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Abstract. In this study, the seismic absorption coefficients and nine seismic sub-regions for seismic hazard that may affect
the Erzurum city centre were determined. Recurrence periods and the probabilities of occurrence of earthquakes above a
specified magnitude threshold within a given time window were quantitatively estimated for each sub-region. The relationship
between the seismic absorption coefficients and the probability of major earthquakes was analyzed, and the potential effects of
these seismogenic structures on the Erzurum city centre were evaluated. Following the seismic hazard-based regionalization,
the Erzurum city centre was further subdivided into eight sub-regions. A total of 24 microtremor measurements (three per
sub-region) were conducted to characterize the dynamic soil properties within these sub-regions using passive seismic data.
The seismic absorption coefficients, magnitude distributions and variations in dynamic soil characteristics of Erzurum were
assessed regionally. Seismic hazard analyses conducted for nine different areas particularly highlighted the potential of major
fault zones around Erzincan, Varto, and Bingol, specifically the North Anatolian Fault Zone and East Anatolian Fault Zone,
to generate high-magnitude earthquakes. Seismic attenuation analyses revealed an average absorption coefficient of 0.02475
across the region, with values lower in the eastern and western sections and higher in the northern and southern sections. These
results indicate that seismic energy distribution in the region has a heterogeneous structure and that geological features play a
decisive role in this process. Microtremor measurements showed that soil amplification factor in the Dadaskent region reached
significant values below 1 Hz, indicating that this area is critical in terms of earthquake-soil-structure interaction. Consequent-
ly, the combined effects of high amplification and regionally variable attenuation characteristics imply an increased seismic
hazard potential for the Erzurum city centre, particularly in zones with unfavourable local site conditions.
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INTRODUCTION

There are many factors that affect the reduction in
seismic waves amplitudes in the environments they
pass through, and changes in these factors significant-
ly alter absorption values (Toksoz, Johnston 1981).
The rate of reduction in seismic wave amplitude con-
tains important information about absorption situa-
tion (Aki 1969). Absorption studies provide valuable
information about the lithosphere on a large scale

(Aydin 2015; Aydin et al. 2020; Aydin 2022), and
when considered together with the ground accelera-
tion generated during an earthquake, they can provide
information about the earthquake force transmitted to
engineering structures (Ozer et al. 2022a).

Seismic hazard studies can be categorized into two
main areas: firstly, the length, depth, epicentre and
hypocentre areas of seismic fault zones, the return
periods of destructive and large earthquakes, and the
type of earthquake focal mechanism; and secondly,
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the reduction in seismic amplitude and damping ratio
of earthquake waves under the control of the medium
through which elastic deformation energy passes. In
this study, the seismic absorption coefficients of these
systems in the seismic regime of Erzurum and its sur-
roundings were determined. The dynamic behaviour
of the soil varies depending on geological formation
characteristics, event magnitude, and regional ab-
sorption coefficient, as well as soil dynamic features.
Although earthquake energy attenuates with increas-
ing absorption, the resulting ground motion may be
amplified or reduced depending on the static and dy-
namic properties of the soil. Regional absorption also
depends on parameters such as soil stress/strain loads
on which structures are placed, density, stiffness,
temperature, and void ratio.

In this study, the regional absorption coefficient
of the earthquake wave, seismic hazard parameters,
soil dominant frequency and soil amplification fac-
tor values were evaluated together. To determine the
dynamic behaviour of the soil, the Nakamura (1989)
method, based on microtremor records analyzed us-
ing the Horizontal/Vertical (H/V) spectral ratio tech-
nique (Nakamura 1989), was used. The a- and b-
values, known as the Gutenberg-Richter (1944) law,
were calculated using the spatial distribution of earth-
quake magnitudes. Information regarding the stress
state of the study area was presented using the b-val-
ue (Ogata et al. 1991). The probability of the larg-
est earthquake occurring was determined from the
frequency-magnitude method, and the regional H/V
spectral ratio and regional seismic absorption coef-
ficients were evaluated in an integrated manner.

In particular, approaches that combine regional at-
tenuation characteristic and seismic hazard analysis
with Nakamura method-based soil dynamic param-
eters have not been investigated for Erzurum and its
surroundings. This study aims to contribute to a more
comprehensive assessment of seismic hazard by con-
sidering soil dynamic properties obtained from at-
tenuation coefficient, b-value, and microtremor data
together. While attenuation studies and Nakamura
method-based site characterization have each been
applied extensively in seismically active regions, they
are rarely brought together within a unified hazard as-
sessment framework.

