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1. Introduction

Turkey is located in an important earthquake zone due to its active 
fault lines and tectonic structure and has been subject to devastating eart-
hquakes throughout history. For this reason, seismic hazard assessments in 
different regions of the country are of great importance. The Gutenberg-Ri-
chter relation, one of the most frequently used methods in the scientific 
assessment of earthquake hazard, is a basic approach for analyzing the 
magnitude-frequency relationship of earthquakes in a region (Gutenberg 
and Richter, 1944). The b value in this relation is a critical parameter that 
defines the ratio of small and large earthquakes in a region and is of great 
importance in seismotectonic analyses and earthquake risk assessments. A 
high b value indicates that small earthquakes are more frequent, while a 
low b value indicates that the probability of larger earthquakes increases. 
In studies conducted on the “b” value in the earthquake magnitude distri-
bution, it has been determined that the b value has different average values   
for different regions. For example, there is a large literature emphasizing 
that it is 0.84 for Swedish earthquakes, 0.95 for California earthquakes, and 
higher than 1.5 in one region in China (Turcotte, 1986, Shi and Bolt, 1982, 
Wang, 1994, Pacheco et al., 1992). Studies conducted throughout Turkey 
have also revealed that b value distributions in different tectonic regions of 
the country show significant differences. In a study conducted by Kalyon-
cuoğlu et al. (2007), B values were examined by dividing various regions 
of Turkey into sub-regions and significant regional differences were dete-
cted. For example, in various studies on the North Anatolian Fault, it has 
been found that the b value varies according to segments and that regional 
tectonic movements affect faulting processes (Raub, C. et al. (2017), Öz-
türk and Bayrak, 2012). In the study by Bohnhoff, M. et al. (2016), which 
investigated the maximum earthquake magnitudes and b-value changes in 
different sections along the North Anatolian Fault Zone, it was explained 
how different stress conditions and crustal heterogeneities affect the b-va-
lue. Studies conducted on the fault segments in the Marmara Sea and its 
surroundings have shown that this region carries an active seismic hazard 
and the b value is lower, especially in the western parts (Kalafat et al., 
2011). In addition, studies conducted in Western Anatolia, such as İzmir 
and its surroundings, have pointed out high b value distributions due to the 
stress regime in the region (Aydan and Hasgür, 2020). Studies conducted in 
Western Anatolia, especially in regions under extensional tectonics, show 
that earthquakes in this region are mostly small and medium-sized and 
therefore the b value is high. Bayrak et al. (2017) analyzed earthquakes in 
Western Anatolia between 1900-2010 and determined that the b value in 
the region is generally high. Tüfekçi et al. (2010) investigated the relati-
onship between geothermal potential and b value in Western Anatolia and 
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examined the effects of earthquakes on geothermal energy resources. In 
studies conducted in Eastern Anatolia and Southeastern Anatolia regions, 
different seismic characteristics were observed. B values   were generally 
found to be high along the Eastern Anatolian Fault Line, which increases 
the frequency of small and medium-sized earthquakes and shows that large 
earthquakes occur rarely (Karakus et al., 2015). Öztürk and Bayrak (2012) 
suggested that the b value also varies between segments on the Eastern 
Anatolian Fault Line and that these differences are related to regional tec-
tonic stresses. In addition, Akar (2024) evaluated the effects of earthquakes 
and changes over time by examining the b value changes associated with 
the 2023 Kahramanmaraş earthquakes. It was determined that the b value 
was low due to the stress increase before the major earthquakes. Çubuk 
et al. (2018) analyzed the b value distributions in Erzincan and its sur-
roundings, contributing to the assessment of the seismic risk of the region. 
Çanakkale and its surroundings are under significant seismic hazard due to 
their location at the western end of the North Anatolian Fault. Earthquakes 
that occurred especially in the Ganos Fault and Saros Bay indicate that 
seismic activity in the region is high. In this study, the b value distribution 
was analyzed via the Gutenberg-Richter relation using earthquakes that 
occurred in Çanakkale and its surroundings. The b value plays a key role 
in understanding the tectonic stress accumulation and potential earthquake 
hazard of the region. These analyses will provide significant contributions 
to better understand the seismic behavior of the region and develop strate-
gic plans for earthquake risk management.

Figure 1. Simplified tectonic map of Turkey showing the main neotectonic 
structures and neotectonic regions (Bozkurt, 2001). Thick lines indicate strike-
slip faults, solid triangles indicate fold and thrust belts, open triangles indicate 
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active subduction zones, and hatched lines indicate normal faults. Thick arrows 
indicate the relative direction of motion of the African and Arabian plates, 

and open arrows indicate the motion of the Anatolian Plate. The hatched area 
indicates the transition zone between the Western Anatolian extensional zone and 

the Central Anatolian “plain” region.

2. Regional Tectonic Structure

Turkey has been showing a distinct seismotectonic activity since 
the neotectonic period, as the intersection point of the Arabian, Eurasi-
an and African plates (Şengör et al. 2005; Reilinger et al. 2006). These 
processes provide the westward movement of the Anatolian Plate relative 
to the Eurasian Plate (Le Pichon et al., 1995; Reilinger et al., 2006) and 
this movement is controlled by the North Anatolian Fault Zone (NAFZ). 
The westward movement of the Anatolian Block has been measured as 
25–30 mm per year by GPS data (McClusky et al., 2000). The NAFZ is 
an active transform fault extending approximately 1600 km from Eastern 
Anatolia to the Aegean Sea, and this fault contains compressional tectonic 
features resulting from the collision of the Arabian and Anatolian plates 
in eastern Turkey, while in the west, it triggers extensional deformations 
due to the subduction effect of the African plate. After entering the Mar-
mara Region in the west, the NAFZ splits into three main branches (Barka 
and Kadinsky-Cade, 1988; Emre et al. 2012). The northern branch passes 
under the Marmara Sea and reaches the Gulf of Saros; the middle branch 
follows the Osmaneli-Gemlik-Bandırma line; and the southern branch fol-
lows the Geyve-Yenişehir-Bursa-Gönen-Edremit line (Barka, 1992; Tay-
maz et al. 1991; Nyst and Thatcher 2004; Müller et al. 2012; Kürçer et al. 
2016). This deformation zone covers a wide area starting from Thrace to 
the Aegean graben system (Kreemer et al., 2004). Therefore, Çanakkale 
and the Biga Peninsula are one of the most active seismotectonic regions 
of northwestern Anatolia. In this region, in addition to the NAFZ, other 
major seismotectonic structures include the Yenice-Gönen Fault (YGF), 
Biga-Çan Fault (BÇF) and Ganos Fault (GF) (Barka et al., 1997; Kürçer 
et al., 2009). These fault branches, starting from the Marmara Region and 
extending to the Aegean Sea, have produced major earthquakes both in 
the historical and instrumental periods, and the seismic potential of the-
se faults is quite high (Ambraseys, 2001; Nalbant et al., 1998). Of the-
se faults, the Yenice-Gönen and Ganos faults in particular have produced 
major earthquakes throughout history. In particular, the earthquake with a 
magnitude of Ms=6.8 that occurred off the coast of Ayvacık–Edremit on 
October 6, 1944, the earthquake with a magnitude of Ms=7.2 that occurred 
in Yenice on March 18, 1953, the earthquake with a magnitude of Ms=7.0 
that occurred in Manyas, Balıkesir on October 6, 1964, and the earthquake 
with a magnitude of Mw=6.1 that occurred in Biga on July 5, 1983 were 
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associated with these faults and revealed the seismic potential of the region 
(McKenzie, 1972; Taymaz et al., 1991). The region is also under the influ-
ence of the extensional regime in the Aegean Sea (Koukouvelas and Aydın, 
2002). This extensional regime affects local faulting systems and triggers 
both strike-slip large faults and normal faulting (Jolivet et al., 2012). In 
the Biga Peninsula, northeast-oriented strike-slip movement is dominant, 
and a transition to normal faulting is observed in the south of the peninsula 
(Kiratzi, 2002). The southern part of the Biga Peninsula has attracted atten-
tion with increased seismic activity in recent years. In particular, the 2017 
earthquake swarm in the Ayvacık region revealed how tectonically active 
the region is (Kalafat et al., 2009). Earthquakes in the region generally oc-
cur at depths of less than 25 km, close to the surface, reflecting the shallow 
structure of the faults and the active tectonic character of the region (Erdik 
et al., 2004; Bohnhoff et al., 2016). In conclusion, the Biga Peninsula and 
the Çanakkale area are a region with high seismic activity, both under the 
influence of the North Anatolian Fault Zone and as part of the extensional 
tectonics in the Aegean region. These active fault systems control the se-
ismicity of the region and have produced major earthquakes throughout 
history (Kalafat et al., 2009). The Biga Peninsula and its surroundings are 
among the regions of Turkey with significant earthquake risk due to their 
complex tectonic structure, high seismic activity and a history full of his-
torical earthquakes. Therefore, it is of great importance to understand seis-
mic activities and their regional effects, to estimate future seismic hazards 
and to collect the necessary information to reduce these risks.

