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Abstract: The October 30, 2020 Samos earthquake (Mw 6.6) affected the Aegean Sea and environs, caused destruction and loss of
life in the city of Izmir located 70 km away from the earthquake epicenter. Before this earthquake, water resources were monitored in
the areas of Bayrakli, Giilbahge, and Seferihisar. For this purpose, 10 groundwater monitoring wells were drilled in the Bayrakl: area,
where groundwater level, temperature, and electrical conductivity changes were monitored at 1-h intervals in 5 wells. Besides physical
parameters such as groundwater levels, temperatures and electrical conductivities, hydrogeochemical cations, and anions measured
in the study area. Change in the groundwater levels was observed before, during, and after the Samos earthquake. A trend of rising
groundwater level was observed two days before the mainshock, to a height of 10 cm, and the level was maintained till the end of the
earthquake. The water levels returned to its original height after about 7 to 10 days of the earthquake. Moreover, electrical conductivity
(EC) values were changed because of the interaction with the surrounding rocks and well walls, mixing with different waters during the
earthquake shaking. The essential anomalies were observed in the geothermal fields of Giilbahge and Seferihisar. Due to this earthquake,
new geothermal springs emerged along the NE-SW trending Giilbahge and Tuzla faults, located about 50 to 20 km from the Samos
earthquake epicenter, respectively. The new geothermal waters are in Na-Cl composition and similar to other geothermal springs in
the region. While the recorded water temperatures in the new geothermal springs vary from 40 to 45 °C in Seferihisar, it was measured
between 35 and 40 °C in Giilbahge. Due to these anomalies, it is found essential to monitor the effect of the earthquake on the physical
and chemical characteristics of the groundwater and its usefulness in earthquake predictions.
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1. Introduction

Seismic disturbances can cause damages to the earth’s
crust and affect the physical and chemical characteristics
of groundwaters and geothermal waters. Nowadays,
a great number of researchers try to put forward the
relationship between earthquakes, groundwater levels,
and chemistry in different situations by field observations
and scientific studies especially (Wang et al., 2001; Sneed
et al,, 2003; Kitagawa et al., 2006; La Vigna et al., 2012;
Shi and Wang, 2014; Manga and Wang, 2015; He and
Singh, 2019; Lee et al.,, 2020; Senthilkumar et al., 2020).
Effects of the earthquakes on groundwater response vary
under the control of the aquifer with the factors such as
lithology, hydrogeochemistry, permeability, porosity,
pore pressure change, aquifer type, barometric pressure,
tidal effects, fault zones, well properties, and earthquake
characteristics (Bredehoeft, 1967; Roelofts, 1988; Brodsky
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et al., 2003; Claesson et al., 2004; Falcone et al., 2012; Shi
et al., 2015; Rutter et al., 2016; Yan et al., 2016; Liu et al.,
2018; Petitta et al., 2018; Shih, 2018; Sun et al., 2019; Lee
et al., 2020; Senthilkumar et al., 2020). When the water-
rock interactions occurring in the groundwater aquifer
system are examined, opened/closed cracks and fault
planes, deformation by co-seismic strain and post-seismic
hydrogeological conditions can be considered as primary
controllers (Pasvanoglu et al., 2004; Charmoille et al., 2005;
Skelton et al., 2008; Reddy et al., 2011; Woith et al., 2013;
Skelton et al., 2014). In previous studies, researches and
observations on earthquake and water-rock interaction
were also mostly related to liquefaction (Wang et al., 2001),
change of groundwater level in wells (Roeloffs et al., 2011;
Chen et al., 2013; Lee et al., 2020), and change of water
chemistry (Rosen et al., 2018; Kaown et al., 2019; Kim et
al,, 2019).
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Rosen et al. (2018) grouped the changes that may
occur after an earthquake in fractured carbonate aquifers.
In the grouping methodology, pre-earthquake changes
in physical, chemical, and isotopic properties, different
events with mechanisms affecting the post-earthquake
water quality are taken as a basis. As in the classification
within the scope of the study conducted by Rosen et al.
(2018), many studies were conducted on these topics in
the literature, and significant findings were obtained.
Post-earthquake events include strain/rupture of faults
(Cotecchia et al., 1990; Yan et al., 2016; Petitta et al,,
2018), near-surface deformations (Pasvanoglu et al., 2004;
Charmoille et al., 2005), dilation and mixing of different
aquifers (Poitrasson et al., 1999), the release of geothermal
waters (Barberio et al., 2017) and gases (Favara et al., 2001;
Chiodini et al., 2004; Italiano et al., 2004; Ciarletti et al.,
2016).

The purpose of this study was to examine the effect
of the Samos earthquake swarm on October 30, 2020 on
groundwaters and geothermal systems. Observations
made within the scope of this study are mostly based on
the relationships between earthquakes and water level
changes, differences in geothermal activity, and water
chemistry. For this reason, 10 groundwater monitoring
wells were installed in the alluvial plain of the Bayrakli
region to assess responses in groundwater level. In
geothermal fields, which were monitored continuously
for a long time, physical and hydrogeochemical water
parameters were examined, and the earthquake effects
were tried to be determined. As a result of the studies
carried out, some obvious effect-response situations have
been revealed.

1.1. Study area

Before and after the Samos earthquake sequence in the
[zmir region, this study provides a valuable observation
dataset for physical and hydrogeochemical responses at
groundwater and geothermal systems.

The mainshock of the earthquake (Mw 6.6-Republic
of Turkey Ministry of Interior Disaster and Emergency
Management Presidency (AFAD); Mw 7.0-The United
States Geological Survey (USGS)) occurred in the Aegean
Sea, north of the Samos Island, southwest of Izmir, at
14:51 local time on October 30, 2020. According to the
preliminary earthquake report of the Earthquake Research
and Application Center of Dokuz Eyliil University (S6zbilir
et al., 2020), the earthquake occurred with the rupture of
the North Samos Fault, which has a normal fault character
with E-W extension, and aftershocks occurred in the
regions between NW and NE of the fault. According to
the USGS (The United States Geological Survey), the
estimated peak ground acceleration reached 0.4 g value,
and shake intensity (according to the Modified Mercalli
scale of Worden et al., 2012) was between VII and VIII
(Figures la and 1b).

