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Ⓔ

Seismic-Wave Propagation in Shallow Layers

at the GONAF-Tuzla Site, Istanbul, Turkey

by Christina Raub, Marco Bohnhoff,* Bojana Petrovic, Stefano Parolai, Peter Malin,
Kenan Yanik, Recai Feyiz Kartal, and Tuğbay Kiliç

Abstract Using the first dataset available from the downhole Geophysical Observa-
tory of the North Anatolian Fault, we investigated near-surface seismic-wave propagation
on the Tuzla Peninsula, Istanbul, Turkey. We selected a dataset of 26 seismograms re-
corded at Tuzla at sensor depths of 0, 71, 144, 215, and 288 m. To determine near-surface
velocities and attenuation structures, the waveforms from all sensors were pairwise de-
convolved and stacked. This produced low-noise empirical Green’s functions for each
borehole depth interval. From the Green’s functions, we identified reflections from the
free surface and a low-velocity layer between ∼90 and ∼140 m depth. The presence of a
low-velocity zone was also confirmed by a sonic log run in the borehole. This structure,
plus high near-surface P- and S-wave velocities of ∼3600–4100 and∼1800 m=s, lead to
complex interference effects between upgoing and downgoing waves. As a result, the
determination of quality factors (Q) with standard spectral ratio techniques was not
possible. Instead, we forward modeled the Green’s functions in the time domain to de-
termine effective Q values and to refine our velocity estimates. The effective QP values
for the depth intervals of 0–71, 0–144, 0–215, and 0–288 m were found to be 19, 35, 39,
and 42, respectively. For the S waves, we obtained an effective QS of 20 in the depth
interval of 0–288 m. Considering the assumptions made in our modeling approach, it is
evident that these effective quality factors are biased by impedance contrasts between
our observation points. Our results show that, even after correcting for a free-surface
factor of 2, the motion at the surface was found to be 1.7 times greater than that at 71 m
depth. Our efforts also illustrate some of the difficulties of dealing with site effects in a
strongly heterogeneous subsurface.

Online Material: Plots of resistivity and caliper logs and the spectra of all 26 events.

Introduction

For numerous scientific applications such as earthquake
source parameter studies (e.g., Hauksson et al., 1987; Aber-
crombie and Leary, 1993), it is important to quantify how
near-surface geologic structures influence the waveforms and
amplitudes of seismic waves. Shallow subsurface geologic
features affect the seismic wavefield through amplification
due to near-surface low-impedance layers, resonance effects
caused by strong impedance contrasts, high-frequency at-
tenuation due to scattering, and intrinsic attenuation. Studies
of these effects are usually based on a two-geographical-
location comparison method. A common practice is to
compare recordings from the site of interest to those from

a close-by reference station (preferably one installed on out-
cropping bedrock or in a deep borehole), the optimum being
a vertical array of seismometers from the surface down to
competent rock (Steidl et al., 1996). In the latter circumstance
and with a sufficient number of sensors, the mechanical prop-
erties of the soil can be measured directly for different depth
intervals.

Such an arrangement exists at the Tuzla Peninsula site
of the Geophysical Observatory of the North Anatolian
Fault (GONAF), southeastern Istanbul, Turkey (Fig. 1). The
GONAF-Tuzla array includes five levels of borehole seis-
mometers extending down to ∼300 m depth (Fig. 2). It was
the first of seven GONAF vertical arrays to be installed
around the eastern Sea of Marmara (Prevedel et al., 2015).
The seismic data collected at Tuzla provide a base for a better
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understanding of wave propagation in the shallow geologic
layers around this site and improve the source parameter and
ground-motion estimates that are necessary for preparing
hazard scenarios locally and in the immediate surrounding
area of Istanbul, with its 15 million inhabitants.

We focus here on the 1-kHz-sampling-rate seismograms
of 26 nearby microearthquakes recorded at Tuzla (Table 1).
Our study is an initial investigation of this site’s amplifica-
tion, attenuation (quality factor Q), seismic velocity, and
shallow wave-propagation effects. Spectral ratio techniques
are widely used to determine near-surface amplification and
Q (e.g., Malin et al., 1988; Şafak, 1997; Assimaki et al.,
2008). However, as discussed later in this article, the high
seismic velocities and heterogeneities at the Tuzla site lead
to strong interference effects between upgoing and down-
going waves, the latter ones being reflected at the surface
and at reflectors between the borehole seismometers. These
interference effects cause complicated spectra, which makes
a stable determination of Q based on spectral ratios difficult
(Trampert et al., 1993; Bethmann et al., 2012). As a result,
our application of them failed to give meaningful results.

Accordingly, we chose to apply an alternative approach
based on deconvolution interferometry, which makes use of

the complete wavefield and takes advantage of the surface re-
flected wave instead of regarding it as a troublesome source of
interference. The method also enables us to determine the
velocity structure between the borehole seismometers and to
evaluate amplification and shallow wave-propagation effects.

Deconvolution interferometry is used to estimate the im-
pulse response between two receivers (e.g., Vasconcelos and
Snieder, 2008a). It is applied, for example, for imaging pur-
poses (Vasconcelos and Snieder, 2008b), retrieving building
response to ground shaking (Snieder and Şafak, 2006; Bindi
et al., 2015), and for determining near-surface velocities (van
Vossen et al., 2004; Parolai et al., 2009; Nakata and Snieder,
2012). Deconvolution interferometry has also found applica-
tions in estimating site-specific Q values. Parolai et al.
(2010) determined site-related Q values by fitting the ampli-
tude spectrum of the deconvolved wavefield using analytical
models, and Parolai et al. (2012) derived Q by performing a
full inversion of the spectrum.

Time-domain approaches for the estimation of Q are
less common. For example, Snieder and Şafak (2006) de-
termined QS in a building by fitting the slopes of the log-
arithm of envelopes of deconvolved seismograms. Trampert
et al. (1993) estimated QS between a 500-m-deep borehole

Figure 1. (Right, bottom) Location map of the Anatolian region with the main tectonic features forming the North Anatolian fault. The box
marks the study area (enlarged on the left). Bold black arrows indicate the direction of plate motion with respect to stable Eurasia. (Left) Map of the
eastern Sea of Marmara showing the local microseismic activity (light gray circles, after Bohnhoff et al., 2013) obtained from the island-based
PIRES network and selected regional seismometer stations during 2006–2010. The Geophysical Observatory of the North Anatolian Fault (GO-
NAF) wells with vertical seismometer arrays are indicated by bold filled circles. Black open circles are the earthquakes used in this study. Fault
locations are fromArmijo et al. (2005). The bold black line marks the Princes Islands segment and adjacent portions as the main branch of the North
Anatolian fault zone (NAFZ) below the eastern Sea ofMarmara. (Right, top) Geological map showing the vicinity of the Tuzla area as the location of
the GONAF borehole array (E. Apart, personal comm. and report, 2012). The color version of this figure is available only in the electronic edition.
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geophone and a surface seismometer by a time domain SH-
propagator inversion. The theory of the propagator inversion
technique was extended by Mehta et al. (2007) for the P–SV
case for attenuating media. However, their paper did not pro-
vide an application of it to actually determine Q values.

