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Abstract—The relation between the angle of slip during fault reactivation and the applied stress field is
investigated through a plot of the deviatoric stress ratio r = (0, — 0,)/(oy — a,) vs the fault strike direction
measured from oy, assuming that one of the principal stresses, ¢, is vertical. This approach is applied to the
North Aegean trough fault zone on the basis of neotectonic data presented previously by other authors, and
conclusions are drawn as to the potential type of faulting along the trough since late Miocene. The same reasoning
is also applied to earthquake focal mechanisms of the Northern Aegean region.

INTRODUCTION

THE initiation of faults in idealized continuous rock
masses can be interpreted on the basis of the Coulomb
theory of shear failure and the type of faulting can be
classified according to the relative magnitude of the
principal stresses (Anderson 1951). According to the
Andersonian theory, in a homogeneous rock, fracture
takes place on one or both of a pair of conjugate planes
which pass through the direction of the intermediate
principal stress, 0,, and are equally inclined at angles of
<45° to the direction of the greatest principal stress, 0.
Compressive stresses are taken positive in this work and
therefore 0, = g, = o;. The principal stresses can
alternatively be designated in terms of their orientation,
assuming that one of them is vertical, with o, oy and oy,
corresponding to the vertical, greatest horizontal and
least horizontal principal stress, respectively. Thrust
faulting is expected where o3 = g, strike-slip faulting
where 0, = 7, and normal faulting where o, = g,

In nature, however, failure by activation of pre-
existing faults may be easier than the formation of new
faults. In cases of fault reactivation the Coulomb cri-
terion of failure is modified, considering sliding resist-
ance along pre-existing fractures instead of fracturing.
Asshown by Bott (1959), for fixed directions of principal
stresses, the angle of sliding depends on both the orien-
tation of the pre-existing fault plane and the relative
magnitudes of the principal stresses. Conversely, the
determination of both the directions of the principal
axes of stress and the deviatoric stress ratio, on the basis
of the striations on a population of fractures reactivated
during a single tectonic event, relies on the assumption
that faulting results from the sliding along pre-existing
faults (e.g. Arthaud 1969, Carey 1976). Furthermore,

Arthaud points out that two sets of faults approaching
Anderson’s model may occur in nature, but, in general,
fault directions are more dispersed.

In addition to the concept of fault reactivation another
important aspect concerns the possible directions of pre-
existing faults. Brace & Kohlstedt (1980) estimated the
frictional strength of the lithosphere assuming that frac-
tures of all orientations exist. Similarly Reches (1983)
assumes that prior to deformation many discontinuity
surfaces with random orientation exist and that the
applied deformation is accommodated by slip along only
a few sets of preferred faults, selected to minimize the
dissipation of energy under a given strain. In this papera
slightly different approach is followed. It is postulated
that the important pre-existing faults of the continental
crustin a broader region are arranged along distinct fault
zones, and that both regional deformation and seismi-
city are accommodated mainly by slip along them over
significant periods of time. The North Aegean trough is
treated here as such a fault zone. Obviously the above
principle is scale sensitive and applies to the higher
structural scale in Arthaud’s sense. However, other
models like Anderson’s and Reches’ may be applicable
at lower scales.

Sibson (1985) considered the conditions for reacti-
vation of existing faults in the simplest case where the
normal to the fault plane lies in the 0,—0; plane. In this
particular case the frictional failure criterion is simpli-
fied to the equation:

ot/os = (1 + pucot 6)/(1 — utan 8), (§))

where o7 and o3 are the greatest and least effective
principal compressive stresses, respectively, u is the
static coefficient of friction and 6 the angle of the fault
plane to g;.
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Philip (1987) distinguished four types of tectonic de-
formation based on the deviatoric stress ratio:

J; — O3

R:

)

0, — 0y

These may involve a combination of different types of
faults as follows:

(1) combination of strike-slip and reverse faults,
whereby the vertical principal stress, o, is either o, or
03, 0, tends to o3 and R tends to zero;

(2) combination of strike-slip and normal faults with
the vertical principal stress, g, being 0> or o(; R tends to
1 and o> to gy;

(3) constrictive deformation of thrust faulting, where
g, = 0, 0> comes close to 04, Rtends to 1 and 0, >> (o) +
g3)/2;

{4) radial extension with ¢, = 0, 03 tending to o5, R to
0 and (0, + 03)/2 > 0.

