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Abstract

In volcanic areas, seismic events with low energy occur before earthquake activity
or due to the movement observed in the magma. These earthquakes, which are caused
by the expansion-contraction movement that has been revealed in different studies
and is mostly observed in the magma chamber, can be recorded with continuous
observations. On the other hand, it is not easy to distinguish between tectonic and
volcanic origins of earthquakes occurring in volcanic areas. In this study, Coulomb
stress analysis was carried out using earthquakes in the Nemrut Stratovolcano, which
is located in eastern Anatolia and is at the westernmost end of a volcano arc. The
results demonstrate a very good correlation between positive Coulomb stress changes
and earthquake hypocentre depths. It was concluded that the stress is related to the
Nemrut Caldera, therefore the positive stress caused by the expansion of the magma

chamber of the Nemrut VVolcano creates tremors.

1. Introduction

Eastern Anatolia region is mostly represented by
volcanic rocks, mainly due to the large Quaternary
volcanic centers such as Nemrut, Siiphan, Tendiirek,
and Agri  Mountains (Figure 1la). Nemrut
Stratovolcano is one of the important volcanoes in the
Eastern Anatolia located at its westernmost tip and is
on the western shore of the Lake Van called the
largest lake in Tiirkiye. Nemrut Stratovolcano started
volcanic activity about 1 million years ago and was
last active in 1692 [1-4]. Nemrut Stratovolcano is one
of the few volcanic mountains in Tirkiye that has no
activity however is defined as a dormant volcano. The
caldera apex of the volcano is ~2948 m in elevation,
and its base is about 17 km in diameter [5]. Nemrut
Caldera, the largest of which covers an area of 12.5
km? and has a freshwater lake with a depth of around
135 m and four lakes of different sizes, is the largest
caldera in Tirkiye [1]. The region where the Nemrut
Caldera is located is also very close to the area where
the Arabian Plate thrusts the Anatolian Plate, and it is
a very important region in terms of tectonism.
Depending on the closure of the Tethys between the
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Eurasian and Arabian Plates, a thrust towards
Anatolia started along the Bitlis-Zagros Suture Belt
(BZSB) from the Middle Miocene, and Eastern
Anatolia rose with a mean elevation of ~2 km and
took the form of a plateau [5, 6]. Therefore, this
system is at the source of the volcanism in Eastern
Anatolia. The volcanic material started to rise along
the opening cracks that started in the N-S direction
and led to the development of Plio-Quaternary
volcanoes [7, 8].

It was observed continuously between 2003
and 2005 with three seismometers placed around the
Nemrut Caldera and the volcanic tremors recorded.
These volcanic earthquakes were caused by magma
activity mostly occurring at a depth of 4-5 km [1]. The
depths of the crystallized and solidified deep rock
masses were determined by the inversion and
normalized full gradient (NFG) techniques from the
air magnetic anomalies of the region where the
Nemrut Caldera was located at a depth of 4-5 km. It
was suggested that a magma chamber may be found
at this depth [4]. The power spectrum analysis
performed to estimate the deeper magnetic sources
affected by hydrothermal fluids and Fe-rich rocks

Received: 29.05.2024, Accepted: 18.07.2024


https://dergipark.org.tr/tr/pub/bitlisfen
https://doi.org/10.17798/bitlisfen.1491872
https://orcid.org/0000-0003-3912-7503
https://orcid.org/0000-0001-5232-4654
https://orcid.org/0000-0002-4279-4158
mailto:hamdialkan@yyu.edu.tr

H. Alkan, O. Bektas, A. Biiyiiksarag / BEU Fen Bilimleri Dergisi 13 (3), 788-797, 2024

described almost the same depths. This depth range
was also associated with volcanogenic earthquakes
occurring at 4-5 km depth [4].

