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ABSTRACT

The impermeable caprock within a geothermal system serves
the purpose of effectively sealing the reservoir, resulting in an
elevation of both pressure and temperature. This sealing mecha-
nism plays a crucial role in the long-term preservation of the sys-
tem while also contributing to its overall sustainability. Caprock
failure subsequent to seismic activity near a geothermal site can
lead to the permeation of the caprock structure, resulting in
diminished sealing capabilities and a decline in the reservoir
temperature. In addition, this process alters the geochemical
composition of the water by creating a hydrothermal mixture
zone that disrupts the resistivity structure of the caprock, which
is typically characterized by low resistivity values due to its sub-
stantial clay content and mineral alteration. This study focuses on
investigating the integrity of the caprock at the Çanakkale-Tuzla

geothermal field in Turkey, where water temperature and conduc-
tivity were reported to have decreased after a moderate-magni-
tude earthquake and subsequent aftershocks. For this purpose,
we have performed magnetotelluric (MT) measurements, a
method known for its sensitivity to geochemical reactions. These
measurements are conducted along two parallel profiles that en-
compassed a total of 32 stations. The particle swarm optimization
(PSO) technique is used to overcome the subtle difficulties asso-
ciated with conventional inversion methods in modeling the MT
data of complex formations. This is the first study that overcomes
the difficulties emanating from the caprock failure by modeling
MT data using PSO. Our modeling approach produces resistivity
images that we interpreted as the signature of the failed caprock
following the earthquake at the study site. Our results appear to
confirm the documented geochemical changes, or hydrothermal
mixture zone around the caprock structure.

INTRODUCTION

The caprock, which acts as a critical component of a geothermal
system by sealing the reservoir and maintaining pressure, is suscep-
tible to damage from nearby earthquakes (Yamaya et al., 2013), vol-
canic activity induced by seismicity (Iguchi, 2013), and pore-
pressure changes induced by magma intrusion (Mannen et al.,
2021). In a typical reservoir, the presence of an impermeable cap-
rock serves to inhibit any potential leakage and effectively seals the
reservoir, facilitating the accumulation of high temperature and
pressure conditions that enhance well productivity. The caprock’s
integrity, characterized by these attributes, guarantees the sustain-

able exploitation of the reservoir, in contrast to caprock with limited
sealing capacity, which results in leakage (Song and Zhang, 2013;
Maffucci et al., 2016). Therefore, methods of inspecting the geom-
etry and integrity of a caprock are valuable for postearthquake
assessments to maintain sustainable exploitation of a geothermal
reservoir.
A caprock structure is usually characterized by mineral alteration

leading to a high clay content, resulting in a structure identified
clearly with a low electrical resistivity (Muñoz, 2014) and low per-
meability (Jones and Dumas, 1993; Ussher et al., 2000; Samrock
et al., 2015; Lichoro et al., 2017). However, the task of distinguish-
ing caprock failure by using magnetotelluric (MT) measurements
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inverted with traditional inversion techniques can pose challenges
due to the structural intricacies arising from the nonsealing charac-
teristics of the caprock. This is because the dependence on the initial
model required for conventional inversion methods usually results
in a final model that is trapped around a local minimum because of
too large absolute gradient of an objective function explicitly evalu-
ated by a numerical method (Shaw and Srivastava, 2007; Yuan
et al., 2009; Fernández Martínez et al., 2010; Pekşen et al.,
2014; Pallero et al., 2015; Godio and Santilano, 2018). Moreover,
partial derivatives in a nonlinear mathematical model can lead to a
singularity in the basic model equation system with conventional
inversion methods. Clearly, solving a singular system requires te-
dious approximation methods, such as phasing out the zero eigen-
values and vectors and replacing zero or small eigenvalues with
slightly greater values, which is equivalent to adding noise to
the system. Similar discussions can be found in Bonabeau et al.
(1999) and Kennedy and Eberhart (2002).

