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Abstract

Seismotectonic parameters including the Gutenberg-Richter b-value and multifractal dimensions D, and D;s of seismicity
patterns (both spatial and temporal) were compared to GPS-derived maximum shear and dilatation strains measured in the Marmara
Sea region of western Turkey along the Northern Anatolian Fault Zone (NAFZ). Comparisons of seismotectonic parameters and
GPS-derived maximum shear and dilatation strain along the NAFZ in the vicinity of the 1999 M7.4 Izmit earthquake reveal a
positive correlation (#r=0.5, p=0.05) between average dilatation and the Gutenberg-Richter b-value. Significant negative
correlation (r=—0.56, p=0.03 and »=-0.56, p=0.02) was also observed between the spatial fractal dimension D, and GPS-
derived maximum geodetic and shear strain. This relationship suggests that, as maximum geodetic and shear strains increase,
seismicity becomes increasingly clustered.

Anomalous interrelationships are observed in the Marmara Sea region prior to the Izmit event along a bend in the NAFZ near
the eastern end of the Marmara Sea known as the Northern Boundary Fault (NBF). An asperity is located near the northwest end of
the NBF. Along the 50-km length of the NBF, GPS strains become slightly compressive. The correlation between b-value and GPS-
derived dilatation suggests that regions in compression have increased probability of larger magnitude rupture. The NBF appears to
serve as an impediment to the transfer of strain from east to west along the NAFZ. Recurrence times for large earthquakes along the
NBEF are larger than in surrounding areas. Temporal clustering of seismicity in the vicinity of the NBF may represent foreshocks of
an impending rupture.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction in geodesy and earthquake seismology. Recent studies
have focused on analysis of ways to combine GPS and

The availability of high precision GPS measurements seismicity data to yield more reliable estimates of
over the past decade has led to a combination of studies earthquake hazard (Straub et al., 1997; Kahle et al.,
2000; Westerhaus et al., 2002). Oncel and Wilson
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tectonic moment and intraplate seismicity may be
significantly correlated (Kagan, 2002; Kreemer and
Holt, 2002). Changes in deformation rate derived from
GPS measurements were correlated to maximum
magnitude (Koravos et al., 2003). Recent studies in
the different tectonic provinces of western Turkey reveal
that seismotectonic parameters such as the frequency—
magnitude b-value and multifractal dimensions D, of
epicentral distribution correlate differently in different
tectonic regions (Oncel and Wilson, 2004). The
parameter q is varied from 2 to 15. D, is the two-point
correlation dimension and D 5 is referred to as the finite
dimension. Variations in the relationship associated with
changing ¢ help characterize patterns of clustering in
both time and space. The relationship observed for g=2
is generally associated with the regional scale char-
acteristics of the distribution whereas the relationship
derived from ¢g=15 generally defines local properties of
the distribution. Regardless of the value of ¢, high D is
associated with unclustered or dispersed seismicity,
while low D is associated with clustered seismicity.
Oncel and Wilson (submitted for publication, 2004)
examined the relationship between b and D, and
observed significant variation in the correlation between
and D, in the 7-year period preceding the Izmit event.
Considerable analysis has also been undertaken of the
frequency—magnitude relation in the Marmara Sea
region. Studies of fault morphology along the Northern
Anatolian Fault Zone (NAFZ) conducted following the
1999 Izmit earthquake (Le Pichon et al., 2001; Armijo et
al., 2002) show that fault geometry in the Marmara Sea is
more complicated than that through the central part of
NAFZ to the east. The complexity of their model stands
in contrast to the simplified fault models proposed by
Barka and Kadinsky-Cade (1988). Hubert-Ferrari et al.
(2000), Parsons et al. (2000) and Oncel and Wyss (2000)
show that these differences lead to different frequency—
magnitude distributions and associated probabilities of
larger magnitude earthquakes. Le Pichon et al. (2001)
suggested that the fault morphology of the region
consists of a single-strike slip fault, while Armijo et al.
(2002) suggested that a pull-apart fault mechanism
controls the behavior of seismicity in the region. Muller
and Aydin (2005) evaluated the seismic hazard implica-
tions of these models and concluded that seismicity
along active faults mentioned by Armijo et al. (2002)
provides a more realistic estimate of hazard potential.
In the present study, we examine the interrelationship
of seismotectonic variables (b and D) to recurrence
times, geodetic strain and moment rates, and their
possible role in seismic hazard assessment. We evaluate
the relationship of geodetical strain to seismicity data

over a 7-year period extending from 1991 through
August 1998 along the NAFZ in the Marmara Sea
region. The Marmara Sea region of the present study is
defined as the region extending from 39.76° to 41° north
latitude and 26.3° to 30.0° east longitude. In addition,
we prepare time recurrence models for events with
magnitude M, > 7.2 using the integrated seismic hazard
approach proposed by Ward (1994). These models
incorporate spatially variable b-value and geodetic
moment derived maximum strain rate to estimate the
spatial variation of recurrence times throughout the
Marmara Sea region.

