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S U M M A R Y
We present a method for estimating ratios of P and S waves corner frequencies (Rcf) and
earthquake strain drops by joint analysis of P and S source spectra of neighbouring groups of
events. The method is applied systematically to data generated by ∼9000 earthquakes around
the Karadere segment of the North Anatolian Fault Zone. The results indicate several regions
that produce consistently Rcf values higher (e.g. >2) than expected from classical earthquake
source models. These are associated generally with fault sections having strong geometrical
heterogeneities, shallow depth sections and/or locations without large pre-existing surface
trace. Earthquake ruptures in such regions are likely to generate significant rock damage and
tensile components of faulting. To assess whether the observed high Rcf values are produced
by enriched high frequency P waves, reduced high frequency S waves or both, we compare the
associated P and S spectra with mean/median results. The analysis suggests that the high Rcf

values of shallow events (depth <4 km) are generated primarily by reduced high frequency
S radiation, and that the contribution from elevated high frequency P radiation increases
with depth and proximity to geometrical complexities. The results highlight the importance
of considering carefully the existence of some volumetric source components in earthquake
rupture processes.

Key words: Fault zone rheology; Earthquake source observations; Seismic monitoring and
test-ban treaty verification; Dynamics and mechanics of faulting; Dynamics: seismotectonics.

1 I N T RO D U C T I O N

One fundamental problem in seismology is to describe earthquake
source processes based on in-situ seismic data. Many previous stud-
ies have been concerned with estimating various source parameters
from seismological observations combined with theoretical models.
The corner frequency of the displacement source spectrum, defined
generally as the intersection of the low and high frequency asymp-
totes, is a key parameter that is inversely related to the duration
of faulting (e.g. Aki 1967; Brune 1970). Corner frequencies have
been used widely to estimate the dimensions and stress (or strain)
drops of earthquake sources (e.g. Shearer et al. 2006; Yang et al.
2009; Oth 2013), along with directivity of earthquake ruptures (e.g.
Lengliné & Got 2011; Kane et al. 2013; Calderoni et al. 2015).

Since information propagates from seismic source regions with
two different wave speeds, the apparent duration of finite size
ruptures appears generally different when observed using P and
S waves. In detail, the apparent durations and corner frequen-

cies of earthquakes depend on multiple aspects of material and
source properties. These include the mode and directivity of rup-
tures (e.g. symmetrically expanding cracks versus unidirectional
pulses), source mechanism (e.g. shear, tensile or mixed), wave ve-
locities in the source region, rupture velocity and source–receiver
angle (e.g. Haskell 1964; Savage 1972; Molnar et al. 1973; Sato &
Hirasawa 1973; Madariaga 1976).

In this paper, we attempt to extract statistically robust information
on source processes associated with aftershocks of the 1999 M 7.4
İzmit and M 7.2 Düzce earthquakes along and around the Karadere-
Düzce branches of the North Anatolian fault zone (NAFZ). The
analysis involves systematic derivation of strain-drops and ratios of
P- to S-wave corner frequencies (Rcf) from groups of neighbour-
ing events, and detailed examination of the obtained Rcf values in
different regions and different depth sections. Our main goals are
to examine whether the results contain systematic deviations from
classical expectations on P/S radiation that might indicate brittle
damage in source volumes and/or tensile components of faulting.
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The main sections of the NAFZ are likely to have at their core bi-
material interfaces separating different elastic solids (Sengor et al.
2005; Dor et al. 2008; Bulut et al. 2012; Ozakin et al. 2012;
Najdahmadi et al. 2016). Ruptures on bimaterial faults tend to de-
velop with propagation distance to unidirectional pulses with pos-
sible local transient fault-opening (e.g. Andrews & Ben-Zion 1997;
Ben-Zion & Huang 2002; Ampuero & Ben-Zion 2008; Brietzke
et al. 2009). Earthquakes propagating in complex fault structures
with geometrical heterogeneities are expected to break fresh rock
and produce damage related radiation associated with distributed
tensile cracking, isotropic source terms and elevated P/S radiation
(e.g. Ben-Zion & Ampuero 2009; Castro & Ben-Zion 2013; Ross
et al. 2015). The data set analysed in this work consists largely of
small aftershocks along and around main sections of the NAFZ.
These events are likely to be associated with a mixture of source
processes ranging from classical bilateral shear cracks to events
associated with strong directivity, damage related radiation with
distributed tensile cracking and/or localized dynamic fault opening.

Sato & Hirasawa (1973) and Madariaga (1976) obtained theo-
retical results for shear cracks that expand on a plane in a linear
elastic solid until being arrested at some size. In such cases, the
ratio of the corner frequencies of P and S waves can be expressed
approximately as

Rcf = αS

βS
f1(VR/βS) f2(θ ), (1)

where αS and βS are the P- and S-wave velocities in the source vol-
ume, f1 is a function that generally increases with increasing ratio of
rupture velocity VR divided by βS, and f2 is a function that generally
increases when the source–receiver angle θ increases from the fault
normal (θ = 0) to the fault parallel (θ = 90◦) direction. When the
ratio VR/βS increases from 0.5 to 0.9, the Rcf values averaged over
all directions increase from 1.26 to 1.43 (Sato & Hirasawa 1973).
For rupture velocity VR/βS = 0.9, the Rcf values vary in the range
0.8–1.5 (Madariaga 1976). These theoretical results provide basic
expectations that may be compared with observations.