In our data analysis, we pairwise deconvolve the down-
hole recordings of the 26 events with their surface record-
ings. The deconvolution was also checked in the reverse
sense, using the deepest sensor as reference. Instead of per-
forming an inversion as proposed by Trampert et al. (1993)
or analyzing the deconvolved wavefield in the frequency do-
main as proposed by Parolai et al. (2010, 2012), we forward
modeled the deconvolved seismograms in the time domain.
With a grid search we found the seismic velocities for the
P and S waves, VP and VS, and quality factors QP and QS

that best fit the data in a least-squares sense.
For the estimation of effective velocities and quality fac-

tors, we assumed a single homogeneous layer above each bore-
hole sensor.With the further assumption that the P- and S-wave
parameters can be determined independently, the modeling
procedure could be reduced to a simple 2D grid search. Given
that the interferometric results and logging data reveal the pres-
ence of a low-velocity layer, these strong heterogeneities bias
ourQ estimates. The resultingQ values need to be regarded as
apparent values that are mixtures of intrinsic and scattered at-
tenuation and impedance effects.

Tectonic Setting and the GONAF Project

The North Anatolian fault zone (NAFZ) is a right-lateral
strike-slip transform fault. It spans ∼1300 km from eastern
Anatolia to the northern Aegean Sea (e.g., Barka, 1992). It
forms the plate boundary between the Anatolian plate in the
south and the Eurasian plate in the north and slips at a rate of

20–30 mm=yr (McClusky et al., 2000). This kinematic
framework is driven by the northward-pushing Arabian plate
in the east and the southward-pulling rollback of the Hellenic
subduction zone in the west (Flerit et al., 2004; Bohnhoff
et al., 2005) (Fig. 1, right, bottom).

In the last century, ∼900 km of the NAFZ ruptured in a
series of M >6:7 earthquakes that started in 1939 near Erzin-
can in eastern Anatolia. This series then systematically propa-
gated westward toward the Istanbul–Marmara area (Stein et al.,
1997). The most recent events occurred near İzmit and Düzce
in 1999, which suffered Mw 7.4 and 7.1 earthquakes, respec-
tively (Tibi et al., 2001; Barka et al., 2002).

The only NAFZ segment that has not experienced a ma-
jor earthquake since 1766 lies to the west of the İzmit rupture
and below the Sea of Marmara. It is considered to be in the
final stage of its seismic cycle, with a 35%–70% probability
for an M >7 earthquake to occur by 2034 (Hubert-Ferrari
et al., 2000; Parsons, 2004). The eastern part of this Marmara
seismic gap is located within 20 km of Istanbul’s historic city
center. Because of this regional seismic hazard and its asso-
ciated risks, numerous local and regional seismic monitoring
projects are being conducted along the seismic gap. One fo-
cus of these studies is the eastern part of the Marmara region
offshore Istanbul.

For example, Bohnhoff et al. (2013) studied microearth-
quakes recorded by a near-fault seismic network on the Prin-
ces Islands, the PIRES network (Bulut et al., 2009, 2011).
Based on a 4 yr hypocenter catalog, these authors identified
a ≥30-km-long aseismic fault patch extending down to
10 km depth south of the Princes Islands. They concluded
that this subsegment might be locked and thus represents
a potential nucleation point for an impending Marmara earth-
quake. This view is also supported by Global Positioning
System data (Ergintav et al., 2014).

The recently implemented GONAF borehole observa-
tory is part of an intensified monitoring effort in the eastern
Marmara region. It includes seven vertical arrays of seis-
mometers in ∼300-m-deep boreholes. Five of these are on-
land and two are on island sites surrounding the eastern Sea
of Marmara (Fig. 1, left). These stations are unique in that they
make use of the only possible long-term onland and near-fault
sites surrounding the seismicity gap. Their borehole designs
enable monitoring under low-noise conditions even in this
highly populated area. As a consequence, the GONAF net-
work has lowered the magnitude of completeness in the study
area by two magnitude units with respect to the present
regional networks, allowing the detection of nearly two orders
of magnitude more seismic events (Prevedel et al., 2015).

In this study, we use recordings from the first GONAF
borehole, completed in January 2013 on the Tuzla peninsula
southeast of Istanbul (Fig. 1, left). The GONAF-Tuzla array
consists of a three-component (3C) Mark Products L4 seis-
mometer with a natural frequency of 1 Hz at the surface,
three L4 vertical component (1C) seismometers at ∼75 m
depth spacing and a bottom sonde with two 3C Geospace
geophones of 2 and 15 Hz natural frequency, both in the

Figure 2. Sketch of the GONAF-Tuzla vertical borehole array
and experiment geometry. Instruments are indicated with triangles,
and the direct P and S waves (P, S) and their corresponding surface
reflections (pP, sS) are sketched with arrows. Details of the instru-
mentation are described in Prevedel et al. (2015). The color version
of this figure is available only in the electronic edition.
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same housing at 288 m depth (Fig. 2). More detailed infor-
mation about the borehole construction and instrumentation
is given in Prevedel et al. (2015). In the current study, we use
data from May 2013. Up to mid-May 2013 the sampling rate
was 2000 Hz. It was reduced to 1000 Hz thereafter.

Local Geology at Tuzla

The Tuzla peninsula was selected for a GONAF site due
to its short distance to the Princes Islands seismic gap and a
prominent seismicity cluster. It also has the advantage of
being at some distance from the central-city-induced seismic
noise. It is, however, still within a densely populated area that
includes industrial infrastructure. The groundwater level is
shallow in this area, at ∼10 m depth. Drilling at this site was
conducted in late 2012, during which cutting samples were
taken every meter.

From the cuttings, it appears that the 288-m-deep Tuzla
borehole was drilled into a single limestone formation (Esen
Arpat, personal comm. and report, 2012). The cuttings have
the lithological characteristics of the Tuzla Limestone, a
member of the Denizli Köyü formation of late Devonian
age. The thickness of the Tuzla Limestone at neighboring
Marmara coastal sites is estimated to be ∼60 m (Özgül,
2012). However, northeast–southwest-trending tight folds
have been mapped in the eastern Istanbul area (Fig. 1, right,
top), which makes it difficult to obtain a reliable thickness
(Özgül, 2012). There is no information available on the in-

clination of the beddings, but it is possible that the substantial
difference between the 288 m thickness obtained from the
Tuzla cuttings and the 60 m estimated from outcrops can
be explained by a steeply dipping limb of folded limestone
beds. This is illustrated in a simplified sketch in Figure 3a.
Because of the lack of geologic cross sections from the Tuzla
area, the sketches in Figure 3 are speculative but are shown
here to guide our interpretation of Tuzla data.