The volcanic products that form on the
volcanic basement are classified into pre-caldera, syn-
caldera, and post-caldera phases in the region. The
basaltic trachyandesitic lava flows and peripheral
silicic domes were observed in the pre-caldera
activity of the Nemrut Stratovolcano. During the syn-
caldera stage, explosive eruptions occurred and
produced pyroclastic deposits. On the contrary, the
basaltic-rhyolitic effusive activity appeared in the
post-caldera activity. The post-caldera stage produced

peralkaline-type rocks, ash eruptions, and rift
activities with basalt- and rhyolite-type lava flows.
The last activities of Nemrut Mountain were recorded
in 1441, 1597, and 1692 [5-9]. These activities refer
to shallower magma chambers around a depth of 4-5
km [1, 2]. Nemrut Stratovolcano has hosted various
rock groups from the Paleozoic to the present.
Especially Quaternary volcanics cover a large area
around the volcano. On the other hand, while
Neogene units in the north and Paleogene units in the
south are present, Triassic volcanics are situated to the
west. On the other hand, Holocene and Quaternary
faults are observed to the north and northwest of the
Nemrut volcano (Figure 1b).
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Figure 1. (a) Main tectonic elements of Eastern Anatolia (modified from [6, 24, 25]). Claret red triangles depict
Quaternary volcanic centers. Black arrows show plate motions (taken from [26]). The solid black lines represent the
active faults modified by [27, 28]. Abbreviations; AM: Agr1 Mountain, BZSB: Bitlis-Zagros Suture Belt, DSFZ: Dead
Sea Fault Zone, KTJ: Karliova Triple Junction, NAFZ: North Anatolian Fault Zone, NEAFZ: North East Anatolian Fault
Zone, NM: Nemrut Mountain, SM: Siiphan Mountain, TM: Tendiirek Mountain. (b) The geological map of Nemrut
Mountain and its surroundings [27, 29]
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In literature, many studies have investigated
the relationship between volcanic activity and local
seismicity [10-18]. Recently, [19] used seismic data
from 2003 to 2017 to describe subsurface fault
structures related to volcanism and crustal tectonics in
the Aleut volcanic arc near Tanaga Island. They
concluded that all four volcanic centers on the island
exhibited volcanic seismic activity since the
observations began in 2003. Volcan de Fuego in
Guatemala created a violent eruption with little
warning on June 3, 2018. It created pyroclastic
density currents affecting nearby settlements. This
resulted in 169 deaths, 256 disappearances and
approximately 13,000 people permanently displaced
from their homes. It was observed with an extensive
network of seismic and infrared sensors [20]. Using
both seismic and infrasound data, [21] and [22]
guantitatively modeled the source properties of
seismo-acoustic signals associated with eruptions at
Mount Cleveland in the United States and Mount
Santiaguito in Guatemala, respectively.

Seismicity in volcanic regions is mainly caused
by the dynamic interaction of molten rock and
hydrothermal fluids with solid host rock, the
fracturing and disintegration of the magma itself, and
tectonic processes interacting with the volcano. [23]
examined the relationships between the circulation of
hydrothermal fluids, travertine precipitation, and
tectonic activity. They particularly revealed the role
of faults in controlling the uplift of fluids, the location
of thermal sources, and the accumulation of travertine
masses. Within the scope of this study, recent micro-
earthquakes that occurred near the Nemrut Caldera
were examined, and whether these earthquakes could
be due to the pressure effects in the magma chamber
or not, depending on the Coulomb stress changes.

2. Seismicity of Nemrut Caldera

In volcanic regions, it is necessary to discriminate
between seismic activity created by tectonic
processes and triggered by fluid dispersal. A full-time
history analysis of the seismicity preceding and
accompanying volcanic eruptions is required to
understand the interaction between tectonic and
magmatic processes [30]. Although the current
activity of Nemrut Caldera is revealed as hot springs,
fumaroles, and a small, hot lake [8], there are
significant Holocene/Quaternary active fault systems
around the Nemrut stratovolcano (Figure 2) [4]. In the
region, the Nemrut extensional fissure is associated
with the normal fault mechanism and is considered an
active structural feature causing Quaternary volcanic
activities in the region [28]. In addition to this, the
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Nazik Golii Fault is located in the west of the Nemrut
stratovolcano and has a right-lateral strike-slip
mechanism. In the west of the Nemrut Stratovolcano,
the Mus Fault Zone is accompanied by a thrust-
reverse character [28]. In the east of Nemrut
Stratovolcano, the Southern Boundary Fault and
Northern Boundary Fault are located on Lake Van.

