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Abstract 

Gölcük Caldera is in the Isparta Angle, which is an interesting tectonic structure in 

Southwest Anatolia. This caldera is formed as a result of back-arc volcanism 

associated with the northward subduction zone of the African plate under the 

Eurasian Plate during the Tertiary. It attracts the attention of many researchers with 

its tectonic and volcanic structure. In this article, the results of in situ natural gamma 

radiation measurements made in the caldera are evaluated. In the study, radioactive 

element (Potassium (%K), Uranium (eU), and Thorium (eTh)) contents of volcanic 

were measured in situ with the portable gamma-ray spectrometer, which is 

effectively used in Geophysical Engineering. The changes in natural gamma 

radiation of alkaline volcanic are presented with maps. When these maps are 

examined, it is understood that K%, U-ppm and Th-ppm concentrations of Gölcük 

volcanic are higher than the world average values. The high potassium concentration 

draws even more attention. The high potassium content indicates that the local 

volcanic are ultrapotassic and contain lithospheric materials. In addition, since the 

radioactive element concentration will reflect the magmatic development, the 

volcanic stages in the region have been tried to be determined. The number of these 

stages was determined from the curves of the radioactive data from a purely 

geophysical engineering (numerical) point of view, and the study area was 

interpreted as consisting of three different phases. This finding is supported by the 

results of the articles on the aging studies of the samples taken as a result of 

observations. In addition to these, the ranges of radioactive elements belonging to 

these stages were determined. 
 

1. Introduction 

 
Portable gamma-ray spectrometers are widely used in field 

studies for different purposes. As it is known, the most 

intense radioactive elements in nature are 40K, 238U and 
232Th. In situ gamma-ray spectrometry studies allow 

numerically in-situ and instant evaluation of these 

radioactive elements, which are more or less present in 

rocks. With these numerical values obtained, 

environmental radioactivity can be also determined quickly 

and accurately. The geological environment formed as a 

result of the ejection and precipitation of ash and rocks, 

especially during volcanic activities, consists of volcanic 

products. People living in these volcanic regions are 

exposed to radiation due to the geological environment. 

Therefore, it is important to determine the levels of natural 

radioactivity that will affect human health and to make 

comparisons according to [1]. For that purpose, many 
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researchers have identified areas with radiological risk in 

their studies [2]-[17]. Serious health problems may occur 

in people living in areas with this radiological risk, and it is 

stated in [18] that people living in environments where 

radioactive elements are concentrated have serious cancer 

disorders. Accordingly, many researchers have conducted 

studies on the effect of cancer (for example: Kırklareli-

Türkiye [19]; Isparta-Türkiye [8]; Penang-Malaysia [20]; 

Afyon-Türkiye [21]). In addition to studies in terms of 

human health, gamma-ray spectrometry studies geological 

unit separation [8], [12], precious metal and radioactive 

element exploration [12], [22], [23], geothermal studies 

[11], agricultural areas [24], archaeological sites [25] and 

it are used for many such purposes. In addition, the 

radioactive element concentration in the field gives also 

additional information about the geodynamics and 

tectonics of that region. Generally, 40K, 238U and 232Th are 

found in high concentrations in acidic intrusive rocks. As 
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the higher the silica contents of a rock, the higher the 

uranium content. Ultramafic rocks, on the other hand, have 

lower radioelement concentrations. Radioelement 

concentrations of sedimentary and igneous rocks vary 

depending on their composition and location [26]. The 

average concentrations of 40K, 238U and 232Th elements in 

the continental crust are in the range of 2-2.5%, 2-3ppm 

and 8-12ppm, respectively [27]. Many studies show that 

the radioactive element concentrations in rocks formed as 

a result of volcanic activity are higher than the crustal 

averages [8], [11], [12], [28]-[31]. Similarly, it is stated that 

magmatic stages are also reflected by 40K, 238U and 232Th 

radioelement concentrations [32]-[34]. 

The study area is mostly composed of volcanic 

units as a result of Gölcük volcanism. The volcanic 

products in the field are named as the Isparta volcanic 

series [35] and it is understood from the in situ gamma-ray 

spectrometer measurement results that they are quite rich 

in potassium. As a result of the dating studies carried out in 

Gölcük volcanism, it is stated that it consists of three 

different stages [36]-[38]. Gölcük volcanics have a 

medium-basic composition and are stated to be 

shoshonitic-ultrapotassic in character [38]. Field 

measurements include Plio-Quaternary trachytes, 

tefrifonolites, pyroclastics and Quaternary alluviums. In 

general, the concentration values of radioactive elements 

increase from the old to the young volcanic phase. This 

study presents the results of in situ gamma ray spectrometry 

on the Gölcük volcanic units and an approach for 

estimating the stages of volcanism based on these results. 