Additional information on the local structure comes from
well-logging measurements down to a depth of 258 m (Jochem
Kueck, GFZ report, personal comm., 2012). The P- and S-wave
velocity profiles from the sonic log are displayed in Figure 4.
The sampling of these logs is 10 cm, which is substantially finer
than the spatial resolution to be obtained from microearthquake
waveform data, suggesting these data need to be averaged. Silva
and Stovas (2009) quantified to what extent different well-log
averaging methods preserve lower-frequency seismic properties
and how they are suitable for velocity model building. Follow-
ing their results, we generated the velocity model from the sonic
log using equation (1) for calculating interval velocities:

EQ-TARGET;temp:intralink-;df1;313;162Vi �
��XN

n�1

V�n�
�
=
�XN

n�1

V�n�−1
��−1=2

; �1�

in which N is the number of sonic-log velocity samples V�n�
within a given layer. We chose our layer boundaries to be at
the sensor depths of 71, 144, and 215 m. The derived velocity
model is presented in Figure 4 and listed in Table 2.

Table 1
Source Parameters of the 26 Earthquakes Used for Shallow Wave-Propagation Study

Event Date (yyyy/mm/dd) Time (UTC) (hh:mm:ss.s) Longitude (°) Latitude (°) Depth (km) Magnitude (MD) Hypocentral Distance (km)

1 2013/05/01 17:43:50.8 29.1680 40.4630 8.2 2.7 41.0
2 2013/05/01 22:43:46.5 29.3020 40.8570 7.8 1.8 9.4
3 2013/05/01 23:13:51.9 29.2940 40.8500 7.3 2.6 8.4
4 2013/05/03 00:36:10.2 29.184 40.771 8.5 2.0 12.4
5 2013/05/03 12:17:23.1 29.282 40.842 7.2 1.1 7.8
6 2013/05/03 09:45:10.7 29.424 40.83 0.4 1.7 12.7
7 2013/05/05 20:34:24.0 29.313 40.856 5.0 - 7.5
8 2013/05/07 09:41:39.8 29.286 40.864 4.6 1.7 7.2
9 2013/05/09 04:53:04.5 29.12 40.685 8.6 2.7 21.3

10 2013/05/09 05:37:09.4 29.126 40.707 11.0 2.2 20.5
11 2013/05/09 06:05:48.5 29.117 40.689 11.6 2.5 22.5
12 2013/05/10 01:59:14.9 29.119 40.691 9.9 1.9 21.5
13 2013/05/10 08:24:42.1 29.119 40.691 9.1 2.4 21.1
14 2013/05/10 23:57:18.9 29.12 40.686 8.7 2.4 21.2
15 2013/05/11 09:52:07.8 29.28 40.85 6.0 0.9 7.2
16 2013/05/12 04:32:39.4 29.118 40.685 7.8 2.4 21.1
17 2013/05/12 23:16:13.6 29.29 40.676 7.2 1.7 17.1
18 2013/05/12 23:43:35.1 29.306 40.682 9.0 2.4 17.5
19 2013/05/14 14:26:49.5 29.288 40.878 0.6 1.2 7.1
20 2013/05/18 20:02:27.1 29.286 40.857 5.6 0.6 7.3
21 2013/05/19 19:42:21.3 29.178 40.472 7.7 2.3 39.8
22 2013/05/19 22:16:41.0 29.12 40.696 11.4 2.5 21.8
23 2013/05/21 10:05:23.3 28.962 40.427 0.0 2.9 50.6
24 2013/05/24 20:24:40.9 29.274 40.738 8.0 - 11.7
25 2013/05/26 00:11:45.8 29.224 40.71 9.1 2.6 15.4
26 2013/05/30 07:49:52.7 29.282 40.838 7.9 1.9 8.3
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Spectra of well-log sequences usually follow a power-law
scaling of k−α, with spatial frequency k and α ≈ 1. This rule is
irrespective of rock type or observation scale (e.g., Shiomi
et al., 1997; Leary and Al-Kindy, 2002). The α value of the
Tuzla P-wave log is 1.01, a typical value for fractured rock,
whereas the value for the S-wave log is 0.28. This suggests
that, although the VP log is a valid measure of the local P-wave
velocity, the VS log appears to be unreliable, perhaps due to
some aspect of the logging procedure or well conditions.

The P-wave sonic log shows a complex seismic velocity
structure. Most significantly, near-surface P-wave velocities
of ∼3600 m=s lie above a velocity inversion to less than
∼3400 m=s at ∼90 m depth. This ∼50 m thick interval is fol-

lowed by an increasing trend to ∼4100 m=s at the bottom of
the well log at 258 m.

This P-wave sonic log seems somewhat at odds with the
uniform lithological character of the well cuttings. However,
some features of the other types of well logs also indicate a
more heterogeneous layering (see Ⓔ Fig. S1, available in
the electronic supplement to this article). We observe relatively
low resistivity values for the interval of ∼85 to ∼105 m and
irregularities in the hole diameter caliper log at∼90 to∼140 m
depth. Although these irregularities are not enough to account
for the observed low velocities, they do add to their uncertain-
ties. The resistivity and caliper logs might be interpreted as an
indication for a weak zone, perhaps of thrust-faulting origin.
Thus, another possible explanation for the unexpected thick-
ness of the limestone layer could be repetition of the sequence
as a result of thrust faulting associated with the local folding
(Esen Arpat, personal comm., 2015) (Fig. 3b).

Dataset

We used both GONAF-Tuzla (vertical array) and PIRES
(island-based surface stations) waveform recordings to com-
pile a local hypocenter catalog to study near-surface wave-
propagation effects. For earthquake detection, we applied a
short-term average/long-term average trigger to the vertical-
component signals from all of these stations. A seismic event
was declared when three or more verticals triggered within a
time window of 5 s.

We also took into account events that were too weak to
be detected on the surface PIRES stations but were detected

Figure 3. Sketch to illustrate two possible models derived for
the observed 288-m-deep Tuzla Limestone formation. (a) The bore-
hole was drilled into a steeply dipping limb of folded limestone
beds. (b) The borehole was drilled into a repeating sequence of
the Tuzla Limestone caused by thrust faulting. The color version
of this figure is available only in the electronic edition.