Within the scope of this study, earthquake data of
the AFAD (Figure 1b) between the dates 24.10.2020 and
22.11.2020 were used. In the geographical area between
latitudes 37.4790-38.8475 and longitudes 25.6135-
27.9973, a total of 4334 earthquake data were recorded,
and 353 earthquakes were higher than a magnitude of 3.

The study area is located in the province capital of
[zmir includes many active fault segments (Figure 1c).
The geothermal field of Giilbahge (50 km away from
epicenter), the geothermal field of Seferihisar (20 km away
from epicenter), and the district of Bayrakli (70 km away
from the epicenter) are located in the north of the city of
Neon Karlovasion-Samos Island. Although there is a long
distance to the earthquake epicenter, quite remarkable
findings were obtained in terms of both earthquake
damages and groundwater responses.

2. Geological framework

2.1. Tectonic setting

The city of Izmir, Turkey’s third-largest city in terms
of population density, is in the coastal part of Western
Anatolia. Izmir is located in a seismically active region,
defined as the “Mediterranean Earthquake Belt” as well,
which is currently under the influence of the back-arc
extension related to the collision of African and Eurasian
plates (Bozkurt, 2001).

The dominant morphology in Western Anatolia is
shaped by basin and range type extension. The Gediz,
Biiyitk Menderes, and Kiigitk Menderes basins are the
most important depressions in the region, bounded by
the E-W trending normal fault systems. Southwest of the
Gediz graben is the inner bay of Izmir and the terrestrial
part of it is called the Bornova depression where the severe
destruction and the loss of life occurred. The Bornova
depression, bounded by {zmir Fault from the south and
by the Bornova-Karsiyaka Fault from the north, is filled
with Holocene alluvial deposits unconformably overlying
Miocene volcano-sedimentary succession (Uzel et al.,
2012). These units overlie the basement rocks of the
Paleozoic Menderes Massif, the Mesozoic Karaburun
Platform carbonates, and the Late Cretaceous-Paleocene
Bornova Flysch Zone.

The NE-SW trending strike-slip faults such as Tuzla
Fault and Seferihisar Fault control the tectonic activity in
the region as well as the geothermal waters. Here deep-
seated fault planes are the most important structural
controls that allow meteoric waters to infiltrate deeper
levels and which ascend to the surface after heating. The
Seferihisar geothermal area is currently under the influence
of the NE-SW trending Tuzla Fault Zone (Emre and Barka,
2000; Emre et al., 2005; Uzel and So6zbilir, 2008). Cumali,
Doganbey, and Karakog geothermal fields are areas under
the control of this fault zone. The same fracture and fault

759



UZELLI et al. / Turkish J Earth Sci

is“.nh“] M(’i)” 2950000E 3000000E 3050000E
Thessaloniki //’, N
g KT — 1 IC KARABURLUN \
Bursa w¢~ E
Canakkale ” N
< 5 i
i = ——
Balikesir )S S BOI{«VO
Aegean 3= ;A‘I"AR
Sea vania  WESTERN | 5 x$ oL SV z
g e o o g
B ANATOLIA | g 3 o N ]
femir N Izmir Bay : /—\ % 2 )
Athens 3 s Lozt TBAYRARTY N
Samos Shake Intensity GULBAHCE 17)".“\%/ DISTRICT &
T 1 (Nt Ielt) ‘ V GFF =
10 - TIT (Weak) &
1¥ (Light) '6‘ LRLA /:? / \G;L\'IQ,‘{C y;
¥ (Moderate) ESME = A ne Y
f V1 (Strong) \( / i 5 5 S & / /i"/’
Mediterranean Sea VI (Very Strong) e ST %
VI (Severe) Sk bs T
1 (Violent) < SEFERIHISAR" (&7
L’ B X+ (Extreme) \\:\1
e & /
—— Faults e [ § . 7 §
Depth (km) / \\ v * <>’ e E Slgzcnk %
40 ) N:?,\ & y g
K TUZLA —
R B e
I 1 Izmir Bay /T;rgr 4 Samos Earthquake GFF g{d,&
0 . 7 6,6 Mw, Z:14,9 km (AFAD) 4%400
Magnitude | | 7 / — 69 Mw, Z:10 km (KOERD) | s
T / > 7,0 Mw, Z:15 km (GFZ) '\
® 26 Sigacik § | {]7.0Mw, Z:21 km (USGS) ey,
® 46 Bay "‘} / 7.2 Mw, Z:16 km (OCA) BIZS
6.6 0 o X
. (3] Kol | AL
X : S e NORTH SAMOS FAULT s
e ot — RUH T2
A g N ~X, /&
v, g — . ' % .
= #| Service Layer Credits: SAMOS ISLAND \4 L’LT 0 20 2
[ Esri, DeLorme and NaturalVue S Km
2950000E 3000000 3050000

Figure 1. a) The shake intensity map of the Samos earthquake, b) aftershocks greater than Mw 3.5 during the Samos earthquake swarm,
¢) location map of the study area with earthquake mainshock data and active faults (active faults digitized from Emre et al., 2013).

segments may cause seawater intrusions to the geothermal
waters in the area close to the Aegean Sea.

Another structural element is the Giilbah¢e Fault
Zone, and segments of the zone play an important
role in the formation of the Giilbahge geothermal field
(Erdogan, 1990; Emre et al., 2005; Sozbilir et al., 2009).
The Giilbah¢e Fault Zone consists of N-S trending fault
segments that cause a connection between the geothermal
system and seawaters in the Giilbahge Bay (Uzelli et al.,
2017). South of these faults is the seismogenic source of
the Samos earthquake, the North Samos Fault, limiting the
depression area deeper than 1000 m (Pavlides et al., 2009;
Chatzipetros et al., 2013). Seismic data indicate that a
37-km-long rupture occurred during the earthquake with
a maximum slip of 1.8 m (Ganas et al., 2020).