2. Methods and data
2.1. GPS-derived strain rate field and seismicity

The interrelationship between seismoctectonic vari-
ables and strain rates was evaluated using raw data from
the earthquake catalogue for an 8-year period extending
from 1991 to July 30, 1998, about 1 year prior to the
August 17, 1999 Izmit event. Avalanches of seismicity
such as pre-shocks, swarms and aftershocks were
retained in the analysis along with the main shocks
since all events are expected to result in geodetic strain.
The threshold magnitude for smaller events ranges from
2.6 to 2.8 observed by the modern (MARNET) seismic
network (Ucer et al., 1985) in this area. Declustering of
the data (e.g. Oncel and Wyss, 2000) was not employed.
Events occurring prior to 1991 were not included in the
analysis to avoid the potential influence of the average
magnitude shift of 0.3 between events recorded in the
January 1, 1981 to December 31, 1990 time period and
those recorded between January 1, 1991 and December
31, 1998 (Oncel and Alptekin, 1999). The principal
components of strain rates (4;and 4,) used in this study
are taken from (Kahle et al., 2000). Kahle et al. (2000)
derived principal components of strain rates from GPS
velocity data presented by McClusky et al. (2000) for
the eastern Mediterranean and Caucasus region. Strain
rates presented by Kahle et al. (2000) represent net strain
during the 1988 to 1998 time period. Kahle et al. (2000)
estimated strain rate uncertainties in different regions of
the Mediterranean. The uncertainty in strain rates for the
Marmara Sea and western Turkey regions is generally
below 20 nstrains year '. The strain rates determined in
the Marmara Sea region have the highest accuracy in the
Mediterranean region because of the relatively dense
distribution of GPS sites in those areas (Kahle et al.,
2000).

In this study, we subdivide the Marmara Sea region
into 15 seismic zones considering the detailed fault map
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presented by Armijo et al. (2000). Average values of
shear strain and dilatation in each zone were estimated
by averaging interpolated grid node values in each zone
(see Tables 1 and 2). Values of maximum shear [1; — A,
and dilatation (4;+4,) at these control points were
interpolated by kriging onto a regular 0.03° (2.6km,
east—west) by 0.03° (3.3 km, north—south) grid (Fig. 1).
Average strain rates in subdivisions reported by Kahle et
al. (2000) were then estimated from the grid-node
average. Maximum shear strain rate (€,.x) was
estimated from the difference of the eigenvalues A,
and 4, of the 2D strain rate tensor presented by Kahle et
al. (2000) using the method of collocation described by
Kahle et al. (1995), Straub and Kahle (1995) and Straub
et al. (1997):

émax = abs(A1—/2) (1a)

where A; and A, are the most extensional and most
compressional eigenvalues of the strain rate tensor. A
total of five approaches to strain estimation have been
proposed (e.g. Savage and Simpson, 1997). We also use
one of the more stable estimates of geodetic strain rate
defined as

émax = max(abs(/1),abs(2)) (1b)

by Ward (1994). In this case, &n.x—the larger of the
absolute values of A; or 1,—is defined as the maximum
geodetic strain rate. In the method used by Ward (1994),
the largest principal component of absolute strain rate
represents the maximum strain. Maximum geodetical
strain rates derived for the area are shown in Fig. 1. We
also used the maximum strain rate data to determine
geodetic moment rate (Myeodetic) from &nax using
Kostrov’s (1974) formula:

Mgeodetic = 2,Uu"l]{sémax (2)

where p is the shear rigidity (assumed to be
3x IOION/mz), Hj is the thickness of the seismogenic
zone and A is the surface area over which strain
release is distributed. In this study, we use A=L>
where L is the fault length associated with an M, =7.4
earthquake. H; is the crustal thickness. The 12.5-km
value for H; was used by Ambraseys (2002) and
represents an average thickness in the Marmara region
where crustal thickness may vary from approximately
10km to 15km (Eyidogan, 1988; King et al., 2001).
The thickness may be considerably less than this in
the northern part of the study area. Flerit et al. (2003)
suggest that the thickness of the seismogenic zone
may be as small as 4km in places between longitudes

27.45E and 29.28E, within seismic zones 3, 5 and
approximately half of 13 (see Fig. 1). They obtain a
best-fit velocity vector in this area using a locking
depth of 4km. This thickness was also used as the
thickness of elastic fracture segments along the NAFZ
in this area by Armijo et al. (2003). Armijo (personal
communication, 2004) notes that the best-fit velocity
vector mentioned by Flerit et al. (2003) was obtained
for only one vector and that this locking depth should
be used with caution. Examination of the log(C)
versus log(r) plots presented in this study often reveal
a break in slope between correlation lengths (r) of
from 2 to 10km with mean and median values of
3.8km and 2km, respectively. These lengths may
reflect the presence of a mechanical boundary across
which seismotectonic behavior changes.

2.2. Recurrence interval and probability

The recurrence interval 7(M) can be estimated from
the b-value for different target magnitudes (Ward, 1994,
1998a,b). The probabilistic recurrence time is defined
as:

b ]10((1.5+b)Mmax+9.05)_10((1.5+b>*Mm;n+9.05)

t+5 Mgeodetic [1 Omeax -1 Owa]

T(M) = {
3)

M, ax represents the maximum possible earthquake
magnitude derived from the length—magnitude equation
of Wells and Coppersmith (1994) for strike slip faults:

M, =5.16 + 1.12log(L) (4)

where L is the maximum fault length present in the area
of analysis. In this study, local values of M,,,, are
estimated by converting the maximum possible fault
length in each subzone to magnitude using Eq. (4). The
maximum observable magnitude in an area is generally
considered to be the regional maximum. Such an event
could happen almost anywhere (Ward, 2004, personal
communication). In this study, we use a regional
magnitude (M,,) of 7.2 for mapping the recurrence
period and regional maximum (M,,,y) of 7.4.