To model the local seismicity around the
Nemrut Stratovolcano, the Coulomb failure stress
changes in bars should be calculated for the best-
oriented focal mechanism solutions. Since the focal
mechanism parameters (strike/dip/rake) of the local
earthquakes around the Nemrut Caldera cannot be
reached, we overcome this problem by obtaining the
numerical 3-component data recorded at the Disaster
and Emergency Management Authority (AFAD)
broadband stations. Detailed information on
permanent broadband seismic stations is shown in
Table 1. Also, the locations of the broadband seismic
stations employed by the AFAD are demonstrated in
Figure 2. For fault plane solutions, we perform the
Seisan software package [31], which is composed of
different programs such as FPFIT [32] and PINV
[33]. FPFIT uses first-motion polarities for selected
earthquakes based on the double-couple fault-plane
solution and is the weighted sum of first-motion
polarity discrepancies. It automatically finds a
solution in the least squares sense, which means that
it is not a correct solution however it corresponds to
the best solution. FPFIT estimates the uncertainty in
the model parameters (strike, dip, rake). Finally,
FPFIT calculates a uniformly distributed set of
solutions within the range of estimated uncertainty
[32]. Besides, PINV makes an inversion with the first
arrivals of all P phases selected from earthquakes and
gives the best focal mechanism solution depending on
P-phase polarities [32-34]. Considering the general
characteristics of active fault systems around Nemrut
Caldera, we state that the focal mechanism solutions
of 9 local earthquakes with low magnitudes
(1.1sM<2.9) are compatible with local tectonic
structures. Focal mechanism solutions calculated in
this study depict generally reverse/normal fault
mechanisms, consistent with the Nemrut Rift Zone in
the region [5, 9]. Figure 2b and Table 2 show the
selected  earthquakes' locations and  focal
mechanisms.
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Table 1. The broadband stations of the AFAD (TU) with detailed information in the study region were used to calculate
the focal mechanism solutions

Station Code Latitude (°) Longitude (°) Elevation (m) Opening Date
MUSM 38.724 41.511 1357 2013/03/21
TVAN 38.524 43.403 1970 2001/10/20

BLIS 38.414 42.115 1608 2013/03/21
ADCV 38.808 42.724 1774 2011/10/28
GEVA 38.312 43.058 1672 2008/11/02
PERV 37.946 42.541 1377 2014/11/28
SRTM 37.991 41.922 1145 2011/10/29
TUTA 39.401 42.813 2154 2006/09/15
DORK 39.387 42.780 1714 2017/11/09
TATV 38.580 42.267 1831 2006/10/21
BNGL 38.952 41.149 1968 2005/07/13
BTMN 37.891 41.269 962 2010/11/25

Table 2. The fault plane solutions of the selected earthquakes based on the FPFIT and PINV Methods [33] to calculate
Coulomb failure stress changes in the study region

No Date (day/month/year) Latitude Longitude Depth MaLg%Ci?LIJ de Dip (°), Strike (°), Focal Mechanism
(hh:mm:ss) (®) (°) (km) (ML) Rake (°) Type

1 01/01/2023 12:26:57  38.657 42.210 4.4 1.4 71,38,-121 Normal
2 17/11/2022 06:10:57  38.624 42.266 4.6 2.0 13,77,-161 Strike-slip
3 28-03-202123:02:41  38.606 42.242 4.6 1.1 33,45,-89 Normal
4 30/05/2020 06:32:56  38.595 42.249 45 2.0 84,88,25 Strike-slip
5  21/05/2020 20:28:52  38.607 42.271 5.0 1.9 15,90,0 Strike-slip
6  05/03/2018 18:43:44  38.604 42.239 4.6 1.8 29,90,0 Strike-slip
7 19/01/2018 17:41:41  38.775 42.280 3.9 2.1 38,18,38 Reverse
8  24/04/201510:13:54  38.598 42.261 7.5 2.5 234,88,-69 Strike-slip
9  03/12/201011:29:34  38.606 42.281 4.6 2.9 14,28,38 Reverse
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Figure 2. (a) Location of broadband seismic stations (red triangles). The active faults are shown with thick black lines
with their names (white color) taken from [28]. The black rectangular area represents the study region. (b) The fault plane
solutions and locations of the selected earthquakes (in detail please see Table 2). (c) The thick red lines depict the active
faults in and around Nemrut Volcano. Blue circles represent the cities. NM: Nemrut Mountain, SM: Siiphan Mountain
(modified from [4])

3. Method of Coulomb Failure Stress Changes

Coulomb Failure stress changes (4CF'S) are computed
for several sources of different depths and geometry.
Modeling of stress change associated with the faults
slip in the tectonic regions is widely used and given
information about the seismicity mechanisms [11]. In
volcanic regions or non-tectonic sources such as the
Nemrut Stratovolcano, it is necessary to distinguish
between seismic activity generated by tectonic
processes and fluid propagation.

