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Abstract

The focal mechanisms of the small-moderate
earthquakes occurring in the brittle part of the crust are the
expression of the present regional stress field and how these
stresses act on existing structures in the crust. Especially for
the middle and lower crust, for which borehole
measurements are not possible, the analysis of focal
mechanisms is the only tool for in-situ stress measurements.
For this reason, the focal mechanisms of the 2007-2008
earthquakes (23 earthquakes) are obtained from both first
motion analysis of vertical P waves (4 earthquakes) and
time domain regional body waveforms inversion (19
earthquakes). Using other sources in total 37 earthquake
focal mechanisms were obtained to determine active
tectonics and the present-day stress field in the Bala-Ankara
region. The focal mechanism of the analyzed earthquakes
occurred in the Bala-Ankara region obtained both from first
motion analysis and time domain moment tensor analysis
indicate that the predominant earthquake mechanism is the
strike-slip mechanism. All earthquakes occur at shallow
depths. Only two events occur at 26 km and 36 km depths.
The slip rate is calculated as 0.83 mm/year. The state of
recent stress and ongoing deformation in Bala-Ankara
region is primarily controlled by the north-northwest drift of
the African and Arabian plates respectively. In terms of
stress orientations, the Bala-Ankara region is affected by
stresses with a general NW-SE orientation of horizontal
maximum principal axis (SyuN169°E) and NE-SW
orientation of minimum principal axis  (Sy,N79°E).
However, the extensional features (a few normal faulting
focal mechanisms) are observed and these features reflect
local stress inhomogeneous compared to the regional stress
which is strike-slip.
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1. Introduction

The tectonic framework of Turkey is dominated by
continental collision of the Eurasian and African plates with
Eurasia as shown in Figure 1 (MCKENZIE, 1972;
JACKSON and MCKENZIE, 1984). The Arabian plate is
moving in a north-northwest direction relative to Eurasia at
a rate of about 18 mm/yr (MCCLUSKY et al. 2000),
averaged over about 3 My based on analysis of global
seafloor spreading, fault systems, and earthquake slip
vectors. These models also indicate that the African Plate is
moving in a northly direction relative to Eurasia at a rate of
about 6 mm/yr (MCCLUSKY et al. 2000). Different
motions between Africa and Arabia (~ 8-15 mm/yr) are
thought to be taken up predominantly by the left-lateral
motion along the Dead Sea transform fault. This northward
motion results in westward extrusion of the Anatolian Plate
(AP). The western part of the AP shows a transition to the
Aegean extensional system (AES). The central part of the
AP, which the Bala-Ankara region is located there, does not
host major faults, and the deformation is seen as internal
deformation (SENGOR and YILMAZ, 1981; REILINGER
et al. 1997, MCCLUSKY et al. 2000; TAN et al. 2010).
Internal deformation includes neotectonic secondary strike-
slip faults and extensional basins (BOZKURT, 2001).
KOCYIGIT and DEVECI (2008) and KOCYIGIT (2009)
reported that the direction of compression in the Bala-
Ankara region was NW — SE until late Pliocene. The
neotectonic regime was initiated controlled by active strike-
slip faulting caused by approximately N — S compression.
The right and left lateral strike slip faults trend NW — SE
and NE — SW, respectively (Fig. 1). The most important
structure is the Tuz Golii Fault Zone (TGFZ) with a mapped
length of about 200 km (BEEKMAN, 1966; KOCYIGIT
and BEYHAN, 1988; CEMEN et al, 1999). GORUR et al.
(1984) point out that the TGFZ has been active since the
Oligocene. There is no reliable historical earthquake
information for this area. Also, there is no reliable
instrumental period earthquake information until 2005. The
2005 Bala-Ankara earthquake sequence is the first seismic
signature well recorded in the instrumental period which is
followed by the 2007-2008 earthquake sequence. Both
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earthquake sequences are studied by several researchers
(OZTURK and BAYRAK, 2006; KALAFAT et al. 2008;
KOCYIGIT, 2009; TAN et al. 2010; KORHAN et al. 2011).