 

2. Formation Stages of Tectonics and Volcanism 

 
The existence of an extensional tectonic setting in 

Southwest Anatolia has been revealed as a result of 

analyzes based on earthquake waves [39], [40]. Similarly, 

tectonic structure can be determined using many 

Geophysical methods (Gravity [41]-[46], electric-

electromagnetic [47], seismic reflection [46], [48] etc.). 

Gölcük volcanism is associated with dextral strike-slip 

faults that developed depending on the tension regime as a 

result of the clockwise rotation of the Pliocene tectonics. 

This tectonic regime in the Late Pliocene period created 

normal faulting and, accordingly, the depression areas such 

as the Kovada graben [49]. The volcanism that took place 

around Gönen in the north of Isparta, around Bucak in the 

south of Isparta and in Gölcük was emplaced on these faults 

approximately in the North-South direction [50]. [51] and 

[52] emphasize that this hyper-alkaline volcanism around 

Isparta may be associated with the intra-continental strike-

slip regime. Gölcük volcanism is located in the volcanic 

sequence starting from Antalya and extending to Isparta-

Afyon-Kırka within the tectonic structure defined as 

Isparta Bend [53 or Isparta Angle [54]-[56] by different 

researchers (Figure 1). 

Located in the south of Kırka-Afyon-Isparta 

volcanic province and common in the southern region of 

Isparta, pyroclastics and volcanic rock components are the 

products of Gölcük volcanism. Gölcük volcanism is a 

maar-type (slightly swollen, wide, water-filled and shallow 

crater lake formed by magma and lava as a result of 

eruption or eruption) volcanism [57], [58]. In many studies, 

the age determination of Gölcük volcanics has been made 

and the volcanics in question have been aged in the range 

of 4.7-4.0my [36], [37], [52], [59]. Gölcük volcano 

continued its explosion and eruption activity during the 

Pliocene [36], [60], [61]. [36] divided the volcanic activity 

in the region into two phases; (i) Lamprophyry, basaltic 

trachyandesitic, trachyandesitic and trachytic lava outcrops 

represented by Pliocene volcanic activity, and (ii) 

Pleistocene eruption that started with a big eruption 

forming the caldera. According to [62], the evolution and 

dating of the Isparta volcanism: (i) formation of 

lamprophyric dykes (6.21±0.3my), (ii) trachyandesitic-

trachytic (4.6 ± 0.23-4.25 ± 0.21my), (iii) development of 

basaltic trachyandesitic-trachybasaltic volcanism 

(4.07±0.2-3.68±0.5my), formation of pyroclastics 

(1.5±0.18-0.39±0.2my) and phonolitic ring dykes 

(0.35±0.1my) due to volcanic eruption. In addition to these, 

[38] states that this volcanism developed in three different 

phases and these are (i) extrusive volcanism consisting of 

trachyte, trachyandesite, basaltic trachyandesite, phonolite, 

tefrite and lamprophyres; (ii) explosive volcanism 

consisting of ignimbrite, unconsolidated tuff, agglomerate 

and pumice; (iii) extrusive volcanism consisting of trachyte 

and trachyandesite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of Kırka-Afyon-Isparta alkaline 

volcanic rocks in relation to fault systems, Sr isotope and 

radiometric dating [52] 

 

3. Applied Method and Study Area 
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3.1. Gamma-Ray Spectrometer Method  

Although there are at least twenty elements known as 

natural and radioactive, Potassium (40K), Uranium (238U), 

and Thorium (232Th) isotopes come to the fore in 

geophysical researches because they are more than other 

elements. In geophysical studies, gamma ray spectrometers 

are used to determine the amount of these three elements in 

soil and rock quickly and in situ. Gamma-ray spectrometers 

have the same working principle as scintillometers. 

However, the spectrometer is an electronically more 

advanced form of the scintillometer, which distinguishes 

characteristic gamma rays from 40K, 238U and 232Th 

according to their energies (Figure 2). 

Spectrometers with quad-window are standard, 

and a 512-channel gamma-ray spectrometer in which 

gamma rays are divided into 512 equal intervals in the 0-

3MeV energy band was used in this study. Each channel of 

the spectrometer has an energy interval of about 6KeV. 

These types of spectrometers have been successfully used 

for the detection of artificial and natural radioactive 

elements [64]. The gamma-ray spectrometer device used in 

the study is suitable for point, profile and continuous 

measurements using external GPS. The spectrometer used 

is a 512-channel, 6.3-inch3-volume thallium-activated 

sodium iodide [NaI (TI)] crystal, Cs137 external reference 

source, and an efficient and highly discrimination 

instrument with zero dead time. The purpose of gamma-ray 

spectrometry is to determine only the numbers of 

radioactive radiation emitted from the earth's crust. For this 

purpose, the potassium, uranium and thorium 

concentrations in the rock or soil are obtained using the 

equation below. 