Figure 4. Sonic-log velocities (black thin line) and P- and S-wave velocity model derived from the sonic log (black bold line) are
presented together with the velocity models obtained from the modeling approach and from arrival-time picking in the deconvolved seismo-
grams. For the S-wave velocity, different results are obtained from the east (E) and north (N) components, thus both values are shown.
Triangles on the left indicate the positions of the borehole geophones along the well (see Fig. 2). The color version of this figure is available
only in the electronic edition.
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with the GONAF-Tuzla borehole array. In the May 2013 time
period considered here, 188 events were detected by the com-
bined network. Of these, 153 could be located using the
HYPOCENTER computer code (Lienert et al., 1986) and the
optimized 1D velocity model for the eastern Marmara region
of Bulut et al. (2007).

For this study, we selected events with signal-to-noise ra-
tios greater than 4 at the GONAF-Tuzla sensor at 215 m depth.
The ratio was calculated by dividing the root mean square am-
plitude of the first 0.3 s of the P wavetrain by that of a 10 s
noise window before the P-wave arrival. A total of 26 events
with duration magnitudes from 0.6 to 2.9 and hypocentral dis-
tances from 7 to 51 km from the GONAF-Tuzla array fit this
criterion (black open circles in Fig. 1 and list of earthquakes in
Table 1). The seismograms from all the 1 and 2 Hz sensors for
these events were used to analyze the wave-propagation ef-
fects in the shallowest layers.

Figure 5 shows an unfiltered, but instrument corrected,
waveform example from the GONAF-Tuzla array for event
number 18 in Table 1. The upgoing direct P and S waves and
their corresponding downgoing surface reflections (pP and
sS) can be clearly seen in these seismograms. As expected,
the attenuation of the waves as they travel to the surface and
then down again significantly reduces their amplitudes. At
the surface station, one also sees reverberations following the
direct P wave. As we will discuss, these secondary arrivals
are observed for many events and appear to be due to the
shallow subsurface structure.

Method

One aim of the GONAF effort is to determine the P- and
S-wave velocity and attenuation structure for each borehole site.
A common method used to find the quality factorQ is the spec-
tral ratio technique (e.g., Gibbs et al., 1994; Parolai et al., 2007;
Ge et al., 2009). It typically begins by computing the ratio of the
Fourier spectra of isolated P and S waves between the surface
and downhole seismograms, after taking into account instrument
responses and other gain factors not related to attenuation. At the
Tuzla site, the travel-time differences between P and pP and be-

tween S and sS at the 288-m-deep sensor are only ∼0:13 and
∼0:32 s, respectively. These separations are relatively short
compared with other studies (e.g., Blakeslee and Malin,
1991; Bethmann et al., 2012). This limits the bandwidth over
which the spectral ratios can be fit with a constant Q model,
Q � −πδtm−1, in which m is the slope of the ratio and δt is
the travel-time difference between the recording levels (Aki
and Richards, 2002). These and other interference effects re-
sult in meaningless Q values.

To make use of the complete wavefield, including the
signals from downgoing waves, we chose instead to apply
a seismic interferometry approach to determine the character-
istics of the Tuzla site. This approach also allowed us to de-
termine the velocity structure between the borehole sensors.
Several algorithms exist for interferometry, but here we focus
on the deconvolution technique (e.g., Trampert et al., 1993;
van Vossen et al., 2004; Mehta et al., 2007; Parolai et al.,
2009; Nakata and Snieder, 2012).

We first applied instrument response corrections to each
seismogram, assuming near-vertical incidence at the bottom
sensor and that all sensors in the borehole are subject to the
same source and path effects (from the source to the deepest
sensor). The deconvolution of the earthquake signal at the
sensor at depth z1 with that at depth z2 yields the plane-wave
Green’s function G1;2 for propagation from z2 to z1. This can
be written in the frequency domain as

EQ-TARGET;temp:intralink-;df2;313;421G1;2�ω� �
U�z1;ω�
U�z2;ω�

; �2�

in which ω is the angular frequency and U�ω� is the Fourier
spectrum of the seismogram. The fraction in equation (2)
also can be turned around to yield the Green’s function for
propagation from z1 to z2.

Because the signals are bandlimited, contaminated by
background noise, and contain site-related notches in their
spectra, the spectral division in equation (2) is inherently
unstable. To prevent this instability, a regularized deconvo-
lution is typically used. We tested two different regulariza-
tions. The first is used, for example, by Mehta et al. (2007),
Parolai et al. (2009), and Nakata and Snieder (2012), and the
second is the method of Helmberger and Wiggins (1971) and
Dey-Sarkar and Wiggins (1976). The first turned out to be
more stable for our data and is given by

EQ-TARGET;temp:intralink-;df3;313;210G1;2�ω� ≈W�ω�U�z1;ω�
U�z2;ω�

; �3�

in which

EQ-TARGET;temp:intralink-;df4;313;154W�ω� � jU�z2;ω�j2
jU�z2;ω�j2 � ε

�4�

is the filter; hence,

EQ-TARGET;temp:intralink-;df5;313;102G1;2�ω� ≈
U�z1;ω�U�z2;ω��
jU�z2;ω�j2 � ε

: �5�

Table 2
Seismic Interval Velocities between the Sensors of the
GONAF-Tuzla Array Derived from Sonic Logs and

Arrival-Time Picking

Sonic Log Arrival-Time Picking

Depth (m) VP (m=s) VS (m=s) VP (m=s) VS (m=s) (North/East)

0–71 3637 2042 3944 ± 46 1818 ± 3/1895 ± 3
71–144 3469 2073 3842 ± 40

144–215 3707 2034 4581 ± 63

215–288 4100 2210 4563 ± 13

Velocities are derived from sonic-log measurements using equation (1)
and from arrival-time picking of the direct P and S waves in the
deconvolved seismograms with the downhole sensor at 288 m depth
used as reference (Fig. 7a,b, bottom left).
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The regularization parameter ε refers to a constant added
to the denominator to prevent numerical instabilities in equa-
tion (2) (e.g., Parolai et al., 2009). It is chosen as a percentage
of the average spectral power ofU�ω� at the station selected as
reference. Tests have shown that an ε of 3% seems to be the
appropriate value for our data.

Data Processing

To use the horizontal components of the surface and
downhole sensors, it is necessary to rotate the downhole hori-
zontal components into the north and east directions so that
their orientation equals the orientation of the surface horizon-
tal components. How the rotation angle is determined is ex-
plained in detail in the Appendix.

After orienting the downhole horizontal components,
the seismograms of all channels were then rotated into radial
and transverse directions and corrected for instrument response
and direct current offset. As in previous deconvolution studies
(Mehta et al., 2007; Parolai et al., 2009), our results were in-
sensitive to the data window selection. Accordingly, we chose
to use windows containing the complete signal of the event.
This data window was tapered to avoid spectral leakage.