TECTONIC SETTINGS

The seismic zones formed by tectonic movements
in Anatolia are expressed in six main regimes: the
Aegean Graben System (AGS), the Bitlis-Zagros
Suture Zone (BZSZ), the East Anatolian Fault Zone
(EAFZ), the Hellenic Cyprus Arc (HCA), and the
North Anatolian Fault Zone (NAFZ) (Sengor 1979;
Taymaz et al. 1991; Sengor, Natal 1996; Kocyigit et
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al. 2001; Duman, Emre 2013; Bohnhoff et al. 2016;
Emre et al. 2018). In the study area, the Arabian-Eur-
asian collision, which began in the Upper Cretaceous
period, caused the Anatolian plate to move west-
southwest through the North Anatolian Fault Zone
(NAFZ) and the East Anatolian Fault Zone (EAFZ)
(Sengor 1979; Reilinger et al. 1997; Allen et al. 2004;
Duman, Emre 2013; Bohnhoff et al. 2016; Emre et
al. 2018). The BZSZ, the EAFZ, and NAFZ which
cuts across Anatolia, are the most important tectonic
units formed in the central, eastern, and south-eastern
parts of the Anatolian plate (Arpat, Saroglu 1972;
McKenzie 1972; Sengor et al. 2005; Duman, Emre
2013; Emre et al. 2018). Tiirkiye is located in the
Alpine-Himalayan system, an active seismic region,
and is squeezed between the Arabian plate, which
pushes the Anatolian plate, and the Eurasian conti-
nent (Whitney et al. 2023). The study area contains
active tectonism that is rising and fracturing under
the shear effects of two major fault zones (NAFZ and
EAFZ), in addition to the Caucasus Block, which is
uplifted by the compressional effect of the BZBZ. In
addition, the important tectonic units passing through
or very close to the city centre of Erzurum can be list-
ed from west to east as follows: Tercan Fault, Askale
Fault, Cat Fault, Palandoken Fault, Dumlu Segment,
Nenehatun Segment, Pasinler Fault, Karayazi Fault,
and Horasan Fault (Kocyigit, Canoglu 2017) (Fig. 1).
Erzurum province is known to have thick alluvium
(Yarbasi, Kalkan 2009; Akbas et al. 2011; Aydin et
al. 2025), and is a settlement area that could exhibit
a site effect in the event of a potentially destructive
earthquake.

METHODS

Three different seismological methods were used
in the study. First, the effect of distance-dependent ab-
sorption of earthquake energy was evaluated; second,
some earthquake hazard parameters were considered,
and finally, information on soil dominant frequency
and soil amplification factor, related to the dynamic
properties of the soil, was evaluated together. The
three different methods described below were used to
examine the seismological characteristics of Erzurum
province and its surrounding areas.

Seismic absorption method

In this study, the seismic absorption coefficient
will be calculated using the time-dependent reduc-
tion method of seismic wave amplitudes. In this
study, the seismic attenuation coefficient was calcu-
lated based on Sg wave amplitudes. After selecting
suitable earthquake records, the Sg phase was deter-
mined, maximum amplitudes were measured, and the
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Fig. 1 Tiirkiye (a), study area tectonic units (b) (after Emre et a/. 2013, 2018), and microtremor measurements (c). Red
lines indicate active tectonic units, while triangular symbols represent the seismic stations used in absorption analyses
presented in Table 1. The blue rectangle indicates the area where microtremor studies were conducted. Abbreviations:

F — fault, FZ — fault zone, KTJ — Karliova Triple Junction, Pal.

attenuation coefficient was obtained using the ampli-
tude reduction depending on the epicentre distances;
Sg waves were preferred because they exhibit stable
propagation over regional distances and provide reli-
able amplitude measurements. This approach follows
the method previously applied in Eastern Anatolia by
Aydin (2016), here extended with a focus on the Er-
zurum basin.
Seismic absorption (Aki, Richards 1980):

A(x, 1) = A e

)
where 4 is the focal amplitude at 7 = 0 at a distance
x = 0, w is the angular frequency, and k is the wave
number.

The seismic absorption, which can be expressed
in terms of k and frequency, can be written as follows

(Toksoz, Johnston 1981):

k=k +id ©)

— Palandoken, Pas. — Pasinler, S — segment

where 0 is the seismic absorption coefficient, and &
(o/v) are used to calculate the path-dependent terms
in the relevant equation (Aki, Richards 1980):

Ax)=Ae* 3)

where the amplitudes at distances x1 and x2 (x, > x,)
are A(x,) and 4(x,):

“)

Gutenberg-Richter relationship

The Gutenberg-Richter method (Gutenberg, Rich-
ter 1944), which describes the magnitude-frequency
distribution of earthquakes, is expressed in Equation
(5). This relationship is considered to reflect funda-
mental aspects of earthquake physics (Mogi 1962).

LogN=a-b*M ®)
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where M represents the magnitude, N represents the
cumulative number of earthquakes, and a- and b- are
constant regression coefficients.

Various approaches have been developed for es-
timating the b-value (Gutenberg, Richter 1944), with
the Least Squares and Maximum Likelihood methods
being the most widely applied. The Maximum Like-
lihood method, which is more widely accepted and
frequently used worldwide (Ozturk et al. 2008; Oz-
turk 2013; Ormeni et al. 2017; Alkan, Bayrak 2022),
calculates the b-value using the following formula
(Aki 1965):

b . 1
log, | M —(M,,, —Am/2)]

(6)

Here M_. represents the cut-off magnitude, M is the
average magnitude, and Am is the magnitude range. In
this study, the completeness magnitude (Mc) was de-
termined using the maximum curvature method. Mc
values were derived from frequency-magnitude dis-
tributions for each region. The earthquake catalogue
data was declustered using the Reasenberg (1985)
algorithm to eliminate the effects of aftershocks and
foreshocks. In this process, the time and distance win-
dows commonly used in the literature were taken as
the basis, and the default parameters in ZMAP were
used (Wiemer 2001).