Various derivations of corner frequency ratios were obtained pre-
viously for individual to hundreds of earthquakes (e.g. Furuya 1969;
Trifunac 1972; Wyss & Hanks 1972; Molnar et al. 1973). Due to
the relatively small number of events and existence of attenuation
and site effects, there were some concerns on the significance and
reliability of those results (e.g. Hanks 1981, 1982; Burdick 1982;
Langston 1982). In this work we analyse source properties of about
9000 aftershocks of the 1999 İzmit and Düzce earthquakes on the
NAFZ in the vicinity of the Karadere segment. We follow generally
the method used by Prieto et al. (2004), Shearer et al. (2006) and
Yang et al. (2009) to analyse source properties from P waves, with
some modifications geared to analyse simultaneously P and S wave-
forms. The method involves analysis of groups of nearest-neighbour
events, data stacking at various stages to enhance the reliability of
results, and joint fitting of derived P and S displacement source spec-
tra for strain-drops and Rcf values for the examined event groups.
In the context of the main goals of this work, the analysis of groups
of events has the additional advantage that it suppresses (at least
partially) directivity effects that might be associated with individ-
ual events, allowing a clearer focus on damage related radiation and
tensile faulting.

The derived Rcf values show clear spatial patterns with some fairly
abrupt changes between regions of relatively high and relatively low
Rcf. Regions with distinct average Rcf values correlate generally with
sections and boundaries of the İzmit and Düzce ruptures and some
topographic domains such as the Duzce basin (low average Rcf) and

the Western Akcakoca Mountains NW of the Duzce basin (high
average Rcf). We examine in more detail results in regions that
produce consistently Rcf values that are significantly higher than the
classical theoretical expectations of Sato & Hirasawa (1973) and
Madariaga (1976).

The observed high Rcf values may be generated by enriched high
frequency P waves, reduced high frequency S waves or both. The
former can be produced by distributed rock damage and tensile
cracking in source volumes or other mechanisms leading to tensile
components of faulting (e.g. Brune et al. 1993; Ben-Zion 2001),
while relative reduction of S radiation may indicate reduced ratio of
S/P-wave velocities in source volumes sustaining brittle rock dam-
age (e.g. Lyakhovsky et al. 2011). To clarify the main contribution
to the high Rcf values, we compare the associated P and S spectra
with the mean/median results. High Rcf values of events with depth
<4 km are found to have significant contribution from reduced
high frequency S radiation. The contribution to Rcf values from ele-
vated high frequency P radiation appears to increase with depth and
proximity to strong geometrical complexities. In addition to clar-
ifying earthquake source processes, the results may contribute to
improved discrimination of small explosions from earthquakes that
use commonly observed ratios of radiated P/S waves (e.g. Walter
et al. 1995).

2 DATA A N D B A S I C P RO C E S S I N G

A temporary PASSCAL network of 10 short-period seismic stations
was deployed along and around the Karadere segment of the NAFZ
1 week after the 1999 August 17, Mw7.4, İzmit, Turkey, earthquake
(Fig. 1). All stations had REFTEK recorders and three-component
L22 velocity sensors with a sampling frequency of 100 Hz (See-
ber et al. 2000; Ben-Zion et al. 2003). This network operated for
6 months and recorded approximately 26 000 events, including the
1999 November 12, Mw 7.1, Düzce earthquake. The horizontal lo-
cation errors are generally about 1 km around the centre of the
network and 1–2 km near the margins. The vertical location errors
are somewhat larger. Additional details on the seismic deployment
and data set are given by Seeber et al. (2000) and Ben-Zion et al.
(2003).

2.1 Data pre-processing and analysis overview

We analyse both P and S wave signals recorded on all three compo-
nents of the short-period instruments. We apply a simple algorithm
(Yang & Ben-Zion 2010) to detect clipped waveforms and exclude
them in the study. For each remaining seismogram, we remove the
mean and trend, correct for the instrumental response, and convert
the waveforms from velocity to displacement records.

Fig. 2 illustrates the selection of P and S phase windows. We take
the P-wave window to be 0.28 s before and 1.0 s after the picked
P arrival, and choose a background noise window with the same
length immediately before the picked P arrival. Because the S wave
is inevitably mixed with P wave coda, it could be somewhat difficult
to separate the source spectra associated with S wave from the
P wave coda, especially in the high frequency range. Therefore, for
the S-wave window we consider five different approaches referred
to as schemes A, B, C1, C2 and C3 (Table 1). In scheme A, similar
to the selection of the P-wave window, we use a time window
with 0.28 s before and 1.0 s after the picked S arrival (Fig. 2a). In
scheme B, we use a time window with 0.28 s before and 9.72 s after
the picked S arrival (Fig. 2b). Such time windows include also the
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222 W. Yang and Y. Ben-Zion

Figure 1. Epicentral distribution of 26 080 earthquakes (coloured with depth and scaled with magnitude with legends at the bottom) along the Karadere-Düzce
branch of the North Anatolian Fault Zone from 1999 August 25 to 2000 February 11. The epicentres of the 1999 August 17 Mw7.4 İzmit and the 1999
November 12 Mw7.1 Düzce earthquake are marked with their focal mechanisms. The 10 seismic stations are shown by black triangles with names beneath.
The dark and grey curves denote the observed coseismic rupture traces for the İzmit and Düzce main shocks, respectively (Seeber et al. 2000; Akyüz et al.
2002), with the sense of motion marked in white arrows. Major geological features in the study area are labelled. The inset map shows the location of the study
area (red rectangle) in a large-scale region.

