume-averaged
moment tensor data are combined
with the strike. dip angle and extent of the subducting lithosphere
to study the slab deformation
in
the shallow part (40-100 km) of the southern Aegean Wadati-Benioff
zone. The upper surface of
this zone has an amphitheatrical
shape, strikes parallel to the sedimentary
arc and dips at a low
angle (14”) from the outer (convex) side to the inner (concave) side of the Hellenic arc, that is,
from the eastern Mediterranean
Sea to the Aegean Sea. The fault plane solutions used in the
summation,
indicate reverse faulting with a considerable
strike-slip component and T axis plunging
more steeply than the subducting lithosphere.
The results show that the subducting slab is in a state
of down-dip extension which occurs along the dip of Wadati-Benioff
zone at a rate of about 1 cm
p.a., while a fast shortening.
at a rate of about 3 cm p.a., occurs parallel to the general trend of the
Hellenic arc.

INTRODUCTION

The African
plate is subducted
under the Aegean
lithosphere,
along the
Hellenic arc, in an amphitheatre-like
shape outlined by earthquake
hypocentres
(Papazachos
and Comninakis,
1969, 1971; McKenzie
1978; LePichon
and
Angelier,
1979). The seismic activity is very intense along the Hellenic arc and
extends up to depths of 180 km (Comninakis
and Papazachos,
1980; Hatzfeld
and Martin, 1992). The dip of the zone does not seem to be constant, as there is a
gently dipping zone down to about 80-100 km and then a steeper one down to
180 km (Papazachos,
1990; Hatzfeld and Martin, 1992).
In this paper, we attempt to see how the earthquake
source mechanisms may
constrain the strain rate and hence the rates of motion within the subducting
slab. We examine the gently dipping part of the slab which is defined by the
seismicity in the depth range of 40 to about 100 km. There is evidence, from the
distribution
of uniform moment release, that this part of the slab is coupled with
the upper shallow part (Papazachos,
1990). So, we believe, that the deformation
within it should be also considered in the determination
of the seismic proportion
of the total deformation
along the Hellenic arc. Plate motion models predict the
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overall motion between Africa and Eurasia to amount to about 1.0 cm p.a.
convergence
at Crete island (Chase 1978; DeMets et al., 1990).
In previous work (Papazachos
et al., 1992; Kiratzi and Papazachos,
1993), it
was found that along the Hellenic arc the deformation
due to shallow seismicity,
at depths less than 40 km, is taken up as compression
at a rate that ranges from 6
to 21 mm p.a., average 12 mm p.a., in a direction of N22-31”E. Tselentis et al.
(1988) and Jackson and McKenzie (1988a, b) have also determined
deformation
rates from shallow seismicity. It seems that at the Hellenic arc the larger and
most significant earthquakes
(M 8.0) occur at depths greater than, say, 40 km
(Galanopoulos,
196.5; Papazachos
and Comninakis,
1971; Papazachos,
1990).
For this reason, it is of interest to determine
the deformation
pattern of the
intermediate
depth seismicity.

METHOD

OF ANALYSIS

The method of analysis followed here is published in Papazachos
and Kiratzi
(1992). The methodology
is based on Kostrov’s (1974), Molnar’s (1979) and
Jackson and McKenzie’s
(1988a) formulation.
The reader is referred to these
papers for a detail description of the procedure.
However, the basic steps of the
data analysis are briefly repeated in. the following.
The annual scalar moment rate, M,, is calculated for each seismogenic source
volume using the relations defined by Molnar (1979))

whereM,, max
volume

is the scalar moment

of the largest ever observed

earthquake

A = 10’”+@d/c)) and

b
B=_

(2)

C

where a and b are the constants of the Gutenberg-Richter
are the constants of the moment magnitude realtion:

relation

and c and d

log M,, = CM, + d.
Then,
relation:

in the

and

for

each

volume

we calculate

the

tensor,

(3)
fiii, using

the

following

where Mz is the scalar moment of the nth focal mechanism, Ft is a function of the
strike, dip and rake of this focal mechanism (from Aki and Richards, 1980) and
N is the number of the focal mechanisms
available.
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The equations for the strain rate tensor, i,, defined by Kostrov (1974) and the
integrated
rates of motion normal and parallel to the boundaries
of each source
volume, tensor U,, defined by Jackson and McKenzie (1988a), are now transformed as follows:
N

.