2.3. b-value

In this study, we use the maximum likelihood method
of Aki (1965) to compute seismic b-value as preferred in
previous works (Oncel et al., 2001; Oncel and Wilson,
2003):

b = 2.303 / (Mpean—Mimin + 0.05) (5)



Table 1

Fractal parameters (D,, D5 and b) strain data (shear and dilatation in units of year 1), seismic zone area (mz) and moment rate (nm/year) are tabulated for each of the 15 subdivisions of the study area
Box Fractal parameters a Mc b Strain parameters Moment rate Linax M pax Hnean

Dy(S) D5(S) Dy(T) Dy5(T) g1t & € max (Shear) Nm/year km km
1991-1998 Dilatation Maximum Maximum
geodetic strain azimuth

1 1.63 1.40 0.70 0.51 7.31 2.80 1.79 2.54348E-08 2.03873E—07 133.24 2.87E+16 15 6.5 8.39
2 1.43 1.08 0.88 0.57 8.23 2.60 2.37 1.85486E—08 2.05288E—07 132.43 9.62E+16 50 7.1 7.97
3 1.26 0.81 0.60 0.32 6.74 2.60 1.8 —7.53167E-09 2.13724E-07 131.01 321E+16 16 6.5 8.29
4 1.39 0.93 0.50 0.26 7.13 2.60 1.87 1.62433E-08 2.06131E—07 131.07 3.09E+16 16 6.5 8.25
5 0.93 0.68 0.83 0.65 6.64 2.60 1.67 —4.36034E-09 2.29935E—-07 129.10 1.40E+17 65 7.2 8.75
6 1.12 0.87 0.62 0.38 7.06 2.60 1.95 5.98557E-09 2.30291E—-07 131.25 8.64E+16 40 7.0 8.95
7 1.34 0.92 0.91 0.74 7.57 2.70 2.03 2.89343E-08 1.58801E-07 128.45 3.87E+16 26 6.7 9.54
8 0.88 0.69 0.87 0.66 6.72 2.60 1.69 1.71205E-08 1.94809E—-07 129.30 1.37E+17 75 7.3 8.88
9 1.77 1.45 0.88 0.70 7.31 2.60 1.82 3.01653E-08 1.00917E-07 119.46 2.08E+16 22 6.7 9.50
10 1.62 1.19 0.90 0.72 9.32 2.60 2.75 3.25846E—08 1.18305E-07 122.67 2.22E+16 20 6.6 9.85
11 1.37 1.03 0.84 0.62 5.88 2.60 1.43 2.04041E-08 1.41719E-07 117.67 4.52E+16 34 6.9 9.89
12 1.58 1.27 0.75 0.47 8.00 2.60 2.1 3.23848E-08 5.96556E-08 109.24 1.57E+16 28 6.8 8.32
13 1.19 0.89 0.74 0.52 6.47 2.60 1.44 1.73556E—08 2.48587E—07 124.75 1.17E+17 50 7.1 8.90
14 1.64 1.44 0.88 0.74 6.10 2.60 1.43 9.38216E-10 2.27052E—-07 123.51 7A45E+16 35 6.9 8.09
15 1.54 1.28 0.85 0.66 6.43 2.70 1.48 —3.78866E—09 1.39448E-07 113.15 7.84E+16 60 7.2 7.94

Also tabulated are the characteristic magnitudes (M,,,,x) determined for fault dimension (L).
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Fig. 1. The distribution of offshore and onshore faults through the Marmara Sea region is taken from Saroglu et al. (1992) and Armijo et al. (2002).
Historical data for the past 2000 (from AC 32 to 1999) years were compiled by Ambraseys (2002). Smaller events of Mp>2.6 were compiled from the
Kandilli Observatory for the 1991 to 1999 timeframe. The seismic zones used in seismicity analysis are labeled from 1 to 15. Northern Boundary

Fault: NBF, Southern Boundary Fault: SBF, Central Marmara Fault: CMF.

In this relationship, M can is the mean magnitude of
events M>Min, My, is the minimum magnitude of
completeness in the earthquake catalogue for the
Marmara region and correction constant due to
magnitude uncertainty is 0.05. In this study, M,,;, and
M ean are on average 2.63 (with range extending from
2.6 to 2.8) and 2.82 (with a range that extends from 2.71
to 3.01), respectively. Aki (1965) noted that at least 50

Table 2

events are required to make an accurate or unbiased
estimate of b. In this study, b is estimated from an
average of 230 events. The minimum number of events
used to estimate b was 100; the maximum, 529. The
Gutenberg-Richter b-value is on average, 1.84, and
varies from 1.43 to 2.75 in this study. This range is
associated with 95% confidence limits (+1.96 b/Vn) that
extend from 0.1 and 0.2, respectively. Also note the

Correlation coefficients between seismotectonic parameters and GPS strains are tabulated above the diagonal