Figure 2. An example showing the selection of background noise, P- and S-wave windows for schemes A (a), B (b) and C1–C3 (c). The background waveforms
are in grey colour. The noise windows are marked by green colour and the P-wave windows are marked by red colour, with horizontal bars above showing the
time spans. For schemes A and B, S-wave windows are denoted by blue colour. For schemes C1–C3, 15 consecutive 1.28-s windows (multiple colours) are
used for the direct S- and S-coda waves.
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Table 1. Five schemes for P- and S-wave spectra calculations.

Scheme P wave (relative to P arrival) S wave (relative to S arrival) Normalization

A [–0.28 to 1.00] s No
B [–0.28 to 9.72] s No

C1 [–0.28 to 1.00] s 15 consecutive [–0.28 to 1.00] s Traveltime
C2 Amplitude
C3 No

S coda, which consists essentially of scattered S waves (Aki 1982).
In schemes C1–C3, we take S waveforms in N = 15 consecutive
multiple 1.28 s windows with the first window beginning at 0.28 s
before the S arrival (Fig. 2c).

The displacement spectrum in each waveform window is com-
puted using a multitaper algorithm (Thomson 1982; Park et al.
1987). The spectra of the multiple S windows in each of schemes
C1–C3 are stacked to increase the stability (e.g. Imanishi &
Ellsworth 2006). Schemes C1, C2 and C3 are different in the normal-
ization of spectral amplitudes of different windows before stacking.
In Scheme C1, we normalize the S spectral amplitudes according
to travel-time difference between each S waveform window and the
first S window. In Scheme C2, we normalize the S spectral ampli-
tudes according to the maximum absolute amplitude ratio between
each S window and the first S waveform window. In Scheme C3, we
do not apply any normalization.

We require the spectral ratio between the P waveform and noise
window on the vertical component in the frequency range of [4–30]
Hz to be above 3.0. We also require that at least three stations record
each event. We calculate the combined spectra for signals from all
components through vector summation. After data pre-processing,
a total of 47 172 P and S wave spectra associated with 8785 events
in the approximate magnitude range 0.0–3.8 satisfy the required
criteria.

To obtain reliable source parameters from the observed seismic
displacement spectra, we need to isolate the source spectra and
decrease considerably the random noise. Following Shearer et al.
(2006) and Yang et al. (2009), the employed method involves stack-
ing the various spectral terms multiple times and is associated with
three major steps. In the first step, we separate iteratively the source,
travel-time and station spectra, using for each earthquake the ob-
served data of its N nearest neighbour events (here N = 200). In
the second step we bin the separated source terms in different am-
plitude ranges and stack the source spectra in each bin. These two
steps are implemented separately for the P and S waves following
closely (for each) the procedure of Yang et al. (2009). In the third
step we fit jointly the stacked source spectra of P and S waves in
each magnitude bin with a theoretical source model (assuming ω−2

spectral decay) and obtain best-fitting Rcf values and earthquake
strain-drops.

2.2 Source spectra separation and binning

In this first analysis step, we separate iteratively the source, travel-
time and station spectra, using for each earthquake the observed
data of its 200 nearest neighbouring events. The iterative separation
is based on the facts that the source term of each event should be the
same at all stations and that the station term generated by all events
should be the same at each receiver position. We also assume as in
previous related studies (Shearer et al. 2006; Yang et al. 2009) that
the attenuation pattern is constant in a small travel-time range (e.g.
1.0 s bin). We perform the foregoing source spectra separation step

for P and S waves separately. For the observed spectra of 201 events
recorded by the ten stations, we set the travel-time bin to be 1.0 s,
and process the spectra separation in [4–40] Hz, The iteration stops
when the sum of the absolute difference values of source, station
and travel-time spectra between the last and current loop is below a
very small number (e.g. 1 × 10−4). Usually, the source separation
step converges very quickly in 2–3 loops. See section 3.1 of Yang
et al. (2009) for additional details.

In the second step, we stack the isolated P and S source spec-
tra over 0.2 logarithmic amplitude bins as done in previous related
studies. Due to the Gutenberg–Richter frequency-magnitude rela-
tionship and the limited detecting capability of our network, the
numbers of spectra are not distributed evenly among all amplitude
bins, especially at both ends. To focus on high quality results, we
require the minimum number of spectra in each amplitude bin to
be 10. After the second step, the binned P and S source spectra
are smooth enough to be fitted with theoretical source model as
described in the following section.