Central Anatolia in Turkey is known as a quiet area in
terms of seicmicity. The seismicity is characterized by
diffused small and moderate earthquakes. Also, numbers of
installed stations are less than western part of Turkey
resulted less number of recorded earthquakes. Therefore,
identification of active fault planes and obtaining detail
seismotectonic structures for the area are generally difficult.
Such an areas of low-to-moderate seismicity, the small-
moderate earthquakes provide the only key to determine
fault parameters and small-scale tectonic structure. The
focal mechanisms or fault plane solutions of the small-
moderate earthquakes occurring in the brittle part of the
crust are expression of the present regional stress field and
how these stresses act on existing structures in the crust.
Thereby, inversions of ensembles of fault plane solutions
are useful to constrain the tectonic stress field and allow
implications on dynamic processes
evolution. Especially for the middle and lower crust, for
which borehole measurements are not possible, the analysis
of focal mechanisms is only tool for in-situ stress
measurements. For this reason, the focal mechanisms of the
2007-2008 earthquakes (23 earthquakes) are obtained from
both first motion analysis of vertical P waves (4
earthquakes) and time domain regional body waveforms
inversion (19 earthquakes). The focal mechanisms of the
2005 earthquake sequence and data belongs to other
instrumental period earthquakes (14 earthquakes) are
retrieved from Kalafat et al. (2009) and Tan et al. (2010),
respectively. Total 37 earthquake focal mechanisms were
obtained to determine active tectonics and the present-day
stress field in the Bala-Ankara region. The seismic moments
which are obtained from time domain regional waveform
analysis are used to determine slip rates for the Bala-Ankara
region.

and on tectonic

In the simplest approach, P, B and T axes of earthquake
focal mechanisms are equated to principal stress axes 6y, 6,
and o;. In general, if there are pre-existing zones of
weakness on which slip occurs, the principal stress axes
may not be close to the P, B, and T axes (RALEIGH et al.
1972). MCKENZIE (1969) considered this possibility and
showed that the axis of maximum compression may fall
anywhere within the dilatational field of the focal
mechanism. In such cases, only the direction of resolved
shear stress on the fault plane, as indicated by the slip
direction, can be used to constrain the stresses. There are
many inversion methods in the literature developed to
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determine the regional stress tensor from an ensemble of
earthquake fault plane solutions (e.g. ANGELIER, 1979;
ANGELIER et al. 1982; GEPHART and FORSTYH, 1984;
MICHAEL, 1984; CAREY-GAILHARDIS and MERCIER,
1987; RECHES, 1987; RIVERA and CISTERNAS, 1990;
DELVAUX, 1993; DELVAUX and SPENCER, 2003;
IRMAK, 2013; DOGAN et al., 2016). The inversion
method of DELVAUX and SPENCER (2003) was applied
to earthquake focal mechanism in this study.

Figure 1A. Inner picture: Simplified map of the tectonics
structures in Turkey. The black arrows indicate the motion
of the plates. AES: Aegean Extensional System, EAFS:
East Anatolian Fault Zone, CAFS— Central Anatolian Fault
System, IAESZ— Izmir-Ankara-Erzincan Suture Zone,
IEFS- Inonu-Eskisehir Fault System, GV— Galatya
volcanics, KOF— Karatag-Osmaniye Fault, NAFS— North
Anatolian Fault System, SC— Sakarya Continent, TGFZ—
Tuz Golu Fault Zone. Modified from Tan et al. (2010).
Outer picture: Simplified fault map of the Bala (Ankara)
area and its surroundings (modified from Kocyigit 2009). B.
Focal mechanisms of studied earthquakes in the Bala-
Ankara region. The numbers above the beachballs show
event no in Table 1.