The deconvolution was performed by applying equa-
tion (5). The bandwidth of the deconvolution was set to 0.1–
40 Hz, as all 26 events have energy at least up to ∼40 Hz (see
spectra inⒺ Figs. S2–S14). The lower limit of the bandpass
turned out to be helpful in removing very-low-frequency
noise, but its influence on the deconvolution result was only
minor. Thus, a low corner frequency of 0.1 Hz was chosen to
include as many octaves of bandwidth as possible. As the last
step, all the deconvolved spectra are inverse Fourier trans-

formed into the time domain and then stacked to improve
the signal-to-noise ratio. The stacking requires the assump-
tion of nearly vertical incidence, meaning equal moveouts
along the borehole for all events. We checked these times in
the deconvolved seismograms and found only minor travel-
time differences of <0:01 s. Figure 6 shows the surface-to-
144 m vertical-component deconvolution results for each
event and their stacking result.

Deconvolution Results and Discussion

Figure 7a,b displays the deconvolved seismograms with
the surface and 288 m sensor used as reference. When the sig-
nal at the surface is used as the reference, the upgoing waves
are mapped onto times before their surface arrival. Thus, the
upgoing and downgoing waves are symmetric around the sur-
face arrival time, which is taken to be the zero reference. When
the 288 m sensor is used as the reference, all the signals appear
after its arrival time. In Figure 7a, each trace is normalized to its
maximum to show the relatively small downgoing signal am-
plitudes at the deepest sensor. To allow for amplitude compar-
isons between different depth levels, each trace in Figure 7b is
normalized to the maximum of the entire array.

Figure 7b shows clearly how the amplitude of the upgoing
wave decreases while propagating from 288 to 71 m
depth. However, in the upper tens of meters between the sensor
at 71 m depth and the surface, the amplitude increases. After
correcting for the free-surface amplitude factor of 2, the surface
sensor still records a 1.7 times stronger signal than the sensor at
71 m. This factor of 2 is only correct for vertically incident and
SH waves. For P and SV waves, it varies with incidence angle
and can be even below 1 (Shearer and Orcutt, 1987). The am-

Figure 5. Waveform example from vertical and north–south horizontal components of the GONAF-Tuzla array. The respective sensor depth
is plotted at the y axis, and each trace is normalized to its maximum. The instrument response has been corrected, and the seismograms are
otherwise unfiltered. Only the surface station and the very deepest sensor have horizontal components. (Left) Complete waveforms of event 18
(Table 1), and (right) close-up windows of the same event containing only the (top) P wave and (bottom) S wave, respectively. The direct
upgoing P and S waves and their corresponding downgoing surface reflections are marked with gray lines.
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plitude increase in the upper few tens of meters indicates that,
in these shallow depths at the Tuzla site, amplification due to
impedance contrasts influences the waveforms more strongly
than the effects of attenuation. If these impedance effects are
not taken into account, it is only possible to determine an ap-
parent attenuation, as will be discussed later.

The average seismic velocities between sensors can be
calculated from the travel-time differences between them in
the deconvolved records (Table 2 and Fig. 4). Because only
the surface sensor and the sensors at 288 m depth have hori-
zontal components, an average S-wave velocity could be de-
termined only between them.

The arrival-time picking of the direct upgoing P wave
shows that a strong change in P-wave velocity exists some-
where between 71 and 215 m depth (Fig. 7a,b, bottom left).
Further, two reflected P waves can be seen in the decon-
volved seismograms. These are marked with gray dashed
lines in Figure 7. The upgoing reflected wave (seen on the
bottom left in Fig. 7a,b) and the downgoing reflected wave
(seen on the top left in Fig. 7a,b) appear to originate from an
interface between the sensors at 71 and 144 m. Such a hori-
zon could correspond to the low-velocity zone evident in the
sonic-log velocity profile between ∼90 and ∼140 m depth
(Fig. 4). Reassuringly, the polarities of the reflected waves
agree with the presence of a low-velocity layer. The rever-
berations after the direct P-wave arrival at the surface sensor
seen in the unfiltered seismograms (Fig. 5) could be created
by multiple reflections from this layer.

The arrival-time picking of the S wave suggests that the
S-wave velocity appears to be 4% slower on the north com-
ponent than at the east component. This could be an indica-
tion of shear-wave splitting (a difference in S-wave velocity
as a function of azimuth) rather than an artifact of the
method. The eastern Sea of Marmara is known to show this
type of anisotropy, as reported by Hurd and Bohnhoff (2012)
and Eken et al. (2013). The S anisotropy in the depth range of
∼3 to ∼10 km was estimated to be ∼1%–3%. Moreover,
Eken et al. (2013) also found the fast polarization direction
north of the Princes Islands segment to be parallel to the main
NAFZ strand and along the maximum horizontal stress direc-
tion, SHmax ∼ N125°E (Kiratzi, 2002; Bohnhoff et al., 2006).
These observations could account for the splitting direction
seen at Tuzla. A further indication for having a true shear-
wave splitting observation in our data is that following
Nakata and Snieder (2012) deconvolution interferometry can

be used for shear-wave splitting analysis, which, however,
would be beyond the scope of this study.

Forward Modeling

We modeled the deconvolved seismograms from the
Tuzla site with the layered, frequency–wavenumber propaga-
tor method of Wang (1999). The source for these time-domain
synthetic seismograms was placed 1 km directly below the
receiver points. The aim was to obtain a first-order estimate of
the apparent P- and S-wave Q values and to refine the veloc-
ities of the layers between the sensors.

Because of the uncertainties introduced by the uncon-
strained structures evident at the Tuzla site, we chose to reduce
the layering above each sensor to a single, homogeneous, effec-
tive unit. This approach allowed us to use a grid search method
for the best-fit model. It resulted in four different effective P-
wave velocity and attenuationmodels, covering the depth ranges
0–71, 0–144, 0–215, and 0–288 m. The effective S-wave veloc-
ity and quality factor were determined for a homogeneous layer
between the horizontal components at 0–288m. These effective
parameters are indicated here by an overbar, as in VP versus
VP for the interval velocities and QP for the effective quality
factors. We discuss later how these values relate to ones that
might have been obtained for the individual intervals.