Within the scope of this study, Giilbahge and Tuzla
faults, which are among the faults that can produce
destructive earthquakes in the vicinity of Izmir, were
investigated in terms of geothermal activity.

2.2. Hydrogeological setting

Being in the Mediterranean climate zone (Csa type-
Képpen-Geiger), Izmir has hot and dry summers and
mild and rainy winters. The effect of geographical features
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on the climate is relatively high in Izmir as well as in the
Aegean Region. According to the General Directorate of
Meteorology data, July and August are the hottest and
January and February are the coldest months. The annual
average temperature varies between 14 and 18 °C in the
coastal areas. The average annual precipitation in Izmir is
700 mm. More than 50% of the annual precipitation falls
in winter, 40%-45% in spring and autumn, and 2%-4%
in summer. This study was conducted during a long dry
period.

The hydrogeological systems in Western Anatolia
are under the control of permeable units and major
tectonic elements. The fault and fracture systems provided
secondary permeability and porosity and created suitable
circulation channels in reservoir systems for both
groundwaters and geothermal waters.

Generally, geothermalsitesin theregion canbe observed
in places with uprising geothermal waters along with the
fault segments. The tectonic activity allows the mixing
process of waters and shapes the hydrogeological system
in the Giilbahge and Seferihisar area. Detailed conceptual
geothermal models of these geothermal fields have been
mentioned in previous studies (Esder and Simsek, 1975;
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Uzelli et al., 2017). In the geothermal systems of the study
area, the impermeable cover rocks cause the geothermal
waters to form a geothermal reservoir, while the alluvial
basin fillings in the Bayrakli field have unconfined and
locally perched aquifers. There are shallow alluvial aquifers
with near-surface groundwater levels between the Izmir
Bay and Bayrakli-Bornova Plain (Baba and Yazdani, 2017).
The site is characterized by water flow from the alluvium
to the near-surface aquifer, as in similar local basins in the
region. The study area was examined under three different
regions in terms of hydrogeological properties.

2.2.1. Seferihisar region

The Seferihisar region is geographically located in Western
Anatolia and has been explored from a geothermal point
of views since 1970 (Esder and Simsek, 1975; Esder,
1990). It is possible to examine the rock units forming the
geothermal system in two main groups. Basement rocks
(Paleozoic—Mesozoic metamorphic rocks of Menderes
Massif and Upper Cretaceous-Paleocene Bornova
Mélange) and cover units (Neogene and modern basin-fill
units). Intercalations of sandstone-shale-conglomerates,
serpentinites, and submarine volcanic of the Bornova
Mélange have widespread outcrops in the study area.

The deformed basement flysch units along the Tuzla
Fault Zone at the site are generally impermeable but
support surface recharge along with the fault segments
and fracture systems. In this way, the geothermal system
reservoir located at a deeper level can contain sufficient
geothermal water. For this reason, there is a fault-fracture
controlled system rather than a geothermal system with
a classical cover rock. Thus, intensely fractured basement
rocks along the Tuzla Fault are the main reservoir of the
Seferihisar geothermal system.

2.2.2. Giilbahge region

The rock sequence exposed in the Giilbahge area is divided
into two main groups: the basement and cover rocks. The
basement is made up of Triassic to Jurassic limestones
and dolomites. The overlying cover rocks are Miocene
volcano-sedimentary series and Quaternary deposits, and,
because they are impermeable, they have formed confined
aquifers in local basins.

Triassic and Jurassic karstic limestones and dolomites
are important reservoirs around Giilbah¢e. Basement rocks
that outcrop in the geothermal field are bounded by the
segments of the Giilbahge Fault Zone (GFZ). Secondary
permeability in limestones and dolomites provides surface
recharge along with fault and fracture systems.

Previous studies show that deep flows occur in the
basement and ascending geothermal waters are trapped
and confined by semi/non-permeable Miocene volcano-
sedimentary units (Baba, 2011; Baba, 2013). However,
geothermal waters move up along N-S trending GFZ

fault segments, which are the primary structural control
mechanisms of the geothermal activity in the region
(Uzelli et al., 2017). Similarly, the formation of cold-water
resources (e.g., the Malgaca-Igmeler Spring) in the region
is provided through structural controls in limestones and
volcanics. There are also springs and wells on the shorelines
that have been affected by seawater intrusion. This shows
that the aquifers in the region are in contact with each
other and with seawater due to structural controls. After
the Samos earthquake, no obvious physical or chemical
changes were observed in these cold springs and wells.

2.2.3. Bayrakli region

The basement units around Bayrakli Plain consist of karstic
limestones and flysch units. The Upper Cretaceous to
Paleocene Bornova Mélange (Flysch) comprises limestone
blocks, cherts, submarine volcanics, and serpentinites.
Mesozoic limestones are the karstic aquifer of the system
and are located in the deep levels of Bayrakli Plain,
especially in the south and east.

The Miocene conglomerate, limestone, and sandstone
sequence has porosity and permeability despite tuft and
clay layers contained in the sequence. The overlying
Miocene calc-alkaline volcanic products are lavas,
pyroclastic rocks, dikes, and domes. These volcanic rocks
are also important for the fractures, allowing meteoric
surface water infiltration through the reservoir.

The groundwater level varies between 1 and 65 m, and
groundwater flows from east to west in Bayrakli Plain.
According to the observations in the wells (Figure 2) drilled
in this study, the closeness of the groundwater level to the
surface allowed the unsaturated zone to remain at very
shallow depths. It shows that it is an unconfined aquifer,
except for the volcanic and deeply located basement unit
aquifers around Bayrakli.

The shallow unconfined aquifers in the study area are
composed of Tertiary and Quaternary alluvial deposits shed
from the higher topography. The basin-fill is composed of
alluvial fans, river deposits, and coastal deposits.