3. Data and Method

The Gutenberg-Richter relationship defines a mathematical relations-
hip between the frequency and magnitude of earthquakes and has an im-
portant place in the field of seismology. Developed by Charles F. Richter 
and Beno Gutenberg, this relationship describes the magnitude distribution 
of earthquakes occurring in a region in a certain time period. This rela-
tionship is one of the basic models used to estimate the magnitude and 
frequency of earthquakes.

The Gutenberg-Richter relationship is expressed as the following for-
mula:

log10N (M)=a – bM     (1)

In this equation, N(M): The number of earthquakes with a magnitude 
of M or greater. a: A constant indicating the general seismic activity level 
of the region. b: The parameter that determines the magnitude distribution 
of earthquakes and defines the relationship between frequency and magni-
tude (Gutenberg & Richter, 1956).
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The b value, which is an important component of this relationship, 
plays a critical role in defining the magnitude distribution and frequency 
of earthquakes. Using data obtained from earthquake catalogs, the b value 
in a region can be calculated to obtain information about the seismic cha-
racteristics of that region (Scholz, 2015). The b value may vary depending 
on the tectonic features of the region. Generally, the b value is found to be 
around 1 for earthquakes worldwide (Frohlich and Davis, 1993). However, 
this value may vary significantly from region to region (Wiemer & Wyss, 
2000). The tectonic structure in a region greatly affects the b value. A b 
value of less than 1 is observed in regions where large earthquakes occur 
more frequently than small earthquakes and where there is high stress ac-
cumulation. Such regions are usually large fault zones or plate boundaries 
(Scholz, 2015). B values   greater than 1 are frequently encountered in regi-
ons where small earthquakes are more common, where there is low stress 
accumulation or in volcanic regions (Mogi, 1962). The calculation of the 
b value is usually done by two methods: the least squares method and the 
maximum likelihood method. The least squares method is performed by 
subjecting logarithmically transformed magnitude and frequency data to 
linear regression analysis. The maximum likelihood method offers a more 
statistical approach, minimizing errors that may be caused by missing data 
(Aki, 1965). The completeness of earthquake catalogs is extremely im-
portant for the accuracy of the b value. The minimum magnitude thres-
hold of an earthquake catalog has a great effect on the b value. Inadequate 
catalogs or catalogs that do not record small earthquakes may cause in-
correct calculations of the b value (Wiemer & Wyss, 2000). The b value 
may change over time or in different areas. These changes may be due to 
various geological processes such as tectonic stress accumulation, fault 
activity or volcanic activity (Gutenberg & Richter, 1944). Seismotecto-
nic zones and geological age, thermal gradient, crack density, fault length, 
seismic wave speed changes, pore pressure and anisotropy, mechanical 
properties of materials and stress conditions are the factors affecting the b 
value (Mogi, 1967, Miyamura, 1962, Ogata et al., 1991; Schorlemmer et 
al., 2005; Scholz, 2015, Abdelfattah et al., 2020). The b value also helps 
to understand the seismic hazard potential of the region. For example, a 
low b value indicates a region where large earthquakes may occur more 
frequently and therefore the seismic risk is high. When conducting seismic 
risk analyses in such regions, it is critical to consider the b value (Wiemer 
& Wyss, 2000).
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Figure 2: Map showing distribition of earthquakes of the study area for the 
period of 1900-2024.

Results 

The figure 2 shows the 19326 earthquakes that occurred in Çanakkale 
and its vicinity from 1900 to the present with a magnitude greater than 
Mw 1. The largest earthquake (Mw=7.2) was the 1953 Yenice earthquake. 
There were 3 earthquakes with magnitudes between 6 and 7, 33 with mag-
nitudes between 5 and 6, 178 with magnitudes between 4 and 5, 2316 with 
magnitudes between 3 and 4, 9673 with magnitudes between 2 and 3, and 
7122 with magnitudes between 1 and 2. The majority of the earthquakes 
occurred at depths less than 35 km. While drawing the Gutenberg-Richter 
relation, the catalogue was de-clustered (Reasenberg, 1975) in order to ref-
lect tectonic features. Thus, the new catalogue obtained after declustering, 
which included 11214 earthquakes, was used in the b-value calculation. 
With this process, 8610 dependent earthquakes were removed from the ca-
talog. In this study, the maximum likelihood estimation method was used 
because it provides a more robust estimate than the least squares regression 
technique (Aki, 1965) in calculating the b value. Especially in seismicity 
studies, the completeness magnitude (Mc) is required in estimating the b 
value in the Gutenberg-Rihter relation. Mc values   for the study area were 
found to be 2.7 in the selected time interval. The b value was estimated as 
0.94 ± 0.01. It is seen from the graph of the b value depending on time that 
the values   decrease over time. Figure 6 shows the distribution of the b va-
lue in 5 km depth intervals up to 25 km. With this process, b value changes 
at different depths were analyzed. These depths are 0-5, 5-10, 10-15, 15-
20, 20-25 depth intervals. And in order to determine the b value change for 
these depth intervals, earthquakes at these depths were used. The b-value 
was calculated using the moving window approach in the maximum cur-
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vature method (in Woessner and Wiemer, 2005) and was associated with 
seismicity. A grid interval of 0.03x0.03 was selected. When the patterns of 
the b value obtained from these calculations with depth were examined, it 
was observed that it generally varied between 0.4 and 2 and that the b value 
increased with increasing depth. It was observed that the b value was high 
especially in all depth layers except for 5 km on the Aegean Sea side. On 
the other hand, it is noteworthy that the Marmara Sea side exhibited low 
b values   at all depths. In addition, b values   decreased in the first 10 km 
around the Biga-Çan Fault Zone and around the fault segments between 
Edremit-Balıkesir.

Figure 3. a) Cumulative number of earthquakes near Çanakkale. b) Time-
dependent change in the magnitudes of earthquakes from 1900 to 2024.

Figure 3 shows the distribution of earthquakes that occurred in Çanak-
kale and its surroundings over time between 1900 and 2024.
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The upper part of the graph shows the increase in the total number 
of earthquakes recorded over time. While a relatively low increase was 
observed in the early 1900s, a significant acceleration is observed after the 
1980s. This rapid increase can most likely be attributed to the widespread 
use of seismic networks, improved recording systems, and the detection of 
more earthquakes due to technological developments. In the 2020s, a stee-
per rise is observed in the curve. This situation may be explained by a real 
increase in the frequency of earthquakes in the region, or by more intensive 
monitoring of the region.

The lower graph shows the magnitude of each earthquake on the time 
axis. Many earthquakes of different magnitudes have been recorded since 
the early 1900s. An intense increase in data after 1980 is striking. This 
shows that seismic activity in the region is continuously monitored and 
even small-scale earthquakes are recorded. However, major earthquakes 
have occurred from time to time and are evident as points seen vertically 
at higher levels.

In general, these graphs show that seismic activity in Çanakkale and 
its surroundings has been increasingly monitored towards the end of the 
20th century and that there has been a significant increase in the number of 
recorded earthquakes, especially in recent years. Examining the seismote-
ctonic structure of the region is important in understanding the recurrence 
periods of major earthquakes and assessing potential future risks.
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Figure 4. a) Gutenberg-Richter relation of earthquakes from 1900 to 2024. b) 
Time-dependent b-value variation obtained from earthquakes.

Figure 4 examines the Gutenberg-Richter relationship and the ti-
me-dependent change of the b-value for earthquakes that occurred between 
1900-2024.

The relationship between earthquake magnitudes and their cumulative 
number is evaluated within the framework of the Gutenberg-Richter law. 
This law predicts that small earthquakes occur much more frequently than 
large earthquakes in a given region. The graph in the figure shows this 
relationship on a logarithmic scale.

The linear trend that best fits the obtained data is defined by the Gu-
tenberg-Richter equation. As a result of the analysis, Mc (Completeness 
Value of Magnitude) = 2.7 was determined. This value indicates that smal-
ler earthquakes may have been missing or inadequately recorded. In addi-
tion, the calculated b-value = 0.94, which provides important information 
about the seismic stress status in the region. The b-value is expected to be 
around 1 in typical tectonic regions. A lower b-value indicates that large 
earthquakes occur relatively more frequently, while a higher b-value indi-
cates that small earthquakes predominate.
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The Gutenberg-Richter relationship is of great importance in analy-
zing the statistical distribution of earthquakes in the region. Such analyses 
play a critical role in earthquake hazard assessments and can provide im-
portant information about the probability of large earthquakes occurring in 
the region.

The change in the b-value over time is considered an important pa-
rameter for understanding the evolution of seismic activity in the region. 
When the graph below is examined, a gradual increase in the b-value is ob-
served since the 1980s. This increase indicates that the number of smaller 
earthquakes in the region has increased or that the stress release in the fault 
system has changed.

A sudden increase in the b-value is observed especially between 2010 
and 2015. Such sudden changes usually occur before or after a large eart-
hquake. During this period, a significant change may have occurred in the 
seismotectonic processes in the region.

In recent years, a decrease in the b-value has been observed. This may 
indicate that the probability of large earthquakes has increased. A decrea-
se in the b-value before major earthquakes usually indicates that stress is 
accumulating in the fault zone and that the potential for a major rupture is 
increasing.