Seismic hazard parameters

There are different parameters used to determine
seismic hazard. These relationships are derived from
the Gutenberg-Richter frequency-magnitude law
(Gutenberg, Richter 1944) and the Poissonian earth-
quake occurrence model commonly used in seismic
hazard analysis (Cornell 1968; Kramer 1996). If seis-
mic hazard is continuous for years in a region, then
the annual value of ‘a’ for that region is:

a,—a=logt @)

It can be calculated from the relationship. The
probability of an earthquake of magnitude greater
than M occurring in time t is:

P =1—exp(-10""""r) ®)

It can be defined as follows: The magnitude of the
largest possible earthquake at time ¢, calculated from
the parameters a- and b- derived from the Gutenberg-
Richter relationship, is:

a, +logt
M =10 ©)

It is given by the equation. The return period of an

earthquake with magnitude M is:
1 ObM
Tm - 10«

(10)
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Microtremor analyses (Nakamura method)

The concept of microtremor is used for vibrations
with periods ranging from 0.05 to 2 seconds and am-
plitudes ranging from 0.01 to 1 micron (Nakamura
1989, 2019). One of the most important advantages
of microtremor measurements is that it can vary ac-
cording to the geological and dynamic properties of
the soil at the point level. High effectiveness has been
demonstrated in the investigation of soil properties in
sedimentary units (Nakamura 1989; Lermo, Chavez-
Garcia 1994a, b; Nakamura 2019; Bekler et al. 2019;
Buyuksarac et al. 2021; Bayrak, Coban 2023; Sarac,
Ozer 2024; Karsli, Bayrak 2024; Bektas et al. 2025;
Pamuk et al. 2026; Coban et al. 2026). Nakamura
(1989) emphasized that the soil features can be ob-
tained by dividing the square root of the sum of the
squares of the horizontal components by the vertical
component seismic noise record. The basic approach
here is based on the fundamental assumption that
horizontal component records are more affected by
ground effects than vertical components and that the
seismic velocity of the layered model underground in-
creases with depth. The Horizontal/Vertical Spectral
Ratio (HVSR) can be calculated as shown in Equa-
tion (11) (Nakamura 1989):

HVSR = —V(NSZV*'EWZ) (11)
where NS represents the north-south component, EW
denotes the east-west component, and ¥ indicates the
vertical component. Microtremor measurements were
taken for a minimum of 30 minutes using the Guralp
CMG-6TD equipment with a 100 Hz sampling in-
terval. In areas with high cultural noise, this period
was extended based on field conditions. In the HVSR
analyses, spectral smoothing was performed using the
Konno-Ohmachi method (Konno, Ohmachi 1998).
Time windows were evaluated in accordance with the
SESAME (2004) criteria (Acerra et al. 2004); win-
dows with low signal-to-noise ratios, containing tem-
porary noise or exhibiting unstable spectral behaviour
were excluded from the analysis. 25- and 50-second
windows were used during the evaluation phase. The
HVSR analyses were performed using the GEOPSY
software (Wathelet et al. 2020).

RESULTS
Seismic absorption results

The digital earthquake data used in seismic ab-
sorption analyses were obtained from the website of
the Kandilli Observatory and Earthquake Research
Institute (KRDAE). The maximum vertical ampli-
tudes of the Sg waves of the earthquakes used in the



study were determined. The epicentre distances of
the earthquakes were recalculated using a spherical
coordinate system to suit the purpose of the study.
Epicentral distances of 20—-180 km and focal depths
of 1-25 km were adopted as the primary selection cri-
teria for Sg wave analysis; however, a limited number
of records slightly outside these ranges were also in-
cluded to preserve data continuity, without introduc-
ing any meaningful bias to the results.

The epicentre distances of the 535 earthquakes
used in the study ranged from 9-202 km, focal depths
from 1-25 km, and magnitudes from 3.3 to 6.7 (Tab-
le 1). A total of 1,536 data points recorded at 19 sta-
tions were examined in this study. However, due to
factors such as station malfunctions, poor data qual-
ity, and insufficient data, data from only 9 stations
could be used. Out of 1,536 earthquake records from
19 stations, 535 events from 9 stations satisfied the
selection criteria and were included in the analysis.
A significant difference was observed in the attenua-
tion rate of seismic wave energy between stations in
and around Erzurum. The regions with a high absorp-
tion coefficient (YEDI) lose more energy from earth-
quake waves, while regions with low values (ERZN
and VANB) allow the wave energy to be transmitted

Table 1 Information on seismic stations for seismic ab-
sorption coefficient values