FAULTING TYPE DIAGRAM

Reactivation of pre-existing faults can be studied on
the basis of Bott’s equation (1959):

n | 2, 0. — 0y )
tanw = — | m* — (1 — n) =—=2|, (3)
Im Oy — Oy

where 0., 0,, 0. are the principal stresses in the crust, o,
is assumed vertical, [, m, n are the direction cosines of
the normal to the fault plane, relative to the principal
stress axes, and o is the angle of sliding measured from
the strike direction of the fault. It follows from equation
(3) that the angle of sliding, and therefore the type of
faulting, is entirely determined from the orientation of
the fault and the deviatoric stress ratio. Equation (3)
also provides the possible directions of sliding in the case
of fault reactivation. However, whether reactivation
takes place or not for a given state of stress depends on
three other factors: sliding friction along the fault, pore
pressure and fault plane attitude.

When the direction cosines (I, m, n) are expressed as
functions of the fault dip (#) and the fault strike (4)
measured from o, then:

[=sinfcosi,m=sin@sind, n=cosf (4)
and equation (3) becomes:
tan w = cos O (tan A — 2r/sin 24) (5)
or rearranged in terms of the stress ratio (r):
. 5. sin2dtanw
r=SinT A - e (6)
where
r= (0, = op)(On — On) (7
and
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O“ - U;., (}“ = ()'\‘. (}h = 0,\'

The following sign convention is adopted: A and 6 are
taken as positive and =90°, whereas w is taken as
positive for reverse faults and as negative for normal
ones.

The ratios R and r are connected through the relation-
ships:

r=R"'>1

for o,> oy >0y,

r=R,0<r-|
F=RI(R —1})<0

for (8)

Uy = U, > Oy,

for oy > o, > o,

Thus. r can take any positive or negative value,
whereas R varies from 0 to 1. It is pointed out that, in
contrast to the ratio R, the r value alone is sufficient to
describe the type of stress regime without any reference
to the orientation of the principal stress axes. For
example, as mentioned by Philip. (1987), all three pure
types of faulting, either reverse- or strike-slip or normal,
have identical tensor forms characterized by the value of
the intermediate stress component o, = (0, + 03)/2 and
R = 0.5. However. the corresponding values of r are
different: —1,0.5 and 2. respectively. Moreover, since r
1s directly involved in equation (5), it is proposed that r
should be used preferentially instead of R.

The same ratio » and equation {6) have also been
applied by Simoén Goémez (1986) in his y—r diagram
(where y is the azimuth of oyy), for the discrimination of
the various phases of deformation in polyphase tecto-
nics, on the basis of the striations observed on a popu-
lation of reactivated fault planes. An interval of y values
is delimited in which oy is compatible with all the fault
movements. For a given fault, r is calculated for every
possible direction of oy in the compatible field: When a
tensor is responsible for the movements over a number
of faults, their curves must intersect into a ‘knot’ defin-
ing the optimum y-r combination. Sometimes a fault
population gives rise to two or more ‘knots’; either
several orientations of gy or various r ratios of the same
oy or orientation are determined in this case.

From equation (6). for slip on a given fault with angle
of sliding (w) in the range w, < w < w,, the following
condition must be satisified:

5. sin 24 tan w,

.5 sin 24 tan ),
sin~ A =
2cos 0

2cos 0

. (9)

o <sint A~

On the basis of inequality (9) arange of r values can be
determined for various types of faults. For that reason
the fault dip (€) and strike (1) need to be established.