The dip of the fault, crust rheology, the magma
reservoir depth, amplitude of the pressure variation,
and the nearby fault strongly influences the location
of the areas of positive and negative values of
Coulomb failure stress [30]. Failure occurs when the
change in stress exceeds a threshold value [35, 36,
37]. ACFS can be defined as

ACFS = At + u(4on + AP) 1)

where At and Aon represent the shear stress and
normal stress, respectively. AP is the pore pressure
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change and x is the frictional coefficient. According
to [30], the frictional coefficient is assumed to be 0.75
associated with the viscoelastic elements of a volcano
[38]. Coulomb stress changes are computed on the
best-oriented fault mechanism parameters given in
Table 2. Total stress change is related to the

background regional tectonic loading and the stress
change resulting from the local overpressure [13].
The algorithm diagram of Seisan software and
Coulomb 3.3 software is shown in Figure 3.

Stress Change Calculation Procedure

Selsan Im ort raw Initial Pick Fault plane Compute earthqakes
Explorer P data signal solution parameters (depth,
Processmg processing Phases (Pand S, ...) (FPFIT, PINV) magnitude, etc.)
Coulomb o
Bu11t input Select study Import fault elements
file - >> (depth, magnitude, etc.) Calculate Coulomb Stress-Change
Processmg

Figure 3. Algorithm diagram of Seisan software package [31] and Coulomb 3.3 software [37]
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Figure 4. (a) 3D Topographic map around the Nemrut stratovolcano with a vertical cross-section of Coulomb failure
stress (ACFS) in bars. The white dashed rectangle (line A-B) restricts the vertical cross-section with a dip angle of 70°.
The fault friction coefficient is used as x« = 0.75. The red beach balls belong to the focal mechanism solutions of the
earthquakes given in Table 1. (b) The map of Coulomb failure stress (4CFS) at the depth of 4 km associated with all
earthquakes. The black dashed rectangle depicts line A-B. The stress values are linear in the range -1x107 to +1x1075.

Blue areas show relaxed regions, while red areas demonstrate loading regions

4, Results and Discussion

This study aims to investigate the source of stress
transfer and seismicity under the volcano caldera by
utilizing the focal mechanism solutions of local and
small earthquakes occurring around Nemrut
Mountain. In Figure 4, a profile is created to cut
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through the volcano caldera. According to profile A-
B, both the cross-section going down to 7.5 km and
the Coulomb stress change map at 4 km depth are
shown. Since the deepest earthquakes with focal
mechanism solutions are 7.5 km (Table 2), the cross-
section is taken up to this depth. The average
hypocentral depths of earthquakes are observed at a
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depth of 4-5 km and these depth intervals coincide
with magma chamber depth (~4 km) [4].

When we look at the cross-section, positive
stress is observed in the upside and downward
direction, while negative stress strikes approximately
the west and east directions. At the same time, regions
with positive stresses correspond to the hypocentral
points of earthquakes. When the focal mechanism
solutions of earthquakes are examined, it is striking
that they are in the structure of strike-slip, normal
faults, and oblique faults. This confirms the upward-
downward stress variation. On the other hand, when
the stress change at 4 km depth is examined, it can be
observed that there is a similar upward positive stress.
On the other hand, [39] found a Curie Point depth of
approximately 17 km around the Nemrut Caldera. In
the steady-state geothermal evaluation calculated
using the method proposed by [40], it was predicted
that a temperature of 150 °C could exist around 5 km.
This corresponded to a heat flow value of
approximately 90 mW/m?, However, [41] expressed
the existence of an average temperature of around
1000°C. This high-temperature value was naturally
associated with the pressure increase due to expansion
in the caldera. Therefore, we can state that the origin
of the earthquakes with irregular activity observed in
the Nemrut Caldera corresponds to the expansion
effects in the Caldera.