Seismic | Number | Latitude |Longitude Lo
No . 5 : tion coef-
stations | of events °N) (°E) fici
cient
1 SENK 31 40.5614 | 42.3505 0.0220
2 KARS 34 40.6152 | 43.0937 0.0266
3 EZM 89 39.9200 | 41.2800 0.0195
4 ERZN 71 39.7520 | 39.3535 0.0159
5 KOPR 26 39.9917 | 41.8535 0.0260
6 VRTB 81 39.1603 | 41.4558 0.0289
7 YEDI 13 39.4377 | 40.5443 0.0421
8 | BNGB 87 38.9913 | 40.6792 0.0252
9 | VANB 103 38.5090 | 43.4056 0.0166
B Total 535 Average ab§0rption 0.02475
events coefficient
0.045 1

Absorption Coefficients (5)
)
S

0.01 4

Seismic Stations

Fig. 2 Attenuation coefficients derived from the seismic
stations utilized in this study

over longer distances. This situation should be related
to local soil conditions and geological heterogeneity
(Table 1; Fig. 2). When station locations are con-
sidered alongside the regional geology, this hetero-
geneity becomes more interpretable. The YEDI sta-
tion, which yielded the highest absorption coefficient
(0.0421), is situated in a zone closely associated with
the Yedisu seismic gap (Alkan et al. 2023). A high
degree of fracturing and the presence of fluids in such
fault-controlled environments are well-known factors
that accelerate seismic energy dissipation.

Gutenberg-Richter relationship results

The earthquake catalogue used for calculating
Gutenberg-Richter parameters using the maximum
probability method was the one shared on the web-
site of the KRDAE (URL-1). Since the earthquakes in
the catalogue were of different magnitude types, they
were first homogenized in terms of moment magni-
tude (Mw). For this purpose, the magnitude conver-
sion formulas found by Kadirioglu and Kartal (2016)
were used. Kadirioglu and Kartal (2016) proposed
empirical correlations for magnitude conversion us-
ing data from approximately 13,000 earthquakes in
and around Turkey. They preferred both orthogonal
regression and least squares methods for magnitude
conversion correlations. The conversion formula
from ML to Mw is given below:

Mw = 0.8095(0.025) * ML + 1.3003 (x0.154)  (12)

The resulting catalogue consists of 18,223 earth-
quakes with magnitudes ranging from 1.7 to 7.7
between 1903 and 2021 (Table 2). Aftershocks and
foreshocks were removed from the entire earthquake
catalogue before seismic hazard analysis by applying
the Reasenberg (1985) declustering algorithm using
ZMAP software. The declustered catalogue was used
in all analyses, including the calculation of Guten-
berg-Richter parameters. As a result of this process,
4,702 foreshocks and aftershocks were removed from
the initial event catalogue. Thus, the final event cata-
logue contains 13,521 earthquakes. The study area
was divided into nine different zones, taking into ac-
count previous zoning studies (Bayrak et al. 2015;
Ozturk 2017), the seismicity of the region, and its
tectonic characteristics (Coban, Sayil 2020) (Fig. 3).
The ZMAP program was used to calculate the statisti-
cal seismology parameters (Wiemer 2001).

Figure 4 presents the cumulative number of earth-
quakes as a function of time for the defined source
regions. It is clearly seen that the number of earth-
quakes in these regions has increased significantly
after 2000. This is attributed to the increase in the
number of seismic stations used with the development
of technology and the fact that even small magnitude

135



obs
M max

Table 2 Information on seismic field sources that can affect Erzurum and its surroundings

Number of

Region ] . obs _ cal
number Tectonic unit e e M o LogN = a-bM Mc M s
1 Askale Fault 1423 5.7 LogN = 7.95-1.44 (£ 0.06)*M 3.6 5.5
2 Erzurum-Dumlu-Horasan Fault 1825 6.7 LogN = 6.03-0.905 (+ 0.03)*M 3.5 6.7
3 North Anatolian Fault Zone 2953 7.7 LogN = 5.62-0.744 (= 0.01)*M 3.1 7.6
4 Karliova Triple Junction 1348 6.6 LogN=6.12-0.959 (+ 0.03)*M 3.4 6.4
5 Varto-Mus Fault 1646 6.1 LogN = 6.66—1.09 (£ 0.04)*M 3.5 6.1
6 Ovacik Fault 1421 6.6 LogN = 6.34-1.05 (= 0.03)*M 3.3 6.1
7 East Anatolian Fault Zone 1797 6.4 LogN=6.81-1.14 (= 0.03)*M 34 6.0
8 Kavakbasi Fault 468 6.6 LogN =5.19-0.834 (= 0.05)*M 3.3 6.2
9 Trabzon-Bayburt Section 552 5.1 LogN =7.69-1.54 (= 0.07)*M 34 5.0
e R o
agie i ol W Ll
e B & ETAT mnk o
R TERE
o’ A . 2
40.5 GUMUSHANE 42, N
. N
5 w E
§ ‘»
- 40
= S
)
£
(]
° Mw
2 1.7t0<3
‘5 395 88 ’
© 3to<4
= 4to<5
® 5to<6
* 6.5t0<7.7
39

39

395 40 40.5

41 41.5

Longitude (degree)

Fig. 3 Potential seismic source zones that may affect Erzurum and its surroundings. Red lines indicate active faults, digi-
tized from Emre ef al. (2013, 2018). The numbers correspond to region identifiers, with details provided in Table 2

earthquakes have begun to be recorded reliably. The
histograms of magnitude-number of earthquakes for
different regions are also given in Fig. 5. The mag-
nitude distribution shows that earthquakes generally
range between 2.0 and 4.0. The largest earthquake
that occurred in the study area was the 1939 Erzincan
earthquake with a magnitude of Mw = 7.7 in Region
3 (URL-1).