3. Material and methods
Before the occurrence of Samos earthquake, 10 observation
wells were drilled in the area of Bayrakli (Figure 2). Field
observations were made at least once a week between
October 30 and November 24, 2020 while water sampling
was performed from all fields on November 22, 2020.
Three types of VanEssen branded groundwater
diver data loggers were used in 5 of the observation
wells (Figure 2d). The divers can take autonomous
measurements with the desired time intervals, and
hourly measurements were set for all the divers. TD-
Diver was located in four of the observation wells, and
Baro-Diver and CTD-Diver were located in one well.
TD-Divers and CTD-Diver record temperature and
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Figure 2. Photos of a) drilling phase, b) final state of the wells ¢) diver measurement stage, d) divers, e) measurement studies
near collapsed buildings after the earthquake, f) well diameter features.

equivalent hydrostatic pressure of the water above the
pressure sensor diaphragm to calculate the groundwater
level with respect to ground level. Both logger types
have an accuracy of £0.1 °C in temperature and +0.5 cm
H,O in pressure. In addition to TD-Divers, CTD-Diver
is equipped with a four-electrode conductivity sensor
that measures electrical conductivity with an accuracy of
+1% of reading. Baro-Diver was used to determine the

762

barometric pressure, which is also a required parameter
for calculating the groundwater level.

Groundwater level and temperature measurements
were performed from wells S1, S3, S6, S7, and S9,
while electrical conductivity and barometric pressure
measurements were observed from S9 well. Besides,
electrical conductivity (EC), pH value, groundwater level,
and temperature measurements were performed with field
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techniques from 10 wells in different periods and subjected
to correlation with diver data.

The samples of groundwaters and geothermal waters
were collected in bottles (LPDE) and analyzed by the
Environmental Development, Application and Research
Center within the [zmir Institute of Technology IZTECH).
Ion chromatography (IC) is used for the analysis of both
anions and cations in water samples. Silica analysis was
realized by using the Silicamolybdate method in the
Geothermal Energy Research and Application Center
within the Izmir Institute of Technology. Other physical
parameter measurements of waters were carried out in the
field by using multiparameter equipment.

4. Results and discussions

4.1. Groundwater level changes in the area of Bayrakli
In Bayrakli, buildings on Holocene alluvial deposits
saturated with groundwaters were seriously affected
after the Samos earthquake, and 17 buildings collapsed.
Moreover, severe damages and casualties occurred in
the area. The same area was also affected by destructive
earthquakes during historic times. One of Izmir’s old city
settlements was in Bayrakli, called Smyrna, in the 7th
century B.C. This settlement is completely abandoned
around 300 B.C. However, the Bayrakli area from today
has become a residential area of multi-storey buildings,
business centers, and skyscrapers. According to
researchers, the groundwater recharge from precipitation
was about 27% in 1925, but this amount dropped to
13% in 2012 (Baba and Yazdani, 2017). This situation
resulted from a reduction of groundwater recharge with
urbanization because of the increase in impervious cover
and increased stress on ground layers radically.

Figure 3 shows the location of the observation wells
in the area of Bayrakli. Figure 3 also includes historical
shoreline changes and the older riverbeds, which are
projected from, the older map of Smyrna (Jones, 1939). The
current Bayrakli map shows that the buildings are located
on the Quaternary alluvium deposits, sea reclamation
areas, old flood plain, and collapsed buildings are very
close to the old river beds. Old river deposits are located
on the floors of the buildings and can cause engineering
soil problems although some parts of these river beds are
transported to the sea via water channels.

There are deformed and fractured volcanic units in
the north of the area. These units are cut and displaced
by extensional faults forming the Bornova depression
with 50 m to 300 m deep alluvial Bayrakli Plain (Baba and
Yazdani, 2017). As a result of secondary permeability and
alteration, surface recharge is provided along the slopes
of the Yamanlar Mountain. The groundwater level is very
close to the surface because the drainage area is very large,
and different streams feed almost the entire plain. For this

reason, the unconfined aquifer near the surface is the most
important groundwater source in the region. However,
clayey and impermeable units in places are proof that
perched aquifers may also form in the hydrogeological
system. The unscaled hydrogeological section shown
in Figure 4 was created by interpolating the geological
sections with shallow well data. According to the model,
Bayrakli Plain, which is also located on the Izmir Bay coast,
has an important hydrogeological system with its thick
alluvial fill, surface recharge, and groundwater level near
the surface. These hydrogeological features of Bayrakli
Plain caused significant engineering problems during and
after the Samos earthquake.

After the first mainshock on October 30, 2020, a
seismic sequence totaled over 144 (M>3.5) earthquakes
(AFAD data) occurred around the Samos Island and
[zmir region between October 24 and November 22,
2020. Figure 5 shows the magnitude-time and depth-
time distribution of the seismic activity after the Samos
earthquake. The earthquake magnitude distribution graph
shows that most of the aftershocks range in magnitude
from 3.5 to 4.5. Besides, aftershocks started to decrease
numerically within 7-10 days. Figure 5 also shows that
most earthquakes occurred in depth ranging from 5 to
10 km. Although it is located in a remote location, these
earthquakes also affected Bayrakli and its environs.

Diver records in groundwater monitoring wells
indicating possible groundwater-level changes due to this
earthquake are shown below. Artificial anomaly corrections
during the measurements were made in all data, and water
levels were corrected for barometric pressure. Also, there
was no rainfall recorded in [zmir and environs during this
study period. For this reason, it is not possible to feed on
rainfall or withdraw water from another well around the
observation wells.

In Figure 6, a time-dependent graph of temperature
measurements taken from 5 different wells (S1, S3, S6,
S§7, and S9) at 1-h intervals is given. During the period
of ~1-2 days before the Samos earthquake, changes in
the temperature of the wells were detected. While these
anomalies were in the form of temperature increase in
wells S1 and S3, temperature decreases were observed
in other wells. This situation is thought to be related to
mixing groundwaters with seawater because these two
wells are the closest ones to the sea. During the earthquake,
the temperature values in all wells decreased significantly
for a short time and then rose suddenly to a level close
to or higher than the previous level. It is thought that the
reason for this is the entry of new groundwater from the
outside into the stagnant well with earthquake waves.
Similarly, temperature changes in the wells on the 17 and
20 November earthquakes can be observed in the graph
before the earthquake.
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Groundwater level monitoring systems can be
performed at different time intervals, such as long
and short-term changes in earthquakes (Rosen et al.,
2018; Senthilkumar et al.,, 2020). Systems that monitor
groundwater changes have been installed in many regions
around the world, and relevant studies and observations
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were made (Van Duijvenboodem et al., 1993; Hsu, 1998;
Manga and Wang, 2007; 2015; Little et al., 2016; Gejl et
al., 2019; Sun et al., 2019). In previous similar studies,
water level changes (rise and fall) from 15 cm to 65 cm
during and after an earthquake were reported (Chia et al.,
2001; Roelofts et al., 2011; Lee and Woo, 2012; Chen et



UZELLI et al. / Turkish J Earth Sci

Yamanlar Mt.