Şanliyüksel Yücel et al. (2021) monitor a decrease in the temper-
ature and electrical conductivity of geothermal water close to the
Çanakkale-Tuzla geothermal field after the Mw = 5.3 earthquake
on 6 January 2017 and the subsequent aftershocks until 26 March
2017. We consider that these observations are highly related to the
postearthquake activity resulting in the failure of the caprock integ-
rity in the field. Unfortunately, we have no evidence that the caprock
provided a seal prior to the earthquake. The determination of cap-
rock integrity following the earthquake was conducted in this study
using the MT data acquired within the geothermal field, as shown in
Figure 1. In addition, we used particle swarm optimization (PSO) as
a viable alternative to traditional inversion methods in the context of
one-dimensional modeling of the MT data set. This dimensional
modeling offers enhanced resolution in detecting caprock structure
compared to two- or three-dimensional modeling, as indicated by
Cumming and Mackie (2010). PSO as a modern global optimiza-
tion method has been applied to MT and other types of electromag-
netic data to overcome the subtle difficulties encountered in
conventional inversion techniques. For example, Godio and
Santilano (2018) use PSO for regularized 1D inversion of MT data,
Cui et al. (2020) invert MT data combining PSO and regularized
least-squares, and Pace et al. (2019) implement PSO for 2D mod-
eling. Moreover, Shaw and Srivastava (2007) study the applicability
of PSO for 1D modeling of induced polarization and MT data,
Karcıoğlu and Gürer (2019) implement PSO to obtain a smooth
model from radio MT data, Li et al. (2019) use PSO to model a
mine roadway from transient electromagnetic data, Olalekan and
Di (2017) use PSO for groundwater exploration from time-domain
electromagnetic data, and Kaplanvural et al. (2020) apply it to invert
ground-penetrating radar data to delineate different types of plastic
pipes. Pace et al. (2021) have also published a recent review indi-
cating the growing body of literature on PSO. Although the imple-
mentation of the PSO algorithm requires high computational costs,
a number of studies such as Eberhart and Shi (1998), Kennedy and
Spears (1998), Hassan et al. (2005), Gill et al. (2006), Yuan et al.
(2009), and Buyuk et al. (2017) have highlighted the rapid conver-
gence properties of PSO compared with genetic algorithms or si-
mulated annealing. The efficacy of our modeling approach in
ascertaining the caprock geometry was evident, thus reinforcing
our confidence in the robustness of PSO as a modeling technique
for the MT data acquired on a geothermal field. In this study, to the
best of the authors’ knowledge, PSO was used for the first time to
obtain a 1D geoelectric resistivity cross section of a reservoir using
MT data sets acquired soon after an earthquake, which usually
causes a slight drop in temperature and alters the geochemistry
of the geothermal field, as observed by Şanliyüksel Yücel
et al. (2021).

SITE DESCRIPTION

General geology

The Biga Peninsula is the study site located between Ezine and
Ayvacık districts, at Çanakkale province of Turkey, and is bounded
by Edremit Bay to the south and the Aegean Sea to the west, as
shown in Figure 1. The Biga Peninsula, affected by the closure of
the Neo-Tethys Ocean in the Late Cretaceous, has a very complex
structure resulted from series of tectonic and magmatic processes dur-
ing the period that began with the closure of the oceanic crust and
ended with the extensional process in the Early Miocene-Pliocene

Figure 1. (a) The MT measurement stations and Profiles 1 and 2,
earthquake epicenters along with moment tensor solutions (Özden
et al., 2018), boreholes T-1 and T-2 over base geology map recon-
structed from Karacık and Yılmaz (1998) and Akal (2013), and
MTA active fault map (Emre and Doğan, 2010); (b) extension of
caprock and reservoir zone along A-C’ profile (modified from
Karacık and Yılmaz, 1998). The fault along the east–west direction
(dark solid line) is a speculative fault; thus, it was described as
“unspecified fault” in the cited reference.
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(McKenzie, 1978; Dewey and Şengör, 1979; Beccaletto, 2003).
The igneous rocks were formed by the crust-mantle interaction
caused by the northward movement of the Neo-Tethys oceanic,
which subducted under the Sakarya continent. Following the com-
plete closure, a continental collision in the Paleocene-Eocene and
subsequent north–south compression led to partial melting of
the lithospheric mantle that initiated the magmatic process in the
Eocene-Oligocene-Miocene (Yilmaz, 1990; Okay et al., 1996;
Aldanmaz et al., 2000; Altunkaynak and Genç, 2008). The Kestanbol
plutons and Ayvacık volcanics, shown in Figure 1, were formed dur-
ing this compression process (Yılmaz et al., 2001). From the Early
Miocene to the Late Pliocene, the north–south compressional regime
was replaced with a north–south extensional regime that initiated the
volcanic activities related to fragmentation and thinning of the litho-
spheric and asthenospheric uplift (Yılmaz et al., 2001; Aslan et al.,
2017). Asthenospheric uplift within an extensional regime and in-
creased geothermal gradient also led to partial melting in the Early
Miocene. During this period, northeast–southwest horsts, Miocene
grabens, and sedimentation occurred, but the topographic features
of graben-horst structures were eroded by various phases and lacus-
trine sediments (Karacık and Yılmaz, 1998; Altunkaynak et al., 2012;
Aslan et al., 2017).
The Biga Peninsula, rich in industrial raw materials, metallic