D, D5 DyT) Dis(T) b Max Av. dil. Av.azimuth L., Loin T Toin Hiean
strain

D, 1 0.942 0.167 0.189 0229 -0.56 0415 -0.439 -0.637 -0.644 0.007 -0.54 -0.04
D5 0 1 0.263 0.302 0.061 -0488 0.336 -0.473 -0.433 -0.438 0.114 -0.041 -0.12
Dy(T) 0.551 0.344 1 0.962 0.1 -0.35 0.255 -0.338 0.382 0.208 0.1 -0.277 0.35
D5(T) 0.501 0.273 0 1 -0.008 -0.286 021 -0.309 0.327 0.234  -0.008 -0.244 0.39
b 0412 0.829 0.724 0.976 1 -0.348 | 0508 0.14 -0.331 -0.443 0.075 -0.197 -0.44
Max strain 0.03 0.065 0.201 0.301 0.204 1 -0.59 0.767 0.279 0.209 -0.104 0.177 0.35
Av. dil. 0.124 0.22 0.359 0.453 0.053 0.021 1 -0.202 -0.386 0451 -0.006 -0.367 0.51
Av.azimuth 0,101 0.075 0.218 0.262 0.619 [ 0.00I 0471 1 -0.033 -0.061 -0.009 0.202 0.03
L 0.011 0.107 0.16 0.234 0.228 0314 0.155 0.908 1 0877 -0.115 -0315 -0.17
L 0.01 0.103 0.457 0.401 0.098 0455 0.092 0.828 0 1 0.006 -0.122 -0.04
Ty 0982 068 0973 0978 079 0713 0983 0974 0684 0983 1 0.681 | 054
T 0849 0884 0318 0381 0482 0529 0179 047 0253 0665 0005 1 -0.17
H, 0.89 0.67 0.20 0.15 0.49 0.24  0.05 0.69 0.55 0.80 0.04 0.89 1.00

mcan

p-values less than or equal to 0.05 after roundoff.

p-values between 0.05 and 0.1 after roundoff.

significant correlation coefficients (p less than or equal to 0.05).
The probabilities that these correlations are insignificant (the p-values) are tabulated below the diagonal. Significant correlations (p-values <0.05)

are highlighted in gray.
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local values of b obtained in this study are larger on
average due to the shorter time interval over which the
analysis has been conducted. The denominator in Eq. (5)
becomes increasingly larger for longer analysis periods
since M ycan generally increases with longer observation
periods.

2.4. Generalized fractal dimension

We use the generalized-correlation-integral or “pair-
integral” method (Smalley et al., 1987; Godano and
Caruso, 1995; Lei and Kusunose, 1999; Sunmonu et al.,
2001), in which the discrete form of the generalized
correlation integral function gives the probability that
two points are spatially associated at different multi-
fractal orders (¢g) of seismicity and is defined as:

/(g=1)

€~ ~ [ﬁ (N’fﬁr))ql] | )

=1

Multifractal dimensions of seismicity distribution (D,),
where ¢ is varied from 2 to 15 in this study, are estimated
from the linear portion of the log—log plot of C, versus
distance (7). The range (rmin t0 rmax) over which the
fractal dimension is estimated was varied to avoid edge
effects associated with saturation (at small 7) and
depopulation (at large 7). Generalized multifractal fractal
dimensions for the series of seismic events viewed
through time is derived in similar fashion (Smalley et al.,
1987; Shah and Labuz, 1995; Sunmonu et al., 2001) as

1 N N} T< g-1 1/(g=1)
C0 =1 [Z (45) ] 9

J=1

In this expression, C,(f) is the number of event pairs
occurring in the time range T<t. In this study, we
computed spatial D, over two distance ranges defined as
Arpin (2 to 10km) and Arp. (15km to 75km).
Temporal estimates of D, are determined from the slopes
over two separate time ranges: ATy, extending from
0.00year to 0.19year, and AT, from 0.73year to
6.02 years. Example log(C) versus log(r) and log(¢) plots
(Fig. 2a and b) illustrate the above relationships in
seismic zones 3 and 4 through which the NAFZ splits
into two fault segments called the Prince’s Island
segment (zone 3) and Cinarcik Fault (seismic zone 4)
(also see Fig. 8 of Parson, 2004). Variations in the
response with q reveal that the seismicity distribution is
heterogeneous, consisting of variable multifractal pat-
terns of clustering in both time and space (see Fig. 2c).
The standard error in the estimate of D (spatial) is, on
average, £0.03 and ranges from approximately £0.01 to

+0.06. The standard error for the estimates of D
(temporal) is, on average, +0.04 and ranges from 0.02
to 0.05 for ¢=2; the average standard error for g=15 is
+0.05 and ranges from 0.02 to 0.09.

3. Results and discussion

Spatial variability of seismicity and strain used to
conduct correlations are shown in Fig. 3. The correlation
dimension derived from the above approach reveals that
seismic clustering within the subdivisions of the study
area varies considerably throughout the region. The
spatial fractal dimension D,(S) varies from 0.88 to 1.77,
with a mean of 1.38; D,5(S) varies from 0.68 to1.45 and
has a mean value equal of 1.06. The linear region in the
log(C) versus log(r) plots varied in extent from as little
as 2 to 15km in zone 1 to as much as 10 to 75km in zone
8. The temporal fractal dimension D,(7) has a mean
value of 0.78 and ranges from 0.50 to 0.91, while D;5(7)
has a mean value of 0.57 and ranges from 0.26 to 0.74.