3 J O I N T F I T T I N G P A N D S S O U RC E
S P E C T R A F O R C O R N E R F R E Q U E N C Y
R AT I O A N D S T R A I N - D RO P

To derive earthquake source properties, we next jointly fit the binned
P and S source spectra with the ω−2 source spectra (e.g. Brune 1970)
in the [4–30] Hz frequency band:

�( f ) = � f0 [1 + ( f0/ fc)
2]

1 + ( f/ fc)
2

, (2)

where f0 = 4 Hz, � f0 is the source displacement amplitude at f0,
and fc is the corner frequency. The fc value is related to a pair of
basic earthquake source properties, stress-drop (�σ ) and seismic
moment (M0), or equivalently strain-drop (�ε) and seismic potency
(P0). Specifically,

fc = mβS

(
�ε

P0

)1/3

= mβS

(
�σ

M0

)1/3

, (3)

where βS is the shear wave velocity in the source volume as men-
tioned before, and m is a coefficient that depends on the wave type
and assumed fault model. For ease of comparison with previous
results of Yang et al. (2009) based on analysis of P waves only in
the same data set, we use m values based on Madariaga (1976).
This can affect somewhat the derived strain (or stress) drops (e.g.
Kaneko & Shearer 2015) but not the obtained Rcf values which are
the main focus of this work.

Madariaga (1976) calculated an average coefficient m (over dif-
ferent directions) of 0.42 for P waves and 0.28 for S waves, assuming
a constant rupture velocity of 0.9βS. With these values, the corner
frequencies for P and S waves can be expressed as:

fcp = 0.42βS

(
�ε′

� f0p

)1/3

, (4)
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and

fcs = 0.42βS

Rcf

(
�ε′

� f0s

)1/3

. (5)

In eqs (4) and (5) � f0p and � f0S are the displacement spectra am-
plitudes at frequency f0 for P and S waves, respectively, and �ε′

is a relative reference strain-drop of the event. The two unknown

parameters in (4) and (5) are Rcf and �ε′. Eqs (4) and (5) differ from
eq. (3) by using the directly measured low frequency spectral am-
plitude instead of the potency or moment. For this reason the strain-
drops in eqs (4) and (5) are labelled reference rather than absolute.
The �ε′ values can be converted to absolute strain drops by cali-
brating the low frequency spectral amplitudes to the corresponding
potency values of the events (e.g. using an empirical magnitude-
potency scaling relation as done below).

Figure 3. (a) An example of contour map showing the fitting errors in the grid search. The horizontal axis shows the range of possible relative strain-drops and
the vertical axis shows the possible range of Rcf values. The contour lines are log10 scaled with fitting error decreasing from red to blue. The numerical value
indicates the smallest fitting error. (b) A comparison between the observed source spectra (blue line) after removing the common empirical Green’s functions
and theoretical source spectra (red dashed lines) with the best-fitting parameters in (a). The P and S source spectra are shown on the left- and right-hand sides,
respectively, and the corner frequency for each spectrum is marked by the green dot. The vertical lines mark the frequency range for fitting. The obtained Rcf

is shown at the bottom.
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Corner frequency ratios and earthquake strain drops 225

Figure 4. Histograms of the best-fitting Rcf values, log10 �ε′ values and log10 fitting errors for the five schemes. The name of each scheme is denoted at the
left-hand side. In each panel, the mode/median value for each distribution is marked by the red line and given at the up-right corner.

Figure 5. (a) Strain-drops of 8785 events calculated in this work by converting the relative reference values to absolute values using the spectral amplitudes
of the P waves versus the previous results of Yang et al. (2009) based on analysis of P waves only. (b) Strain-drops of 8785 events calculated by converting the
relative reference strain drops to absolute values using the amplitudes of the S waves versus corresponding results using the amplitudes of the P waves.
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Using eqs (2), (4) and (5), we jointly fit the P and S source spectra
and employ a grid-search procedure to obtain the best-fitting �ε′

and Rcf. Generalizing the analysis of Yang et al. (2009) and earlier
related works to joint fitting of P and S source spectra, we set a range
of possible log10 �ε′ values (e.g. 100 values linearly distributed
between −6.0 and −2.0). For each �ε′, we perform the following
steps:

(1) We calculate the theoretical P-wave source spectra using
eqs (2) and (4).

(2) For a given range of possible Rcf values (e.g. 50 values linearly
distributed between 0.1 and 6.0), we calculate the theoretical S-wave
source spectra using eqs (2) and (5).

(3) We calculate the differences between the observed and theo-
retical source spectra, and stack the differences to obtain ‘common’
empirical Green’s functions (EGFs) for P and S source spectra sep-
arately. We then remove the relevant common EGF from the P and
S source spectra.

(4) We take the average difference between theoretical spectra
and common EGF-removed source spectra in the [4–30] Hz fre-
quency band among all amplitude bins to be the fitting error.

We assign the parameters corresponding to the minimum fitting
error to be the best-fitting �ε′ and Rcf for this event.

Fig. 3 shows an example of the joint fitting procedure for �ε′

and Rcf using scheme C2. The best-fitting �ε′ is 7.05 × 10−6 and
the best-fitting Rcf is 1.42. The contour lines for the fitting errors
(Fig. 3a) have elliptical shapes, and the major axis direction has a
positive slope, in agreement with the relationship between �ε′ and
Rcf in eq. (5). In this example, the source spectra for the S waves
are smoother than those for the P wave (Fig. 3b), mainly due to the
stack of multiple S-wave windows.