After the computation of synthetic seismograms, the
same processing steps as for the observed waveform data were
applied and then the results compared to the observations. In
our grid search, we sought to find the minimum misfit be-
tween the observed amplitudes and arrival times of the up-
going and downgoing waves (Ao

u; Ao
d and tou; tod) and their

corresponding synthetic values (As
u; As

d and t
s
u; tsd), as given by

EQ-TARGET;temp:intralink-;df6;313;224m�V;Q��
���������������������������������������������������������������������������������������������
�Ao

u−As
u�2��Ao

d−As
d�2��tou−tsu�2��tod−tsd�2

q
:

�6�

To reduce computation time, this 4D grid search (VP, QP,
VS, and QS) was separated into two 2D searches, with the
P- and S-wave parameters being determined independently.
QS and VS for SH waves are inherently independent of
QP and VP. For the P–SV case, the S parameters are held
fixed while determining VP and QP and, similarly, for QS

and VS. Also, under the assumption of frequency constant
QP, VP could be determined independently from the other

Figure 6. Seismograms from the sensor at 144 m depth after deconvolution from the surface signal. Thin traces show the results from
each of the 26 events. The bold trace is the stacked deconvolved seismogram.
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Figure 7. Stacked deconvolved seismograms from vertical and horizontal components. One time the surface sensor is used as the refer-
ence sensor (top), and the other time the sensor at 288 m depth is used as the reference (bottom). Gray solid lines mark the travel times of the
direct upgoing and downgoing waves, and dashed gray lines indicate reflected phases. (a) Each trace is normalized to its maximum. (b) Each
trace is normalized to the maximum of the entire array.
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parameters, because it depends only on the arrival times of
the P wave. Only QP has a dependency on both, P- and
S-wave velocity, because it is determined from the ampli-
tude of the P-wave recording, which in turn depends on the
impedance contrast that is controlling the amount of energy
reflected and refracted as a P wave and converted S wave.
Under the assumption of vertical incidence, these conversions
are reliable. Nevertheless, even if this assumption is broken, if
the S-wave velocity is fixed to a value close to the true value,
the error inQP introduced by this simplification will be small,
as we will show. For the P- and S-wave parameters, we
searched a range of velocities from 3000 to 4600 m=s and
1600 to 2100 m=s, and quality factors from 1 to 100 and 1
to 50, respectively.

The misfit functions are presented in Figure 8, with their
minima marked by a white dot. For all three components, we
observe that, in the misfit functions, the apparent Q values
are well constrained, whereas the velocities appear less well
constrained. Nonetheless, clear minima can be observed for
the horizontal components but less so for the vertical compo-
nents. To better constrain the velocity, tests have shown that
the terms in equation (6) containing the arrival times should be
weighted more heavily than the amplitude terms. This, how-
ever, reduces the capability for resolving Q. Because we al-
ready have good velocity information from sonic-log data and
arrival-time picking in the deconvolved seismograms, we de-
cided against a velocity-weighted misfit function to obtain
better constrained Q values. On the east (E) component, the

Figure 8. Misfit functions of all three components for the sensor at 288 m depth and for all verticals. The horizontal components north
and east were used for the determination of VS and QS and the vertical Z components for the determination of VP and QP. The white dot
marks the minimum of each misfit function. The color version of this figure is available only in the electronic edition.
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velocity and Q are less constrained compared with the north
(N) component. This is because the downgoing wave is poorly
resolved on the east component due to interference with two
peaks that precede its arrival (Fig. 7a, top right).

The best-fit model effective velocities and quality fac-
tors are summed in Table 3. We observe increasing QP with
increasing depth and QP�288 m� ≈ 2Qs�288 m�, which is in
good correspondence with theory. Overall, the average P-wave
velocities obtained from the modeling approach are very sim-
ilar to the P-wave root mean square velocities derived from the
arrival-time picking. Going from the shallowest homogeneous
layer to the deepest, these are 3944, 3892, 4106, and 4217 m=s.
The effective P-wave velocities obtained from the modeling
approach can be transferred to interval velocities using the Dix
equation (Dix, 1955) (see Table 3). These values are in con-
trast to the velocities derived from arrival-time picking, and
the P-wave sonic log: the forward modeling places a more
modest low-velocity layer at a deeper depth.

Figure 9 presents the model seismograms computed
with the parameters listed in Table 3 in comparison with the
observed deconvolved seismograms. The modeled upgoing
and downgoing S and P waves on the north and vertical (Z)
components fit better than on the east component. This can
be explained by the weak downgoing S wave on the east com-
ponent, which interferes with two preceding signals.

Error Analysis

From Figures 8 and 9, it can be concluded that our simple
forward modeling approach gives well-constrained velocities
and apparent quality factors. However, the simplifications of
(1) a homogeneous layer and (2) deriving P- and S-wave
parameters independent from each other can introduce signifi-
cant errors. To evaluate these, we computed synthetic seismo-
grams for several models. These include one-layer models,
two-layer models (with both a faster layer over a slower layer,
and vice versa), and four-layer models based on the sonic logs
and the velocities derived from the modeling approach and
arrival-time picking. To define S-wave velocities for the shal-
lower layers in the four-layer models, a VP=VS ratio of 2.27
[i.e., VP�288 m�=VS�288 m�] was assumed. The modeling
approach results and the ones from arrival-time picking give
this same VP=VS ratio. For each layer of the four-layer

models, we use equation (2) in Tonn (1991) for the
calculation of interval QP values from the effective values
obtained from the modeling approach. The interval QP val-
ues are 19, 160, 54, and 56 from the shallowest to the deepest
layer. The interval QS values are set to QP=2.

We apply to the synthetic data the same forward modeling
approach as used for the recorded waveform data. While per-
forming the grid search for VS and QS, the P-wave velocity
was fixed to 4200 m=s (VP;mod). This is close to the root mean
square velocity of a homogeneous layer above the sensor at
288 m, as determined from arrival-time picking in the decon-
volved seismograms. During the grid search over VP and QP,
the S-wave velocity was fixed to 1850 m=s (VS;mod). This is
between the two S-wave velocities derived from arrival-time
picking: 1818 and 1895 m=s on the north and east compo-
nents, respectively. During the error analysis, we evaluate how
the error depends on the difference between the fixed velocity
(Vmod) and the real one (Vreal). We call the difference between
these velocities ΔV.

The error estimates from the one-layer models and the four-
layer models are summarized in Table 4. As expected, the sim-
ple one-layer models yield very small errors for VS and QS.
Furthermore, we did not observe a dependency of the S-wave
parameters on ΔV, which is also as expected, because they are
determined from the SH component, which does not contain P-
wave energy. The four-layer models also show small errors in
VS, but the errors in QS increased noticeably due to the uncon-
strained impedance contrasts between the sensor levels.