This large difference between D,(S) and D;5(S)(0.32)
suggests the presence of significant ‘fractal heterogene-
ity’ within the epicenter distribution of shallow seismic-
ity due to differences in fault complexity at local and
regional scale. The lower fractal dimension for g=15
suggests that seismicity is more clustered at local scales.
This is likely since the NAFZ consists of numerous fault
strands at regional scale (Fig. 1). The fractal properties of
complex fault systems such as the NAFZ are character-
ized more completely using multifractal measures. The
difference between D,(S) and D;5(S) provides a direct
measure of the complexity of the fault zone. Multifractal
analysis helps characterize differences in the complexity
of seismicity distributions within individual seismic
zones (see Table 1). Generally, zones can be classified as
having low, intermediate or high complexity. In this
study, zones are classified as having low spatial
complexity when the difference (ADs=D(S)—D;5(S))
lies in the range 0.2 to 0.3. They are classified as having
moderate complexity when ADg lies between 0.3 and
0.4, and high for differences greater than 0.4. Zones 7,
10, 3 and 4 have the greatest divergence of multifractal
dimensions indicating considerable variability in these
zones from regional to local scales. Zones 3 and 4
straddle the Cinarcik Basin just to the west of the focal
point of the 1999 Izmit event in the Izmit Gulf. This is
also the area where the NAFZ enters the Sea of Marmara
and splits into two branches (see Fig. 1). Low complexity
is observed for seismicity in zones 8, 14, 1, 5, 6 and 15.
Zones 8 and 14, for example, contain no major faults.
Over the span of time evaluated in this study, multifractal
assessment provides a meaningful measure of the
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Fig. 2. The plots illustrate multifractal relationships observed in both the spatial and temporal analysis. (a) Example multifractal plots for seismic
zones 3 and 4 reveal the existence of slope breaks for r between approximately 2 and 16km (i.e. log(r) between 0.3 and 1.2). The linear region in the
temporal response extends from hours and months to between 2 and 6 years (i.e. log(7) from 1.5 and 6.5). (b) Variations in spatial and temporal fractal

dimension as a function of ¢ are illustrated.

complexity of active fault systems. Temporal ADr
provides a measure of changes in the complexity of
seismic activity through time. Minor changes in temporal
complexity within a zone suggest that seismicity
(whether spatially complex or simple) changes little
during the time frame of the analysis. Higher ADy
reveals change in seismicity distribution through time
and may be related to instability of fault systems in
response to crustal strain. It is interesting to note that the

zone with highest temporal complexity, zone 2, straddles
the focal point of the 1999 Izmit event. This suggests that
the intermediate level of spatial complexity observed in
this zone was unstable during the 8-year period of time
leading up to the event.

Seismicity can be characterized as periodic, quasi-
periodic or Poisson in behavior. The validity of seismic-
hazard models will depend on the feasibility of the
assumed behavior. Several earthquake forecasting



212

A.O. Oncel, T. Wilson / Tectonophysics 418 (2006) 205-218

1.80 -
1.60
1.40
D(S) 1.20 |—
1.00[—
0.80 [—
050 |
09F D2
0.8
0.7
D(T) 0.6
0.5
0.4
0.3
308 3.05
3.00 §
o 250 M mean 295 £
3 2.00 - 290 2
.c?r - b-value' 285 =
1.50 }— 2.80 E
= c 275 £
B0 I | l | | [ | | | | S 200 &
] [~ =
£ 250 S 3 §
o = 5=
g 2004~ — 20 &
= 150 “ 1 c
e ook <Dilatation> P 102
£ 00— o E
‘g 188 | L 10.0 B
K=
5 130 95 §
g 125 g5 O
(]
2 120 <Mean Depth> 85 ©
E 115 b B
3 oo | | | | | | e 3=
vV 105 ! - ' = 75
1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0

Region
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models are based on the assumption that seismicity is
quasi-periodic or Poisson (see discussion, Kagan and
Jackson, 1991). Kagan and Jackson (1991) suggest that
temporal seismic clustering may also be differentiable
into short-term (D,(7)=0.5) and long-term (D,(7)
=0.8-0.9) behavior. Periods of highly clustered seis-
micity (D»(7T)~ 0.5) are associated primarily with short-
term foreshock, mainshock and aftershock activity.
Weakly clustered seismicity (D,(7)=0.8—0.9) is attrib-
uted to mainshock events. Kagan (1994) asserts that the
variation of D,(7T) between 0.5 and 1.0 is associated with
variable event depth and the instability of plastic flow in
the Earth’s mantle. Shallow events tend to have lower
Dy(T) (are more clustered) than deeper events. Kagan
and Jackson (1991) also suggest that clustered seismic-
ity (D~0.5) is periodic, while unclustered seismicity
(D~1) occurs randomly through time. They refer to
seismicity distributions with intermediate dimension
(D~0.75) as quasi-periodic.

Based on the criterion of Kagan and Jackson (1991),
seismicity in zones 2, 7, 8, 9, 10, 14 and 15 of our study
with D,(7)>0.85 approaches Poisson behavior, one in

which seismic activity is random or slowly changing
over time (see p. 131 of Kagan and Jackson, 1991). In
general, the variability in clustering throughout the area
supports the model of Armijo et al. (2002) and suggests
that fault systems have fractal structure.

Zones 3 and 4 are characterized by short term periodic
seismicity (D between 0.5 and 0.6) within the eastern
Marmara Sea area. The absence of larger earthquakes in
zones 3 and 4 during the period of analysis suggests that
clustering in this area is not due to aftershock and
foreshock sequences. The last major event in zones 3 and
4 occurred in 1963 (M6.4). Local seismicity is highly
clustered in zone 1 (D;5(7)=0.5), the location of the
1999 Izmit event and would appear to be representative
of foreshock seismicity. A b-value anomaly is also
associated with zones 3 and 4 (see Fig. 4 of Oncel and
Wyss, 2000). Oncel and Wyss (2000) suggested that this
area is associated with a barrier-type asperity (centered
near 40.75N/28.8E) that prevented fault rupture from
extending farther to the west through the Marmara Sea.