1

--=

“‘=2pV

c M,

1
-&Ic,Fj,
2YV

n=I

T

i,j=l,2,3

where p is the shear modulus (5 * 10” dyn/cm2 in our case), V is the deforming
volume, I, and lz is the length and the width of the volume, respectively,
while 1,
denotes the thickness of the seismogenic
layer. The reference system, 0x,x2x3,
used corresponds
to the 01,i21j system of the zone. It is obvious that since pii is
calculated
in the North-East-down
system, from Aki and Richards (1980), a
rotation
of F, in the reference
system of the zone is necessary
before it is
incorporated
in equations (5) and (6).

ESTIMATION

OF THE ERRORS

In Papazachos
and Kiratzi (1992) a detailed error analysis was performed
by
simulating the problem using a Monte Carlo technique. The results showed that
errors in the tensor pi, have little influence in the uncertainty
of the magnitude of
deformation
when compared
to those introduced
by the seismic moment rate,
k,, which are a factor of 3. Errors in Fij, however, influence the direction of
deformation
where errors in h, have no effect.

THE

DATA

Earthquakes
with depths in the range of 40-100 km were depicted from the
catalogue of Comninakis
and Papazachos
(1986) for the period 1901-1985 and
the monthly
bulletins
of the National
observatory
of Athens
and of the
Geophysical
Laboratory
of the University of Thessaloniki,
for the period 19861990. The depths listed in these catalogues are taken from ISC. For the historical
earthquakes
(before
the present
century)
the appropriate
information
was
collected from Papazachos
and Papazachou
(1989).
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The intermediate
depth (40 km s h s 100 km) seismicity of the southern Aegean area, for the period
1810-1990,
and the three seismogcnic source volumes identified by Papazachos (1990).

Figure
1 shows the epicenters
of the intermediate
depth earthquakes
with magnitude
larger than 6.0 are shown
(40 km s h< 100 km). Earthquakes
with large black triangles.
The area studied has been divided into three
seismogenic regions (from Papazachos,
1990), as is shown in the figure, that are
examined separately
here. The maximum magnitude,
M,;,,, (input in equation
l), in all three areas was assumed to be equal to 8.0. IvI_~,~ equal to 10” Nm.
Table 1 gives information
on the parameters
used in the analysis. The length,
I,, the width, i2, and the azimuth, t”, of each source were calculated from the
distribution
of seismicity using a simple least squares technique (Papazachos
and
Kiratzi, 1992). The thickness of the seismogenic layer, I,, that is the thickness of
the Wadati-Benioff
zone, was taken equal to 30 km, determined
from a depthdistance cross section of recent events (to be shown later).
Table 2 gives information
on the focal mechanisms of the intermediate
depth
earthquakes
used in the moment tensor analysis. These are the focal mechanisms
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that, at least we think, are the best constrained
ones. It is true that there are not
many recent intermediate
depth earthquakes,
large enough to determine
their
focal mechanism
parameters
with waveform
inversion.
We use fault plane
solutions for a time period of about 30 yr and we hope that we sufficiently sample
the largest events of the southern Aegean Wadati-Benioff
zone. There were
some additional fault plane solutions, though, which we decided not to include in
the analysis. One Harvard solution for an event that occurred in the western part
(May 29, 1987 M= 5.4, h = 57 km) was not used because it clearly showed N-S
extension which indicates that this event is probably a shallow one. Also, the
focal mechanism
solution from Taymaz et al. (1990) for the event of Sept. 22,
1975 (m,, = 5.4, h = 64 km) was not used, because it showed a motion completely
different from all other events in this part of the arc. We also excluded the fault
plane solutions determined
by Beisser et al. (1990), because they were based on
the inversion of one-station
data only. Thus, we ended up with only 12 events
with quite good focal mechanisms,
seven of which were determined
by waveform
modeling, to perform the moment tensor analysis. However,
judging from the
fact that we obtained rather consistent results, we believe that the geometry of
the deformation
would not alter dramatically
even if we had a larger set of focal
mechanism data.
Table