In general, the temporal variation of the b-value is a critical parameter 
for understanding how seismic activity in the region evolves. In particular, 
sudden changes that occur before or after major earthquakes provide valu-
able information about the stress accumulation and release in the region. 
Such analyses are of great importance in determining earthquake hazard 
and assessing possible risks.
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Figure 5. Regional b-value distribution with 0, 5, 10, 15, 20, and 25 km depths. 

Figure 5 shows the changes in the regional b-value distribution at dif-
ferent depths. This analysis is of great importance in understanding how 
seismic activity in the region varies with depth. The b-value is a para-
meter used in earthquake statistics that determines the ratio of small and 
large earthquakes in a given region. A high b-value indicates that more 
small-scale earthquakes occur, while a low b-value indicates that the stress 
accumulation in the region is high and carries a potential risk for large 
earthquakes. The spatial distribution of b-values   for depths from 0 km to 
25 km is mapped in the figure. The color scale shows that blue tones indi-
cate high b-values, while red and yellow tones indicate low b-values. High 
b-values   are observed near the surface, especially in Çanakkale and its 
surroundings. This shows that the stress release in the region is more regu-
lar and that smaller-scale seismic activities are dominant instead of large 
earthquakes. However, as the depth increases, especially in the eastern and 
southeastern regions after 15 km, the b-value decreases significantly. The-
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se areas, represented by red and orange colors, are considered as regions 
with high stress accumulation and risk for major earthquakes.

Especially in Ezine, Bayramiç and its surroundings, low b-values   are 
striking at depths of 15 km and deeper. It can be said that there is high 
stress accumulation in these regions and the probability of major earthqua-
kes increases. In contrast, relatively high b-values   are observed in Gelibolu 
and some other areas in the northwest. This indicates that there is lower 
stress accumulation in these regions and that major earthquakes are less 
likely.

In general, this study presents a detailed spatial distribution of seismic 
hazard in the region. While areas with low b-values   pose a potential risk 
for major earthquakes due to high stress accumulation, it is seen that more 
small-scale earthquakes occur in areas with high b-values. In addition, a 
significant decrease in b-values   as depth increases indicates that suitable 
conditions for major earthquakes occur, especially in the lower sections of 
faults. Such analyses are of great importance in determining the earthqua-
ke hazard in the region and in terms of measures to be taken in the future. 
Future studies may provide more comprehensive information about the 
probability of major earthquakes by examining the changes in stress accu-
mulation in the region over time.

Conclusions

In this study, the b-value distribution of the Çanakkale and surroun-
ding region was examined and the spatial and temporal changes of seismic 
activity were evaluated in detail. The b-value is an important parameter 
that determines the rate of small and large earthquakes in a region and 
provides critical information about stress accumulation and release in fault 
zones. The analyses performed have revealed important results in terms of 
understanding how the seismic hazard in the region changes at different 
depths and over time.

First of all, the analyses of the cumulative number and magnitude of 
earthquakes that occurred from 1900 to the present reveal that seismic ac-
tivity in the region has increased significantly, especially after the 2000s. 
With the earthquake records becoming more comprehensive since the 
1980s, the detection of small-scale earthquakes has become easier and this 
has caused a sharp increase in the cumulative number of earthquakes. The 
increase in small and medium-sized earthquakes in recent years provides 
important clues about stress accumulation and fault activity in the region.

When the b-value change of Çanakkale and its surroundings is exami-
ned over time, it is seen that there are fluctuations in certain periods. While 
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relative increases in b-values   have been observed since the beginning of 
the 2000s, there have been significant decreases in some critical periods 
(for example, between 2010-2015). These changes in b-values   are directly 
related to the stress releases in the fault system and the statistical distributi-
on of earthquakes in the region. While low b-values   indicate that the stress 
accumulation in the region has increased and that there may be a potential 
for a large earthquake, high b-values   indicate that smaller-scale earthqua-
kes are dominant and that the stress is released more regularly.

b-value analyses performed depending on the depth have revealed 
how seismic activity in Çanakkale and its surroundings varies from surface 
to depth. It is observed that the b-value is generally high at shallow levels 
between 0-10 km and that small-scale earthquakes are dominant in these 
regions. However, it has been observed that the b-value decreases signi-
ficantly as we go down to levels of 15 km and deeper, especially around 
Ezine, Bayramiç and Çan districts. This situation shows that there is higher 
stress accumulation in these regions and that they carry a potential risk for 
large earthquakes. The decrease in b-value, especially after 20 km, sug-
gests that deep fault segments may be at a critical stress threshold.

Considering the tectonic structure of Çanakkale, it is seen that the se-
ismic activity in the region is related to the western extensions of the North 
Anatolian Fault and the complex fault systems that include Edremit Bay. 
These faults contain both strike-slip and normal fault components due to 
the effect of extensional tectonics in the Aegean Sea. Therefore, it is expe-
cted that the b-value distribution in the region is heterogeneous. However, 
the low b-values   observed as the depth increases may be an important sign 
in terms of determining potential areas that can produce large earthquakes.

In conclusion, b-value analyses in Çanakkale and its surroundings 
have revealed how seismic activity in the region changes depending on 
time and space. It was understood that the b-value decreases as the depth 
increases and stress accumulation is higher in certain regions. This situa-
tion shows that areas with low b-values   in particular should be carefully 
monitored in terms of large earthquakes. More detailed analyses to be con-
ducted in the future will provide significant contributions to seismic hazard 
assessments by revealing more clearly the changes in stress accumulation 
in these regions over time.
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1. Introduction

Metamorphism is the process of mineralogical, chemical, and physi-
cal changes that occur in the depths of the Earth’s crust due to the expo-
sure of existing rocks to high temperature and pressure conditions. This 
process changes the mineral composition and texture of the rocks without 
melting.

2. Zones of Metamorphism

The mineral assemblage found in a metamorphic rock is transfor-
mations o r  n e w l y  f o r m e d  t y p e s  o f  m i n e r a l s  of the minerals 
belonging to the original rock formed by adapting to new physical and 
chemical conditions under metamorphic conditions.

Since pressure and temperature, the main factors influencing meta-
morphism, are closely related to depth, i t  is logical to classify meta-
morphic zones based on their depth, if the chemical composition is taken 
into account. In this context, metamorphism zones are divided into three 
depth zones: epizon, mesozone and, catazone.

Epizone: The upper zone where t h e  temperature is low to mo-
derate, lithostatic pressure is low and stress is mostly high (though 
sometimes absent). The most typical minerals of the epizon are Fe and 
Mn containing garnets, actinolite, glaucophane, epidote/zoisite, chlorite, 
albite, muscovite, talc and anatase. Hydrous silicates are formed as a 
result of chemical reactions and dynamic metamorphism in the epizone.

Mesozone: It is the middle zone where pressure and temperature 
are higher than in the epizone and stress is very high (though some-
times absent). T h e  characteristic minerals of the mesozone include 
hornblende, partly actinolite and anthophyllite, disthene, almandine type 
garnet, epidote/zoisite, plagioclase rich in anorthite, rarely orthoclase, 
biotite, muscovite, stavrolite, phlogopite, chlorite.

Catazone: The deepest zone where pressure and temperature are the 
highest and stress is lower than in other zones. The  typical minerals 
of the catazone are diopside and omphasite type augit, olivine, hornblen-
de, pyrop-almandine-grossular type garnet, cordierite, plagioclase rich 
in anorthite, alkali hornblende, alkali augit, biotite, orthoclase, spinel and 
sillimanite.

Minerals that occur in all three metamorphic zones and do not spe-
cifically characterize any zone are called “cheeky minerals” and these 
include quartz, titanite, rutile, biotite, calcite, biotite.
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3. Facies Concept

The concept of facies was introduced by Eskola (1915), despite 
undergoing many modifications, it is used in a general sense today. The 
formation and sequence of certain minerals in a rock as a result of 
changes related to pressure (bar), temperature (°C) and chemical envi-
ronmental conditions are referred to as metamorphic facies. Each of the 
facies includes rocks formed in a specific pressure and temperature range 
and the minerals present in these rocks reflect those conditions.

Figure 3.1. Representation of metamorphic facies in temperature and pressure 
diagram (Yardley, 1989)

To summarize;

• The metamorphic facies are not characterized by a single rock 
type, but are represented by different types of rocks formed un-
der the same conditions along with their corresponding mineral 
assemblages.

• The boundaries between facies, which are characterized by diffe-
rent mineral assemblages and rock groups formed under diffe-
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rent pressure and temperature (P/T) conditions, are not definite 
but gradually transitional.

• Under the same facies conditions, rocks with the same chemical 
composition form the same mineral assemblages.