Maximum shear strain based on Kahle’s approach
(Eq. (1a)) has mean and median values of 1.8 x 10~ %7 and
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2.06x107°7 years™', respectively, and varies from a
minimum of 5.64 x 10~ % to a maximum of 2.53 x 10~ %’
years . Dilatation varies from —7.53x 10~ to 3.26 x
10 % years™' with mean and median values of 1.54 x
10" % and 1.74x 10" % years ™', respectively. Maximum
geodetic strain based on Ward’s approach (Eq. (1b)) has
mean value of (1.79x 10~ years™"), median value of
2.04x107°7 years ' and varies from 5.97x10 8
years | to 2.49x 10 %7 years ' through the Marmara
region (see Table 1). Ward’s and Kahle’s approach yield
similar maximum shear strains. We used the data
provided by Kahle et al. (2000) (their Table 1) to
compare GPS-derived maximum strains derived using
Egs. (1a) and (1b) for the eastern Mediterranean region.
An average maximum shear strain of 68 nstrains/year
was obtained using Eq. (1a) (Kahle et al., 2000); and an
average of 102 nstrains/year was obtained using Eq. (1b)
(Ward, 1998a,b). The median strain rates obtained using
Egs. (1a) and (1b) are 78 and 63 nstrains/year. Results
obtained from both approaches correlate well to each
other (r=0.94). Based on the high correlation between
results obtained using these two approaches, we adopted
Ward’s approach in making subsequent comparisons.

3.1. Correlations

The western and eastern Marmara Sea region is
divided into 15 subdivisions (or seismic zones) based on
variations in seismicity and fault density (see Fig. 1). We
examine the interrelationships between seismotectonic
variables D,(S and T), D;s(S and 7), b and L (fracture
length) with GPS-derived shear, dilatation, maximum
geodetic strain and azimuth throughout the Marmara
Sea region using regression line statistics (see Table 2).
The correlation coefficients () between variables and
the probabilities (p) that the correlation coefficients
could actually be zero or have opposite sign are
presented in Table 2.

3.1.1. Correlation between seismic clustering and
strain

Significant correlations (p < 0.05) between the fractal
measures of seismicity and strain are limited. D,(S)
correlates negatively to maximum geodetic strain (r=
—0.56). D;5(S) and the temporal fractal dimensions (D,
(S) and D;5(S)) do not correlate to strain. The negative
correlation of D,(S) to maximum geodetic strain
suggests that increasingly diffuse seismicity (increasing
D) is associated with decreased maximum geodetic
strain. Alternatively, the result suggests intense seismic
clustering (lower D,(S)) is associated with increased
shear strain.

3.1.2. Correlation between b-value and strain

The correlation of b-value to maximum geodetic
strain is limited to a positive correlation with
dilatational strain (where »=0.51 with a p-value of
0.05). Dilatation strains along the NAFZ are largely
positive and increasingly positive dilatation is associ-
ated with increased transtensional displacement. This
positive correlation is consistent with our expectations
that increased dilatation rate (increased extension)
would be associated with decreased probability of
larger magnitude seismicity. Conversely, the correla-
tion also implies that as strain along the NAFZ
becomes increasingly transpressive (i.e., decreased
dilatation), b will drop and the likelihood of larger
magnitude seismicity will increase.

3.1.3. Correlation between fractal length (L) and strain

Olsson (1999) suggests that the characteristic length
of faults in a region is associated with the range of
distances—the effective dimension (Mandelbrot, 1982)—
over which fractal behavior is observed. Kagan and
Knopoff (1980) suggest that the minimum distance
(Pmin, Which is designated L, in this study) may be
associated with epicenter location error. The maximum
distance or length is limited by the size of the analysis
area and is designated in this study as L,,,. In this study,
L i, has mean value of 3.8km and ranges from 2km to
10km. We assume this is generally due to variability in
location error within the MARNET network (Ucer et al.,
1985). The maximum distance out to which fractal
behavior is observed (Ly.x) is on average 36.8km; it
varies from 15km to 75km.

Variations in L,,,, have significant negative correla-
tion with D,(S) (r=—0.637, p <0.05) (see Table 1). L,
is also negatively correlated with D,(S) (r=-0.644,
p<0.05). Ly, and Ly, have a significant positive
correlation (r=0.88, p~0.0), which suggests that both
Lax and L, decrease with increasing D(S). This, in
turn, suggests that increasingly dispersed seismicity
exhibits fractal behavior over a smaller scale range.
Variations in D;5(S) (a measure of local scale heteroge-
neity) throughout the study area do not correlate with
Linax O Liin.

3.1.4. Correlation between mean depth and strain
Average depths of hypocenters in each seismic zone
fall in the range extending from 7.94km to 9.89km. The
average depth for all seismic zones combined is
8.77km. Sato et al. (2004) obtained a similar average
depth of 8.33km for the region using the temporary
OBS network. However, the range of observed depths
observed in their study varied from 5.3 to 11.2km.
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The correlation of average hypocenter depth to
dilatation is positive(r=0.51 with a p-value of 0.05).
This suggests that the seismogenic zone is generally
shallower in areas where plate interaction is more
extensional. Moreover, a significant correlation between
average depth and 7)., the maximum correlation time
of fractal clustering, is also observed (r=0.54, p=0.04).
This suggests that the time interval over which fractal
clustering is observed increases with increased depth of
the seismogenic zone and vice versa. Significant
correlation between average depth and shear strain is
not observed (r=—0.33 with a p-value of 0.23).