The errors inVP for the one-layer and four-layer models are
similar to the errors of VS. It also appears that VP is insensitive
to changes in ΔV. In contrast, it is more difficult to evaluate the
error inQP due to its strong dependency on ΔV. The range of
errors in QP given in Table 4 is based on the assumption that
VS;real differs from VS;mod by no more than �10%. The first
table value corresponds to −10% (VS;real > VS;mod) and the
second to +10% (VS;real < VS;mod). A negative error implies
that QP is underestimated, and positive values correspond to
overestimation. We observe that the modeling approach has a
tendency to overestimate the P-wave quality factor. Keeping
in mind that VS;mod has been chosen based on the S-wave velo-
city measured on the deepest sensor, VS;real at the shallower
sensors is probably smaller than VS;mod. Hence, the expected

Table 3
Effective Seismic Velocities and Apparent Quality Factors Obtained from the Forward

Modeling Approach

Depth (m) VP (m=s) QP VS (m=s) (N/E) QS (N/E) Depth (m) VP (m=s) QP

0–71 3660 19 0–71 3660 19
0–144 4030 35 71–144 4396 160
0–215 4110 39 144–215 4296 54
0–288 4240 42 1790/1950 23/18 215–288 4643 56

The parameters marked with overbars are the effective velocities and apparent quality factors
corresponding to a homogenous layer between the surface and the sensor. S-wave parameters could be
determined for the depth range 0–288 m only, and they were derived independently on the north and
east components. The parameters written without overbars correspond to a specific depth interval.
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error in QP corresponds to ΔV � �10% rather than the
value given for −10%. Considering that VS;mod is close to the
S-wave velocity determined from arrival-time picking at 288 m
depth, the range of �10% is probably too large for the deep
sensors. For the shallower sensors, this range could be realistic.

In summary, it appears that the simplification of a homo-
geneous layer over each sensor has only a minor effect on VS

and VP, whereas the errors in the P- and S-wave quality fac-
tor increase with increasing model complexity. The simpli-
fication of determining VS and QS independent from VP and
QP only affects the accuracy of QP.

The errors of the velocities and Q depend also on the
stability of the deconvolution result of the observed data. To
evaluate this, we performed a jackknife test. To do this test,
we successively removed two different earthquakes from the
26 events. For each subset, the stacked deconvolved seismo-
grams were computed, and the amplitudes and arrival times
of the upgoing and downgoing waves were determined. They
were then forward modeled by minimizing equation (6) to
determine the velocities and quality factors. These results
are presented in Figure 10 in the form of histograms, which
show the distributions of V andQ. BecauseQ depends on the
logarithm of the amplitude ratio between upgoing and down-
going waves, we observe a lognormal distribution of Q
(Fig. 10, right). Hence, forQ, the logarithmic mean and stan-
dard deviation was calculated. In contrast to that, there is no
specific distribution observable for V (Fig. 10, left). For V,
we calculate the mean and standard deviation of a normal dis-
tributed dataset. The values of the mean and standard deviation
of Q and V are given in the legends in Figure 10. These cal-
culations show that the deconvolution results are mostly stable.
However, for the sensor at 71 m depth, we observe a larger

standard deviation of VP of ∼4%; and, for the sensor at 288 m
depth, QP has a large standard deviation of ∼27%.

The errors of the velocities derived from arrival-time
picking in the deconvolved seismograms are determined with
the same jackknife test. These are around 1% (see Table 2).

Discussion

With deconvolution interferometry, we analyzed near-
surface wave-propagation effects, such as amplification and
attenuation, and determined the velocity structure below the
Tuzla site in southeastern Istanbul. From arrival-time picking
in the deconvolved seismograms and from forward modeling
the Green’s functions, we derived two different velocity
models down to 288 m depth. The first model sees a low-
velocity zone between the sensors at 71 and 144 m and the
second one between the sensors at 144 and 215 m depth
(Fig. 4). Because logging measurements confirm a low-velocity
zone between ∼90 and ∼140 m, the first velocity model seems
to be more reliable. Despite these differences, both models have
similar root mean square velocities. This reflects the common
problem of uniqueness: several models can describe the same
observation. In our modeling approach, we focused on fitting
the amplitudes and travel times of the direct upgoing wave and
its surface reflection. If we also would have taken into account
the arrival times of the phases that are reflected from the low-
velocity layer (gray dotted lines in Fig. 7a,b), we might have
been able to better constrain the low-velocity zone at the right
depth. However, this was not possible, because we performed a
simple grid search for a homogeneous layer above each sensor.
For future modeling studies, we recommend choosing more
complex techniques (e.g., a full wavefield inversion) to be able

Figure 9. Comparison of waveforms of the observed (obs) and synthetic (syn) deconvolved seismograms. The solid traces show the decon-
volved synthetic seismograms for the best fit (parameters are listed in Table 3). The observed deconvolved seismograms are plotted with a dotted line.
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to better capture the heterogeneities in the subsurface. Further,
additional information from logging would be invaluable.

Both of our P-wave velocity models derived from inter-
ferometry overestimate the P-wave sonic-log velocities by
∼10%–20%, even though the estimated errors for the veloc-
ities are only ∼1%–5%. One possible reason for an overesti-
mation is the assumption of vertical incidence of the incoming
wavefield. If this assumption is not fulfilled, apparent higher
velocities will be determined. Another reason for the differ-
ence in velocities could be related to the higher frequencies
used in sonic-log measurements that sample only a few deci-
meters around the borehole. Thus, the seismic waves sample a
larger volume of the rock formations, including potential lat-
eral variations. A comparison of our S-wave velocity model
with the sonic-log S-wave velocity model is not reasonable,

because the latter is likely to be erroneous, as discussed in
the Local Geology at Tuzla section.

The forward modeling approach allowed us to determine
apparent P- and S-wave quality factors. The apparentQP val-
ues for the depth ranges 0–71, 0–144, 0–215, and 0–288 m
increase with depth, and we find QP ≈ 2QS, in accordance
with theory. Nevertheless, our Q estimates have to be inter-
preted with caution. They are biased due to the fact that we
did not account for impedance changes during the modeling,
because we assumed in the model a single homogeneous
layer above each sensor. Thus, our apparentQ values contain
both intrinsic and scattered attenuation and impedance effects.
The latter means that, if waves travel from higher to lower
impedance layers, as in our case between the sensors at
288–71 m, the decreasing impedance causes amplification

Figure 10. Results of the jackknife test. The histograms present the distribution of results obtained from each subset. (Left and right)
present the results for P- and S-wave velocity and quality factors, respectively. The mean and standard deviation and results of the modeling
approach are marked with lines and given in the legend. The color version of this figure is available only in the electronic edition.

Table 4
Estimated Errors of the Results from the Modeling Approach

One-Layer Models Four-Layer Models

Depth (m) Err. VS (%) Err. QS (%) Err. VP (%) Err. QP (%) Err. VS (%) Err. QS (%) Err. VP (%) Err. QP (%)

71 0.9 6.5 4.4 �100 − �−27� 3.3 20.3 5.5 �35 − �−27�
144 0.4 1 1.4 �51 − �−6� 0.7 8.8 1.2 �81 − ��3�
215 0.3 0.6 0.6 �34 − �−9� 0.5 7.9 0.7 �65 − ��7�
288 0.25 0.1 0.7 �13 − �−8� 0.5 5.1 0.7 �43 − ��7�

Summary of error analysis: The errors presented here are the average errors obtained from several one-layer models and four-layer
models. The error bounds given for QP correspond to a range of ΔV � −10% − ��10%� (see explanation in the text). Positive values
indicate an overestimation of QP, and negative values an underestimation.