Origin Ro-
cks

Glaucofan-
chist Facies
~ 3 0 0 º C 
high pres-
sure

Greenchist Facies 
400-550ºC

low-medium 
pressure

Amphibolite Fa-
cies 550-700ºC
high pressure

Granulite Fa-
cies 700-800ºC
high to very 
high pressure

Eclogite 
Facies

> 700ºC
>8-10 kb

Peridotite 
and 
other ultra-
mafitites

a n t i g o r i -

te-serpenti-

nite jadei-

tite

chrysotile-actino-
lithschist nephri-
titis
talkshist

pyrope-serpenti-
nite bronzite-ser-
pentinite

pyroxene-granu-
lite enstatite-sa-
firin-granofels

M a f i t i t e s 
D i a b a s e 
Gabro-basalt
Diorite-an-
desite

Glaucopha-
ne schist

metadiabase gre-
enschist epidositis
chlorite-albitchist

amphibolite
garnet-pyroxene 
amphibolite hor-
nblend gneiss me-
taanortoside

granulite
pyroxene-granu-
lite hornblend 
granulite

eclogite

h o r n b l e n -
de-eclogite

Granitic ro-
cks Granite, 
granodiorite 
Tonalite, rh-
yolite Alka-
line granite

metagranite metagranite pro-
tojin
gneiss with eyes 
albit-gnays

g r a n i t e - g n e i s s 
granodiorite-gne-
iss tonalite-gneiss
riebekite-gneis-
s,alkali-gneiss

granulite sc-
harnochite py-
roxene-granulite 
beachiogranulite

Arkose
Graywacke
Conglome-
rate

Glaucopha-
ne schist

metaarcosis me-
tagrovac meta-
conglomerate

gneiss-micaschist
granulite

Clay rocks metapelite phyllite(>20% se-
ricite, <10% feld.) 
chlorite-epidote-
chloritoid-phyllite 
albite-microcli-
ne-phyllite

chloritoid
garnet albite epi-

dote
chloritoidfels se-
ricite

micaschist (>20% 
mica) muscovi-
te-biotite-parago-
nite
two micaceous 
shale
stavrolite
disthene garnet 
plagioclase mic-
rocline
paragneiss (>20% 
feldspar)
m u s c o v i t f e l s 
(>90% muscovite)

   kinzigite pa-
ragnays
garnet-sillima-
nite- cordieri-
te-gnays

granulite

Bauxite Korundum fels
grindstone sandpaper
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Marl Glaucopha-
ne schist

chlorite-fillite cal-
csilicaschist tre-
mol i te -phyl l i te 
epidote-amphibo-
lite
e p i d o t e - z o i s i -
te-calcphyllite 
garnet-epidote- 
amphibolite

kalksilikatfels
pa raamf ibo l i t e 
ga rne t -pyroxe-
ne-amphibolite
hornblend-gnays

diopsitfels

granulite

Limestone metacarbo-
nate

marble
partially tremolite
chlorite and seri-
cite

mica-marble gar-
net-marble

Dolomite
Quartz-san-
dstone Coal, 
bitumen

metacarbo-
nate

dolomite-marble 
quartzite
graphite

marble quartzite
graphite

Table 3.1. Changes in regional metamorphism facies of different types of rocks 
(simplified from the report of the symposium on the classification of metamorphic 

rocks-1962)

Metamorphism facies are mainly as follows:

• Zeolite

• Prehnite-pumpellyite

• Blueschist

• Greenschist

• Amphibolite

• Granulite

• Eclogite

• Albite-epidote hornfels

• Hornblend hornfels

• Pyroxene hornfels

• Sanidinite

Prehnite-pumpellyite and zeolite facies are grouped under the name of 
sub-greenschist facies in the current literature (Bucher and Frey, 1994).
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Figure 3.2. Location of metamorphic facies in the temperature and pressure 
diagram (Matthes, 1990)

Figure 3.3. Location of metamorphic facies in subduction zones (http-1)
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Figure 3.4. Location of metamorphic facies and partial melting of the lower 
crust and upper mantle due to pressure and temperature distribution at the 

boundary of continental crust and oceanic crust (Best, 1982)

3.1. Zeolite Facies

The zeolite facies characterizes the low temperature and pressure 
conditions with the zeolite group minerals lemontite and höylandite being 
typical minerals of this facies.

3.2. Prehnite-Pumpellyite Facies

As a result of the increase in temperature and especially pressure, the 
zeolite facies passes from the zeolite facies to the prehnite-pumpellyite 
facies. The typical minerals of this facies are prehnite and pumpellyite 
minerals.

3.3. Blueschist Facies

The Blueschist facies is characterized by high pressure and the same 
or slightly higher temperature conditions compared to the Prehnite-Pum-
pellyite and Zeolite facies. Typical minerals of this facies are glaucop-
hane and lawsonite minerals. The name blueschist was given due to the 
presence of blue colored glaucophane and sodic amphiboles. In addition 
to glaucophane and lawsonite, disthene, epidote, zoisite, chlorite, garnet, 
phengite, chloritoid, paragonite, talc, jadeitic pyroxene, aragonite can 
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also be found. Feldspar and biotite are not found in this facies. Eskola 
also described this facies as glaucophane schist facies (Bucher and Grapes, 
2015).

3.4. Greenschist Facies

The Greenschist facies roughly includes rocks formed under low 
temperature (300-500 °C) and low-medium pressure conditions. The 
typical mineral assemblage o f  t h i s  f a c i e s  is actinolite + chlorite 
+ epidote + albite ± quartz. The first three minerals in this mineral as-
semblage are the minerals that give the rock its green color (Erkan, 2006).

3.5. Amphibolite Facies

The typical minerals of the amphibolite facies, a regional metamorp-
hism facies where pressure and temperature are high, are hornblende 
+ plagioclase (anorthite content > 20%). Minerals such as stavrolite,  al-
mandine,  cordierite,  andalusite,  sillimanite, disthene, orthoclase  are  also  
found  in  rocks  with  suitable  chemical composition (Erkan, 2006).

3.6. Granulite Facies

The typical mineral assemblage of the granulite facies, represented 
by rocks formed under conditions of high temperature and high pressure, 
is augit + orthopyroxene + plagioclase, and Fe-Mg garnet minerals are 
also present. Since the rocks belonging to the granulite facies are almost 
dehydrated, these rocks were formed at low water pressure. If there is 
water in the environment, biotite and hornblende can also form in this 
facies depending on the formation conditions (Bucher and Grapes, 2015).

3.7. Eclogite Facies

Eclogite facies rocks form over a wide range of temperatures and in 
different geodynamic environments (Bucher and Grapes, 2015). In additi-
on, these rocks were formed under very high pressure due to their high 
density. Jadeite-rich clinopyroxene (omphasite) + pyrope- rich garnet 
minerals constitute the typical minerals of this facies. Depending on the 
temperature, if water is present in the environment, eclogites containing 
hornblende and glaucophane can also occur (Erkan, 2006). Eclogite fa-
cies rocks do not contain plagioclase.

The great majority of eclogites are found as tectonically transported 
blocks in chaotic melange zones in accretion zones in subduction zones 



 . 27Research and Evaluations in the Field of Earth Science Engineering - 2025 March

and in areas of blueschists, or in metamorphosed rocks of another facies 
(Bucher and Grapes, 2015)

3.8. Hornfels Facies

Contact metamorphism facies formed under low pressure can be 
grouped under the definition of hornfels facies. With the increase in 
temperature, these facies as;

• Albite - Epidote - Hornfels Facies

• Hornblend - Hornfels Facies

• Pyroxene - Hornfels Facies.

Albite - Epidote - Hornfels Facies: This facies developed under low 
pressure and relatively low temperatures,  t a k i n g  its name from albite 
and epidote minerals. Hornfels is a rock formed by contact metamorp-
hism. This facies is as follows;

In metabasites: albite + epidote + actinolite + chlorite + quartz

Metapelites are characterized by the minerals: muscovite + biotite 
+ chlorite + quartz.

Hornblende - Hornfels facies: This facies is characterized by low 
pressure but slightly higher temperatures, similar to the albite - epidote 
hornfels facies. Although it is named after the hornblende mineral, the 
appearance of this mineral is not limited to this facies. The Hornblend 
- Hornfels facies is as follows;

In metabasites: hornblende + plagioclase± diopside, anthophyllite / 
cummingtonite, quartz

Metapelites are characterized by the minerals: muscovite + biotite + 
andalusite +  cordierite + quartz + plagioclase. 

Pyroxene - Hornfels Facies: This facies is a contact metamorphism 
facies with high temperatures and named the presence of orthopyroxene 
similar to granulite facies. The Pyroxene-Hornfels facies as indicated by 
the following mineral assemblages;

In   metabasites;  orthopyroxene   +   clinopyroxene   +   plagioclase

± olivine or quartz

In metapelites; cordierite + quartz + sillimanite + K-feldspar (orthoc-
lase) ± biotite ± garnet (If the temperature is below 750 °C, andalusite 
is found instead of sillimanite)

https://en.wikipedia.org/wiki/Albite
https://en.wikipedia.org/wiki/Diopside
https://en.wikipedia.org/wiki/Anthophyllite
https://en.wikipedia.org/wiki/Cummingtonite
https://en.wikipedia.org/wiki/Andalusite
https://en.wikipedia.org/wiki/Cordierite
https://en.wikipedia.org/wiki/Olivine
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Carbonate rocks are characterized by the minerals calcite + forsterite 
± diopside, periclase or diopside + grosular+ vollastonite ± vesuvianite 
(http-2).