Although it appears that the fault dip .can take any
value, in nature it varies within a narrow range for
normal or reverse faults.- Therefore, for a general dis-
cussion, the fault dip can be taken equal to the average
value for each of those fault types, i.e 65° for normal
faults and 25° for thrust faults. According to Sax (1946),
cited by Hubbert (1951). 1650 normal faults in the
Netherlands coal measures have an average dip of 63°
while 450 thrust faults have an average dip of 22°.
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Fig. 1. Type of faulting as a function of the deviatoric stress ratio, r, and the fault strike, 1, measured from g;; . Fault types
as follows: N = normal, R = reverse, O = oblique, ON/OR = oblique with normal/reverse-slip component. Each curve
corresponds to the indicated combination of angle of sliding and fault dip. Angles in degrees.

In the faulting type diagram (Fig. 1) introduced by
Chiotis (1989), a number of curves are drawn by assign-
ing certain values of w and 8 in equation (5). The angle
of sliding (w) takes the values: 0°, +£30° and +60° which
delimit the fields of strike-slip, oblique and normal or
reverse types of faulting. The values 25° and 65° are
assigned to the fault dip (0) for reverse and normal
faults, respectively; the dip of 85° is also considered as
representative of commonly near vertical strike-slip
faults. Faults of the above dips are considered as the
most favourable to reactivate, under the proper stress
field (Chiotis & Tsoutrelis in preparation). Areas of
different types of faulting are delimited by the curves in
Fig. 1 as follows:

—normal (N) for —90° = @ = —60°, above the curve
—60°/65°;

—oblique with normal-slip component (ON) for —30°
< w = —60°, between the curves —60°/65° and —30°/65°;

—strike-slip with normal-slip component (SN) for

—30° = w < 0°, between the curve —30°/65° and the zero
curve for w = 0° and any value of @; the latter curve
corresponds to the equation: r = sin® A resulting from
equation (5) for pure strike-slip faults;

—strike-slip with reverse-slip component (SR) for 0°
< w = 30°, between the zero curve and the curve 30°/25°;

—oblique with reverse-slip component (OR) for 30°
< w = 60°, between the curves 30°/25° and 60°/25°;

—reverse (R) for 60° < w =< 90°, below the curve 60°
25°%;

—mnearly vertical strike-slip faults with normal- or
reverse-slip components between the zero curve and the
curves —30°%/85° and 30°/85°, respectively.

Note that a fault dip of 85° is used as representative of
the approximately vertical faults, simply because an
infinite value of r results from equation (6) for 8 = 90°,
which cannot be graphically presented in Fig. 1. The
infinite real interval of r [—, ®] can be equivalently
related to the finite interval [—n, n] by plotting 7 = n —
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[n/(r + 1)] instead of r, as suggested by Simén Gémez
(1986). This compiication is considered unnecessary for
our purposes.

Field data of fault dip, if available, could be used
instead of the idealized values applied above. It is
believed, however, that Fig. 1 can facilitate firstly the
understanding of the potential co-existing fault types
under various tectonic regimes and secondly the drawing
out of some useful general conclusions. It is emphasized
that the analysis relies on the assumption that one
principal stress axis is vertical and this point will be
investigated later.

The four types of tectonic deformation described by
Philip (1987) are easily recognized and better defined in
Fig. 1.

Type 1 (R-OR-SR), with r = 0, corresponds to a
combination of reverse faults approximately perpen-
dicular to oy, along with oblique and shallow strike-slip
faults.

Type 2 (N-ON-S8N), r = 1, consists of a combination
of normal, oblique and strike-slip faults.

Type 3 (R-SR), a constrictive deformation with r <
—0.6, corresponds to reverse faults of any direction and
almost vertical strike-slip faults.

Type 4 (Nrd) a radial extension with r > 2.6, corre-
sponds to normal and vertical strike-slip faults, both at
any strike direction.

As concluded from Fig. 1, reactivation of strike-slip
faults is possible for any type of stress regime, i.e. either
o, > Oy > Oy, Oy > 0, > 0y O Oy > 0, > 0,, i.¢ any
value ot the ratio ». This is a significant difference with
the Andersonian theory of faulting, according to which
strike-slip faulting occurs for oy > o, > o;. It is noted
that, depending on the value of r, different combinations
of angle of sliding and fault strike are possible for strike-
slip faults. Moreover, the dip angle influences largely
the area of definition of strike-slip faults, as can be seen
from Fig. 1 by comparing the curves either —~30°/65° and
—30°/85° or 30°/25° and 30°/85°.