4 G E N E R A L F E AT U R E S O F R E S U LT S

For each of the 8785 events, we use the above procedures to fit P
and S source spectra for the Rcf and �ε′ with the aforementioned
five schemes. For the βS values in eqs (4) and (5), we use the
following 1-D velocity model for the Akyazi/Karadere-Düzce re-
gion: βS (km s–1) = [1.67 2.71 3.06 3.50 3.97 4.65], depth (km) =
[0.0 1.0 7.0 11.0 15.0 35.0]. This is based on the P-wave velocity
model of Bulut et al. (2007) for the area, assuming Poisson ratio of
0.25 for all layers. We note that a constant Poisson ratio is used only
to get a reference S-wave velocity model, but the analysis of P and
S source spectra does not assume a fixed Poisson ratio. The variable
Rcf value in eq. (5) determined by the data accounts (among other
things) for possible variations of Poisson ratio in different source
volumes with depth.

The histograms of best-fitting Rcf values, �ε′ values and fitting
errors for each of the five schemes are shown in Fig. 4. The Rcf values
for all schemes (first column in Fig. 4) follow skewed distributions,
and the associated mode values are 1.52, 1.57, 1.89, 1.47 and 1.56,
respectively. Less than 3 per cent of all events cannot be fitted
well and have Rcf values of 6, which is the upper boundary of the
used parameter range. The mode values of the Rcf distributions for
schemes A, B, C2 and C3 are similar, and close to the theoretical
average value of 1.5 of Madariaga (1976). Schemes C1 and C3 have

Table 2. Basic statistical features of events in the subdivided four areas.

Number of Median depth Median Median
events (km) magnitude Rcf

I 3292 9.5 1.35 1.7
II 980 10.5 0.95 2.0
III 1071 5.3 0.88 3.1
IV 3087 9.0 1.6 1.3

Figure 6. Variations of the best-fitting Rcf values in the study area. Events are coloured by the histogram of Rcf values with colour scheme shown at the top-left.
Stations are marked by triangles. The black dashed polygons mark the four areas (I–IV) selected based on the Rcf values and their relationship with surface
rupture segments.
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relatively wide distribution of Rcf values compared with schemes
A, B and C2.

The obtained �ε′ for all schemes (second column in Fig. 4) have
very similar distributions and the same median value of 10−4.35.

Using the empirical magnitude-potency scaling relation of Ben-
Zion & Zhu (2002) and assuming a nominal rigidity of 30 GPa,
this corresponds to a stress-drop of 8.5 MPa. The histograms of
log10 fitting errors for all schemes (third column in Fig. 4) generally

Figure 7. (a) Variations of Rcf values with longitudes and depths. Events are coloured by Rcf values with scale bar at the bottom. The right-hand panel shows
the median value of Rcf values in every 1-km bin from 0 to 16 km depth. Nine randomly selected event groups are denoted by numbers. The dashed lines mark
areas II and III with high Rcf values. (b) Comparison of observed (blue) and best-fitting theoretical (red dashed) source spectra for the randomly selected 9
event groups in (a). The P and S source spectra are shown on the left-hand and right-hand sides of each panel, respectively. The vertical dashed lines show the
fitting frequency range of [4–30] Hz. The best-fitting Rcf is marked at the bottom of the S spectra panel. The corner frequency for each spectrum is marked by
the green dot.
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follow the Gaussian distribution. Schemes C1 to C3 with multiple
stacking of S windows have smaller fitting errors. Despite these
differences, the spatial distributions of Rcf values from these five
schemes share similar patterns. Considering the fitting errors, Rcf

distributions and physical aspects of amplitude normalizations, we
prefer to use the results from scheme C2 (stacking multiple S-wave
windows spectra with amplitude normalization) in the subsequent
analysis.

Fig. 5(a) compares the strain-drops obtained in this study by
calibrating the reference values of eqs (4) and (5) with the low fre-
quency spectral amplitudes of the P waves to the earlier results of
Yang et al. (2009) based on analysis of only P waves. The conver-
sion of the reference strain drops to absolute values uses the event
magnitudes and the empirical potency-magnitude scaling relation
of Ben-Zion & Zhu (2002). Both sets of results match generally
quite well, with the exception of saturation of the previous results
at 10−2 which was the upper limit used by Yang et al. (2009). In
this study, the same upper limit is used for the relative reference
strain-drops; these tend to be smaller than the absolute values so the
obtained strain drops do not saturate after the discussed calibration.
Fig. 5(b) compares the strain drops derived by our joint analysis of
P and S source spectra after calibrating the �ε′ values with the low
frequency spectral amplitudes of the S waves (vertical axis) and P
waves (horizontal axis). Both sets of results again match very well,
indicating that we can obtain absolute strain drops by calibrating
the �ε′ values of eqs (4) and (5) with the low frequency spectral
amplitudes of either the P or S waves.