2. Data and Methods

Waveform data used in this study were recorded by the
Kandilli Observatory and Earthquake Research Institute
Seismogical Network. The number of digital broadband
stations operated by the National Earthquake Monitoring
Center of The Kandilli Observatory and Earthquake
Research Institute (NEMC-KOERI) has been increasing
since the devastating Kocaeli earthquake of August 17,
1999 in Turkey (IRMAK, 2000). Therefore, nowadays it is
possible to obtain reliable fault plane solutions for any area
of Turkey using waveform inversion techniques. Digital
data sets have been available since 2004 and accessible via
the internet provided by the NEMC-KOERI data center.
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2.1 First Motion Analysis

The fault plane solutions were calculated by utilizing P-
polarities on vertical component seismograms running the
focmec programs (SNOKE et al., 1984) for the analyzed
earthquakes. All available polarities from national seismic
stations were carefully read. The number of stations with
unambiguous first arrival polarities varies from earthquake
to earthquake, but events with fewer than 10 clear polarity
readings were discarded, as were those with ambiguous
polarities. The P-waves were converted to displacement in
order to see the P-wave onsets better due to low S/N ratio.
Assuming the double-couple model for the seismic point
source, P polarities on displacement seismograms were then
read. The possible nodal planes which agree with the first
motion polarities were searched, running the focmec
program (SNOKE et al., 1984). Polarity errors could be
caused by low S/N ratio at stations near nodal planes, so
called 'mislocations', or structural heterogeneity, biasing
calculation of azimuth and take off angle and aliasing
effects (SCHERBAUM, 1994). However, no polarity error
was allowed in the solutions. Events with multiple
acceptable solutions, indicating different mechanism, or
with faulting parameters uncertainties exceeding 20°, were
not reported in this study.

2.2. Time Domain Moment Tensor Analysis

Moment tensor analysis theory involves fitting
theoretical waveforms with observed broadband waveforms
and inverting for the moment tensor elements. A time-
domain inverse procedure (e.g., DREGER and
ROMANOWICZ, 1994; PASYANOS et al., 1996) was
used to estimate the seismic moment tensor of events listed
in Table 1. This procedure is designed to obtain reliable
solutions using a minimal number of stations. Data from
one three-component station would be sufficient, but a few
stations with some azimuthal coverage generally give more
reliable results. Typically only two or three three-
component broadband stations are required to obtain a

unique solution (DREGER and HELMBERGER 1993).

In this procedure, the general representation of seismic
sources is simplified by considering both a spatial and
temporal point-source.

l]n (x’ t) = M] . Gni,j (X,Z, t) (1)

U,, is the observed n™ component of displacement, G,;; is
the n™ component Green’s function for specific force-
couple orientations, and M is the scalar seismic moment
tensor, which describes the strength of the force-couples.
The general force-couples for a deviatoric moment tensor
may be represented by three fundamental-faults, namely a
vertical strike-slip, a vertical dip-slip, and a 45° dip-slip.
The indices i and j refer to geographical directions. The
above equation is solved using linear least squares for a
given source depth. In this distribution only the deviatoric
seismic moment tensor is solved for, and the inversion
yields the M;; which is decomposed into the scalar seismic
moment, a double-couple moment tensor and a
compensated linear vector dipole moment tensor. The
decomposition is represented as percent double-couple (Py.)
and percent CLVD (PCLVD). Percent isotropic (PISO) is
always zero for this deviatoric application. The double-
couple is further represented in terms of the strike, rake and
dip of the two nodal planes. The basic methodology and the
decomposition of the seismic moment tensor is described in
JOST and HERRMANN (1989).

Source depth is found iteratively by finding the solution
that yields the largest variance reduction. The results of the
moment tensor inversion are generally not very sensitive to
location errors. DREGER and HELMBERGER (1993) and
also PASYANOS et al. (1996) have shown that errors of up
to 15 km in epicenter location are less important at a
distance range 50 — 400 km.

It is assumed that the event location is well represented
by the high frequency hypocentral location, and a low
frequency centroid location is not determined. Second, the
simplified representation above assumes that the source
time history is synchronous for all of the moment tensor
elements and that it may be approximated by a delta
function delta since the events used in this study generally
have source durations of 2-3 s (M < 5) (DREGER, 2003).