Among strike-slip faults, vertical or almost vertical
ones are rather common. It can be shown from equation
(5) that in order for a plane of weakness to act as a pure
strike-slip fault (@ = 0°), it must have either 6 = 90° or r
= sin’ 4. This implies that a vertical fracture of any strike
can function as a pure strike-slip fault, regardless of the
type of stress regime, provided that the stress field is
sufficient to cause sliding. On the other hand, the
alternative condition r = sin® 1 requires faults of a
certain strike, as well as 0 < r = 1, which in turn implies
that oy > o, > o0y,. For vertical planes with non-zero
angle of sliding the stress ratio in equation (6) becomes
infinite; it is concluded, therefore, that vertical disconti-
nuities can only act as pure strike-slip faults. The special
case of 0y = 0y, 15 not significant, even though it implies
infinite r, since the shear stress vanishes then (Jaeger &
Cook 1976).

It 1s interesting that when r varies in the range from 0
to 1, or equivalently when oy > o, > 0y, all known types
of faults are possible. Therefore, reverse faulting does
not necessarily require that oy > 0y, > 0, as Anderson’s
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model suggests; it only means that the vertical principal
stress is not the greatest one.

It should also be emphasized that the deviatoric stress
ratio is subjected to temporal, regional and depth-
dependent variation. This was clearly demonstrated by
Zoback (1989) in the actively extending northern Basin
and Range province. Based on neotectonic studies, focal
mechanisms, in situ stress measurements and other
stress data, Zoback concluded that “principal stress
orientations remain relatively constant with the primary
variation influencing slip vectors occurring in relative
stress magnitudes”. -Furthermore, stress field data
suggest that the relative stress magnitudes measured at
shallow crustal levels may not be totally representative
of those at seismogenic depths.

Due to the above variation of r it is believed that Fig. 1
describes better the associated variation in the type of
faulting for certain area. This is also justified by the
additional reason that r ranges can be directly deter-
mined from neotectonic studies. However, the possible
types of faults for specific characteristic values of » can be
easier observed in Fig. 2, where the angle of sliding is
plotted vs the fault strike measured from oy, for various
combinations of » and fault dip.

APPLICATION TO THE NORTHERN AEGEAN
AREA

Application to neotectonic data

The North Aegean trough is composed ot subsiding
geomorphological, sedimentary basins, 1000-1500 m
deep, and consists of two branches (Lyberis 1984). The
western one, known as Sporades basin and trending
045°, is located to the north of N. Sporades islands (Fig.
3); the eastern one, known as Saros trough, trends 075°
and passes between the islands of Limnos and Samoth-
raki. The North Aegean trough, according to Lyberis,
was initiated in the Tortonian, along a fault zone at the
western prolongation of the North Anatolian fault,
whereas dextral strike-slip faulting is the typical mode of
deformation along the North Anatolian fault zone. Dis-
tributed normal faulting and associated grabens are
essential features of the North Aegean trough. A very
complicated tectonic setting exists including strike-slip
and reverse faulting as displayed by Roussos & Lyssima-
chou (1991).

There has been considerable speculation about
whether the North Anatolian fault extends beneath the
Aegean Sea. McKenzie (1978) suggests that it does not
and motions are taken up on several structures with
considerable components of normal faulting. On the
other hand, Lyberis & Deschamps (1982) consider that
the North Aegean trough is the active prolongation of
the North Anatolian fault but the deformation there
combines extension with strike-slip. In any case the
tectonics of the Aecgean region are significantly
influenced by the westward movement of Anatolia along
the North Anatolian fault (Dewey & Sengdr 1979,
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Sengdr 1979). Since the later Serravalian (~12 Ma), the
tectonics of Turkey has been dominated by the westward
escape of an Anatolian block from the east Anatolian
convergent zone on to the oceanic lithosphere of the
Eastern Mediterranean Sea, mainly along the North and
East Anatolian strike-slip faults (Segnér et al. 1985).