Bayrakh Plain

Figure 4. Hydrogeological model of the Bayrakli Plain (see Figure 3 for location of the cross-section line A-A).
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Figure 5. Magnitude-time and depth-time distribution of Samos earthquake swarm.

al.,, 2013; Koizumi, 2013; Lee et al., 2013; Yun et al., 2019; a chaotic environment and even turbulence with shaking
Senthilkumar et al., 2020). These sudden changes in well in the groundwater environment and aquifers. It is known
levels during an earthquake are related to the formation of ~ that there are changes in pore pressure due to the strain
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Figure 6. Water temperature-time distribution of five monitoring wells before and after the Samos earthquake.

effect that occurs during an earthquake, especially in units
containing groundwater (Cooper et al., 1965; Koizumi,
2013; He and Singh, 2019).

Similarly, observation well monitoring was recorded
changes in groundwater levels in shallow wells with a
depth of 10 m in the area of Bayrakli. In Figure 7, time-
dependent graphs of groundwater levels of 5 different
wells (S1, S3, S6, S7, and S9) are given. Divers recorded
an interesting pre-seismic indicator of water level arising
two days before the earthquake event. Groundwater
level data clearly show that the water level rose sharply
approximately 10 cm, and levels maintained or increased
until the earthquake. It took place about 7-10 days after
the mainshock for the water levels to recover their former
static levels.

Additionally, a significant correlation was found
between the period of recovery of groundwater levels to
pre-earthquake levels and the continuity of aftershocks. As
can be seen from Figure 5, the dates of intense earthquakes
with a magnitude greater than 3.5 and the time interval
when water levels remained higher than pre-earthquake
levels are almost the same, and both lasted 7-10 days. This
is an indication that seismic activity can keep water levels
under control for a certain period, in addition to causing
sudden increases in groundwater levels.

During the Samos earthquake swarm (from October 30
to November 7, 2020), instantaneous level changes caused
by aftershocks were observed in some wells. However, a
chaotic environment occurs in groundwaters after an
earthquake, the levels are already high, or it is necessary
to take detailed measurements in narrower time intervals
due to frequent earthquakes. Since diver measurements
are taken every 1-h in this process, it would be wrong to
make a general comment for all wells for now.

However, towards the end of November, the aftershocks
diminished, water level oscillations were detected again in
two different earthquakes. Earthquakes with magnitudes
of 3.8 at 23:00 on 17.11.2020; 3.8 at 00:58 on 20.11.2020,
and 3.9 at 01:13 caused groundwater level changes again.
While the groundwater levels rise before the earthquake
can be seen clearly in wells S1, S6, and S9, it is possible to
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determine and to recognize the increase in wells S3 and S7
by focusing on the water level’s differentiation trend.

In addition to groundwater level observations,
studies were conducted to determine the physical and
hydrogeochemical character of groundwater (Figure 8
and Table). For this purpose, water samples were collected
from 10 wells; physical and chemical analyses were carried
out at regular intervals.

According to the sample measurement results, the
pH values of the waters vary between 6.91 and 7.37. EC
values range from 888 to 2380 uS/cm. The high EC values
were measured in wells close to the sea, such as S9 and
S1, while low EC values were measured in wells such as
S7 and S8 at topographically higher elevations. Na* and
Cl ion concentrations are also high in S9 and S1 wells,
similar to EC values. As can be seen in Piper and Schoeller
diagrams (Figure 8), these wells have higher Na* and CI
concentrations than other waters, which indicates that
these wells are affected by seawater intrusions.

K*and Mg?* concentrations are also higher in shoreline
wells. These two ions are closely associated with Na*. While
Mg* is generally derived from limestone and dolomites
together with HCO,', K* is mixed with groundwaters from
clay minerals (possibly related with perched aquifers) such
as illite.

It is to expect an increase in major ions in waters due
to water-rock interactions after an earthquake. However,
since there is no reliable water hydrogeochemistry data
before the earthquake, it will not be very accurate to
associate hydrogeochemistry data with seismic activity.
However, when the pre-earthquake EC values were
monitored both in the field and with instantaneous in-well
divers, increases in EC values were determined during and
after the earthquake. The observation of these increases
with water-rock interactions and especially in wells close
to the seashore and stream beds, indicates that seawater
intrusion occurred.

The only well in which EC values are measured with
the diver is the S9 well (Figure 7). EC value range shows
that rock-water interactions increased with the tension
before the earthquake, and then waters with high EC
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mixed into the well and increased the water level. After
the earthquake, the water left the well with the shaking,
and the well started to return slowly to its former state.
However, with the water sampling conducted within the
scope of this study, this process accelerated and caused
a disturbance with vertical hydraulic diffusivity of the
material at the bottom (Figure 7, in graph S9 labeled as
“sampling anomaly”). The materials suspended in the water
body in the well collapse to the bottom due to gravitational
forces during the earthquake, but EC values returned to
the pre-earthquake values in the well with sampling. After
a short time, the rising EC values remained stable at pre-
earthquake conditions and continued to show momentary
anomalies again as a result of aftershocks on October 20.
The increase in the water level and electrical
conductivity observed in the wells with the earthquake
shaking occurred due to the increase in permeability and
porosity properties of alluvium units for a certain period.
This situation brings about a riskier situation for Holocene
deltas and other Quaternary deposits, riverbeds-terraces,
floodplains, and reclamation areas near the sea. During the
earthquake, the pore water pressure in saturated sandy soil
will increase due to the tendency of the volume contraction
if the drainage of the water is impeded. This results in
lower effective stress and the reduction of strength, and
even the liquefaction of the sand. Liquefaction takes
place when a saturated soil substantially loses strength in
response to applied stress or seismic activity. Liquefaction
occurring beneath buildings and other structures can
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cause significant damage, such as the collapse of buildings,
bridges, and towers during earthquakes.