924 C. Raub, M. Bohnhoff, B. Petrovic, S. Parolai, P. Malin, K. Yanik, R. F. Kartal, and T. Kiliç



due to energy conservation, with energy being proportional to
ρVA2 (ρ is density, V is velocity, and A is amplitude). This
impedance amplification could lead to apparent higher Q val-
ues. On the other hand, increasing impedances, as in our case
from the low-velocity zone to the layer above, would lead to
apparent lowerQ values. Despite this bias, which causes large
errors especially inQP, our apparent quality factors are similar
to the ones found in other studies in the Marmara Sea region.
For example, Parolai et al. (2010) estimated QS values of 30,
46, and 99 for the depth ranges 0–50, 0–70, and 0–140 m in
Ataköy (western Istanbul). They also used the recordings of a
vertical borehole array and fitted the borehole-to-surface spec-
tral ratios with a theoretical transfer function to deriveQS. Us-
ing the ratio between S-wave and coda-wave amplitudes,
Gündüz et al. (1998) determined a frequency-dependent aver-
age S-wave attenuation of Qs�f � � �50� 1:7�f 1:09�0:05 for
the crust below the Sea of Marmara, which is higher than
our QS because they sample larger depths down to the base
of the crust.

Conclusions

We studied the first-order wave-propagation effects at
the GONAF-Tuzla vertical array in southeastern Istanbul,
Turkey. Using a seismic interferometry technique based on
deconvolution and a simple forward modeling approach, we
obtained estimates of near-surface apparent quality factors
and seismic velocities for P and S waves.

The near-surface seismic velocities at the Tuzla site are
high compared with other Istanbul sites and other borehole
sites around the world with comparable depth. We found
P-wave velocities of more than 3600 m=s and S-wave veloc-
ities of ∼1800 m=s in a 300-m-deep borehole. An additional
uniqueness comes from a strong impedance change some-
where between 71 and 215 m depth, which is probably re-
lated to a velocity inversion observed by sonic logs between
∼90 and ∼140 m depth. These impedance steps introduce
reverberations in the recordings of the surface sensor, and the
high velocities lead to strong interference of upgoing and
downgoing waves on the downhole sensors.

Because of the given complicated structure and the result-
ing impedance contrasts, it was not possible to derive attenu-
ation parameters with standard techniques such as spectral
ratios. Instead, we proposed a forward modeling approach and
found that the apparent QP increases with depth, with values
of 19, 35, 39, and 42 for the depth ranges 0–71, 0–144, 0–215,
and 0–288 m. For the apparentQS, we observe a value of ∼20
for the depth range 0–288 m. These attenuation estimates are
interpreted to be biased by the strong heterogeneities observed
at the Tuzla site.

If borehole seismometers are installed within a relatively
simple almost homogeneous subsurface, our forward model-
ing approach based on a 2D grid search would be sufficient
to derive reliable quality factors. However, in the presence of
a complex geologic setting, such as at the Tuzla site, it is
recommendable to use more comprehensive modeling tech-

niques that invert for Q and impedance contrasts simultane-
ously and also take the incidence angle into account.

Our results are derived from a carefully selected set of lo-
cal microseismic events, with a bandwidth between 0.1 and
40 Hz. They were obtained from the first available data from
the recently implemented GONAF observatory and are encour-
aging signs of this network’s utility. They reveal not only the
complex near-surface factors that need to be considered in
ground-motion studies of the Tuzla site, but also open the door
for more sophisticated analysis and modeling research.

Data and Resources

Seismograms used in this study were collected by instru-
ments of the GONAF-Tuzla vertical array as part of the Geo-
physical Observatory at the North Anatolian Fault (GONAF)
borehole network, jointly operated by the Helmholtz Centre
Potsdam GFZ German Centre for Geosciences and the Disas-
ter and Emergency Management Authority (AFAD; https://
www.afad.gov.tr/en/Index.aspx, last accessed April 2016),
Ankara, Turkey. Waveform recordings are proprietary and will
be released with a retention period of three years. Data will be
made available through the GEOFONwebpage (http://geofon.
gfz-potsdam.de, last accessed April 2016) hosted at GFZ Pots-
dam and through AFADAnkara. Borehole logs were provided
from the International Continental Drilling Program Opera-
tional Support Group (ICDP-OSG) and are freely available.
All data processing and generation of figures was done using
MATLAB (www.mathworks.com/products/matlab, last ac-
cessed April 2016) software, v.R2012a.
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Appendix

Orientation of Downhole Horizontal Components

During the deployment of the downhole three-component
geophones, the vertical component of the instruments follows
the direction of thewell path, which deviates from verticality by
less than 2° (Prevedel et al., 2015), whereas the orientation of
the horizontal components cannot be controlled due to rotation
of the instruments around their vertical axis while they are low-
ered into the hole. Therefore, before comparing the horizontal
components of the surface and downhole sensors with each
other, the downhole horizontal components need to be rotated
into the same direction as the orientation of the surface com-
ponents, that is, to the north and east directions.

The rotation angle is determined by calculating cross cor-
relations between the horizontal components of the surface sen-
sor with rotated horizontal components of the downhole sensor.
Thereby the downhole sensor is clockwise rotated in 1° steps.
The angle that yields the largest cross-correlation coefficient is
regarded as the angle of deviation from north and east.

To avoid a false angle determination due to scattered
high-frequency waves, we low-pass filtered the data below
the first trough in the downhole spectra of the P and S waves
at ∼3 Hz. Thus, for this analysis we had to select a second
dataset of well-recorded regional and teleseismic events that
have a sufficiently strong content of low-frequency energy.
Eleven events with hypocentral distances between 114 and
1614 km and magnitudes of 4.7–6.4 were selected from
the Kandilli Observatory and Earthquake Research Institute

(KOERI) catalog. Because of their lack of high-frequency
energy, these 11 events are not part of the dataset used in
the shallow wave-propagation study.

For the cross-correlation analysis, we selected the whole
signal (P and S waves) and used instrument-corrected record-
ings. The cross-correlation functions for all 11 events are pre-
sented in Figure A1. They are very coherent and thus present a
stable result. Averaging the maximum cross-correlation coef-
ficients yields the angle of deviation from north and east of
313°� 15°. Thus, as the first processing step of the shallow
wave-propagation study, the downhole horizontal components
of the sensor at 288 m depth are clockwise rotated by 313°.
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Figure A1. Cross-correlation functions of the 2 Hz geophone at
288 m depth from all 11 events that were selected for the orientation
of the downhole horizontal components (N, north; E, east). The
maximum cross-correlation coefficient is marked by a star. The
color version of this figure is available only in the electronic edition.
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