3.9. Sanidinite Facies

Sanidinite  facies  rocks  are  formed  under  extremely  high tem-
perature  and  low  pressure  conditions.  In  this  facies,  the  main mineral 
is sanidine and the typical rock is sanidinite. Also, depending on the rock 
of origin, the mineral assemblage can be tridymite, cordierite, vollas-
tonite, diopside, anorthite. The sanidinite facies is a facies of contact 
metamorphism, which sometimes to the formation of rocks containing 
uncrystallized glassy material as a result of partial melting due to high 
temperature (http-3).
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Inroduction

Since speleothems are directly related to surface water chemistry, iso-
topic records obtained from such deposits and their precise dating are cri-
tically important both for the clarification of past climate records and the 
development of climate evolution models.

The fact that 70% of the data from a total of 500 caves in the world in 
the database of the Speleothem Isotopes Synthesis and Analysis Working 
Group (SISAL) is after 2007 and that data sets from only 2 caves in our 
country have been published is an indication that such records are currently 
popular but remain a “data gap” in terms of speleothem records in our own 
geography (Fig. 1).

Figure 1. Geographic distribution of cave sedimentation records around the 
world according to the SISAL database (taken from Atsawawaranunt et al., 

2018).

With this study, for the Eastern Anatolia Region, were prensented a 
cave deposit  precise climate data sets.  Since this possible cave record 
model could be the first high-resolution and precise model for the region, 
it is thought that the project outputs could provide pioneering base data for 
studies to be conducted both globally and locally.

Eastern Anatolian climate records are limited (Çiner, 2003; Sarıkaya 
et al., 2011; Sarıkaya, 2012) and are mainly dependent on datasets from 
Lake Van and glacier records (Akçar and Schlücher, 2005). Datasets from 
the lake are related to sediment chemistry (Landmann et al., 1996a; Ka-
dıoğlu et al., 1997; Çağatay et al., 2014; Stockhecke et al., 2014; Pickarski 
et al., 2015) and pollen records (Wick et al., 2003; Litt et al., 2014; Pickar-
ski et al., 2015), while datasets from glaciers consist of cosmogenic ages 
of glacial valleys. Although the lake records are directly dependent on 14C 
or radiogenic dating of tephra levels in drillings (Mouralis et al., 2010; Su-
mita et al., 2012, Sumita and Schmincke, 2013a, 2013b, 2013c; Schmincke 
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et al., 2013), the historical resolution in these records is directly related to 
the error margins of the methods, sampling intervals and the potential of 
Lake Van, which is highly alkaline, to record climate records continuous-
ly. Composite analysis of drillings carried out in this lake shows an unin-
terrupted record for the last 90 thousand years (Stockhecke et al., 2014). 
However, the analysis of sediment samples taken from cores in terms of 
climate records does not indicate a single moment but gives the average of 
a certain time period and the age control of these data is again the product 
of a large-scale study (IODP). This study aims to detail the climate records 
presented on a large scale (roughly) for the region with high-resolution 
precise climate record analyses.

A limited number of cave sediment records have been added to the li-
terature from our country (Sofular and Dim caves) (Fleitmann et al., 2009; 
Göktürk et al., 2011; Ünal-İmer et al., 2015). These records have been 
correlated with both global and local climate records and have been the 
basis for many studies, but one of these caves is on the Mediterranean coast 
while the other is on the Black Sea coast (Figure 1). The sediment to be stu-
died within the scope of this study is located in the Eastern Anatolia region.

However, Micro-XRF scanning is widely used on lake/sea cores, but 
the application of this type of analysis on cave sediments is quite rare (e.g. 
Finne et al., 2015; Li et al., 2019; Scroxton et al., 2018) and these studies 
generally examined the distribution of a specific element in the sample. 
Within the scope of this study, it is anticipated that climate changes may 
directly affect the concentrations of elements in the cave sediment.

The aim of the study is to date a cave deposit for the first time in the 
Eastern Anatolia Region and partly in the Middle East with high resolution 
(U/Th method) and to present precise climate data sets for the age ranges 
to be obtained. Since this possible cave record model can be the first high 
resolution and precise model for the region, it is thought that the project 
outputs can provide pioneering base data for future studies both globally 
and locally. Within the scope of the project, micro-XRF analyses with 0.2 
mm intervals were also performed on a stalagmite with the ITRAX core 
scanner device. As a result of this process, approximately 25 element data 
were obtained precisely from bottom to top. Such data sets for stalagmites 
are for certain elements in the literature and are very few in number (e.g. 
Finne et al., 2015; Li et al., 2019; Scroxton et al., 2018). Within the scope 
of the study, XRF data sets were tried to be correlated with both δ18O and 
δ13C records to be obtained within the scope of the project and global cli-
mate records. In case a consistent correlation is obtained, it is possible to 
add a new climate record variable to the literature through speleothems. In 
this case, it is considered as a secondary original value in addition to the 
contribution of the study to global and regional climate records.
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Geology

The Eastern Anatolian Region, which is the study area, has a comp-
ressional regime from the Upper Cretaceous to the present (Mc Kenzie, 
1972; Le Pichon et al., 1973; Morelli, 1978). In the region, as a result of 
a tectonic regime of N-S compression and E-W extension, the crust shor-
tened and rose (Şaroğlu and Yılmaz, 1984; Şaroğlu and Yılmaz, 1986). 
Many right and left lateral faults, opening cracks and thrusts occurred as 
a result of this tectonic regime (Şaroğlu and Yılmaz, 1984). These faults, 
which developed parallel to the Eastern Anatolian fault zone, are the most 
characteristic features of the Eastern Anatolian compressional zone (Boz-
kurt, 2001; Eren, 2009). 

Tazekent Travertines are located within the Eastern Anatolian plateau. 
The plateau; It developed as a product of the compression (continent-con-
tinent collision) regime that started 19 million years ago (Gülyüz et al., 
2019). The basin took its final shape with effective volcanism, which was 
one of the results of this compression regime. With this developing regime, 
many paleo and active faults developed in the basin (Şaroğlu and Yılmaz, 
1986; Koçyiğit, 2013). As a result of all these, many travertine formations 
have occurred in the basin and continue to occur. When the geology of the 
study area is examined, metamorphic, magmatic and sedimentary units are 
observed. All these units have been defined, mapped and explained in de-
tail (Aslan et al., 1991; Burcak et al., 1997; Zaman et al., 2000; Pasvanoğlu 
and Guler, 2010; Coban, 2011; Colakoğlu et al., 2011; Mutlu et al., 2013; 
Pasvanoğlu, 2013; Sürmeli and Mesci, 2014; Kardaş and Köse, 2019; Kı-
yadeh and Köse, 2019). 

The basement of the region is formed by Eocene-Miocene clastic rocks 
and limestones. Volcanics deposited from Upper Miocene to Quaternary 
unconformably overlie these clastic and carbonate rocks (Fig. 2). Traverti-
nes formed due to fractures developed in the region unconformably cover 
all these units (Fig. 3). The study area ends with alluviums that have conti-
nued to form from the Quaternary to the present (Aslan et al., 1991; Burcak 
et al., 1997; Zaman et al., 2000; Pasvanoğlu and Guler, 2010; Coban, 2011; 
Colakoğlu et al., 2011; Mutlu et al., 2013; Pasvanoğlu, 2013; Sürmeli and 
Mesci, 2014; Kardaş and Köse, 2019; Kıyadeh and Köse, 2019).
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Figure 2. Geological map of the study (Modified from, Yeşilova and Yeğen 2025).

Figure 3. Different type travertine formations observed in the region. A-D, ridge 
type travertine, B, sheet type travertine and C, dome type travertine formations.

Materials and Methods

In the study, the materials and method can be grouped under 3 sepa-
rate headings. These headings cover sampling, field studies, and ITRAX 
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micro-XRF analyses, respectively. Figure 4 shows the location of the study 
area and the processes of sticking and cutting the stalagmite and the after-
math.

Sampling: 

This process is now complete and is independent of the project propo-
sal. The location of the stalagmite sample and the cross-section of the cave 
(vertical cleft) where it was previously located are presented in Figure 5. 
The stalagmite sample to be analyzed within the scope of the project was 
found in 3 pieces in the field. This sample was combined with glue and 
made into a whole with a loss of approximately 3 cm in the vertical. The 
whole sample was placed in a longitudinal mold and fixed with concrete to 
make it ready for vertical and horizontal cutting (Fig. 4C-E). The cutting 
process of the sample was carried out with a diamond-tipped saw rotating 
at a constant speed under constant flow water in a marble production fa-
cility in Van, and the records that could be gained by heating the sample 
during cutting were kept at a minimum level (Fig. 4F-H).