California  earthquake  (1989), Japan-Niigata
earthquake (1964), Japan-Tokyo Bay earthquake (2011),
and Kocaeli earthquake (1999) are some of the most
important examples of earthquake induced liquefaction.
Especially Karsiyaka, Mavisehir and Bayrakli districts of
[zmir, where there are ground conditions similar to those
in the regions where the mentioned earthquakes occurred,
are also very risky regions in terms of liquefaction. Within
the scope of this study, wells were drilled in Bayrakli in
the first 10 m, and groundwater level varies between 2
and 5 m in the dry period. It is observed that floods and
sea elevations on the northern shores of Izmir Bay during
rainy periods increase with each passing year. For this
reason, the high groundwater level in Bayrakli is a situation
that should be considered in terms of liquefaction and soil
problems.

4.2. Physical and chemical changes in geothermal fields
Apart from temperature and pressure conditions,
aquifer and cap rock properties with structural controls
are primary control mechanisms for both geothermal
waters and groundwaters. With the samples taken from
geothermal waters, it is possible to determine the physical
and chemical changes as in groundwater. Therefore,
observations must have been made before and after the
earthquakes to determine the response in two of the
geothermal fields in Izmir.



UZELLI et al. / Turkish J Earth Sci

ApmsswL | 7zLTs| 95| ¥ITIT| €€S9| T80TT| SOIE 0S'6| 1LLF|  0TOT-IT| 090T| OFSET| 00°Z 018
ApmssiyL | 89209 8| €OFHI| €1°0SE| STL6I| ¥8IS| 66'61| 1€681| 00T-11| 06TC| 008€T| ¥6'9 6S
ApmssiyL| T€'88F| 08| 86°0ST| LE€E| LE9LT| LTSI 96'L|  WI'SE| 0T0T-IT| 0LTT| 09S01| 169 8S
ApmssiyL| zzTee| Fh| 8SL9| 0609| 6LS6| €FST 1€6| TT6V| 0T0T-T1| 08°1C 0'888| 469 LS| o
ApmissiyL| SOFIS| TE| LSTRI| ¥E€L9| TS9ST| S84T| FHST| 0TLL| 0T0T-TT| 00°TT| O'6LIT| €I°L os| &
ApmssIL| S60FS| 08| 0TTLT| LEFS| SEFOT| FSLS TW.|  8€TL| 0TOT-IT| 08T1T| 0'88ST| T1T°Z S m
ApmissiL| <8'60%| 8T| 08T6T| 0S9L| T¥F¥FCI| 6LF%F| <TOTT| LPT9| 0TOT-IT| 09TC| 000TT| LI'Z S| =
ApmssL| F£1TS| TS| ISLIT| €8S9| 8F€6| 90'8F| S0'€T| FT08| 0TOT-IT| 0TTC| 0TSIT| LEL €S
ApmssiL| TSIS| ¥8| 90F6T| TI'S9| LLEET| TEOV| L6TE|  89°9L| 0TOT-IT| O¥'€T| 0S6TI| OT'Z 4
ApmsSIL| £8'96F| ¥T| LL€SK| OT'6TT| T10TET| TEEP| <TI'€ST| €6'6€T| 0TOT-TT| 0LT1C| OF98T| 8TL 1S
1007 ‘uedIel,| 9z9T| 8| TIze| T9zez| 07TES|  OTET 0S| ¥oITI 100Z| V/N| 00008S| 8I'8 197eMBIS |
LTI0T “Te R IPZA | 9€7£0T | V/N| SPT0€| ¥#982C| €€LT1|  9€II ¥o¥|  68STI ¥10z| Se|0000zLe| 0| Suudsioyg mu
LI0T “TeRIPZA| FSOET| V/N| 9°0967| SIPET| 8LOET|  TLII 06% | LLLT1 ¥107| S€c|0000zLe| 0z| Suudsioy m
AprssiyL| 0£7SI| 07| CLP9T| 8T¥807| 6'8TIT| 96I6| <080%| LOTII| 020c-1T| 8¢-5¢| 00008ss| 69| o-oidwes| &
£L10T “Te 32 M3ZQ) . . . . e
8007 "§' [ewiIn09( I1UIZ] 10T TNV 1€4] SLS| S¥eT| STt 891 0S| S'SIT PFP1| 9102-800C| 6'SS SPIL|  T'L|SH S0qerey
‘ehey ¢ “1e 30 M3z S
002 .w.mﬂwwssm_www MSHON ws_m 065| €| ¥0g| STL9E 082 TL|  sLo1| siLLIT -msm.w%w 904 06TIT| TL Eﬁmmmom o
L10T “Te 32 m3zQ ) ) ) : ol o m
8007 "§"V [PwiIn03( I1UIZ] 107 TNV G'98¢| LET| 061 S'60STI 159 S'6S 098 1629 | 9102-8007| 6°€9| 0020€| 99| «'S'H IeWwn) =
800T "$"V [eWI0d[ Iz | TTH'ELT| STI ST¥| Sz6TI 819 LT1 15 S0¥9 800Z| SIT| 006TE| £ STPM m
€10C I TTOT TeV 9LT| VIN| €TFE| LLLLT 9% 8¢/ €0F| SO9TT| €10T-800CT 07| 0s595| 78| .Ievemess
ApmisSIyL| 11°097| SOT | 89°78S | ¥'L6STT | 1LE0SL| LVS'SLT| SELFVL| §4€69|  0T0T-TT 68| 0SsTFE| 69|  g-odwes
ApmIsSIL| FFF0S| 06| 70695 | 8'8LFTT | 9€0°0S8| 9TE 08T | 9STFPL| THT99| 0TOT-1T se| o0668¢| 99| v-odweg
PuNNY | “OOH| ‘01| <08 ._U 0| BN A "N aed *Gwv *AEU\MN Hd oEE«m-:ou&wM