Mercier et al. (1989) presented the results of a neotec-
tonic study in the Northern Aegean islands, Thrace and
Macedonia. They postulated three periods of extensio-
nal terctonics over the Northern Aegean region during:
I—Middle Pleistocene-Present, with a N-S direction of
estension (03); II—Pliocene—early Pleistocene, with a
NE direction of extension; and III—late Miocene, with a
WNW direction of extension.

They also determined the azimuths of the principal
stress axes and the deviatoric stress ratio R’ = (0, — g1)/
(03 — 0,) from the striations on a number of sites, for
each of which several faults have been measured. This
stress ratio R’ was transformed into r through equation:
r= (1 — R")" ! valid for 0, = g,, which is the case for the

(w)

90"

s5d

-50

-90

Fig. 2. Angle of sliding, w, vs the fault strike, 1, measured from oy for
various combinations of deviatoric stress ratio r/fault dip. Angles in
degrees.
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data used. The results for the nearest islands to the
North Aegean trough are shown in Table 1.

Before applying the Fault-type diagram to the neotec-
tonic data of the Northern Aegean we should check
whether the basic assumption holds that one of the
principal stress axes is almost vertical. Two sources of
information were used: the azimuths of principal stress
axes as determined by Mercier et al. (1989); and the
azimuths of the P and T axes for the most reliable focal
mechanisms of shallow earthquakes in the Aegean and
the surrounding areas, compiled by Papazachos & Papa-
zachou (1989). As shown in Fig. 4(a), one of the princi-
pal stress axes determined from neotectonic data is
maintained almost vertical (>60°), which does not
always hold for the axes P, B and T (Fig. 4c).

This suggests that at the relatively shallow depths
corresponding to the neotectonic observation one of the
principal stress axes is retained vertical. There is in
general a lack of direct information on the orientation of
the stress field axes at the earthquake foci due to the fact
that the P and T axes determined from the focal mechan-
isms are not usually related to the regional stress field in
any simple manner (McKenzie 1972).

The calculated values of stress ratio r for the islands of
N. Sporades, Limnos and Samothraki which surround
the North Aegean trough are shown in Table 1 and
plotted in the Fault-type diagram (Fig. 1). The fault
strike plotted refers to the main fault forming the
southern border of the trough; the angle of fault strike
with gy is also shown in Table 2. From the distribution of
the points in Fig. 1, it is concluded that three types of
neotectonic faulting are possible in the North Aegean
basins from late Miocene to present, as follows:

(a) for high values of r (r > 2.6), radial extension with
normal faulting in all possible directions in conjunction
with strike-slip faulting on almost vertical faults of any
direction;

(b) for intermediate values of r (1.5 < r < 2.5) a
combination of normal, oblique normal fauits with
strike-slip faults of high dip (>60°). Fault orientation
tends to follow roughly some preferred possible strikes
such as subparallel or approximately perpendicular to
oy for normal and almost vertical strike-slip faults,
intermediate between the above end-cases for oblique
faults and around 45° to ¢y for strike-slip faults dipping
about 70°;

(c) for r = 1, a combination of normal, oblique and
strike-slip faults, where normal faults are subparallel to
oy, oblique faults at angles 45° to oy and strike-slip
faults can have any dip or direction.

The described application of Fig. 1 is useful for the
assessment of the expected type of faulting in a certain
area. However, for the estimation of the sense of move-
ment along a particular fault plane the most appropriate
approach is the calculation of the angle of sliding w
through equation (5). This may be illustrated for the
fault bordering the southern margin of the North
Aegean trough.

The data used (Table 2) are the deviatoric stress ratio
and the azimuth of oy derived both from the neotectonic
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Fig. 3. Structural sketch of the areas surrounding the North Aegean trough fault zone after Mercier et al. (1989). Assumed
fault planes from earthquake mechanisms are also shown; fault attitude and direction of sliding (dotted) are graphically
depicted; fault dip is also given numerically.

study by Mercier e al. (1989), and the fault strike and
dip estimated from marine seismic sections.