5 S PAT I A L VA R I AT I O N S O F C O R N E R
F R E Q U E N C Y R AT I O S

Fig. 6 shows the spatial variation of Rcf values associated with the ex-
amined ∼9000 earthquakes. We find that events with relatively high

Rcf values tend to concentrate in several distinct regions around the
Karadere segment with strong geometrical heterogeneities and/or
no large pre-existing fault trace. These include a large cluster to
the west of station CH, which is close to the step-over between
the ∼E–W trending Sapanca-Akyazi segment and the ∼N70oE Ka-
radere segment; regions to the south of station LS in the Almacik
block extending up to the Mudurnu segment; regions to the west of
station BV around the branching between the Karadere and Duzce
segments; and a region to the NE of station GE where seismicity do
not follow any large surface fault traces and includes many shallow
(<4 km) events. Earthquakes in these regions are expected to break
fresh rock and produce tensile cracking and damage-related radia-
tion (e.g. Ben-Zion & Ampuero 2009; Castro & Ben-Zion 2013).
Events with relative low Rcf values are mainly distributed to the
north of station BV in the Duzce basin, and beyond 10 km to the
west of station CH. Low Rcf values may reflect ruptures having high
length/width ratio (e.g. Savage 1972; Molnar et al. 1973).

Based on geometrical features of surface ruptures and the spatial
variations of Rcf values, we can subdivide the study area into four re-
gions (Fig. 6). Region I includes events along and south of the İzmit
surface rupture with overall strike of ∼E–W. Region II is along the
Karadere segment and it includes events that are within 10 km of the
surface rupture. Region III includes clusters of shallow events with
large Rcf values and away from any large surface trace. Region IV
includes events along and around the Düzce surface rupture that
have generally relative low Rcf values. A brief summary of the pa-
rameters of earthquakes in the four regions is given in Table 2.

Fig. 7(a) shows the spatial variations of the Rcf values in
longitude-depth profile, and corresponding median values (thick
black line on the right) binned in consecutive 1 km interval from 0
to 15 km depth. The median Rcf value is around 2.3 above 5 km depth
and around 1.5 below it. A comparison between the best-fitting and
the observed P and S source spectra for randomly selected 9 groups

Figure 8. Best-fitting P (left-hand side) and S (right-hand side) source spectra with normalized low-frequency amplitude for events in area II along the
Karadere segment. The spectra are classified into three groups according to the Rcf values with red, green and blue denoting high, median and low Rcf ranges,
respectively. The light coloured spectra are for individual events and the bold coloured spectra are the stacked spectra for each group.
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of neighbouring events are shown in Fig. 7(b). The results illustrate
the quality of the spectra and fitting associated with analysis proce-
dure, and specific examples of Rcf values at different locations and
depths. As mentioned in the introduction, the theoretical models of
Sato & Hirasawa (1973) and Madariaga (1976) predict Rcf < 1.5 for
standard subshear rupture velocities and all source–receiver angles.
The median observed Rcf values in regions I and IV are 1.7 and 1.3,
close to the basic theoretical expectations. However, region II has
median Rcf = 2.0 and region III has median Rcf = 3.0, well above
the standard theoretical expectations.

6 C O M PA R I S O N S O F P / S S O U RC E
S P E C T R A

The results from the previous section indicate that regions II and III
contain many earthquakes with high levels of Rcf values compared
to standard expectations. The high Rcf values can be produced by

anomalously high corner frequency of P waves, anomalously low
corner frequency of S waves, or both. To distinguish between these
possibilities we examine now in some detail properties of the P and
S spectra associated with different classes of events. To facilitate the
comparisons, we use the best-fitting spectral parameters obtained by
the procedure discussed in section 3 to simulate normalized source
spectra with a unit low frequency amplitude for all events. In the
following, we compare the best-fitting normalized P and S source
spectra for neighbourhoods of jointly analysed events (referred to
below sometimes just as events) in classes associated with low,
median and high Rcf ranges defined to be [0.5–1.2], [1.2–1.8], and
[1.8–3.0], respectively.

Fig. 8 displays the unit source P and S spectra in region II for
events with different groups of Rcf values. We find that the stacked
spectra from the class with high Rcf values (red lines) radiates more
P-wave energy, and slightly less S-wave energy, compared with the
stacked spectra from the class of median Rcf values (green lines).

Figure 9. (a) Variations of the best-fitting Rcf values along the Karadere segment (area II). Events are coloured by the Rcf values with the colour scheme shown
at the top-left. The locations of the 16 randomly selected events are marked by event numbers. (b) Spectral ratio between each selected event and the stack of
median Rcf events for P (red curve) and S (blue dashed curve) waves.
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The opposite is true for the stacked spectra from the class of events
producing low Rcf values (blue lines), except that this class radiates
more S-wave energy. To illustrate further the relative properties of P
and S source spectra ratios for individual event groups, we randomly
select 16 events with high Rcf values in area II (Fig. 9), and plot the P
and S spectra ratio between each event and the stacked source spectra
from the class of median Rcf values. Based on their behaviours, we
can classify these 16 events into two sets. The first set, with the
majority of events, is dominated by extra P-wave radiation from the
source (1, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15 and 16). The second
smaller set is dominated by reduction of S-wave radiation from the
source (2, 3, 9).

We carry out a similar analysis for events in region III
(Figs 10 and 11). The comparisons of P and S source spectra for
different event groups share similar patterns as discussed above.
For randomly selected 16 groups with high Rcf values in region
III, contributions mostly due to extra P-wave radiation includes
event groups 1, 2, 3, 6, 8, 14 and 16, while contribution mostly
due to reduction of S-wave radiation includes events 4, 5, 9, 10,
11, 13 and 15. Compared with events in region II, there is higher
percentage of high Rcf values with contributions dominated by re-
duction in the S-wave spectra. We note that a major difference
between the events in regions II and III is that the latter are
considerably shallower (Table 2). We return to this point in the
discussion section.