minerals, and hydrothermal resources, exhibits complex structural
features of tectonic and magmatic origin that have received much
attention in several studies (e.g., McKenzie, 1978; Dewey and
Şengör, 1979; Taymaz et al., 1991; Okay et al., 1996; Karacık
and Yılmaz, 1998; Yılmaz et al., 2001; Altunkaynak et al.,
2012). Karacık and Yılmaz (1998), as illustrated in Figure 1, de-
scribe that the site hosts a combination of Sakarya continental
and oceanic crustal units corresponding to a metamorphic base-
ment, plutonic intrusions, volcanic rocks, and sedimentary units.
Fytikas et al. (1976) and Yılmaz et al. (2001) indicate that magmatic
processes and magmatism began with the intrusion of the Kestanbol
granitic pluton into the metamorphic basement during the Late
Oligocene and Early Miocene period. Based on their structural fea-
tures, Karacık and Yılmaz (1998) name the volcanic rocks at this
site the Ayvacık Volcanics (Late Cretaceous to Middle Miocene) in
the north of the Tuzla Fault (Figure 1) with their bedded features
and Balabanlı Volcanics (Early Miocene) in the south complicated
by several dikes whose effects can be observed at the surface
(Fytikas et al., 1976; Altunkaynak and Genç, 2008). The logs of
two production wells (Akkuş et al., 2005, pp. 97–103), labeled
as T-1 and T-2 that are screened at depths of 814 and 1020 m, re-
spectively, (see Figure 2), indicate volcanic rocks such as andesite-
dacite lavas, tuffs, and ignimbrites point out the hydrothermal zone.
The production rate of the wells and the reservoir temperature of the
geothermal water were measured as 130 tons/hour and approxi-
mately 170°C, respectively (Akkuş et al, 2005; Baba et al, 2015).

Pre- and postearthquake water chemistry

The principal geologic feature in the studied area is the Tuzla
Fault, which exhibits a normal component and a dip angle of ap-
proximately 70° toward the south-southwest direction. This fault
plays a crucial role in facilitating the formation of conduits neces-
sary for the development of a hydrothermal system. After the main
shock of Mw = 5.3 on 6 February 2017 at 03:51 (UTM), the Net-
work of the Kandilli Observatory and Earthquake Research Institute
recorded more than 4000 earthquakes from 14 January to 26 March

2017. The seismic events shown in Figure 1, which had moment
magnitudes (Mw) ranging from 3.4 to 5, suggest that most of
the focal mechanisms observed are consistent with a stress state
characterized by normal to oblique faulting (Özden et al., 2018).
Şanliyüksel Yücel et al. (2021) monitor the temporal variations of

temperature and chemical composition of geothermal water after
the Mw = 5.0 earthquake in the Kestanbol geothermal fields, which
are located approximately 15 km north of the Tuzla field. Although
the time interval for sampling before and after the earthquake was
on the order of a few months, a pre- and postearthquake temperature
drop of approximately 0.7oC, water conductivity drop of approxi-
mately 900 μS/cm, and also a noticeable change in water chemistry
were reported as a direct effect of the earthquakes. The observed
postearthquake alterations can be attributed to changes in pore pres-
sure and the introduction of cold water from aquifers above, leading
to mechanical mixing and dilution of chemical composition. Un-
fortunately, the reported water chemistry data set does not contain
densely sampled observations pertaining to the pre- and postearth-
quake variations that can be attributed to the immediate response of
the geothermal field prior to the attainment of thermal and/or chemi-
cal equilibrium.
However, the abundant illite and mixed layers of illite-smectite

clay minerals reported by Bozkaya et al. (2016) at the site are
mostly related to hydrothermal fluids associated with the stress re-
gime that occurred on the Biga Peninsula. Nevertheless, their field
observations about lacking complete transition in such mixed layers
from smectite to illite may be interpreted as an indication of mod-
erate temperature conditions. The prevalence of smectite and illite
clay minerals may be considered as an indication of fluctuations in
fluid temperature that can be interpreted as failed caprock after a
series of seismic events. Isotopic and chemical analyzes of surface
water by Yalçın (1989) and Mutzenberg (1997) indicate that geo-
thermal water mixed with seawater was approximately 70% asso-
ciated with fossil metamorphism. Şener and Gevrek (2000) and
Baba et al. (2015) report the origin of the salinity of the geothermal
water as seawater because the mineral composition of the surround-
ing rocks does not provide a favorable environment.