1. Information

on the parameters of the seismogenic
Aegean area

1,
Sourccvolume

t

1A wesrerrr
3h.40, 24.00
3x.70. 22.80
3x.70. 2 I .70
35.50. 23.00

1807
1911
I92h
1965

7.0
5.5
5.0
4.5

159

8.0

326

1810
1911
I926
1965

7.5
5.5
5.0
4.5

93

8.0

1863
1911
1926
1965

7.5
5.5
5.0
4.5

54

8.0

IR

M,,,, 6"

M ",.,
x

source volumes

6

(km)

of the

k * I()“’
a

h

(N4p.a.)

107

2.00

0.5

0. IS

290

122

2.00

0.5

0.15

196

77

1.Y4

0.5

0.13

Crntml

35.50,
34.90,
35.20.
35.90,
30.40.

23.00
25.00
26.60
26.50
24.00

I (’ Eustem
35.20, 26.60
3h.00, 2X.00
X.70.
2X.60
3h.70, 27.80
35.90. 26.50

First two columns: coordinates defining the limits of the seismogenic source volume, 1
is the year since when the data are complete for a threshold magnitude, M,,,,.
6"is the
azimuth of the source’s principal direction with north, M,,,is the maximum magnitude
for the area. I,, IL are the length and the width of each deforming volume, respectively,
LI, h arc the paramctcrs of the Gutenberg-Richter
relation, from Papazachos (1990),
the u-value is normalized
for I year. and M,,is the seismic moment rate for each
source determined from equation (I).
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Table2.

Fault

plane

0
@N

Date
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
Il.
12.

May
Aug
Mar
Apr
Nov
Sept
Nov
June
Mar
May
June
Nov

solutions

36.6
37.8
38.6
34.9
36.1
38.0
36.1
34.8
35.0
36.1
36.8
35.9

23, 1961
28, 1962
31, 196.5
9. 1965
28, 1965
13, 1972
28, 1977
15, 1979
19, 1983
22. 1984
19, 1987
21, 1992

of the intermediate
Aegean

depth

earthquakes

of the southern

1;

M,

h (km)

Strike”

Dip”

Rake”

28.5
22.9
22.4
24.2
27.4
22.4
27.X
24.2
25.3
22.x
28.1
22.5

6.4
6.8
6.8
6.1
6.0
6.3
5.8
5.6
5.7
5.3
5.5
6.0

70
95
78
51
73
75
x5
40
67
73
60
70

270
241
286
63
350
235
103
I50
44
75
316
196

35
51
17
76
30
76
46
75
51
66
54
SO

115
58
60
157
162
48
24
70
139
142
137
16

REF
R
M
P
T
P
K
E
T
T
H
E
H

R, Ritsema (1974), first motions: M, McKenzie (1972), first motions; P, Papazachos
et nl.
(1991). first motions; T. Taymaz et al. (1990), waveform modeling; K, Karacostas
(198X),
first motions;
E, Ekstrom
and England
(lY89), ccntroid
moment
tensor inversion;
H, CMT Harvard determination.

Figure 2 shows the fault plane solutions finally selected,
faulting with a considerable
strike-slip component.

which indicate

reverse

2,,$pgy$-yg
0

1MlV"l
o/4/
I

ZOO

21°

1g/3/83

lYGi79
I

22O

23'

24'

1

25O

2G0

27O

28O

Fig. 2. Best constrained
fault plane solutions for the intermediate
depth (40-100 km) events of the southern
Aegean area. A lower hemisphere
equal area projection
is used and the black quadrants
denote compression
while the white ones denote dilatation.
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Fig. 3. Depth of intermediate
depth (40-100 km) earthquakes
&depth
of 160 km (shown in the upper part of the figure).
modeling, with a depth error of the order of 5 km (depths listed
events whose focal mechanism
we did not use), while
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27'

25'

23'

21°

lithospheric

of 160 Km

(km)

of the period 1970-1990 vs distance from the
(0) Denote depths calculated
by waveform
in Table 2 plus two additional values for two
(0) denote depths reported by IX.