3.2. Earthquake recurrence

Regional scale estimates of earthquake recurrence
times usually assume a b-value of approximately 1.
Oncel and Wyss (2000) used the residual catalogue and
found a range in b-value extending from 0.78 to 1.6, with
mean of 1.25. The differences in the range and mean
value of b in the study of Oncel and Wyss and the current
study are associated with catalogue from which
seismicitiy was obtained. In the present study, the “raw
catalogue” was used. Oncel and Wyss (2000) used the
residual catalogue, which excludes aftershocks. The
increased h-value observed in the present study (¢b)
=1.84) results from inclusion of secondary events such
as foreshocks, aftershocks and swarms. Oncel and
Alptekin (1999) suggested that inclusion of aftershocks
in recurrence time estimates yields erroneously large
recurrence intervals along the NAFZ of about 57 to
115years for Mg (surface wave magnitude)=7.5. To
avoid the possible influence of aftershocks on the
recurrence time estimates, we adopted the b-value
model of Oncel and Wyss (2000).

Reliable estimates of b-value require a sample size of at
least 50 events and the frequency of seismicity in a region
determines the minimum size of the areas for which
reliable estimates can be made. In Japan, long term
estimates of b-value were determined for circular areas
having a radius of 50km (Oncel et al., 2001). In an earlier
study of the Marmara Sea region (Oncel and Wyss, 2000),
a radius of 20km was used. To estimate recurrence times
in the present study, we adopt the 20-km scanning radius
used by Oncel and Wyss (2000) and determine b-values
on a regular 0.05° grid throughout the Marmara Sea
region. The criterion that each 20-km radius area contains
at least 50 events is honored. At grid points where 50 or
more events were not available for computation, » was not
estimated (Oncel and Wyss, 2000). Gaps in the b-value
model of Oncel and Wyss (2000) area present in areas of
low seismicity rate. In these areas, the b-value was

interpolated onto a regular grid using kriging for mapping
and recurrence time estimation. This interpolation
procedure is also used to obtain maximum geodetical
strain data for the same grid node array. A continuous
array of grid nodes was computed for the region extending
from 26.5° to 31° east longitude and 40° to 41° north
latitude. The resulting b-value grid (see Fig. 4) was used as
an input to the recurrence time equation (see Eq. (3)). The
region over which recurrence time estimates in Fig. 4 are
made extends an additional degree to the east of the region
shown in Fig. 1.

The NAFZ in the Marmara Sea region is unique
because historical records of major earthquakes in this
area are available for the past 2000years (Ambraseys,
2002) (see Fig. 1). Based on examination of historical
events in the region, Ambraseys and Jackson (2000)
conclude that offshore faults along the NAFZ in the
Marmara Sea region are relatively short (~70km)
compared to onshore faults (~100km). The length—
magnitude relation (Eq. (4)) indicates that lengths,
L=70km offshore and 100km onshore could produce
maximum magnitude events of 7.2 and 7.4,
respectively.

In this study, we estimate the aerial distribution of
local recurrence times for two values of M,, (7.2 and
7.4) in Eq. (3). We generate recurrence time maps for
events with magnitude My, >7.2 (see Fig. 5). Thus,
these recurrence time maps allow estimates of the
recurrence times of historic events such as the August
17, 1999 Izmit earthquake (M, 7.4) (17.08.1999) in
the eastern end of the Marmara Sea, and the May 22,
1766 (M,,=7.2) in the western Marmara Sea. M7.2
corresponds to the threshold magnitude in the offshore
areas of the Marmara Sea region, assuming westward
propagation of the 1719-1766 seismic sequence
(Hubert-Ferrari et al., 2000). Note that the Izmit
(My,=7.4) and Duzce (M, =7.2) events are examples
of characteristic large events occurring in this region.
Note also that these events have duration magnitudes
of Mp=6.7 and 6.5, respectively, as reported by the
Kandilli observatory. In the present study, a duration
magnitude of 6.7 was used to calculate recurrence
times since the h-value model (Oncel and Wyss, 2000)
is also based on duration magnitudes reported in the
raw catalogue. Recurrence times (Fig. 5) were also
estimated assuming two different thicknesses of the
seismogenic zone (i.e. Hs in Eq. (2)) equal to 12.5km
and 4km.

Examination of recurrence time variations (Fig. 5)
shows several similarities to the distribution of b-
values (Fig. 4a). The similarity is expected, given the
form of Eq. (3), and the relatively uniform moment
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rate variations (Fig. 4b) along the NAFZ in the study Ward, 1994, for example) reveal considerable similar-
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The rich historical record of seismicity available for
the Marmara Sea region allows us to compare our
estimates of recurrence times to the historical record of
recurrent events in the region. In general, we see that
the concentration of historical events decreases from
northern to southern strands of the NAFZ. Also, note
that the larger historical events are concentrated in the
easternmost and westernmost onshore areas of the
Marmara Sea region. This is consistent with the view
of Oncel et al. (2001) that fault segments in the
onshore areas are longer and capable of producing
larger magnitude events than the shorter fault segments
in the Marmara Sea region. The observations suggest
that strain is gradually released along the shorter faults
in the Sea of Marmara (L.~ 70km) while strain is
released suddenly along the longer faults in the
onshore areas to the east and west (L.>100km)
(Ambraseys and Jackson, 2000).