FIELD DATA

Profile design

Figure 1 shows the 32 unevenly spaced stations for MT measure-
ments along two profiles across the Tuzla Fault. The grid spacing
was reduced near the geothermal field from the center to the
southern end of the profiles to optimize the field work load. The
decision was made to align the profiles parallel to the shoreline
to mitigate the impact of conductive seawater. However, the dis-
tance of the profiles from the shoreline should not create spurious
effects near the target depth (<1000 m), based on the adjustment
length approach presented by Ranganayaki and Madden (1980).
The selection of measurement stations along the profiles was based
on the establishment of a rectangular grid. This grid was designed to
facilitate the observation of transitions between profiles while min-
imizing potential interference from populated areas, wind turbines,
or high-voltage power lines. Therefore, the obtained grid deviates
slightly from the design, although the station locations are generally
acceptable to allow comparison between profiles. However, MT sta-
tion 22 on profile-2 (Figure 1) was an exception because the loca-
tion was too noisy due to nearby wind turbines and underground
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high-voltage power lines. Therefore, the data from this station were
not used for modeling.

Data acquisition and instrumentation

The measurements were conducted using a Metronix ADU-07e
receiver unit, manufactured in Braunschweig, Germany. This
receiver unit is equipped with a high-quality 24-bit analog-to-digital
converter. It is directly connected to the EFP-06 electric field probes
and the MFS-07 induction coil sensors. Sampling rates of
65536 Hz, 16384 Hz, 4096 Hz, 1024 Hz, 512 Hz, and 128 Hz were
used to record electromagnetic time series for durations of 2 min, 4
min, 8 min, 16 min, 32 min, and 1440 min, respectively, equal to
24 h at each MT station. The electric field electrodes, sealed with
lead chloride, were buried at least 0.5 m deep and spaced approx-
imately 100 m apart to avoid external distortions during the mea-
surements.
Because the response of an induction coil is governed by the rate

of change of magnetic flux, which is directly proportional to the
time derivative of the magnetic field (Simpson and Bahr, 2005),
a broadband induction coil was used to measure the magnetic field
component by exploiting its high sensitivity to rapidly changing
fields. Figure 3 shows the time series data obtained from station
12, one of the 32 stations included in the study (refer to Figure 1).
The uniqueness of this record lies in its inclusion of the signature of
the Mw = 4.2 Edremit Bay earthquake, which occurred at 08:12:47
(UTM) on 16 September 2017.

Method of calculating the impedance tensors and
phase angles

Before commencing the PSO procedure, it is necessary to com-
pute the impedance tensor to acquire the phase angles for a total of
32 stations. The software package ProcMT (Friedrichs, 2015) of the
Metronix, which can be used to perform most of the data processing
steps, was used to obtain the apparent resistivities and phase angles
from the impedance tensors. The spectral ratios of the electric and
magnetic fields were obtained by repeatedly applying the fast Fou-
rier transform to a portion of the data set selected from a time win-
dow. We removed the bias effect, which mainly affects the
amplitude of the transfer function, using the remote reference

method defined by Gamble et al. (1979) to obtain a robust estima-
tion of the impedance tensor after the data processing steps.
After all these data processing steps are completed, the imped-

ance tensor ðZÞ, which defines the relationship between the electric
field ðEÞ and the magnetic field ðHÞ, can be expressed as follows
(Simpson and Bahr, 2005):

�
Ex

Ey

�
¼

�
Zxx Zxy

Zyx Zyy

��
Hx

Hy

�
: (1)

Berdichevsky et al., (1989) propose effective impedance tensor
(Zeff ) as

Zeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zxx:Zyy − Zxy:Zyx

p
; (2)

and the phase angles can be calculated using equation 2 as

ϕðωÞ ¼ tan−1
�
Zeff imððωÞÞ
Zeff reðZðωÞÞ

�
; (3)

where ω is the angular frequency, ϕ is the phase angle, and Zeff is
the effective impedance tensor in equation 2. As a good way to
delineate the structural changes, and reproduce the response of
the model for comparison, we preferred to use phase angles in equa-
tion 3, which are generally not affected by galvanic distortion
(Jones, 1988), similar to the phase tensor presented by Caldwell
et al. (2004) and Rung-Arunwan et al. (2022). The recursion for-
mula in Wait (1954), based on the 1D MT forward model, was used
to construct the forward model for PSO.