In order to calculate the scalar seismic moment of each event, in the cases
where we had no direct measure of the moment, and to calculate also the values
of c and d of equation (3) we used the following scaling relation:
Log M,(dyn.

cm) = 1.5M,

+ 16.0

(7)

which was determined
from scalar seismic moments determined
only by waveform modeling of intermediate
depth earthquakes
of the southern Hellenic arc.
The slope of the line was assumed to be 1.5 (Kanamori
and Anderson,
1975).
The thickness of the seismogenic layer, that is, the value of I,, was estimated
to be 30 km. In order to determine this value, we used the parameters
of all the
events (in the depth range 40-100 km) that occurred in the southern Aegean
area after 1970 and had a magnitude greater or equal to 5.0. Figure 3 shows a
cross section of the depth distribution
of these events vs their distance from the
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isodepth of 160 km (shown in the map in the upper part of the figure). From
the same plot the mean slope of the Wadati-Benioff
zone is calculated to be
14”, at this depth range (40-100 km), which was used in the calculations.
Isodepths,
however, show that the slope is steeper in the eastern part of the arc
(Comninakis
and Papazachos,
1980), but here the value of 14” was used in all
three cases.

DIRECTION

OF THE PRINCIPAL

STRESS AXES

Using equation 4 and the data of Table 2, the six components
were calculated for each seismogenic source volume.

of the tensor,

Fli,

IA: western
This source region lies under the eastern part of Peloponese but extends to the
north up to 39” latitude and to the south up to the western corner of the island of
Crete. Four fault plane solutions were used in the calculations (listed with Nos 2,
3, 6 and 10 and 12 in Table 2), and the components
of the tensor, F,, are as
follows:
Source

-0.54
0.25
0.24
The eivenvalues

of this tensor
/I
0.80
-0.16
-0.64

0.25
0.06
0.39

0.24
0.39
0.48

are the following:
Azimuth”
65
77
163

Plunge”
55
-34
6

The eigenvalues
are ordered such that II , nil, z&, to represent the tensional,
null and compressional
axes of the equivalent
double couple.
Positive or
negative plunge means that the vector is directed into the solid earth or above it,
respectively.
As was mentioned
previously,
the tensor Fii is obtained by simply
summing a particular
subset of moment tensors. This summation
would not
generally yield a double couple, with eigenvalues equal to 1,O and - 1, but rather
an arbitrary
deviatoric
tensor.
A pure double couple would result if the
orientations
of the intermediate
(null axes) of the individual double couples were
orientated
in the same direction. This would be the case for a deformation
field
characterized
by plain strain for instance.
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Source IB: central
This source volume lies under the island of Crete. Three fault plane solutions,
listed with numbers 4, 8 and 9 in Table 2 were used in the calculations.
The
components
of the tensor, F,,, for this source are:
0.34
0.29
0.44
The eigenvalues
are:

of this tensor,
L
0.94
-0.06
-0.88

0.29
-0.77
0.31

0.44
0.31
0.43

that give the direction
Azimuth”
20
0
100

of the principal

axes,

Plunge”
46
-42
-10

Source 1C: eastern
This source volume lies under the islands of Dodecanese
(Karpathos,
Rhodos,
etc). Four fault plane solutions were used in the calculations,
listed with Nos 1,5,
7 and 11 in Table 2, and the components
of the tensor, pi,, for this source are as
follows:
-0.51
-0.32
0.37
The eigenvalue

pattern

-0.32
-0.04
-0.35

of the tensor
/z
0.87
-0.17
-0.70

0.37
-0.35
0.54

is:

Azimuth”
127
105
21

Plunge”
-57
31
-10

It is observed
that in all three parts of the area the eigenvalue
of Fli that
corresponds
to the T axis is close to 1 (0.80, 0.94 and 0.87), which indicates that
the T axis, determined
from the fault plane solutions of different earthquakes
in
each source volume, has an almost constant direction.
Figure 4 is a lower hemisphere
equal area projection
of the P (0) and T (0)
axes of the fault plane solutions shown in Table 1, for the three seismogenic
source volumes. It is clear that the T axes are less variable than the P axes are.
They are directed,
in all three source volumes,
from the convex (eastern
Mediterranean)
to the concave (Aegean) part of the arc and dip at a considerably steeper angle than the dip of the slab (W, 46” and 57” from west to east). A
steep dip of the T axes has been also noted before (Papazachos
et al., 1991). The
P axes appear to be more variable, and are almost horizontal
(e-10”)
which
indicates that they lie within the shallow dipping slab.
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SEISMIC STRAIN

RATES

Following the method described above we calculated the strain rate tensor, &, ,
and the velocity tensor, U,, , for each seismogenic source volume, using equations
(5) and (6). Th e results are summarized
in Table 3.
The maximum
strain rate release changes from west towards east from
6.9* 1W’p.a. to 8.1* lO-x p.a. to 16.0* lO_” p.a., which, except for the eastern
part, is about a factor of 2 smaller than the maximum strain rate release observed
for the shallow seismicity in the Aegean area (Kiratzi and Papazachos,
1993).
From the results of Table 3 it is indicated that compression
occurs parallel to the
strike of the arc in all three seismogenic volumes at a rate of 29 mm p.a. in the
western part and of 34 mm p.a. both in the central and the eastern parts. This
compression
takes place at a shallow angle, within the subducting lithosphere.
Approximately
down dip extension occurs normal to the strike of the Hellenic
arc, at a rate of 8 mm p.a, in the western part. 14mm p.a. in the central and
17 mm p.a_ in the eastern part. Moreover,
in the eastern part of the Hellenic arc
the dip of the vector of the maximum extension (-44”) is considerably
larger
than the mean dip of the shallow part of the Wadati-Benioff
zone (14”).

I

200

I

1

1

22.3

24”

26O

I

200

Fig. 4. Lower hemisphere equal area projection of the P (0) and of the T axes (0) of the fault plane solutions.
shown in Fig. 2. for each source volume separately. The asterisks (+) show the T axis obtained from the
eigenvalues of tensor F,,. and (----) shows the orientation of the Wadati-Benioff
zone, in each case.
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Table 3. Seismic strain rates (*lO ‘/a) and seismic deformation
Source 1A
Swain rate (*lW’p.a.)
(I : north. 2 : east, 3 : down)
Seismic deformation oelocily
(I :north, 2;east. 3:down)
Eigenvalues
of U,,:
1,
-2X.46
Azimuth”
159
Plunge”
-4

&II
-6.85

Seismic defbrmution velocity
(I : 159”SE. 2:249”SW dip -14”,
3 : 249”SW dip 76”. the zone system).

UZZ
0.26

-0.67

8.95
Li (in mm p.a.)
-0.22
147
70

Source IC
Slrain rule (*IO ‘p.a.)
(I : north, 2 : east, 3 : down)

&
16.53
133
-44

U,i

slab

75

for each source

F22

E23

6.12

5.11

UZL
2.87

UZ?
3.01

U?
5.83

U?
-3.97

&I2
6.16

El3

4.23

-x.13

6.12

U22
12.59

U,i
0.32

UZ
-27.83

U,?
9.18

FL2

53

volume

&ii

0.72
UV
-0.58

UT
I .03

Eli
0.55
UT?
-1.92

FI1
-8.98

16.00

-2.27

-6.83

Eli
11.67

UT
-17.51

U,,
12.63

U??
-4.76

U?
-3.X2

UV
4.64

U22

UV
2.30

FI1

FL?

F2i

1, (in mm p.a.)

Seismic dejbmation oelocily
(1 :S4”NE. 2: 144”SE dip -14”,
3: 144”SE dip 7h”. the zone system).

Isodepths (Fig. 3), however,
eastern part of the arc.

2.16

U,l

UII

Seismic deformulion oelocity
(I :north. 2:cast. 3:down)
Eigcnvalues
of U,,:
A,
-33.53
Azimuth”
30
Plunge” - 13

Eli

U,?
-0.X3

-2X.45

&
13.51
20
12

5.4h
UZZ
11.81

Source IB
Swain rule (*lo-‘p.a.)
(I : north. 2 : east, 3 : down)
Seismic deformation velocity
(1 : north, 2 : east, 3 : down)
Eigenvalues
of U,,:
1,
-34.0X
Azimuth”
106
Plunge” -15

&II

(in mm/p.a.)