*("T/SW UT SUOTJRIJUOUOD UOT {UAYE) Sem SIN[LA [} JO UL JIJOUIYILIL AYT,,) BaIe APNIS o) UT s1a1em 313 Jo sarptodord restwrarp pue [es1sAy  *dqey,

769



UZELLI et al. / Turkish J Earth Sci

Seferihisar and Giilbahge geothermal fields are located
approximately 20 and 50 km north of the earthquake
epicenter, respectively. As a result of these observations
made in the geothermal fields after the earthquake, it was
determined that some physical and hydrogeochemical
responses were formed against the earthquake. Most of
these responses gradually decreased their effects within
the month after the earthquake. This situation shows that
the earthquake on the North Samos Fault affected the
geothermal waters and faults with different characteristics
in the north of the region. The tsunami in the region also
reveals a different dimension of the earthquake (Sozbilir
et al., 2020).

4.2.1. The Giilbahge geothermal field

Giilbahge Fault Zone (GFZ) has a connection with seawater
along with the fault segments in the Giilbah¢e Bay (Figure
9). Therefore, meteoric waters, geothermal waters, and
seawater could easily mix in this area. After the Samos
earthquake, fault segments reacted to the shaking of the
earthquake and show responses with different reactions.

The first anomaly was observed in the flow rate and
temperature changes of geothermal waters. The Giilbahge
geothermal field is located on the eastern segment of the
GFZ. There is also an ancient Roman bath that was built
on alocation of geothermal spring in fractured limestones.
The highest discharge location with a flow rate of 15-201/s
emerges in a bath at the intersection of N-S and NE-SW
trending fault sets. After the earthquake, the temperature
of the bath increased from 33 °C to 35 °C, and this minor
change stabilized 4-5 days after the mainshock.

Second and the most important anomaly observed
on the Giilbah¢e shoreline. After the mainshock, new
geothermal springs in the same water character as other
geothermal springs in the vicinity were formed (Figure
10). It is a known phenomenon that there may be changes
in the permeability and conductivity properties of rocks
before and after earthquakes, especially in fault zones,
which may affect the geothermal system and groundwaters
in the region. These changes may cause a decrease/increase
in the flow rate of the existing geothermal springs, wells
and groundwaters. Also, situations such as new spring
formation and losing activity of existing springs may be
encountered (Rojstaczer and Wolf, 1992; Amoruso et al.,
2011; Chen et al., 2013; Galassi et al., 2014; He and Singh,
2019; Senthilkumar et al., 2020).

Measured temperatures of geothermal waters which
emerged after the earthquake, range from 35 to 38 °C,
and the flow rate decreases day by day (Figure 10). This
observation shows that new channels opened with the
earthquake, and geothermal waters ascend to the surface.
After the swarm of earthquakes channels began to close
again with the previous stress conditions in the area.
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Another anomaly occurred in another location one
day before the November 20 earthquakes in the north
of Samos Island with magnitudes 3.8 and 3.9. A dense
gas leakage was detected on a fault segment whose
trace on land was mapped by geophysical methods and
morphological findings (Uzelli et al, 2017), which is
thought to be continuous in the sea (Figure 10d). Similar
to the water level anomalies in the Bayrakli region, gas
leakage occurred in the sea one day before the earthquake
and disappeared the day after the earthquake. These
observed gas leakages in the sea floor are proof that the
steam in the geothermal system also reaches the surface
along the activated fault planes.

The signs of liquefaction events were also observed
in Giilbahge geothermal field during this earthquake
(Figure 11). In the west of the Roman bath, liquefaction
and sand volcano formation took place in the gardens
and agricultural lands. During the earthquake, the muddy
material with a diameter of 4-5 meters reached the
surface and activity ended one day after the earthquake. In
addition to the sandy soil characteristics, the rising sea and
groundwater levels due to precipitation and tides indicate
that the area is risky in terms of liquefaction.

In the Giilbahge geothermal system, faults and fractures
within the basement limestones control the geothermal
water flow and the hydrogeochemistry in karstic aquifers.
The origin of Na-Cl type geothermal waters reflects
in hydrogeochemical analyses in Table (Figure 12).
According to the previous and current hydrogeochemical
analyses, the highest value of electrical conductivities of
waters was measured in this study. The pH value of the
sample (Sample-C) taken from the newly released waters
is compatible with the water analyses of previous studies.

The fact that the relatively low ion concentrations (Mg**
and Ca?*) compared to the water analyses of previous
studies indicates the origin of the seawaters less affected
by the water-rock interaction since the geothermal waters
reach the surface rapidly during an earthquake. More than
chemical differences, the formation of new geothermal
springs with the same water characteristics in the Giilbahge
geothermal field, the observation of gas leakage in the sea,
and liquefaction are important findings showing that the
regional faults were affected by the earthquake.

4.2.2. The Seferihisar geothermal field
The geothermal field of Seferihisar (also called as Tuzla) isa
widespread geothermal system consisting of different sub-
geothermal fields such as Cumali, Karakog, and Doganbey.
This area has indirect and direct use applications. Further
east, Orhanli, Akyar, and Ilikpinar geothermal fields are
also areas open to development actively today.

In the field of Seferihisar, the geothermal waters
come from the basement units through fault segments.
It is possible to see geothermal springs on the right-
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sided strike-slip segments of the Tuzla Fault and in the
transtensional zones where the faults step-over and/or
bend. It is known that faults allow the upwelling of deep
mineralized geothermal waters and cause mixing with
meteoric waters (Petitta et al., 2011; Barberio et al., 2017).
Extension in lithostratigraphic units with earthquakes
increases permeability and aperture size of the fault
planes/cracks that allow the water circulation. It is also
known that there are geothermal springs and small ponds
close to this area. However, water channels on this fault
plane gained activity after the earthquake. After the Samos
earthquake, geothermal water outflow started on a fault
segment on which paleoseismological trenching studies
were carried out.