Figure 2. Geologic cross section constructed from borehole logs of
T-1 and T-2 in Akkuş et al. (2005). The long-term reaction of an-
desitic-dacitic lavas with thermal fluid is responsible for the forma-
tion of the hydrothermal alteration zone.

Figure 3. An example of the time series obtained at station 12. The
record contains coincidentally the signature of an earthquake with
Mw = 4.2, which occurred at a distance of approximately 25 km.
The components of Ex;y are the x- and y-components of the elec-
trical field, and Hx;y;z are the magnetic field components.
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PARTICLE SWARM OPTIMIZATION

PSO, introduced by Kennedy and Eberhart (1995), is a stochastic
evolutionary global optimization technique based on the behavior of
a swarm of birds or fish. Each individual in a swarm called a particle
represents a potential solution with a vector x of the model param-
eters m ¼ ðm1; m2; m3; : : : : : : : : : mpÞ in p dimensional model
space and learns from the other particles so that knowledge is con-
tinuously shared within the swarm. Through this sharing, each par-
ticle changes its position with a meaningful velocity vector in
objective function space and converges to a global minimum.
At the beginning, the velocities of the particles are initialized to

zero, and the model parameters are randomly determined within the
search space. The particle that exhibits the highest level of conform-
ity among all the particles assessed is designated as the global
leader. Subsequently, the next position is determined using the
velocity vector

Vkþ1
i ¼ ωVk

i þ c1γ1 ⊗ ðxpbest;i − xki Þ þ c2γ2

⊗ ðxgbest − xki Þ; (4)

and position vector

xkþ1
i ¼ xki þ Vkþ1

i ; (5)

where subscript i is the particle number, superscript k is the iteration
number, xki represents the position of the ith particle at kth iteration,
Vk

i represents the velocity vector of the particle, ω is the inertia
weight term, c1 and c2 are usually referred to as “acceleration fac-
tors” (e.g., (Kennedy et al., 2001; Engelbrecht, 2007), γ1 and γ2 are
uniformly random numbers in the range [0,1], xpbest;i is the best
position of particle i in the past, and xgbest is the position of the
global best particle. Usually, the set of quantities [ω, c1, c2] are
referred to as PSO parameters in the literature.
The particles change their position with a new velocity vector

Vkþ1
i , which is the vector product of xpbest; xgbest and the previously

calculated velocity vector Vk
i . If the updated position of a particle

produces a better fit compared to the previous iteration, then the
new position is updated to xpbest. The particle is set to xgbest if
the updated position is the best among the other solutions. This
process is repeated until the fit α becomes less than or equal to
the threshold value β:

α ¼
�
1

n

Xn
i¼1

ðθobsi − θcali Þ2
σi

�
1=2

≤ β; (6)

where θobsi and θcali are the observed and calculated phase angles,
respectively, σi is the standard deviation of the noise for each datum,
and i ¼ 1 : : : n. The implementation of the PSO algorithm in the
form of a pseudocode notation as in Burden and Faires (2001) is
presented in Appendix A for those who are interested in developing
their own code suitable for different platforms.

Model parameterization

The PSO parameters [ω, c1, c2,] were chosen as [0.729, 1.494,
1.494] as presented by Clerc and Kennedy (2002). We constructed
the earth model from four layers and used the maximum number of
iterations of 100 or a threshold of 0.01 to terminate the iterations. The

number of particles was set to 70, which is 10 times the number of
model parameters (four layer resistivities and three layer thicknesses),
based on recent experiments on the number of particles by Pace et al.
(2019). A total of 10 experimental solutions were generated multiple
times, following the methodology described in the study by Pekşen
et al. (2014). The final model was chosen from these solutions based
on their respective fitness values, with preference given to the solu-
tion demonstrating the lowest misfit. This study uses phase angle data
along with fit function in equation 6, rather than apparent resistivities
that are generally affected by galvanic distortions. To achieve feasible
and optimal absolute resistivities that accurately reproduce the phase
angle data, it is necessary to limit the parameter search space. The
parameter search space for the resistivity values in a four-layer model,
as outlined in Bostick (1977), was defined as follows: the resistivity
bounds for the upper layer were set to one-half and two times their
original values, whereas the resistivity bounds for the lower layer
were set to one-quarter and four times their original values. The layer
thicknesses in the model were increased exponentially, starting at
100 m to a maximum depth given by the electromagnetic skin depth.