We also examined the possible influence of a thinner
seismogenic zone of ~4km suggested by Flerit et al.
(2003) for the region between longitudes 27.45E and
29.28E (zones 3, 5 and part of 13) and region 4
suggested by Pinar et al. (2003). Hubert-Ferrari et al.
(2000) speculate that rupture of this area occurred in the
September 2, 1754 Mg 6.8 and May 22, 1766 Mg 7.1
earthquakes. They also suggest that stress of about 100
bars has accumulated in the area since 1766 (about
239years). The absence of larger earthquakes in this
area suggests the area is now an asperity (Hubert-Ferrari
et al., 2000; Oncel and Wyss, 2000) centered at 40.8N/
28.3E. Recurrence times computed for the thinner
seismogenic zone (Fig. 5) are considerably longer
within the Marmara Sea than those estimated using the
thicker crustal model (60years versus 20years mini-
mum, respectively). The north to south variability
observed in the historical record is not predicted by
the thinner seismogenic model. As Flerit et al. (2003)
note, this thinner seismogenic zone is restricted to the
Marmara Sea and is not expected to be representative of
the region as a whole. The thinner seismogenic zone
model does however yield an overall increase in the
recurrence times (or decreased probability of occur-
rence) of larger events in the Marmara Sea region
compared to those associated with the thicker seismo-
genic zone model. Recurrence times estimated from the
thin-zone model are similar to those observed in the
southern part of the Marmara Sea.

4. Conclusion

Seismotectonic parameters including the Gutenberg-
Richter b-value and multifractal measures of the

correlation dimension (D,) were compared to GPS-
derived strain rates in the Marmara Sea region of
western Turkey along the Northern Anatolian Fault
Zone. These comparisons reveal significant negative
correlation of D,(S) to maximum geodetic strain rate
with p values of approximately 0.03. D,(S) has identical
negative correlation to the maximum horizontal shear
strain rate calculated using Kahle et al.’s (2000)
relationship. The negative correlation suggests that
seismicity in the region becomes increasingly clustered
with increased maximum geodetic and shear strain rate.
Maximum geodetic strain rate also has significant
negative correlation (about r=-0.59, p=0.02) with
dilatation strain rate. This suggests that areas undergo-
ing increased shear strain rates are generally accompa-
nied by decreased compressive or increased extension
strain rates. We did not observe significant correlation of
b-value with maximum geodetic strain rate. A positive
correlation was however observed between variations in
b-value and dilatation, suggesting decreased probability
of larger magnitude seismicity (higher b) with decreased
compressive or increased extension strain rates. Slight
compressive strain is observed in seismic zones 3 and 5,
which coincide with the 1766 Tekirdag rupture zone.
Areas in which the dilatation is significantly extensional
have lower maximum geodetic and shear strain rates
(see Fig. 3). The b-value does not correlate significantly
with maximum geodetic strain rate. The correlation
between D(S and 7) and b is also insignificant.

In this study, we have focused on a relatively small
area encompassing the Marmara Sea and the area
immediately to the south. The study searches for
relationships that might foreshadow the 1999 Izmit
event. Leading up to the Izmit event, we see significant
clustering of seismicity in areas where geodetic strain
increases. Also, areas of increased geodetic strain (larger
strain) are accompanied by decreased or smaller rates of
dilatation strain (i.e. increased compressive strain rates).
The 1999 Izmit event occurred in the eastern end of the
Izmit Bay between seismic zones 1 and 2 (e.g. Fig. 1).
The b-value is relatively low in zones 3 and 4
immediately to the west of zone 2 but increases abruptly
into zone 2 (see Fig. 4). Recurrence times for larger
earthquakes (M,,>7.2) show an abrupt decrease from
about once in 80years to once in 20years from zones 3
and 4 into zone 2. As expected, lower b-value is
associated with shorter recurrence times (compare Figs.
4 and 5).

The results of the study suggest that the eastern part
of the Marmara Sea in the Izmit Bay area would be
prone to increased frequency of large magnitude events.
This study incorporates the complexity of faulting
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observed by Armijo et al. (2002). West of the Izmit
rupture zone the dilatational strain is slightly compres-
sive along the northern main segment of the NAFZ
(zones 3 and 5), but is extensional along a southern fault
strand (zones 4 and 6). During the observation period,
compressive strain developed along a bend in the NAFZ
referred to as the Northern Boundary Fault (Pulido et al.,
2004). The bend lies in zone 3, the suggested location of
the 1509 earthquake (M,,=7.2) (Ambraseys, 2001).
This fault segment trends approximately N6OW over a
distance of about 50km after entering the Marmara Sea
from the east and represents a significant deviation from
the roughly east—west trend on either side of this bend.
Seismic profiles reveal that the Marmara Sea coincides
with a graben bounded by faults that have a significant
normal fault component (Armijo et al., 2002). The
results of this study suggest that displacements along the
southern fault (the Southern Boundary Fault located in
zone 4) were transtensional, while those along the
Northern Boundary Fault (NBF) were transpressional
particularly along the fault bend. The NBF may serve as
an impediment to smooth right-lateral movement along
the NAFZ in this area. Temporal clustering is observed
in zones 3 and 4 across this bend. Zone 3 also includes
an asperity to the northwest near the fault bend (Pulido
et al.,, 2004) and it seems possible that temporal
clustering in this area may be associated with foreshock
activity of the Izmit event.

The correlation of b-value to GPS-derived dilatation
and the existence of compressive strain along the bend
in the NAFZ suggest that detailed monitoring of future
b-value trends and GPS strains in this region could serve
as important indicators of the potential for future rupture
in the Izmit region.
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