Physical and chemical analyses were made on the high-
temperature geothermal waters coming from the depths
after the earthquake on the Tuzla Fault. Temperatures of
geothermal waters that reach the surface from the fault
plane range from 78 to 99 °C (Sample B). Figure 13 shows
the view of the sources before and after the formation
and the close-up view of the sources on the fault plane.
In addition to geothermal water and steam, clayey-muddy
hot water outflows were also observed (Figure 13¢c). EC
values of the waters are very close to the EC values of
deep geothermal production wells in the Cumali region
(Table). Higher EC and temperature values show that
the geothermal system has a deep circulating geothermal
water. The new geothermal waters are dominated by Na*
and CI since they reach the surface quickly along the faults

from the same reservoir with other geothermal waters in
the field. The water type of the newly emerged geothermal
waters is reflected in the Piper and Schoeller diagrams
(Figure 14), which has the highest concentration of all
hydrogeochemical analyses sampled in this field (Table).

Na-Cl type of waters can be gained by a result of
interaction with sedimentary rocks containing evaporites,
seawater, and deep-magmatic fluids. Mg*, Cl- and SO
concentrations are higher than the analyses of previous
studies, and this situation can be associated with the
seismic activity, as stated in some other studies (Igarashi
et al,, 1995). The geothermal water and steam present in
low-permeable units may have been forced into motion
suddenly after an earthquake. In this case, high pressure,
high temperature, and rapid water-rock interaction
occurred and water samples may contain higher than
normal concentrations of dissolved ions. Indeed, in the
two samples of geothermal waters taken, the values are
higher than the concentrations in previous studies, unlike
the Giilbahge geothermal field. This situation is thought to
be related to the water’s temperature and proximity to the
heat source in the geothermal system.

After the earthquake, the regional stress regime in
the area returned to pre-earthquake conditions, cracks
and fault planes started to close, and the flow rate and
temperature began to decrease with the precipitation of the
minerals. However, long-term monitoring of geothermal
system in the area will continue to be monitored to
determine the continuity of this process.
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Figure 10. a) Hot water outflows observed during post-earthquake collapses on the shoreline b) water temperature
measurements c) newly formed hot springs d) gas leakages in the sea before the November 20 earthquakes.

5. Conclusion

The Samos earthquake (October 30, 2020) caused a
great loss of life and property damage in Bayrakli and
Bornova. In Bayrakli region, 17 buildings collapsed and
many buildings damaged due to alluvial soil properties
and strong earthquake intensity induced ground motion.
As can be seen from this earthquake, the ground-soil
properties and the high groundwater level around Bayrakli
can cause problems such as seismic wave amplification and
liquefaction. If more observation stations are established
in different geological units and different networks, higher
quality and accurate groundwater level change signals will
be obtained that can help to predict future earthquakes.
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Different studies on earthquake-related changes
in groundwaters attract much attention, especially in
recent years. In these studies, it has been attempted
to establish a connection between both groundwaters
and earthquake characteristics. However, as it is
known, there are many different controllers and
very different impulse-response mechanisms in
groundwater environments. In recent years, water
scarcity, water pollution, floods, and earthquakes have
made groundwater more important. In this context,
detailed studies were initiated in the groundwaters and
geothermal waters in [zmir province during the Samos
earthquake and aftershocks.
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Figure 11. a) Sand volcanoes b) drone photo of the liquefaction site.
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Figure 12. a) Piper diagram and b) Schoeller diagram of samples from Giilbahge geothermal field.

Groundwater observations are among the most
interesting studies. The association of these changes
with seismic activity usually occurs with water level
oscillations. The association of these changes with seismic
activity usually occurs with abrupt water level changes
and may be instantaneous as well as long-term value.
Some water sources can be formed after an earthquake,
while others may lose activity. With the beginning of
monitoring processes of water sources that have gained
importance in recent years, the researchers got the chance
to follow instant changes such as earthquakes. In terms

of seismicity, determining instantaneous level changes in
advance is very important in earthquake prediction and
resource protection.

In order to monitor the groundwater in Bayrakl
Plain, 10 wells with a depth of 10 m were drilled 1 month
before the Samos earthquake, and the monitoring process
began. While temperature and water level changes
were automatically measured at regular 1-h intervals by
divers placed in 5 of these wells, electrical conductivity
measurements were made in one well. Especially, the
water level rise steps observed in shallow wells are due to
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Figure 13. a) Fault plane view before geothermal springs are formed. b) Fault plane view after geothermal springs are formed, c) steam
with muddy hot waters, d) hot water ponds (Sample-A region). e), f) and g) geothermal water and steam activity (Sample-B region), h)
activity in front of the slickensided fault plane.

the compaction of the units during the earthquake. It is a
significant finding that the instantaneous changes in the
temperature, electrical conductivity, and water level in the
shallow observation wells were determined at the time of
and before the earthquake, even if they were centimeters
in size.

Observations show that the dates of intense
earthquakes with a magnitude greater than 3.5 and the
time interval when water levels remained higher than
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pre-earthquake levels are almost the same, and both
lasted 7-10 days. This is an important indication that
seismic activity can keep water levels under control for a
certain period, in addition to causing sudden increases in
groundwater levels.

Furthermore, geothermal anomalies related to
earthquakes in Izmir City and environs have been studied
in detail, and significant anomalies were determined
during and after the earthquake in the two important
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Figure 14. a) Piper diagram and b) Schoeller diagram of samples from Seferihisar geothermal field.

geothermal fields. Faults in the Seferihisar and Giilbahge
geothermal fields were affected by the Samos earthquake,
and new geothermal springs were detected in these areas.
Geothermal springs were formed at the seaside in the
Giilbahge field, and liquefaction was observed during the
Samos earthquake. Also, essential quantities of gas have
leaked before aftershocks that disturbed the marine floor
of the Giilbahge Bay.

Similar to the Seferihisar geothermal field, new
geothermal waters and steam outlets were formed along
the planes of the Tuzla Fault. During this earthquake, the
situation that the geothermal waters did not mix with
different aquifer flows was proved because the water
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