RESULTS AND DISCUSSION

The phase angles for two profiles and geologic cross sections
from Figure 1 appear to agree, as shown in Figure 4. The dashed
lines in the profiles separate the higher and lower phase angles and
confirm a reasonable interface between young sediments and
Balabanlı Volcanics that act as a reservoir. The structure located
above the dashed lines corresponds to the Balabanlı Formation.

Figure 4. (a and c) Impedance phase angles and corresponding
(b) geologic section along the A-A’ and (d) B-B’ for both profiles,
respectively. The dashed line confirms a reasonable interface be-
tween the hydrothermal zone of volcanics and the metamorphic
basement, mimicking the geologic interfaces in (b and d).
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It exhibits relatively high phase angles, which indicates low resis-
tivity. This behavior is commonly observed in caprock structures
and reservoir zones. The presence of a relatively low phase angle
below the dashed line suggests the possibility of plutonic intrusion
into the metamorphic basement.
The results of the dimensionality analysis obtained from the

impedance tensors, some of which are shown in Figure 5, clearly
indicate a 1D structure in high-frequency ranges, as we have con-
sidered in this project, as opposed to multidimensional structures in
low-frequency ranges. The image in the figure was produced at each
frequency from stations 4 to 16 in Profile-1 and from stations 24 to
36 in Profile-2 using the skew values described by Swift (1967) and
the dimensionless parameters of Simpson and Bahr (2005, p. 83).
The result of this analysis is that the boundary at approximately
1 Hz in Figure 5 clearly mimics the interface between low and high
phase angles, marked as a dashed line in Figure 4. The results ob-
tained from the profiles indicate that the caprock and reservoir
zones, which are characterized by high-frequency regions, can
be effectively addressed as a 1D problem instead of a multidimen-
sional one. Hence, our attention was directed toward the data within
the frequency range below 1 Hz, commonly referred to as the audio-
MT range. This particular frequency range is less susceptible to the
complexities associated with higher dimensionality. Our objective
was to derive an optimal and viable solution for an exploration
depth of approximately 1.5 km.
Figure 6 depicts a segment of the resistivity cross sections, specifi-

cally from stations 4 to 16 in Profile-1 (Figure 6a) and from stations
24 to 36 in Profile-2 (Figure 6b). The images were constructed from
the four-layered resistivity-depth models obtained by inversion of the
1D phase angles using PSO. The number of layers was limited to
achieve a well-constrained and meaningful geologic model. This de-
cision was made because excessive parameterization, when combined
with data that lacks sufficient resolving power, can result in a model

outcome that is potentially unrealistic and/or influenced by inaccur-
ately resolved model parameters (Constable et al., 1987). Therefore,
using such a model outcome to make a geologic interpretation is dif-
ficult. Figure 6 shows a magnified view of the possible reservoir and
caprock beneath the stations previously indicated as the focus of this
work. The region denoted as Zone C in the resistivity cross sections
exhibits characteristics of a caprock structure, featuring a central failed
zone that is visible at a minimum of two stations. The depth of the
layer identified as andesitic and dacitic volcanics, as deduced from the
T1 and T2 borehole logs (refer to Figure 2), exhibits apparent coinci-
dence in the resistivity cross sections.
The dominance of illite and mixed-layer illite-smectite clay min-

erals at the site as an indication of increasing clay content appears to
be strong evidence for the existence and coarse form of the caprock
consisting of andesitic and dacitic volcanics. Although andesitic
and dacitic volcanics generally have high resistivity values, a small
increase in clay content can drastically drop the resistivity values to
approximately 1–5 ohm.m (Stanley et al., 1977). A contour gap of 5
ohm.m above the zone labeled M in the resistivity cross sections in
Figure 6, labeled as caprock failure, consistently exhibits a horizon-
tal discontinuity that may be attributed to various factors, such as a
change in pressure or water chemistry following the hydrothermal
mixing after the caprock failure. The presence of this zone provides
confirmation of the documented temperature decreases and altera-
tions in water chemistry that typically follow the combination of
cold water with hydrothermal water following an earthquake.
Regrettably, a preearthquake MT data set that could be used to dis-
tinctly identify the mixture zone with the resistivity alterations is not
available to us. The zone marked R in the figure with a resistivity
value higher than 30 ohm.m coincides with the Ayvacık Volcanics,
whereas the resistivity of the Balabanlı Volcanics appears to be
slightly lower in the south, as shown in the resistivity cross section
of Profile-2 in Figure 6.