Field Studies: 

During the field studies, the geological units in the cave where the 
stalagmite was located and its surroundings were identified, and the litho-
facies and lithodemic features of these units were determined. Following 
these studies, a 1/25000 geological map of the region was prepared and 
the structural elements were transferred to the map (see Fig. 2). After the-
se studies were completed, the studies inside the cave were started. The 
location and position of the stalagmite removed from the cave were de-
termined exactly (for the accuracy of this process, the lowest surface of 
the stalagmite was kept as a whole) (Fig. 5). Another study planned to be 
conducted in connection with the study is to take hand samples from the 
rock assemblages (generally Quaternary-aged travertine according to cur-
rent maps) that crop out around the cave. The reason for such a study is to 
investigate whether the origins of the relevant distributions are related to 
the wall rocks in the event that the element ratio distributions to be obtai-
ned systematically from the stalagmite within the scope of the study cannot 
be directly associated with climate changes.
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Figure 4. A) Basic structural elements of the Eastern Anatolian geological map 
(modified from MTA 2002 and Okay and Tüysüz, 1999), note: Red box shows 
the sample location, B) GoogleEarth screenshot shows the sample point, C) 
Stalagmite image found in 3 pieces, D) Whole stalagmite image joined with 

glue, E) Stalagmite image taken in concrete mold, F) Stalagmite image cut at 
constant water flow and constant speed, G) Stalagmite vertical section image, H) 

Stalagmite horizontal section image.
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Figure 5. The location of the stalagmite found in pieces in the cave and the 
location of the stalagmite in the cave (the section of the cave is drawn in the W-E 

direction). Note 1: The stalagmite found in the cave is only 5 meters inside the 
crevice mouth, and no water/water dripping is currently observed in the cave. 

This shows that the stalagmite growth occurred before today (before the crevice 
mouth was formed) but at a location very close to the surface, indicating that 

the possible effects inside the cave have a minimum effect on the climate record. 
Note 2: The location where the stalagmite emerged in the cave is visible and 

known.

ITRAX micro-XRF analyses: 

This process is planned to be performed with the ITRAX micro-XRF 
device. This process consists of 7 stages; (i) checking whether the equip-
ment is working properly, (ii) sample preparation (this process is comple-
te), (iii) placing the sample in the holder, (iv) scanning the sample surface 
and creating a 3D map of the sample surface area before measurement, 
(v) taking X-ray radiography images, (vi) determining the XRF scanning 
parameters (resolution - it is planned to scan the project samples with 0.2 
mm sensitivity), (vii) obtaining the analysis results and obtaining visual 
outputs. As can be seen in Figure 4G, the growth axis of the stalagmite is 
not a single straight line. Obtaining accurate and complete results depends 
on scanning along as many overlapping axes as possible. Therefore, it is 
thought that approximately seven times the total length of the stalagmite 
may be needed to scan, which corresponds to a total of approximately 10 
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m (7x1.4) micro-XRF scan at 0.2 mm resolution. The reason for wanting to 
scan on different lines of this type is to control possible changes/anomalies 
on the sample multiple times. As a result of all processes, the density distri-
bution of 25 different elements along the sample lines will be obtained and 
these data sets will be used in paleoclimatic modeling/correlations. The 
study by Scroxton et al. (2018) provides a good example of how the dataset 
to be obtained from ITRAX within the scope of the proposed project can 
be used in paleoclimate interpretations. In addition to stable Oxygen and 
Carbon isotope ratios, the use of trace element ratios such as Mg/Ca and 
Sr/Ca is increasing day by day in order to obtain paleoclimate records from 
stalactites and stalagmites. Scroxton et al. (2018) clearly illustrated (Figure 
6A). In Figure 6B, Scroxton et al. (2018) compare the Sr/Ca record obtai-
ned with the ITRAX scan with the paleoclimate record obtained by Griffit-
hs et al. (2016) based on isotope data and trace element measurements. As 
can be seen, the Sr/Ca graph obtained with ITRAX is quite similar to the 
paleoclimate record. Roughly, it can be said that dry periods are represen-
ted by high Sr/Ca values. With the proposed project, it is planned to obtain 
results similar to the study of Scroxton et al. (2018), and thus to contribute 
to the literature that high-resolution core scanners can also be used advan-
tageously in stalactite-stalagmite paleoclimate studies.

Figure 6. A) Comparison of Sr/Ca values   obtained with the IITRAX micro-XRF 
scanner along the stalagmite examined by Scroxton et al. (2018) with those 

obtained with ICP-MS. B) Comparison of the Sr/Ca graph obtained by Scroxton 
et al. (2018) with the paleoclimate record (LLPC1) obtained by Griffiths et al. 

(2016) based on isotope data and trace element measurements.
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Result

Travertines and the status of the cave

The cave where the stalagmite is located is located on the northern 
slope of the travertines located in the north-northeast of Tazekent village. 
This cave, which has an average depth of 10 m and a width of 2.5 m, has 
grown vertically (see Fig. 5, Fig. 7). There are several studies on traverti-
nes (Sürmeli and Mesci, 2014; Yeğen, 2021; Yeşilova and Yeğen, 2024). 
In the travertine system of Tazekent Village, travertines were formed by 
opening cracks in the N 50 E and N 80 E directions and waters coming to 
the surface from these cracks (Yeğen 2021). In the main crack forming the 
travertines, an average of 150 cm thick vertical and symmetrical travertine 
formation was observed. The travertine thickness around the crack is 240 
m. The opening crack on the travertines whose formation is completed 
can be clearly observed (Yeğen 2021). Sürmeli and Mesci (2014), in their 
study on the tectonic development of the ridge-type travertines in the re-
gion, determined ages between 125 - 10 ka. The samples taken were taken 
symmetrically from the samples that were upright in the opening crack 
(crack filling).
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Figure 7. A) Side view of the cave and B) top view.

Again, Sürmeli and Mesci (2014) stated that it was in the NE-SW di-
rection and the opening speed was between 1.05 - 0.012 mm/year, and the 
average speed was 0.352 mm/year. Yeğen 2021 dated the travertines in his 
master’s thesis. He made the mentioned datings from the travertine wing. 
In his study, he took samples from a position close to the foundation, the 
middle and the top point of the Tazekent Village travertines. In the analysis 
results, ages of 215.16 - 118.40 - 31.44 ka were obtained. Since the sample 
taken from the bottom did not represent the lowest point of the travertines, 
it was stated that the travertines could be even older.

In their study conducted in 2024, Yeşilova and Yeğen divided the Ta-
zekent Village Travertines into 7 facies (Fig. 8). These facies are;

1. Brecciated-lithoclastic facies,
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2. Crystalline crust facies,

3. Shrub type facies,

4. Raft type facies,

5. Stromatolithic facies,

6. pubble gas facies,

7. Paleosoil facies. 

Figure 8. Column section of travertines (taken from Yeşilova Yeğen, 2025).
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Mikro XRF

The stalagmite in question was first cut in half and then a 5 cm thick 
slice was cut (Figure 9). Since the stalagmite did not develop in a perfect 
linearity, its stratigraphy was carefully examined and 8 sections were pre-
pared for ITRAX scans, which would partially overlap each other stratig-
raphically and cover the entire stratigraphy of the stalagmite (Figure 9). 
ITRAX scans were performed at the MTA Marine Research Department 
Laboratory using a Molybdenum tube with a measurement time of 5 secon-
ds every 0.5 mm. As a result of the measurements, a geochemical data set 
of 161.6 cm in length covering 18 elements (Al, Si, S, Cl, Ca, Ti, Cr, Mn, 
Fe, Ni, Cu, Zn, As, Br, Sr, Zr, Ba and Pb) was obtained (Table 1). In Figure 
9, only the profiles of Ca and Sr elements from the data set are shown next 
to the optical images of the stalagmite sections. There are many anomalies 
along the profiles that are likely to be related to ancient climate conditions. 
In order to reveal the geochemical paleoclimate record recorded along the 
stalagmite, first of all, the overlapping parts of the 8 sections must be care-
fully correlated to obtain an integrated geochemical record. 

Table1. A small part of the Micro XRF results performed on stalagmite.
Al Si S  Cl  Ca Ti     Cr Mn Fe Ni  Cu   Zn As Br Sr Zr Pb

20 0 327 111 241158 38 29 49 439 313 0 137 0 36 4165 182       50

33 14 267 90 218486 30 0 19 753 278 24 125 130 71 5007 172 0

20 78 250 88 255913 72 0 41 832 452 0 195 74 77 5607 50 0

0 0 240 89 256078 51 11 90 267 465 20 57 0 23 5154 105 273

49 0 212 153 267459 11 11 34 180 382 4 198 0 56 5323 152 119

9 5 296 217 256672 10 4 54 160 438 9 105 54 55 5566 114 0

27 0 249 264 258101 11 0 34 189 456 0 253 0 160 5692 231 217

7 5 135 126 246379 12 0 162 219 432 19 79 0 5 5569 178 170

23 0 214 161 257375 10 50 104 234 450 0 123 0 95 6074 211 95

23 0 176 162 223879 27 12 10 375 318 21 187 0 70 5182 103 122

28 0 203 145 278031 25 0 97 165 455 13 94 0 39 5057 82 181

0 0 123 20 273459 0 9 104 127 511 0 78 0 47 5957 122 172

42 9 193 77 274136 16 0 111 149 518 0 60 0 98 5917 127 231

8 0 84 51 275160 17 0 130 104 593 10 17 0 39 6085 110 191

16 0 141 20 276124 27 6 127 160 565 0 77 0 120 5912 92 181
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Figure 9. Sr/Ca Micro XRF values   of the entire stalagmite.
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Discussion and Conclusion