Ull

-23.87
1, (in mm p.a.)
-0.12
56
-73

AZ
0.81
70
16

velocities

lithospheric

-3.18
I07
43
UI,
-27.57

U11
14.59

U,,
0.20

U22
5.09

-9.76

show that the dip of the zone is also larger

DISCUSSION

AND

in the

CONCLUSIONS

We examined the deformation
caused by the earthquakes
that occur in the
intermediate
part of the Wadati-Benioff
zone (40-100 km) along the Hellenic
arc, on the basis of seismicity and moment tensor data. At this depth range, the
Wadati-Benioff
zone dips to the inner (concave) side of the Hellenic arc at a low
angle (-14”). it is believed that in this depth range coupling occurs between the
subducted
oceanic lithospheric
slab and the overriding
Aegean
lithosphere
(Papazachos,
1990), and we thought the contribution
of these intermediate
depth events to the deformation
of the Hellenic arc should be also considered.
Figure 5 is a graphic illustration of the maximum relative velocities, as these
are obtained from the eigensystem
of the tensor, U,,. A lower hemisphere
equal
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MODE OF DEFORMATION OF THE GENTLY DIPPING PART OF THE WADATI
BENIOFF ZONE
(Relative velocities in mm/a)

,
200

I

I

220

24O

I

26O

I

I

200

Fig. 5. Graphic illustration of the maximum relative v&cities
(derived from the eigensystem of tensor U,,). for
the shallow part (10~100 km) of the Wadati-Bcnioff
zone. Converging arrows denote compression. while
diverging grows dcnotc cxtcnsion (numbers next to the arrows give the velocities in mm p.a.). The large circles
show a lower hemisphere equal area projection of the direction of the maximum extensional velocity (A) and
of the maximum shortening velocity (0) for each source. The dashed lint shows the approximate orientation 01
the Wadati-Benioff
zone.

area projection
of the direction
of the maximum extension
(A) and of the
maximum shortening (0) is also shown in the figure. The subducting slab, at the
depths of 40-100 km, is in a state of down-dip tension which seems to increase
from west to east (8 mm p.a. in the west, 14 mm p.a. in the central and
17 mm p.a. in the east). It seems more reasonable,
though, to consider the
average value, 13 mm p.a., since these values are within error limits (Papazachos
1992). Nearly horizontal
compression
along the strike of the
and Kiratzi,
Hellenic arc is observed, at an average rate of 32 mm p.a. This compression
was
also observed by Taymaz et al. (1990). They interpreted
it as the possible effect
of the eastern
Mediterranean
to be in a state of E-W compression
from
processes unrelated
to the subduction.
As a matter of fact, the component
of
seismic extension
could be easily attributed
to slab pull-forces
acting on the
subducting
lithosphere
but the component
of the compression,
of about
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3 cm p.a., is more difficult to explain. The T axes of the intermediate
depth
events (40-100 km) are the less variable and dip to the inner side of the Hellenic
arc at generally steeper angles than the slab dip. However, the orientation
of the
relative velocity vectors indicate deformation
within the subducting lithosphere.
1993) it
In previous work (Papazachos
et al., 1992; Kiratzi and Papazachos,
was found that the shallow seismicity along the convex side of the Hellenic arc
can account for about 12 mm p.a. of nearly horizontal seismic shortening due to
slip on low angle thrust faults. According to the results of the present paper, in
the shallow dipping part of the Wadati-Benioff
zone, horizontal seismic shortening of 32 mm p.a. parallel to its strike (and to the strike of the arc) combined with
seismic extension
of 13 mm p.a. along its dip produces
reverse motion with
considerable
strike-slip component.
It is interesting to note that the amount of
compression
(12 mm p.a.) along the convex side of the arc and of extension
(13 mm p.a.) observed at the shallow dipping part of the Wadati-Benioff
zone
are nearly the same, both in magnitude and in direction.
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