Figure 5. Magnified view of the dimensionality analysis results for
(a) Profile-1 and (b) Profile-2. The numbers along the horizontal
axes are the MT stations. The dominantly white zone at high-fre-
quency ranges indicates the caprock and reservoir zones.

Figure 6. (a) 1D resistivity cross sections from Profile-1 and
(b) Profile-2. The images were obtained using the PSO technique.
The horizontal discontinuities can be considered as an indication of
caprock failure related to altered pore pressure and inclusion of cold
water from the overlying aquifers.
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The main shock of Mw = 5.3 and the subsequent aftershocks, or
magmatic intrusions that extend to near the surface, may be respon-
sible for the caprock failure. Nevertheless, the existence of earth-
quakes that have double-couple focal mechanism solutions as
shown in Figure 1 are expected to be related to the increasing ef-
fective stresses on nearby faults at some distance, as opposed to the
direct product of magmatic intrusion, based on the discussion pre-
sented in Nettles and Ekström (1998). Increasing effective stress
usually stabilizes a fault and also controls strain as a function of
applied stress and pore pressure. Therefore, altered pore pressure
resulting from the inclusion of cold water from the overlying aqui-
fers may change the effective stress that follows the caprock failure.
The induced shallow earthquakes in this case are usually character-
ized by low magnitudes and sometimes large periods (e.g., Freed,
2005; Steacy et al., 2005). In an alternative scenario, earthquakes
can potentially be initiated through the decrease in effective normal
stresses on adjacent faults subsequent to the infiltration of hydro-
thermal fluid into fractures, thereby elevating pressure at shallower
depths. This phenomenon bears resemblance to the model that has
been put forth by Martens and White (2013).
Many studies suggest that magmatic-hydrothermal eruptions are

triggered by earthquakes and that these events are sometimes mu-
tually dependent on large-scale tectonic motions (e.g., Siebert,
1984; Linde and Sacks, 1998; Feuillet et al., 2011). The magma-
tism-related hydrothermal activities that develop as a result of these
events lead to crustal inflation by the intrusion of magma and crustal
deflation by the ejection of magmatic volatiles (Bartel et al., 2003).
Although presented data and models do not have sufficient resolu-
tion to find a magma reservoir in the deeper part of the hydrothermal
zone, the relatively high-resistive zone labeled M is possibly related
to the gas phase of the hydrothermal water filling the pores in the
rock or to temperature differences of the clay mineral due to the
inclusion of cold water from the overlying aquifers, as indicated
by Yamaya et al. (2013).
The observed and estimated phase angles and their differences

are shown in Figure 7 for Profile-1 and Profile-2. The phase angle
images in the figure have been magnified to show only the portion
that was shown in Figure 6. The phase angle calculations are clearly
comparable with the observed phase angles, with a maximum
residual of less than 10° for the profiles. These images show us that
we were able to successfully identify the complex structure of the
damaged caprock using the PSO modeling approach.
Phase angle and apparent resistivity data sets of three selected

stations from the profiles are presented in Figure 8 for further dis-
cussion of the solution. The phase angle data along with the 1D
resistivity-depth solution and model phase angles are presented
in Figure 8a and 8b. The PSO solution is acceptable because the
model phase angles as indicated with red lines remain within the
standard deviation. The solution for station 12 is slightly resistive,
whereas the layer thicknesses are nearly identical compared with the
solutions for stations 6 and 16. The obtained resistivity-depth func-
tions demonstrate a reciprocal relationship between layer thickness
and resistivity. These functions accurately depict the lateral discon-
tinuity, specifically the zone labeled C in Figure 6, without any in-
dication of modeling artifacts. However, the Profile-2 resistivity-
depth functions, shown in Figure 8b, exhibit similar characteristics
(i.e., layer thicknesses) compared with the model in Figure 8a. In
addition, visual inspection of the data sets from stations 6 and 16
compared with station 12 and stations 31 and 36 compared with

station 34 also emphasizes a distinct lateral discontinuity in the
model. Therefore, the zone encircled with 5 ohm.m contour, marked
as Zone C above Zone M, can be attributed to caprock failure and
subsequent hydrothermal mixing. Reproduced and observed appar-
ent resistivities of the selected stations are shown in Figure 8c and
8d. Although apparent resistivity data were not used to obtain a 1D
model in this study, reproducing the apparent resistivities obtained
from a 1D model may be an indication that the phase angle data
alone can be reliable to obtain a satisfying model if the parameter
search space is well constrained. The alignment between the ob-
served apparent resistivity data and the model’s predicted outcomes
appears to be reasonably accurate and satisfactory.
Figures 9 and 10 show a posteriori probability density function