Preparation of the observed waveforms is a relatively
straightforward process involving several steps, which
include: 1) removal of the instrument response, 2) rotation
of the horizontal components to radial and transverse
components, 3) integration to convert to displacement, 4)
bandpass filtering: accordingly, 3.5<M<4.0 correspond to
the frequency band 0.02-0.1 Hz; 4.0<M;<5.0 to 0.02-0.05
Hz; and M;>5.0 0.01-0.05 Hz, and 5) resampling the data to
2 Hz to match the Green’s functions. The Green’s functions
are also filtered with the same bandpass filter as the
observed data.
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The quality of the inversion can be controlled by
different functions. For instance, a value of 100 of the
Variance Reduction means observed and calculated
seismograms are identical. Furthermore, the resulting tensor
can be decomposed into a double-couple (DC) and a
CLVD. The percentage of DC (JOST and HERRMANN,
1989) shows how well the model complies with a double-
couple source. However, note that any CLVD contribution
is an artifact of the present inversion scheme and indicates
influences of structural complexities not considered in the
calculation of the Green’s functions, source complexities,
location errors (depth), etc.

Green’s functions were calculated following a modified
Haskell algorithm in the frequency—wavenumber domain
(SAIKA, 1994). The formulation uses the three basic focal
mechanisms (LANGSTON, 1981; HERRMANN and
WANG, 1985). Far field and near field terms are both
considered by this algorithm. The sampling rate was fixed
at 2 Hz. The most important step for the regional moment
tensor analysis is developed accurate 1-D velocity model,
due to calculate correct Green’s functions at regional
distances. We used GUVEN (1999) velocity model as a
initial model and a trial and error method that gave the best
fit between observed and calculated seismograms was used
to adjust final velocity model (Figure 2).

P-Wave Velocity (km/s)
1 2 3 4 5 6 7 8 w
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25

Depth (km)
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40 ‘
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Figure 2. Velocity Model for the Ankara region (modified
from Guven, (1999). Blue line shows Guven (1999) model
and red is mofified model). Moho depth is 35 km.
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2.3. Slip Rate

In this paper, BRUNE (1968) has been followed to
calculate the slip rate along the study area. Seismic
moments for the earthquakes are calculated from regional
waveform inversion. The total average displacement for the
whole length of the fault, then, can be calculated from

1
Y KLu>»>= Il_AoZMO (2)

where u is total average displacement, p is rigidity, 4, is
fault area and M, is seismic moment.

2.4. Stress Inversion

To study the present day stress field for Bala — Ankara
region the Win-Tensor program (the new Windows version
of the TENSOR program) (DELVAUX and SPENCER,
2003) was performed. The program attempts rely on two
major assumptions for the study region: (a) the stress field
is uniform and invariant in space and in time, and (b)
earthquake slip d occurs in the directions of maximum shear
stress 7 (Wallace-Bott hypothesis, BOTT, 1959). The angle
between the calculated shear stress z and slip vector d is the
fit angle a. Thus, the corresponding misfit function to be
minimized for each earthquake i is the misfit angle a:

() = a(@) 3)

The orientation of the three orthogonal principal stress axes
0,, 0; and o3 (where o,> 6,> 03) and the stress ratio R:

R=o0,—03/0; — 03 e

which expresses the magnitude of o, relative to the
magnitude of g; and o;.

The data were processed interactively, first using the
“Right Dihedron Method”, a graphical method for
determination of the range of possible orientations ¢; and
03, which is independent from the choice of the nodal planes
(ANGELIER and MECHLER, 1977). The initial result is
used as a starting point for the iterative grid-search
“Rotational Optimization” procedure using the misfit
function F5 in the TENSOR program (describes as f3 in
DELVAUX and SPENCER, 2003). It minimizes the misfit
angle a (Eq.(3)) using the stress tensor that is being tested,
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but also favours higher shear stress magnitudes |t(i)| and
lower normal stress magnitudes |v(i)| on the plane in order
to promote slip. It contains three terms and is implemented
in a way that it ranges from 0 (optimal misfit) to 360 and is
independent from the ratio o5/0;. The first term that
minimizes o is based on the function S4 of ANGELIER
(1991):

f@ = sin®*(a(i)/2) (6))

and is dominant over the two others (see DELVAUX and
SPENCER, 2003 for details).