The a- and b-parameters for the Gutenberg-Rich-
ter (G-R) relationship were calculated using the max-
imum probability method (Fig. 6 and Table 2). The
uncertainty of the b values was calculated by follow-
ing the maximum likelihood approach proposed by
Aki (1965), and the explanations + values represent
the standard deviation of the estimates. The smallest
b-value was obtained in Region 3, encompassing the
NAFZ, with a value of 0.744, while the highest b-
value was obtained in Region 9, including the Trab-
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zon-Bayburt section, with a value of 1.54. The shear
magnitude (Mc) used in calculating the G-R relation-
ship ranged from 3.1 to 3.6. Based on the b-value, it
can be said that the highest stress level is observed in
Region 3, while the lowest stress level is observed in
Region 9.

The magnitude (M s, of the largest earthquake
that could occur in the next 120 years was calculated
using the calculated a- and b-values (Table 4). The
highest value was obtained in Region 3 with 7.6,
while the lowest value was obtained in Region 9 with
5.0.

The return periods were calculated for different
magnitude values for each region (Table 3 and Fig. 7)
using the calculated a- and b-values. The return period
for an earthquake equal to or greater than 5.0 was ob-
tained in Region 3 with the shortest value of 2 years,
while the longest value of 123 years was obtained in
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Fig. 4 Time-dependent cumulative earthquake occurrence for the delineated seismic regions

Region 9. The return period for an earthquake equal
to or greater than 7.0 was obtained as 46 years in Re-
gion 3, while it was calculated to be approximately
1800 years in Region 7.

The probability of an earthquake of magnitude M

Table 3 Region-specific return periods associated with
earthquakes exceeding selected magnitude thresholds
(blank entries in the table indicate that no earthquakes of
that magnitude occurred in the area, and therefore no cal-
culations were performed)

Region |M >50 M >60 M >65 M >7.0 M >7.5

1 21 590

2 4 30 85 242 —

3 2 8 20 46 110

4 6 52 156 470 —

5 7 91 320 — —

6 10 110 367 1220 —

7 9 129 477 1770 —

8 11 78 205 533 -

9 123 4260 — — —

or greater occurring at time t was calculated for dif-
ferent regions created for the study area (Table 4 and
Fig. 8). Table 4 shows the probabilities of earthquakes
of magnitudes 5.0, 6.0, 6.5, 7.0, and 7.5 occurring in
25-, 50-, and 100-year periods. The probability of an
earthquake of magnitude 5.0 or greater occurring in
25 years was calculated as the smallest in Region 9
with 0.18, while it was calculated as 1.0 in Regions 2
and 3. The probability of an earthquake of magnitude
7.0 or greater occurring in 100 years was obtained as
the smallest in Region 7 with 0.05, while the highest
value was obtained in Region 3 with 0.88.

Microtremor results

Eight sub-regions were delineated for the meas-
urement plan, taking into account settlement distri-
bution and population density within the Erzurum
city limits. Three microtremor measurements were
taken in each of the determined areas. In selecting
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Fig. 5 Magnitude-frequency relationships for the delineated seismic regions

Table 4 Probabilities of occurrence for earthquakes exceeding different magnitude values in each region, calculated for
25-, 50-, and 100-year return periods (the bold numbers represent the highest probabilities of occurrence for earthquakes
exceeding M > 6.5, blank entries in the table indicate that no earthquakes of that magnitude occurred in the respective
region, and therefore no calculations were performed)

M=5.0 M=6.0 M=65 M=17.0 M=175
Year | 25 | 50 [ 100 | 25 | 50 | 100 | 25 | 50 | 100 | 25 [ 50 [ 100 | 25 | 50 | 100
Region PZS PSO l)100 PZS PSO P100 P25 PSO PIOO PZS PSO PIOO PZS PSO PIOO