(PDF) of the estimated parameters with mean and standard
deviation from the solutions of stations 6 and 31 as examples. A
posteriori PDFs contain useful information to quantify the uncer-
tainties for each model parameter, which appear to be uniquely
resolvable. A lengthy discussion of the standard deviations is not
necessary because the estimated parameters have similar orders
of magnitude and are within similar acceptable ranges.
This modeling approach appears to provide a methodology for

MT modeling without the difficulties compared with the other
global optimization methods or derivative-based inversion tech-
niques. The PDFs of the parameters estimated by PSO in Figures 9
and 10 show a unique global model without an initial model
dependency and a solution that is not trapped in a local minima,
as is usually the case with conventional inversion techniques. How-
ever, PSO, similar to other global optimization techniques, also is
very computationally intensive. Because our objective was limited
with optimizing only a few parameters, the average computation
time for each MT station’s data was approximately 20 s on a 4-core

Figure 7. (a and d) The observed and (b and e) calculated imped-
ance phase angles, and (c and f) the absolute differences, respec-
tively. The data interpretations and the modeling approach can
be assumed valid and successful given the similarities between
the observed and calculated phase angles.
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Figure 8. Phase angles selected from three sta-
tions and their respective 1D resistivity-depth
models for (a) Profile-1 and (b) Profile-2. Repro-
duced phase angles appear to be reasonably close
to the observed phase angles. Our modeling
approach appears to successfully reproduce the
apparent resistivities obtained from three stations
for (c) Profile-1 and (d) Profile-2. The final model
having the lowest fit was selected after 10 exper-
imental solutions.

Figure 9. Posterior PDF of the estimated parameters with mean and
standard deviation, with reference to interpretation at station 6.

Figure 10. Posterior PDF of the estimated parameters with mean
and standard deviation, with reference to interpretation at station 31.
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node of a central processing unit model, i.e., a 3rd Gen Intel Core i7,
2.40 GHz with 8 GB RAM. However, a good way to avoid the time-
consuming computations in the case of a high number of parameters
and thus the number of particles is to parallelize the PSO code on a
high-performance cluster (Pace et al., 2019).

CONCLUSION

This study used MT data processed and modeled using the PSO
technique to assess the caprock integrity of the Çanakkale-Tuzla
geothermal field. The data acquisition process was conducted at
a total of 32 stations, spanning two profiles, in the immediate after-
math of a seismic event of moderate magnitude. Several significant
conclusions can be derived from this study. (1) The observations
and modeling methodology used in this study effectively ascer-
tained the condition of the caprock. Although the occurrence of cap-
rock failure is observable, the underlying mechanism responsible
for this failure remains speculative but may be clarified through
modeling using additional alternative data sets. (2) This is the initial
instance in which we have approached the issue of caprock integrity
at this particular location. Unfortunately, we lack a preearthquake
MT data set or time-lapse measurements to clearly substantiate our
interpretations. However, our results appear to reflect a hydrother-
mal mixture zone delineated with a low resistivity contour as occurs
after pore pressure change that leads to inclusion of cold water from
the overlying aquifer. Therefore, preearthquake MT data may not be
vital to inspect the postearthquake status of the caprock, provided
that temperature and geochemistry data are available at nearby geo-
thermal fields. (3) This study has the potential to increase research-
ers’ awareness of the importance of acquiring additional evidence
through monitoring programs, such as temperature or geochemical
surveys. These programs can enhance our comprehension of the
challenges associated with caprock integrity in areas where it is an-
ticipated to be problematic. This study also may provide a basis for
sealing capacity tests in the future to assess geothermal sustainabil-
ity after an earthquake with an epicenter near a geothermal field.
This study also may provide a basis for modeling geothermal fields
for adverse effects after excess exploitation or secondary porosity
increase after an earthquake for reservoir modeling. (4) The integra-
tion of images derived from PSO can serve as a foundation for mod-
eling reservoir temperature by representing reservoir resistivity and
geometry. The application of the PSO modeling technique to MT
data offers a robust methodology that avoids the generation of initial
model-dependent solutions, which is a common limitation of con-
ventional inversion techniques.
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APPENDIX A

PSEUDOCODE OF THE PSO

Figure A-1 outlines the implementation of the PSO algorithm.
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