First we invert both nodal planes for each focal
mechanism to a stress tensor. Then the plane that is best
explained by the stress tensor is selected from the two nodal
planes (smaller value of function F5 in Tensor of f3 in
DELVAUX and SPENCER, 2003) and considered as the
actual fault (or focal) plane. After this separation, the final
inversion then includes only the focal planes that are best
fitted by a uniform stress field (GEPHART and FORSYTH,
1984).

In order to express numerically the stress regime, the
stress regime index R, based the value of the stress ratio (R,
Eq. (4)) and the type of stress regime as described in
DELVAUX et al. (1997) and DELVAUX and SPENCER
(2003) was used. The tectonic stress regime index R is
defined as:

R’ = R for normal faulting regimes (NF)
R’ = (2 —R) for strike-slip regimes (SS) and
R’ = (2 + R) for thrust faulting regimes (TF)

It forms a continuous scale ranging from 0 to 1 for
normal faulting regimes, from 1 to 2 for strike — slip
regimes and from 2 to 3 for thrust regimes. The quality
evaluation of the results was done using updated quality
ranking system of the World Stress Map release 2008
(HEIDBACH et al. 2010). It evaluates the azimuthal
accuracy of Sy obtained from the formal inversion of N
well-constrained single-event focal mechanisms with an
average misfit angle « in close geographic proximity (FMF
category):

e A — quality (Sqmax/Stmin Within = 15°): N > 15 and
a<12°

e B — quality (Shmax/SHmin Within = 15° —20°): 8 <N
<15and a <20° (6)

e C — quality (Shmax/SHmin Within = 20° — 25°): not
defined for FMF category as individual focal
mechanism is assessed to C — quality.

3. Results and Discussions

The focal mechanism of the analyzed earthquakes
occurred in the Bala-Ankara region obtained both from first
motion analysis and time domain moment tensor analysis
indicate that the predominant earthquake mechanism is
strike-slip mechanism. All earthquakes occur at shallow
depths. Only two events occur at 26 km and 36 km depths.

Figure 3 gives an example of the details of the time domain
moment tensor for event no 1 in the Table 1. Data from five
of the available stations in the distance range between 250—
500 km have been used. Each quadrant has at least one
stations means that the azimuthal coverage is good to obtain
reliable or stable focal mechanism. Source depth from
inversion (12 km) is slightly larger than ISC solution (11
km). Variance reduction is 73% that the correlation of data
and synthetics is reasonable. The noise on KDZE station
could be reducing the variance reduction value. The double-
couple contribution of 78% also indicates a good result. The
moment magnitude obtained Mw=4.9 and ISC gives m,=
5.1. The mechanism indicates strike — slip faulting with 7
axis trending NE — SW and P axis NW — SE.
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Figure 3. Moment Tensor Inversion results for the event no
1 in Table 1. Dashed: calculated waveforms, solid: observed
seismograms; Letters and numbers below seismograms
indicate station code, filtered data, azimuth, maximum
amplitude and variance reduction value.
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The results of the stress inversion are shown in Fig. 4.
Positions of the principal stress axis are shown in equal-area
projections. Since no information about the quality of the
fault plane solutions of the earthquakes compiled from
different studies, all events from the Bala-Ankara region
have been given equal weights in the inversion. The results
are represented on map view in function of stress regimes
and horizontal stress axes orientation (Fig. 1B).

The inversion results reveal a general trend of NW — SE
strike-slip (R '=1.49) movement with a B quality for all over
the Bala-Ankara region. The principal stress axes of the best
model are oriented close to horizontal (o; (Plunge:
08°/Azimuth: 349°) and o3 (Plunge: 00°/Azimuth: 259°)) and
vertical (o, (Plunge: 82°/Azimuth: 171°)), also indicating
strike-slip regime. The maximum compression axis acts
NW — SE direction and the minimum compression axis in a
NE — SW direction. The Sy, orientation is NE — SW
almost orthogonal to the Tuz Goli Fault. These results are
agreed with the study of KOCYIGIT and DEVECI (2008)
and KOCYIGIT (2009).
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Figure 4. Stress inversion of the focal mechanism data from
Table 1. Lower-hemisphere Schmidt stereoplot of the
selected focal planes and associated slip lines. Stress

inversion results are presented by the orientation of the 3
principal axes (a black dot surrounded by a circle for g;, a
triangle for o,, and a square for ¢3.). The related Sy, and
Sumin Orientations are represented by large arrows outside
the stereograms. Their type, length and colour symbolise
the horizontal deviatoric stres magnitude relative to the
isotropic stress (o;) and are in function of the stress regime
and the stress ratio R=0,—03/0,—0;. White arrows and black
arrows represents Sy, and Sy, respectively. The
histogram represents the distribution of the misfit function
F5, weighthed aritmetically according to the magnitudes.