We further extend the analysis to events in the whole study area.
We randomly select three sets of 1000 (neighbourhoods of) events
with Rcf values in the low, median and high ranges, respectively.
The stacked P and S source spectra show that for events with large
Rcf values, extra high P-wave radiation energy contributes on the
average the most (Fig. 12). For events with low Rcf values, both

extra P-wave radiation and reduction of S-wave radiation from the
source contribute.

To study the variations of P and S source spectra with depth, we
subdivide the events into four depth ranges (0–4, 4–8, 8–12 and
12–16 km). In each depth range, we calculate the P and S spectral
ratios between events in classes of high and median Rcf values, and
between events in classes of low and median Rcf values (Fig. 13).
Although the number of events varies in different depth ranges, a
systematic change of P and S spectra for events with high and low
Rcf values can be clearly seen. For events with high Rcf values (top
row), the enhancement of high-frequency P-wave radiation from the
source increases with depth. In comparison, the S-wave radiation
from the source gradually changes from large reduction for shallow
events to enhanced S-wave radiation below about 8 km. For events
with low Rcf values (bottom row), there is relative enhancement of
S-wave radiation from the source that decreases slightly with depth,
and relative reduction of P-wave radiation that is approximately
constant with depth.

It could be interesting to examine the temporal changes of Rcf

values of events occurring before and after the Düzce main shock.
This requires using sources that sample repeatedly the same rock
volumes as was done, for example by Peng & Ben-Zion (2005, 2006)
in the context of anisotropy studies. Given that our analysis employs
neighbourhoods of 201 events, and the large spatial variations of
seismicity across the time of the Düzce main shock (fig. 8 of Peng
& Ben-Zion 2005), we cannot analyse in detail temporal changes.
To compare the Rcf values with the geometry of main shock rupture
zones, we divide the employed N = 8785 events into two groups,
N = 4621 before and N = 4164 after the Düzce main shock, and
calculate Rcf values separately for each group (Fig. 14). The events
before the Düzce mainshock with high Rcf values occurred mainly

Figure 10. Best-fitting P (left-hand side) and S (right-hand side) source spectra with normalized low-frequency amplitude for events in area III. Symbols and
notations are the same as in Fig. 8.
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Figure 11. Variations of the best-fitting Rcf values (a) and examples of spectral ratios (b) for events in area III. Other symbols and notations are the same as in
Fig. 9.

around segment boundaries of the Izmit rupture and between the
Karadere and Mudurnu segments (Fig. 14a). In contrast, the events
with high Rcf values after the Düzce main shock occurred mainly to
the NE of station GE at shallow depth, near the SE end of the Düzce
rupture, and close to segment ends near station CH (Fig. 14b).

7 D I S C U S S I O N

We present and apply a method to calculate Rcf and strain-drop
values of earthquakes by jointly fitting P and S wave source spec-
tra of groups (neighbourhoods) of events with the Brune-type ω−2

source model. The method incorporates source information con-
tained in both the P and S waves, leading to more stable strain-drop
estimations than methods using P wave signals only, and allowing
calculations of Rcf values. We examine systematically the spatial
variations of the Rcf values in our data set, compare the results with
standard theoretical expectations, and investigate the sources that
contribute to significantly high Rcf values.

The analysis employs stacking at several steps to reduce random
variations in the observed spectra. We first separate P and S source
spectra from propagation and site effects using the iterative stacking
method of Shearer et al. (2006). For the S-wave window, we test five
different schemes, three of which include multiple window stacking.
Waveform windows of S waves may include the P wave coda. If this
had a dominant effect on our results we would expect the mode
value of the obtained Rcf values to be close to 1.0. However, the
Rcf values obtained by scheme A with the single 1.28 s window
around the arrivals for P and S waves have a mode value of 1.52.
This is close to the mode values from other schemes employing
longer S coda wave, and is also close to the average theoretical Rcf

of Madariaga (1976).
The results show that a short time window around the direct S

wave can be used with the present method (involving considerable
averaging and stacking) to obtain reliable source parameters, al-
though schemes A and B (with the latter based on a 10 s window)
have relatively larger fitting error due to the use of a single S wave
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Figure 12. Best-fitting P (left-hand side) and S (right-hand side) source spectra with normalized low-frequency amplitude for three groups of 1000 randomly
selected events with high, median and low Rcf values in the entire study region. Symbols and notations are the same as in Fig. 8.

Figure 13. Spectral ratio between the stacks of results associated with high and median Rcf values in four depth ranges (top panel). Spectral ratio between the
stacks of results associated with low and median Rcf events in the same depth ranges (bottom panel). The P and S source spectral ratios are in red and dashed
blue colours, respectively. The numbers of events in each group are marked at the bottom of each panel.
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Figure 14. (a) Spatial variations of Rcf values in the study area before the occurrence of the Düzce main shock. The surface ruptures of the İzmit and Düzce
main shocks are denoted by dark and grey colours, respectively. The Rcf values are coloured with log10 scale on the top-left. Fault segment and bends (Akyüz
et al. 2002; Duman et al. 2005) are labelled with arrows. Other symbols are the same as in Fig. 1. (b) Same as (a) for events occurring after the Düzce main
shock.

window. Schemes C1, C2 and C3 have smaller fitting errors because
of the stacking of spectra from multiple windows. Scheme C2 has a
smaller standard deviation of Rcf values compared with schemes C1
and C3. In addition, the normalization of multiple S wave windows
based on amplitude difference helps to enhance the signals from
later S coda waves, which provides more stable results. The detailed
examinations of P and S source spectra and Rcf values in sections
4–6 are based on results from scheme C2.