In recent vyears, different seismotectonic
parameters such as b-value, Dc-value, and Coulomb
stress variation have been used by earth scientists to
forecast the future seismicity for the Eastern Anatolia
region. [42] investigated the seismic quiescence in the
eastern part of Turkey. They identified clear
guiescence anomalies at several seismogenic sources.
These anomalies appeared in the Erzurum, Tunceli,
Elaz1g, Bingol provinces, and Van Lake region. For
these regions, they calculated the duration of
guiescence before the occurrence of an earthquake as
5.0 £ 1.5 years. [43] performed a statistical analysis
to find out the current earthquake potential in the
Eastern Anatolia region. For this purpose, he used
some seismotectonic parameters called seismic b-
value, seismic quiescence Z-value, cumulative
moment, and annual probability and recurrence time
of earthquakes. The results showed a significant
decrease in b-value and clear quiescence anomalies in
Z-value at the beginning of 2015 in the Central
Anatolia Fault Zone, Malatya, and Ovacik faults, the
southeastern part of the EAFZ, north of Lake Van,
and Malazgirt Fault. These results may supply
significant clues to reveal the seismic potential and
trigger stress increases in the region. [44] made a
similar and enhanced study for the Eastern Anatolia
region based on the seismotectonic b-value, fractal
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dimension Dc-value, and precursory seismic
quiescence Z-value. According to the results of [44],
small b-values and large Dc-values were observed in
the Caldiran Fault, around the Geng¢ Fault, Piiliimiir
and Karakocan Faults, and the Sancak-Uzunpinar
Fault Zone. Moderate b-values changing between 1.0
and 1.1 and Dc-values changing between 2.1 and 2.2
were calculated around the Nemrut Volcano and the
southern area of the BZTZ, EAFZ, and eastern area of
the NAFZ. [45] made an analysis of the spatial and
temporal changes of b-value and Coulomb stress
change around the Lake Van region. For this purpose,
they used a homogeneous earthquake catalog for b-
value distribution and focal mechanism solutions of
83 local earthquakes for Coulomb stress change. They
observed a decreasing trend in the b-values and
positive Coulomb stress changes around the eastern
part of Lake Van covering the Van Fault Zone,
Yenikosk Fault, Caldiran, Baskale and Yiiksekova-
Semdinli Fault Zones. On the contrary, their analysis
presented the Siiphan and Nemrut volcanoes did not
show any significant stress change. [46] made a
seismic hazard analysis of the multiple parameters in
and around the Lake Van region covering the Nemrut
Volcano. They used some important seismotectonic
parameters such as b-value, Z-value, relative intensity
(RI) and pattern informatics (PI), and Coulomb stress
changes. Especially RI-P1 algorithm in first assessed
in the region. They stated that smaller b-values, higher
Z-values, positive-Coulomb stress changes, and the
locations of earthquake hotspots for 2022-2032
corresponded with Muradiye, Caldiran, Ozalp, Ergek,
Van and Gevas, Ercig, Malazgirt and Saray provinces.
For the Nemrut Volcano and its surroundings, they
calculated a higher b-value and positive seismic
guiescence anomaly. These values generally
indicated a great number of small-magnitude
earthquakes. On the contrary, negative/moderate
Coulomb stress values were calculated around the
Nemrut Volcano. These negative Coulomb stress
values and higher b-values indicated that tectonic
earthquakes were less likely to occur in volcanic
regions.

In the case of an increase in pressure of the
magma reservoir or the reservoir inflation, changes in
Coulomb failure stress indicate that the positive
variations are most marked above and beneath the
magma chamber. Therefore, seismicity and cracks
may be expected to develop in this region [12]. When
the pressure decreases (the reservoir deflation), the
seismicity should occur laterally offset from the
extent of the magma reservoir and at the same depth
[30]. [13] modeled the Coulomb stress changes of
Campi Flegrei Caldera due to the magma chamber
overpressure and associated them with shallow
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earthquake locations (< 4 km) during magma
reservoir inflation. The stress changes associated with
overpressure in the shallow magma chamber were
then likely to be the primary cause of local seismicity.
The seismicity can be interpreted in terms of
Coulomb stress changes produced by a source of
overpressure, in the presence of ring faults bordering
the caldera, and with a background, regional stress.

5. Conclusions

This study models Coulomb stress variations caused
by the local seismic activity beneath the Nemrut
Caldera. Coulomb stress changes have been
calculated for the best-oriented focal mechanism
solutions demonstrating a perfect correlation to active
fault mechanisms located in the region. Results
indicate that positive stress changes are oriented
upward and downward striking due to the possible
magma chamber and hypocenter areas. The focal
mechanism depths of the earthquakes calculated in
this study are compatible with the possible magma
chamber depth. The magnitudes of earthquakes agree
with the magnitudes of energy released during
volcanic tremors. On the contrary, negative stress
changes strike roughly the E-W directions. Also, the
findings of this study suggest that the magma
chamber beneath the Caldera plays a more relevant
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