Vol. II, Issue I, 2016

Although the inversion results indicate that the dominant
regime is strike-slip, the 6 focal mechanisms retrieved from
Kalafat et al. (2009) are mostly normal faulting (4 events)
or strike —slip faulting with normal component (2 events)
(Fig. 1B). The focal mechanisms of a few events obtained in
this study and retrieved from TAN et al. (2010) have reverse
faulting mechanism or strike-slip mechanism with reverse
component. Since the occurrence of both normal and
reverse faulting is not very likely in a single stress regime,
these focal mechanisms suggests that the few normal and
reverse events represents local stress inhomogeneous. The
large misfit angle, « value indicates the internal
heterogeneity (PLENEFISCH and BONIJER, 1997).
Furthermore, large misfit angles can be caused by badly
determined fault mechanisms. PLENEFISCH and BONJER,
(1997) used the focal mechanisms to obtain stress field in
the Rhine Graben area, and found large misfit angle about
19°-22° 1In this study, the misfit angle, a is obtained as
12.19°. For this reason that mentioned above, the focal
mechanisms obtained by KALAFAT et al. (2009) were
neglected and another inversion with the reduced dataset
was done. In comparison to the results of the whole datasets
the misfit angle is decreased to 10.56°. For the reduced
dataset, the azimuths of the principal stress axes are more or
less the same for the whole dataset. The differences between
the misfit angles with both data sets are very small and the
azimuths of the principal axes are almost same. Therefore,
the author suggests that the normal and reverse faulting
events represent local stress inhomogeneous. Since all
earthquakes occur at shallow depths, change of the stress
regime with depth did not investigate. Only two events from
37 events occur at 26 km and 36 km depths. Therefore, the
changes in the principal stress axes with depth are not
understood.

We took about 30 km to the length of the region and
about 10 km to the width of the region using the scale in
Figure 1A. Then using calculated seismic moment from
Table 1,

XM, = 2.0563.10'"N.m

Ay =3 x 108 m?

u=33x10"° Nm2

The total seismic moment is calculated as XM, =

2.0563 X 10'"N.m, and the total area is Ay =
3.0x108m?, and take the rigidity as u=
3.3x10*° Nm™2. Then the total slip has been calculated
2.08 cm between the years of 1983-2008. The slip rate for
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this period of time is about 0.083 cm/year or 0.83 mm/year
using Equation 2.

4. Conclusions

The main objective of this paper is the determination of
the present-day stress field in the Bala-Ankara region by the
inversion of focal mechanism. Based on reliable 37 fault
plane solutions of small-moderate earthquakes obtained
from first motion analysis and regional bodywaveform
inversion, several inversions runs have been performed
using the inversion method of DELVAUX and SPENCER
(2003). The predominant earthquake mechanism is strike-
slip in the area and all earthquakes occur at shallow depths
except two of them located at 26 km and 36 km depths. The
slip rate is calculated as 0.83 mm/year. The state of recent
stress and ongoing deformation in Bala-Ankara region is
primarily controlled by north-northwest drift of the African
and Arabian plates respectively.
orientations, the Bala-Ankara region is affected by stresses
with a general NW-SE orientation of horizontal maximum
principal axis (Sgu.c N169°E) and NE-SW orientation of
minimum principal axis (Sgu, N79°E). However, the
extensional (a few normal faulting focal
mechanisms) are observed and these features reflect local
stress inhomogeneous compared to the regional stress which
are strike-slip. Due to all earthquakes occur at shallow
depths, the changes in the principal stress axes with depth
are not understood. More data and detailed synthesis may
be required for a better understanding of these changing.

In terms of stress

features
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