As a result of the field studies, similar results were obtained as in the 
Yeğen, 2021 study. In this context, it was determined that the Tazekent Vil-
lage Travertines morphologically showed dome and ridge type formation. 
Again, the Tazekent Village Travertines were divided into 7 facies:

1. Brecciated-lithoclastic facies,

2. Crystalline crust facies,

3. Shrub type facies,

4. Raft type facies,

5. Stromatolithic facies,

6. Gas cavity facies,

7. Paleosoil facies.

According to these facies obtained; The stromatolites in the study area 
indicate that lacustrine areas that will create living activity on the traver-
tines have developed. The growth of these stromatolites in a continuous-
ly upward growing system shows that the current lake level is constantly 
rising (Martin-Bello et al., 2019). Again, the fissures and karstic spaces 
indicate that the opening continues, and the raft-type facies developing 
in these areas indicate travertine deposition. The fact that the crystalline 
crustal facies consists of clear calcites and fans of equal length indicates 
that this crust was formed in the source area and in the slope environment 
(Özkul et al. 2001; Barilaro et al. 2011). The block-size material observed 
in the brecciated-lithoclastic facies indicates that they were not transported 
and were deposited right at the bottom of the place where they were broken 
off. Both the fractured and cracked structure, the raft-type facies filling 
these structures, the lacustrine areas formed on the distant slopes of the tra-
vertines and the gravel content of the brecciated-lithoclastic facies indicate 
that not only volcanism but also tectonism occurred intensively during the 
formation of the travertines (Gradziński., 2010).

The changes in the values   of the elements obtained as a result of the 
Micro XRF analysis performed on the stalagmite are used in the interpreta-
tion of many data such as climate, diagenesis, volcanism (Croudace et al., 
2006; Rothwell and Croudace, 2015) (Table 1, Appendix-1). The sudden 
Cu increases obtained along the plane where the Micro XRF analysis was 
performed indicate diagenetic mobility, however, the high Mn levels ob-
served together with copper confirm this situation (Croudace et al., 2006; 
Rothwell and Croudace, 2015). The decrease in the Mn level indicates the 
decrease in the groundwater level (Croudace et al., 2006; Rothwell and 
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Croudace, 2015). The climate data are processed into the analysis results 
in Figure 10.

Figure 10. Sr/Ca values   obtained from micro XRF studies and comparison of 
these values   with NGRIP data and climate data of Eddy et al., 1991. Orange 

dashed boxes indicate warm periods, Blue dashed boxes indicate cold periods.

Again, Zr values   obtained from the analysis results indicate volcanic 
activity during the formation of the stalagmite. This situation was also sta-
ted in the study conducted by Yeşilova and Yeğen 2025. In addition to all 
these, Sr/Ca values   observed along the section indicate dry and rainy times 
(see Fig 9 - 10). In Figure 13, Sr/Ca values   obtained from stalactites are 
compared with NGRIP data and Eddy et al. (1991) climate data. According 
to the correlation, 3 warm periods and 3 cold periods were observed during 
the development of the stalagmite. It was observed that the obtained data 
are compatible with other climate studies. The study needs to be reinforced 
with age data.
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Introduction 

The use of stones by humans is almost equivalent to the history of 
humanity. This journey, which started as a cutter and crusher, has reached 
inconceivable dimensions today. The most common of these is their use 
as building stones. Travertines are one of the most sought-after building 
stones, as they are used both in construction, decoration and even cladding.

Travertine is formed by the precipitation and accumulation of calcium 
carbonate along fault lines where calcium and bicarbonate-rich groundwa-
ter reaches the surface (Pedley, 1990; Ford and Pedley, 1996; Guo and 
Riding, 1998; Pentecost, 2005; Gandin and Capezuoli, 2008). Due to the-
se properties, travertines are mostly found in geothermal fields following 
a fracture system (Muir-Wood, 1983; Chafetz and Folk, 1984; Sibson et 
al., 1975; Altunel and Hancock, 1993b; Guo and Riding, 1998; Fouke et 
al., 2000; Pentecost, 2005; Veysey et al., 2008; Guido et al., 2010; Guido 
and Campbell, 2011; Yeşilova et al., 2015a,b, 2017, 2019, 2021; Yeşilova,  
2019, 2022). There are many parameters affecting the formation and morp-
hology of travertines, the most important of which are paleomorphology, 
tectonism, climate and volcanism (Ordonez et al., 1986; Altunel and Han-
cock, 1993b; Pentecost, 1995; Guo and Riding, 1998; Capezzuoli et al.,, 
2009; Brogi and Capezzuoli, 2014).

Heybeli Travertines are located in the east of Adilcevaz District (Bit-
lis), north of Lake Van. These travertines, located right next to the Erciş 
(Van) - Adilcevaz (Bitlis) highway, surface in an area of   approximately 1.5 
km2 (Fig. 1A).

The study aims to compare the effects of facies features on structural 
features of Heybeli travertines. For this purpose, 56 m. core drilling was 
carried out from travertines that are almost 80% covered, samples were 
taken based on these cores and the same structural tests were applied to 
samples in different facies and changes were monitored according to fa-
cies.

Geology

The study area is located in the Lake Van basin. The basin began to 
thicken and rise with the compression regime that started 19 ma ago (Gül-
yüz et al., 2019). With this compression regime, many large and small 
faults were formed in the basin. After this fault formation, the drainage 
system of the existing depression was closed as a result of the eruptions 
of the Nemrut Volcano approximately 600 ka ago and the Lake Van basin 
was formed (Degens and Kurtman, 1978). Intense evaporites are observed 
in the study area and its surroundings as a result of the shallowing and 
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continentalization that developed due to this uplift (Güngör et al., 2006a, b; 
Güngör-Yeşilova and Gökmen, 2020; Güngör-Yeşilova et al., 2020; Gün-
gör-Yeşilova and Baran, 2023).

The units in the study area are listed from oldest to youngest as Mio-
cene Adilcevaz limestone, Quaternary Süphan volcanics, Quaternary Van 
Lake formation and Heybeli travertines and tufas and Quaternary alluvi-
ums. Of these units, Miocene Adilcevaz limestones form the bottom layer 
and are unconformably overlain by Quaternary Süphan volcanics (Uvaçin, 
2022). Süphan volcanics are unconformably overlain by Quaternary Van 
Lake formation and Heybeli travertines and tufas, which are the subject of 
this study. Quaternary alluvium covers all these units (Figure 1B) (Uvaçin, 
2022). Adilcevaz Limestone is observed in the north of the study area, is 
generally cream-yellow in color, has many fractures and cracks. Süphan 
Volcanics are observed in the west of the study area. It is black-smoky in 
color and has basaltic properties. The majority of the cultivated lands in 
the study area consist of alluvium. In many areas, the alluviums are transi-
tional with the old sediments of Lake Van. These travertines, which are the 
subject of the study, were formed as a result of the activity of two different 
faults intersecting each other. These yellow, beige, gray, white and cream 
colored travertines surfaced between 1670 m and 1725 m in height with 
a thickness of approximately 55 meters. Onyxes were observed in some 
levels (Aranlı, 2021; Yeşilova and Aranlı, 2025).
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Figure 1. A) Map showing the location of the study area. B) Geological map of 
the study area (taken from Yeşilova and Aranlı, 2025).

Heybeli Travertines

Heybeli travertines were classified into facies based on previous stu-
dies (Aranlı, 2021; Uvaçin 2022; Yeşilova and Aranlı, 2025). While clas-
sifying, lithological features such as composition, texture, layering chara-
cteristics and sedimentary structures were taken into account based on the 
classification made by Guo and Riding (1998). These facies are;

1. Brecciated-lithoclastic facies,

2. Crystalline crust facies

3. Shrub type facies,

4. Paper-thin raft type facies,

5. Coated gas buble facies, 5 different facies were determined (Aran-
lı, 2021; Uvaçin 2022; Yeşilova and Aranlı, 2025) (Fig. 2).
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Brecciated-lithoclastic facies

The facies in question is formed by fragments of different shapes and 
sizes that are broken off from the existing travertine formation and re-join 
the travertine formation (Fig. 3 A). However, at the lowest level of the tra-
vertines, during the travertine formation, there are also extractclasts (basalt 
and andesite fragments belonging to Süphan Volcanics) included in the 
environment along with the travertine fragments. The travertines in ques-
tion form brecciated extractclast travertines in this form. However, in this 
study, as in Aranlı, 2021, both facies will be examined under the title of 
brecciated lithoclast facies. The gray-yellow colored facies repeats 4 times 
throughout the entire section (Uvaçin, 2022).
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Figure 2. Column section of Heybeli basin facies (taken from (Aranlı, 2021; 
Uvaçin 2022; Yeşilova and Aranlı, 2025)

Crystalline crust facies

This facies, which generally represents spring mouths and hot waters 
(Guo and Riding, 1998), is composed of coarse fibrous and perpendicular 
calcite crystals to the crystallization surface (Özkul et al., 2002). In the 
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field, two different onyx formations were observed, cream-beige-yellow or 
gray. The gray ones are porous and thin-layered (Fig. 3 B).