—

0.69 | 0.90 | 0.99 | 0.04 | 0.08 | 0.16 — - - — — -
1.00 | 1.00 | 1.00 | 0.56 | 0.81 | 0.96 | 0.25 | 0.44 | 0.69 | 0.10 | 0.19 | 0.34 - — -
1.00 | 1.00 | 1.00 | 0.95 | 1.00 | 1.00 | 0.72 | 092 | 0.99 | 0.42 | 0.66 | 0.88 | 0.20 | 0.37 | 0.60
099 | 1.00 | 1.00 | 038 | 0.62 | 091 | 0.15 | 027 | 047 | 0.05 | 0.10 | 0.19 — - -
097 | 1.00 | 1.00 | 0.24 | 0.42 | 0.67 | 0.08 | 0.14 | 0.27 - - - — - -
092 | 099 | 1.00 | 0.20 | 0.37 | 0.60 | 0.07 | 0.13 | 0.24 | 0.02 | 0.04 | 0.08 — — -
093 | 1.00 | 1.00 | 0.18 | 032 | 0.54 | 0.05 | 0.10 | 0.19 | 0.01 | 0.03 | 0.05 — - -
0.89 | 099 | 1.00 | 0.27 | 047 | 0.72 | 0.12 | 0.22 | 0.39 | 0.05 | 0.09 | 0.17 — - -
0.18 | 033 | 056 | 0.01 | 0.01 | 0.02 — — - - - — — - -

NeREeLRIEN RBNe MRV NI RSN S

the three points within the region, priority was giv-  when investigating different regions in Erzurum, the
en to selecting formations that may have geologi- study outputs provide an important basis for future
cal differences. Although the results obtained from studies on the dynamic properties of the soil in Er-
the study do not constitute microzonation in nature  zurum (Fig. 9).
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Fig. 6 The b-value graphs obtained for each region

Within the Hilalkent microtremor dataset (points
1, 2, and 3), measurements 1 and 2, acquired on un-
differentiated volcanic units, exhibit a near-flat spec-
tral response. In measurement number 3, applied on
undifferentiated terrestrial clastics, a soil amplifica-
tion factor of approximately 7.5 was calculated at ap-
proximately 2.4 Hz. This is the highest soil ampli-
fication factor calculated at this point among the 24
measurement points in Erzurum and its surroundings.
While the higher parts of Hilalkent are generally lo-
cated on volcanics and andesites, the industrial area is
generally located on terrestrial clastics and alluvium
(Akbas et al. 2011). The discrepancy in the anomaly
character between measurements number 1 and 2 and
measurement number 3 is thought to be due to site
effects and the presence of different tectonic and geo-
logical units (Figs 10 and 11).

The Abdurrahman Gazi region (measurement
points 4, 5, and 6) is generally characterized by high
altitudes surrounded by terrestrial clastics and andes-
ites, while the lowland area is covered with alluvium
(Akbas et al. 2011). In microtremor measurements
conducted in the Abdurrahman Gazi region, a soil am-
plification factor of approximately 2.4 was calculated
at approximately 5.3 Hz in measurement number 4.

Measurements 5 and 6 show a similar flat character
(Figs 10 and 11).

The Dadaskent region, located at points 7, 8, and
9, is a settlement area with a very low groundwater
level (near the surface) and mostly built on alluvial
units (Akbas et al. 2011; Aydin et al. 2025). A com-
parison of the obtained microtremor results with oth-
er measurements across Erzurum indicates that the
Dadaskent region is particularly critical in terms of
earthquake-soil-structure interaction. Significant soil
amplification factors below 1 Hz were calculated in
all three measurements. The soil amplification factor
observed at low frequencies (< 1 hz) represent loose
soils. This situation suggests that the calculation
and design of forces under dynamic loads in the Da-
daskent region is a phenomenon that requires special
attention (Figs 10 and 11).

The Kayakyolu region (measurement points 10,
11, and 12) is located on Terrestrial Clastics. The
transition between Andesites and Volcanites in the
higher elevations and Terrestrial Clastics is governed
by the Palandoken Fault Zone (PFZ) (Akbas et al.
2011; Emre et al. 2013). Measurements 10 and 11
show similar characteristics and exhibit a slight soil
amplification at ~ 0.3 and ~ 1.1 Hz (~ 2). Measure-

139



250 300
500 200 250
3 400 3 3 200
T Region 1 € 150 = Region 3
o o Region 2 &
£ . ' £
2 & &
50
4 45 5 55 8 % 45 5 55 & 65 7 8
Magnitude Magnitude Magnitude
500 350 1400
450
300 1200
400
350 250 1000
3 200 3 J [t |
@ Region 4 @ @
a a a
£ E s E o0
@ 200 s 2
@ 4 4
150 100 400
100
50 50 200
0 0 0
4 4 45 5 55 6 6.5 4
Magnitude Magnitude Magnitude
1800 600 4500
1600 4000
500
1400 3500}
1200 400 3000
- - o o —
o -chmn 7 o o Region 9
8 1000 s [ Region 8. | § 2500
€ £ £
i @ 3
4 4 4

Magnitude

Magnitude

55 6

45 5
Magnitude

Fig. 7 Region-specific magnitude-return period curves derived from seismic hazard analysis

ment 12 was applied on the peak bounded by the PFZ.
Formation transitions can be observed here from the
field geology. At this location, a soil amplification
factor of ~ 3.6 was identified at a frequency of ap-
proximately 1.1 Hz (Figs 10 and 11).

The Yildizkent area (measurement points 13, 14,
and 15) is mostly located on terrestrial clastic de-
posits and is situated close to the PFZ (Akbas et al.
2011; Emre et al. 2013). All measurements carried
out here are of a similar character, with soil ampli-
ficaiton factors ranging from ~ 1 to ~ 2.5 (Figs 10
and 11).