A deep seismic profile northwest of Limnos (LLalechos
& Savoyat 1979, fig 8) shows that the southernmost fault
bordering the eastern branch of the North Aegean
trough dipped ~85°NW during the deposition of the
Miocene, Plio-Pleistocene and presenti sediments. In
contrast, the fault dip in the western branch was not
constant during the same period. It dips presently at
~85°NW, as shown in a sparker record published by
Brooks & Ferrentinos (1980, fig. 6). However, during
the Miocene, the Sporades basin was bordered by a
subparallel normal fault dipping approximately 45°NW,

based on results from another seismic section of Lale-
chos & Savoyat (1979, fig. 7). Subsidence during the
Pliocene took place along another parallel fault of the
same dip. Certain significant conclusions can be drawn
from Table 2.

First, a rather broad range of stress ratio is found
during periods of constant orientation of the stress field,
which implies a fluctuation of the relative magnitude of
the involved tectonic stresses. This fluctuation can cause
extreme variations in the type of faulting, such as from
normal to strike-slip faulting in N. Sporades during
period I, as well as in Limnos during period II and in
Samothraki during periods I and II. Such an effect

Table 1. Deduced types of faulting on the basis of the r ratio (in brackets) determined from neotectonic studies by Mercier et al. (1989) for the
areas surrounding the North Aegean trough during: (i) Middle Pleistocene to Present (period I); (ii) Pliocene to early Pleistocene (I1); and
(iii) late Miocene (IIT). Nrd = radial extension; the rest types of faulting are symbolized as in Fig. 1

r={o, = op)/(on — op)

Arca Period 1 Period 11 Period 111
N. Sporades Nrd/N-ON-SN Nrd Nrd/N-ON
(1.3,14.3) (2.9,3.7.5.0,7.1) (2.1,3.1)
Limnos N-ON-SN N-ON-SN/Nrd Nrd
(1.2.1.4.2 x1.7,2.0) (1.2.13,1.4,1.7,18,2.1,29,2%x 3.6,3.7) (2.4,2.8,2x2.9,35,4.8,
5.0.59)
Thassos Nrd/N-ON Nrd Nrd/N-ON
(1.9.3.5. 11.1) (1.5.3.2,4.8,7.1,3 x 8.3) (1.6,2.3,2.4,2.6)
Samothraki Nrd/N-ON-SN Nrd/N-ON Nrd/N~-ON
(1.1, 1.2,1.5.2x 1.6,2.1,4.8, (1.7,2.2,3.6,11.1) (1.8,2.0,3.9)

5.0)
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cannot be produced from fluctuations of the intensity of
extensional tectonics, assuming that extension is the
only tectonic mechanism. It requires, therefore, the
interplay between extensional and compressional tecto-
nics, the latter resulting in an increase of oy and a
decrease of the deviatoric stress ratio r. Obviously, this
compression is associated with the westward movement
of Anatolia, which is therefore postulated to be
episodic.
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Second, the main faults bordering the eastern branch
of the North Aegean trough behaved predominantly as
strike-slip faults with intervals of oblique or normal
faulting.

Third, it is inferred that the compressive influence of
Anatolia has propagated westwards gradually since the
late Miocene. Indeed, strike-slip faulting is inferred in
Samothraki since period III, in Limnos since period II
and in N. Sporades only since period 1.

(b)
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Fig. 4. (a) Cumulative relative frequency of the least deviation from the vertical for the principal stress axes in the Northern

Aegean, based on 108 neotectonic determinations by Mercier et al. (1989). (b) As above, for the least deviation from the

horizontal. (¢) Cumulative relative frequency of the least deviation from the vertical for 55 determinations of the P, Band T

axes from the most reliable focal mechanisms in Greece, as compiled by Papazachos & Papazachou (1989). (d) Asin (c), for
the least deviation from the horizontal.