Shrub type facies

This facies is the most widespread and thick travertine lithofacies of 
shallow, wide pool and swamp-like environments of low-slope slope depo-
sitional environments and depression areas (Guo and Riding, 1992, 1998; 
Özkul et al., 2002). Shrubs are formations that expand upwards, develop 
as dendritic or shrub/dwarf plants (Özkul et al., 2002). It is one of the most 
repeated facies in the section. It is creamy white in color, thin to medi-
um-layered. It was observed in the field in two different forms as ball-like 
dwarf shrubs and as sheets (Fig. 3 C).

Figure 3. Facies determined in Dereiçi travertines. A) Brecciated-lithoclastic 
facies, B) Crystalline crust facies, C) Shrub type facies, D) Paper-thin raft facies, 

E) Coated gas buble facies.
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Paper-thin raft facies

The travertines forming the raft type facies are formed by the occasi-
onal collapse of the CaCO3 film accumulated on the water surfaces filling 
the shallow depression areas or terrace pools observed on the travertine 
formation (Guo and Riding, 1998). This type of travertines are in the form 
of loose (fragile) thin crystalline layers (Guo and Riding, 1998). It is re-
peated 5 times along the core taken. Some parts can be observed with the 
naked eye in the field (Fig. 3 D). The layer thicknesses vary from thick 
lamina to very thin layers. It is gray-beige in color and represents the lake/
pool environment.

Coated gas buble facies

This facies, like the raft type facies, is repeated 5 times throughout 
the section. The facies, which is thin-thick layered, is cream-beige in color 
(Fig. 3 E). Gas-pocket facies are frequently observed together with crys-
talline crust, raft and reed type travertine facies. As a result of detailed 
examinations, gas cavities are frequently observed in other facies (except 
for the beige-yellow crystalline crust facies). The main reason for this is 
thought to be the Süphan Volcanism that developed simultaneously with 
the travertine formation.

Method

The study consists of 3 parts, (i) field studies, (ii) drilling studies (Fig. 
4) and (iii) laboratory studies.



 . 59Research and Evaluations in the Field of Earth Science Engineering - 2025 March

Figure 4. Core drilling in Heybeli travertines (A) and a view of the cores 
obtained (B).

In the field studies, the region was examined in detail, the areas 
where the travertines were exposed were determined and sampling 
studies were carried out. In the drilling studies, the travertines were 
cut from top to ceiling. In this way, the entire stack was obtained 
with very little loss. Laboratory studies were carried out at Dokuz 
Eylül University Torbalı Vocational School. Thin sections and phy-
sical mechanical tests of the samples were carried out here. Physical 
experiments were carried out on the samples and experiments were 
carried out to obtain apparent density, open porosity, true density, 
total porosity, water absorption value and ultrasonic velocity mea-
surements. In the mechanical tests, compressive strength, point lo-
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ading, indirect and direct tensile tests were carried out to determine 
the strength values   of the samples.

Malzeme Özellikleri

Total Core Yield (TCY%), Intact Core Yield (ICY%) and Rock Qua-
lity Indicator (RQI%) values   of travertines were calculated from the cores 
obtained by drilling in Heybeli travertines. In the light of this data, the 
facies with high values   in travertine facies were determined as crystalline 
crust facies and brecciated-lithoclastic facies. Although the core produc-
tivity of other facies was high, the rock quality indicator was very low 
(Table 1).

Table 1. Determination of discontinuity properties of travertines.

TCY 
(%)

ICY 
(%)

RQI 
(%) Facies

6,88 5,63 1,25 Shrub type facies
94,66 92,33 65,67 Crystalline crust facies

73 71 0 Coated gas buble facies
20 8 0 Paper-thin raft facies
62 56 27,5 Brecciated-lithoclastic facies

Physical properties of Heybeli travertine facies were determined by 
laboratory tests. Among the physical properties, apparent density, open po-
rosity, water absorption values, real density and total porosity were deter-
mined separately according to facies.

Table 2. Apparent density, open porosity and water absorption values   of 
travertines.

Facies

Wei-
ght in 
Water 

(gr) 
(MH)

Satu-
rated 
We-
ight 
(gr) 

(MS)

Dry 
Weight 

(gr) 
(MD)

Appa-
rent 
Den-
sity 
(Kg/
m3) 
(Pb)

Open 
Poro-
sity 
(%) 
(Po)

Water 
Ab-

sorpti-
on (%) 

(Ab)

Brecciated-lithoc-
lastic facies 103.14 166.6 164.93 2.59 2.63 1.01

Brecciated-lithoc-
lastic facies 107 178.34 174.1 2.43 5.94 2.44

Brecciated-lithoc-
lastic facies 110.45 185.32 181.48 2.41 5.13 2.12
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Crystalline crust 
facies 114.38 188.13 182.23 2.46 8.00 3.24

Crystalline crust 
facies 100.06 166.04 159.61 2.41 9.75 4.03

Crystalline crust 
facies 107.05 178.73 173.16 2.41 7.77 3.22

Crystalline crust 
facies 111.09 183.87 180.12 2.46 5.15 2.08

Coated gas buble 
facies 87.65 145.93 141.95 2.43 6.83 2.80

Coated gas buble 
facies 84.35 143.56 135.33 2.28 13.90 6.08

Coated gas buble 
facies 124.51 218.43 205.24 2.18 14.04 6.43

Paper-thin raft 
facies 102.7 173.06 168.51 2.39 6.47 2.70

Paper-thin raft 
facies 116.45 271.46 270.16 1.74 0.84 0.48

Shrub type facies 99.1 166.65 158.77 2.34 11.67 4.96
Shrub type facies 103.93 172.8 166.46 2.41 9.21 3.81
Shrub type facies 110.74 185.21 178.4 2.39 9.14 3.82

Compressive strength test was performed on 11 samples taken from 
Heybeli travertine facies according to TS EN 1926 standards. The purpose 
of this test is to calculate the performance of travertines in their areas of 
use (Table 3).

Table 3. Uniaxial compressive strength test data of travertines.
Diameter 

(mm)
Area 
(cm2) Load (kgf) Strength Facies

44.31 15.41 3690.47 239.45 Brecciated-lithoc-
lastic facies

44.73 15.71 4051.32 257.95 Brecciated-lithoc-
lastic facies

44.94 15.85 3657.67 230.71 Crystalline crust 
facies

44.8 15.76 7561.36 479.93 Crystalline crust 
facies

45.13 15.99 11366.65 710.94 Crystalline crust 
facies

42.31 14.05 1361.37 96.88 Coated gas buble 
facies

43.94 15.16 1820.63 120.12 Coated gas buble 
facies

45.02 15.91 1525.39 95.87 Paper-thin raft 
facies

54.5 23.32 1565.58 67.14 Paper-thin raft 
facies

44.38 15.46 2903.17 187.77 Shrub type facies
42.94 14.47 1951.85 134.85 Shrub type facies
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Discussion and Conclusion

When field observations and facies properties are evaluated, all other 
travertines except for raft type travertines have an economic value. Shrub 
type and gas void travertines can be used in decoration, while brecciated 
and crystalline facies can be used in coating and block production. Espe-
cially crystalline shell facies is extremely important because it has onyx 
properties. However, raft type facies is economically important because it 
is very fragile. 

When the post-examination study carried out on Heybeli traver-
tine mass, the characteristics of the discontinuities determined from 
the cores taken by drilling and the facies properties are evaluated 
together, it is seen that only blocks that can be considered economi-
cal (1.8-2.6 m3) can be produced in travertines belonging to crystal-
line shell facies. It is not possible to produce economical travertine 
blocks from other facies. Discontinuities within the travertine mass 
(low-slope layer planes) limit the volume of blocks that can be obta-
ined to a maximum of 1 m3. 

The apparent density of Heybeli travertines varies between 2.34 -2.59 
g/cm3. The facies with the highest apparent density is the crystalline crust 
facies. The lowest is the gas-porous facies. Since the apparent density is 
related to the porosity of the travertines, the density of the facies with high 
porosity is lower.

Heybeli travertines spread over an area of   approximately 1.5 km2 in 
the region. The thickness of the travertine stack was measured as 54 meters 
by core drilling. Discontinuities in the travertine stack are generally bed-
ding planes and have a very low slope angle (5-10 degrees). The RQI va-
lues   of the cores taken from the drilling are greater than 50% only between 
16-28 meters. RQI values   in the rest of the stack are between 10-25%. The 
distance between discontinuities in the stack is narrow-closely spaced.

According to the block volumes calculated from RQI values   and Jv 
values, economic blocks can only be produced from the crystalline crust 
facies.

As a result of the physical-mechanical tests carried out by taking into 
account the distinguished facies, the apparent density of the travertine fa-
cies is between 2340-2470 kg/m3 and the open porosity is between 5-10%. 
With these features, Heybeli travertines are in the class of low-density, 
highly porous rocks.

In the experiments, it was determined that the lithological properties 
of the facies include the determining/limiting parameters of the physi-
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cal-mechanical properties of the travertines and that the facies properties 
directly affect the material properties.

Considering the thicknesses, the thickest facies is the crystalline crust 
facies with 1.5. This facies, which is determined to be 45 meters below 
the travertine stack, is no longer economical due to the thick travertine 
stack on it. For this reason, Heybeli Travertines do not have any economic 
meaning.
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