The university area (measurement points 16, 17,
and 18) encompasses the central campus of Ataturk
University. Studies conducted in this area indicate
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that the soil amplificaiton factor can be observed at
low frequencies (Figs 10 and 11).

The Yenisehir region (measurement points 19, 20,
and 21) is mostly located on terrestrial clastic deposits
(Akbas et al. 2011). The three microtremor measure-
ments conducted at this site suggest that the soil may
exhibit approximately twofold amplification under
dynamic loading conditions (Figs 10 and 11).

The area in the city centre (measurement points
22,23, and 24) is mostly located on alluvium and ter-
restrial clastic deposits (Akbas et al. 2011). Measure-
ments taken at only three points show that the soil
can exhibit a high soil amplification factor at low fre-
quencies. At measurement point 22, located in an area
with a high concentration of historical structures (Er-
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zurum Castle, Twin Minarets, Historical Mosques),
two significant anomalies are observed. The first is
an anomaly that becomes prominent at approximate-
ly 0.4 Hz and has a soil amplification factor of ap-
proximately 2.5. The second is an anomaly located
between 3 and 4 Hz and has a soil amplification factor
of approximately 3. In areas with a high concentration
of historical structures, the dynamic properties of the
soil should be assessed prior to any soil improvement
interventions (Figs 10 and 11). Given the potential
deficiencies in the building stock due to the city cen-
tre and Yenisehir districts being old settlement areas
and because it is not possible to define a very large
area in only three points considering population den-

sity, it is important for Erzurum to carry out a micro-
zoning study specific to the city centre and Yenisehir
districts in the future (Figs 10 and 11).

DISCUSSION

In this study, the seismic hazard in Erzurum and
its vicinity was evaluated and interpreted in an inte-
grated manner, considering seismic attenuation (ab-
sorption) coefficients, Gutenberg-Richter (b-value)
parameters, and local soil dynamic characteristics
(microtremor). The average seismic attenuation co-
efficient of 0.02475 obtained from 535 earthquake
data points proves that seismic wave propagation in
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Erzurum and its vicinity is not homogeneous and has
a varied attenuation character. The fact that seismic
wave absorption is low in the east (VANB) and west
(ERZN), while it is high in the north and south direc-
tions, demonstrates the geological complexity of the
study area. The high attenuation values observed in
Fig. 2, particularly around the YEDI station, are con-
sistent with active fault zones and lithological units
with high fracture density, indicating the presence of
fluid and the influence of weak zones in these areas
(Aydin 2015; Aydin et al. 2020). In contrast, the low
attenuation values obtained around ERZN and VANB
suggest the presence of more rigid and compact units.
Similarly, local earthquake tomography and magnetic
anomaly studies conducted in the region by Ozer et
al. (2022b) also revealed low P-wave velocities (Vp)
and shallow Curie Point Depths (CPD) in areas such
as Tekman, Soylemez, and the north of Karliova.
These regional variations in seismic damping values
parallel lithospheric changes in the region, such as
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low seismic velocity zones, the presence of geother-
mal fluid, and potential magma chambers (Karaoglu
et al. 2018, 2026).

The average absorption coefficient of 0.02475 ob-
tained in this study is somewhat higher than that re-
ported by Aydin (2016), a difference likely reflecting
the inclusion of stations in geologically more hetero-
geneous zones around Erzurum. The active tectonic
structure in Eastern Anatolia, Tiirkiye, yields two key
findings from this study. First, the mean attenuation
coefficient of 0.02475, and especially its spatial vari-
ation, is consistent with the view of a relatively thin
and thermally disturbed lithosphere in this region.
High heat flow, shallow Curie depths, and geothermal
anomalies may point to a crust that has undergone
significant thinning and fluid infiltration (Bektas et al.
2007; Ozer et al. 2022b; Karaoglu et al. 2018, 2026).
It is well known that these conditions increase seismic
wave attenuation (Toksoz, Johnston 1981). Second,
the low b-value in Zone 3 may reflect the physical
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outcome of fault system currently under continuous
loading. The proximity of Zone 3 to the KTJ, where
the NAFZ and EAFZ intersect, reinforces the idea of
stress transfer and concentration from multiple direc-
tions simultaneously. The Yedisu seismic gap refers
to a segment of the NAFZ that has not produced a
major rupture and is widely regarded as one of the
most seismically important locked segments in East-
ern Anatolia (Alkan et al. 2023). A long absence of a
major rupture along the Yedisu seismic gap, coupled
with continuous plate convergence, suggests a signif-
icant increase in the stress gap in this segment. A low
b-value calculated in this area and a short recurrence
interval independently support this finding.