Table 2. Calculated angle of slip along the fault zone bordering southwards the North Aegean trough. Angles in degrees; periods as in Table 1

Mean azimuth  Azimuth of Fault Calculated angle
Area—Period Deviatoric stress ratio r of oy fault strike Angled dip of sliding
N. Sporades—I 1.3,14.3 68 35 33 8 -11,-70
N. Sporades—II  2.9,3.7,5.0,7.1 140 35 75 45  —80, 83, -85, —87
N. Sporades—III  2.1,3.1 28 35 7 45  —85,-87
Limnos—I 1.2,1.4,2x1.7,2.0 85 70 15 85  —=22,-25,2x(-30),-34
Limnos—II 1.2,1.3,1.4,1.7,1.8,2.1,2.9, 140 70 70 8  -14,-19,-23, -33, -36,
2x3.6,3.7 —44, —58, 2 x (—65), —66
Limnos—III 24,2.8,2x29,3.5,4.8,5.0,5.9 40 70 30 85  —52,-57,2 x (—58), —63,
=70, =71, =74
Samothraki—I 1.1,1.2,15,2%x 1.6,2.1,4.8,5.0 79 70 9 85  —31,-34,-40,2 x (—42),
—50,2 x (=70)
Samothraki—II 1.7,2.2,3.6,11.1 134 70 64 8  -10,-17,-32,-66
Samothraki—III  1.8,2.0,3.9 31 70 39 85 —14,-16,-32
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Application to earthquake focal mechanisms

The solutions of the earthquake focal mechanisms can
also be used for the estimation of the deviatoric stress
ratio from equation (5).

This is attempted here for the North Aegean trough
based on the data of Table 3 derived from Papazachos &
Papazachou (1989). Two alternative values of the stress
ratio, r; and r,, were calculated one for each nodal plane
N, and N,, respectively. Taking into account the general
tectonic setting and the alternative ratios r| and r,, the
fault plane was selected as indicated in the Table 3.

It was assumed that one of the principal stress axes is
vertical based on the neotectonic stress field data and the
fact that out of the eight focal mechanisms of Table 3,
five of them have one of the P, B, T axes close to vertical
and the other three resuit in compatible r values. Fur-
thermore, the azimuth of oy was taken equal to the
mean horizontal projection of the T axes, determined
from the focal mechanisms, which is 88°. The stress
ratios calculated from the focal mechanisms shown in
Table 3 suggest that any type of faulting can be expected
in the North Aegean trough, because r varies within a
broad range including values less than 1 or even nega-
tive.

This confirms the conclusion of Papazachos er al.
(1984) that the northern Aegean and the northwestern-
most part of Anatolia is a zone of dextral faulting
accompanied by thrust or normal component and that
the ridge- or trench-like nature of the Northern Aegean
trough may not be resolved.

[f the first two earthquakes of Table 3 are omitted due
to their largely deviating values of r, an average value of
0.5 is calculated for the rest. If this value of r is con-
sidered representative of the North Aegean trough, the
possible types of faulting are approximately those
enclosed by the curves 0.5/25° and 0.5/85° of Fig. 2.
Therefore, normal faulting would be expected parallel
to oy,. reverse perpendicular to oy, strike-slip for any
intermediate fault orientation, oblique with normal
component for strikes at angles <30° with oy and
oblique faulting with reverse-slip component at angles
>60° with oyy.

It must be emphasized that due to the episodic charac-
ter of the compressional tectonics in the trough, con-
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clusions from seismological data cannot be generalized
over the period from the late Miocene to present.
However, the neotectonic evidence of extension in the
Northern Aegean (Mercier er al. 1989) is compatibie
with the seismological indications of compression and
the same planes are reactivated either as normal or as
strike-slip faults depending on the value of r, which
varies periodically.

CALCULATION OF r FOR ROTATED STRESS
FIELD

In the case that none of the principal stress axes is
approximately vertical, additional data are required for
the calculation of the deviatoric stress ratio r, defined
now as r = (o, - a,)/(o, — o,) from equation (3). The
procedure is simple in the common case when the
principal stress axes o, and ¢, are rotated around the
third axis o, at an angle ¢. Equation (3) can again be
used, provided that the direction cosines and angle of
sliding are referred to the rotated principal stress axes. If
6 is the dip of the fault and 4 is its strike measured from
0,, then the direction cosines ', m’, n’ of the normal to
the fault plane relative to the rotated principal stress
axes are modified due to the rotation as follows:

{"={cos ¢ + nsin ¢
m' =m (10)
no= =l sing + ncos @,

where [, m, n are direction cosines referred to the
original co-ordinate system before the rotation, given by
the equation (4). Thus the direction cosines to be used in
equation (3) are:

" = sin 6 cos 4 cos ¢ + cos 6sin ¢

’

il

m' = sin 6sin 4 (11)

n' = —sin @ cos A sin ¢ + cos 8 cos ¢.