We subdivide the study area into four regions with different over-
all event locations and Rcf values. A comparison with the theoretical
source models of Sato & Hirasawa (1973) and Madariaga (1976)
indicates that region II along the Karadere segment and region III
with many shallow events have considerably higher Rcf values than
the expected theoretical values. Using the source spectra of events
with median Rcf as references, we compare the variations of P
and S source spectra for event groups of high and low Rcf values
(Figs 8–13). The results show that events producing high Rcf val-
ues (e.g. >2) belong to three classes. In the first class involving
events deeper than ∼8 km (especially around geometrical com-
plexities of the Karadere segment), the high ratios are produced

predominantly by enrichment of P-wave radiation compared to
standard earthquakes with Rcf < 1.5. In the second class asso-
ciated with events shallower than ∼4 km (especially around the
Karadere segment and region III), the high ratios are produced
largely by reduced S-wave radiation. In the third class, the high
ratios are produced by a combination of enriched P and reduced S
radiations.

The high Rcf values in the first class may reflect distributed tensile
cracking in source volumes sustaining brittle rock damage, transient
fault opening due to bimaterial ruptures, collisions of geometrical
asperities or other mechanisms discussed by Brune et al. (1993)
and Ben-Zion (2001), or tensile faulting in regions with geometri-
cal complexities producing strong dilatational stress (e.g. Segall &
Pollard 1980; Sibson 1985). Several of the mechanisms are expected
to operate simultaneously (e.g. collisions of geometrical asperities
or dilatational stress in fault sections with geometrical complexities
will produce rock damage). This interpretation is consistent with the
concentration of events with high Rcf values in the first class near the
ends of rupture segments and several dilatational step-overs (Figs 7
and 14).
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The high Rcf values in the second class may reflect (eq. 1) reduc-
tion of αS/βS during generation of brittle rock damage (e.g. fig. 1
of Lyakhovsky et al. 2011 and related text). This is expected from
the general increase of Poisson ratio and dilation during brittle de-
formation (e.g. Jaeger & Cook 1979) and observations that S waves
propagating across damaged fault zone rocks have larger delays
than corresponding P waves (e.g. Lewis & Ben-Zion 2010). This
interpretation is consistent with the predominance of events in this
class (Figs 7 and 8) at shallow depth, where generation of rock dam-
age is enhanced (e.g. Ben-Zion & Shi 2005; Finzi et al. 2009; Ma &
Andrews 2010), and around the Karadere segment where previous
studies documented significant rock damage with trapped waves
and anisotropy (Ben-Zion et al. 2003; Peng & Ben-Zion 2004). We
note that increasing VR/βS due to damage generation in the subsonic
regime, which is expected for the employed small earthquakes, is
not likely to increase the Rcf values above 1.5 (Sato & Hirasawa
1973).

Several recent studies analysed possible signatures of damage re-
lated radiation manifested by amplified P/S source spectra in high-
frequency bands (Castro & Ben-Zion 2013), enhanced ratios of
the entire P-to-S radiated energy (Kwiatek & Ben-Zion 2013) and
isotropic source components (Ross et al. 2015). This work adds to
these signatures elevated Rcf values of P/S source corner frequen-
cies generated by groups of neighbouring events. The systematic
joint analysis of corner frequencies in P and S source spectra of
spatially dense earthquake data indicates clear variations of Rcf val-
ues that characterize entire subregions (and hence are likely robust).
Detailed comparisons of stacked P and S source spectra in regions
producing high Rcf values, normalized by spectra in regions with
median Rcf values, help to discriminate between contributions that
stem primarily from enhanced P radiation, reduced S radiation, or
both. Rock damage in earthquake source volumes can produce both
effects, while tensile components of faulting due to a variety of
additional mechanisms can contribute to enhanced generation of
high-frequency P waves.

Most event clusters producing high Rcf values are located near
significant geometrical complexities, shallow depth and/or regions
without large pre-existing surface trace, where earthquake ruptures
are expected to be associated with rock fracturing and damage
related radiation. It is important to substantiate the results and
attempt to clarify further the generating mechanisms by exam-
ining simultaneously multiple signatures of damage related ra-
diation (if possible given the data and station coverage), and
other signals predicted for tensile faulting and brittle damage (e.g.
Castro et al. 1991; Shi & Ben-Zion 2009; Lyakhovsky et al. 2016).
Our analysis employed an approximate 1-D depth-varying veloc-
ity model to assign βS values for different source volumes (eqs
4 and 5). Performing similar studies in regions where detailed 3-
D velocity models are available can increase the resolution of the
derived results. We note that in addition to clarifying earthquake
source processes, studies of Rcf values are relevant for discrimina-
tion of small explosions from earthquakes, which rely largely on
ratios of P/S radiations in recorded seismograms (e.g. Walter et al.
1995).
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