Seismotectonic parameters and b-values calcu-
lated using the Gutenberg-Richter equation provide
important information about stress accumulation in
the region. A low b-value (0.74) calculated for Zone
3, which includes the Erzincan section of the NAFZ,
and a high earthquake expectation on the NAFZ are in
great agreement with other studies in the literature. A
large-scale study for the Eastern Mediterranean and
the Caucasus also emphasized that low b-values (b
< 1) along Eastern Anatolia and the NAFZ indicate
active seismic zones and high tectonic stress (Bayrak
et al. 2020; Ahadov, Ozturk 2022). In addition, this
study calculated that an earthquake of magnitude
M > 7.0 for the NAFZ (Zone 3) has an approximate
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recurrence period of 46 years. This finding is also
particularly important for the Yedisu Seismic Gap,
which is located quite close to the Erzurum and Kar-
liova Triple Junction (KTJ). A low b-value obtained
in Zone 3 (NAFZ) indicates a high-stress regime as-
sociated with active strike-slip tectonics, while the
attenuation distribution reflects crustal heterogeneity
and possible fluid/thermal effects. The coexistence
of a low b-value and relatively low attenuation sug-
gests that seismic energy may be propagated more
effectively, potentially increasing the impact of large
earthquakes. Alkan et al. (2023) observed low b-
values (between 0.6 and 1.0) and positive Coulomb
stress transfer around the Yedisu segment and report-
ed arecurrence interval of approximately 55 years for
an earthquake of magnitude M = 7.0, similar to this
study. Furthermore, Bayrak et al. (2008), using the
Gumbel statistical distribution for a hazard analysis
across Tirkiye, indicated that the central and east-
ern parts of the NAFZ are in the highest hazard class
in terms of future major earthquakes (M > 7.0). All
these regional seismotectonic findings confirm the
critical nature of the low b-value, seismic damping
characteristics, and seismic hazard analysis outputs
highlighted in this study (Aydin 2015; Aydin ef al.
2020).

The dynamic properties of the soil and the seis-
mic hazard results indicate that, considering the local
soil dynamics specific to Erzurum, new engineering
structures in this area should be supported by detailed
soil investigations. Microtremor measurements con-
ducted in 8 different sub-regions within the scope
of this study yielded particularly noteworthy results
regarding soil-structure interaction, especially in the
Dadaskent region. In addition, the low dominant fre-
quency values (<1 Hz) obtained from HVSR meas-
urements in the Dadaskent region are consistent with
low shear wave velocity values corresponding to thick
and loose alluvial units. This high soil amplification
response at low frequencies is a direct reflection of a
thick and loose alluvial soil profile in the region (Ay-
din et al. 2025). Similar low-frequency amplification
patterns associated with thick alluvial sequences have
been shown in comparable basin settings, where inte-
grated geophysical approaches also revealed consid-
erable sediment thickness over bedrock (Buyuksarac
et al. 2023). Considering the fact that the Erzurum
pull-apart basin consists of thick sedimentary de-
posits, it is clear that these alluvial units with near-
surface groundwater levels would strongly amplify
the seismic energy generated by a destructive earth-
quake originating from the NAFZ or EAFZ. This
low frequency range points to a resonance risk with
medium and high-rise structures whose natural peri-
ods fall within this range. Therefore, it is expected
that amplifications caused by soil-structure interac-
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tion will become even more pronounced, especially
with an increase in high-rise construction. For this
reason, urban planning and earthquake design require
the evaluation not only of soil properties but also of
building height and dynamic behaviour. Furthermore,
the observation of different site effect characteristics
even at very close points in some areas such as Hi-
lalkent demonstrates the local influence of terrestrial
clastics, alluvium, and andesite/volcanite transitions
on soil behaviour. This situation shows that not only
the distance to fault lines but also site effect studies
need to be investigated in detail in densely populated
areas of Erzurum province.

CONCLUSIONS

The findings unequivocally demonstrate the sever-
ity and multifaceted nature of the seismic risk faced
by Erzurum and its surroundings. The low b-values
observed in the region, which is under pressure from
mega-fault systems such as the North Anatolian Fault
Zone (especially the Erzincan and Yedisu faults) and
the East Anatolian Fault Zone, indicate a significant
accumulation of tectonic stress, raising the macro-
seismic hazard in the region to critical levels. How-
ever, the real destructive threat for Erzurum stems
from the local soil dynamics and seismic absorption
characteristics at the surface of this macro-scale seis-
mic energy. A complex lithological structure of the
Erzurum pull-apart basin and the heterogeneity in
the seismic damping coefficient have the potential to
exponentially increase the destructive effect of the
dynamic forces that a potentially severe earthquake
would unleash. In particular, in areas dominated by
thick alluvial layers, such as Dadaskent and the city
centre, this situation poses a direct risk to the existing
building stock. In conclusion, the seismic safety of
Erzurum cannot be reduced solely to the magnitude
of the fault that will rupture or the distance to fault
lines. The findings indicate that in densely populated
areas, development strategies urgently need to move
beyond classical fault-focused approaches; instead,
detailed micro-zoning studies that prioritize local
soil dynamics and site impacts are essential. It is also
worth noting that the combined use of seismic attenu-
ation and HVSR analyses, though relatively uncom-
mon in regional hazard studies, proved to be a par-
ticularly useful aspect of this work.
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