From numerical application of the above formulae it
can be seen that for ¢ >45° and 6 < 25°, which is the case
in North Aegean, the effect of the axes rotation is not
significant for the estimation of the direction of sliding
and can be ignored in first approximation.

Table 3. Focal mechanisms for the earthquakes in the North Aegean trough compiled by Papazachos & Papazachou (1989). For the

pressure (P) and tension (7)) axes A and 6 are their pitch and plunge, respectively. For the nodal planes{V, and-N,) 2, 6 and w correspond to

the strike, the dip and the angle of slip. The deviatoric ratios r; and r, correspond to the two nodal planes. The selected fault plane and the
respective stress ratio are shown in the last two columns. Angles in degrees; M= magnitude

Co-ordinates r i N, N
Fault
Date 7N A M A f ‘. f ~ 4 @ [} w o s plane l
9 Mar. 1965 3 2338 6.1 266 04 174 04 2200 89 173 310 86 01 -3.0 03 N, -3.0
4 Mar. 1967 3.2 2406 6.6 314 75 200 06 98 54 107 304 40 -68 -09 1.9 N 1.9
19 Feb. 1968 M4 249 7.1 68 11 160 1S 205 70 179 294 89 20 08 —8.0 N, 0.8
27 Mar. 1975 404 2601 6.6 259 47 157 07 41 60 128 279 47 -44 1.8 0.3 N; 0.3
19 Dec. 1981 92 252 7.2 255 35 357 16 42 52 —1e5 302 7% -39 07 2.1 N, 0.7
27 Dec. 1981 I¥S8 249 6.3 7705 168 2 203 86 177 (22 87 -4 1.1 09 N, 1.1
18 Jan. 1982 8 244 7.0 106 10 207 47 235 50 153 343 70 43 0.1 0.2 Ny —01
6 Aug. 1983 400 247 7.0 272 4 02 05 18 83 178 138 807 03 —-12 N, 0.3
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CONCLUSIONS

The angle of slip on pre-existing faults largely depends
on the deviatoric stress ratio, r, the effect of which on the
type of faulting can in general be studied through a
diagram of the form of Fig. 1, drawn on the assumption
that one of the principal stress axes is approximately
vertical. The four types of tectonic deformation accord-
ing to Philip (1987) can easily be recognized in this
diagram. The diagram also facilitates understanding of
the potential co-existance of different fault types under
various tectonic regimes. It is inferred from Fig. 1 that
when 0 = r = 1, or equivalently g, < 0, < oy, all known
types of faults are possible. Therefore, reverse faulting
does not necessarily require that o, < 6, < gg. Similarly
strike-slip faulting is possible for any value of the devia-
toric stress ratio and is the only possible type of faulting
on vertical faults.

Based on regional geological evidence it is postulated
that tectonic strain at the higher structural level is
accommodated along pre-existing major crustal fault
zones. The North Aegean trough is treated as an
example of this type of deformation. Azimuths of the
principal stress axes determined in Northern Aegean by
Mercier et al. (1989) suggest that one of the principal
stress axes has been approximately vertical since the late
Miocene. Three periods of constant stress field orien-
tation but with a wide range of the stress ratio, r, are
calculated from neotectonic data on the islands border-
ing the North Aegeran trough. The variation in r is
interpreted as a result of episodic increase of gy associ-
ated with the westward movement of Anatolia along the
North Anatolian fault, superimposed on a continuing
extension. This compressive influence gradually
increased in each area of the trough, since the late
Miocene, and propagated gradually westwards.

Stress ratios calculated from earthquake focal mech-
anisms suggest a current period of compression from
Anatolia. Combined with neotectonic evidence of ex-
tension all over the Northern Aegean, it is postulated
that episodes of tectonic compression overlap due to the
westwards movement of Anatolia along the North Ana-
tolian fault.
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