 

𝐶𝑤 = 𝑁𝑤 ∗ 𝑆𝑤 (1) 

 

Here; Cw, w (K, U, Th) element concentration, 

Nw, The net radiation number in the channel belonging to 

the w (K, U, Th) elements, 

Sw represents the sensitivity of the channels belonging to 

the w (K, U, Th) elements of the spectrometer. 

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of a four-channel 

spectrometer and recorders [62] 

 

3.2. Study Area and Simplified Geology 

The units around Gölcük caldera are named as Gölcük 

volcanics by [35] and Pürenova formation by [65]. The 

lithological units of the Gölcük Caldera and its 

surroundings are trachyte, trachyandesite, andesite, 

volcanic tuff, and pumice series. Plio-Quaternary 

lithological units of Gölcük volcanism are limited by 

Middle Eocene aged flysch deposits in the north; Triassic-

Cretaceous aged Akdağ limestones in the south, and Isparta 

plain alluviums in the west, including Gölcük volcanics. 

The Gölcük formation is intercalated with Plio-Quaternary 

lake sediments and its thickness is around 1000m [65]. The 

caldera and its surrounding rock assemblage are defined as 

an asymmetrical eruption structure with a diameter of 3-

4km, located on the south-southwest edge of the Isparta 

graben at an altitude of 1378m above sea level [66]. In the 

study area, discontinuous circular tefriphonolitic lava flows 

on the caldera margins and dykes of the same composition 

cutting them and trachytic domes of different sizes are 

observed in the caldera (Figure 3). 

In-situ measurements were made at 305 points 

with gamma-ray spectrometry in the Gölcük Caldera 

(Figure 3). Measurements include volcano-sediments 

consisting of alluvium, small and medium-sized trachytes 

(Trachytic domes in Pilav-Hill and its Southeast), 

pyroclastics and tefrifonolites within the caldera. 

 
Figure 3. Simplified geology and measurement points of Gölcük Caldera and its surroundings (edited from [67]) 
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4. Results and Discussion 

4.1. Distribution of Radioactive Elements in 

Gölcük Volcanics 

 
Looking at the maps created from gamma-ray spectrometry 

measurements (Figure 3) made at 305 different points on 

the Gölcük volcanics, the most striking feature is the high 

concentration of radioactive elements in all of the 

volcanics. Three different units are distinguished in the 

simplified geological map of the study area (Figure 3). 

These are volcanic stocks, Alluvial and Volcano 

sedimentary. It is observed that 40K, 238U and 232Th 

concentration values in the study area vary between 2.80-

6.1%, 9-28.2ppm and 41.3-70.7ppm for all units, 

respectively (Table 1). The 40K, 238U and 232Th 

concentration values of trachyte in Pilavtepe and its 

southeast, which are specified as volcanic stock, vary 

between 3.9-5.3%, 15.8-23.2ppm and 49.1-66.6ppm, 

respectively. The average concentration values of these 

trachytic domes are 4.7%, 18.4ppm and 57.4ppm, 

respectively. The average values of the intra-caldera 

alluvial and volcanic sedimentary units are measured 4.4%, 

17.2ppm and 51.9ppm, and 4.9%, 19.2ppm and 56.7ppm, 

respectively (Table 1). These values are considerably 

higher than the world average values. These changes in the 

concentration values of the radioactive elements reflect the 

geochemical differences of the Gölcük volcanics forming 

the Gölcük lake vicinity. In Figure 4, the distribution map 

of the study area and 40K, 238U, 232Th concentration values 

in the blue-red color range is presented. The blue color and 

the white areas indicate the area of the limestone block in 

the study area. Green, yellow and red colored areas show 

the products of Gölcük volcanic. The areas within the 

Gölcük volcanics with low (green colored areas) 

radioactive element concentration values can be interpreted 

as the fact that the older volcanic series are mafic (rock and 

silicate minerals rich in magnesium and iron). On the other 

hand, high (red colored areas) radioactive concentration 

values reflect the areas where the felsic (silicate minerals 

enriched with lighter elements such as silicon, oxygen, 

aluminum, sodium and potassium, and rocks rich in 

feldspar and quartz minerals) volcanics of the younger 

series outcrop. While rocks composed of mafic minerals 

(olivine, pyroxene, amphibole, biotite, etc.) are darker in 

color, felsic rocks are lighter in color and less dense. It is 

seen in Figure 4 that the 40K and 232Th concentration values 

are higher than the 238U concentration values in the study 

area in general. While the color red is more common in the 
40K and 232Th maps, the 238U map has a red color (high 

concentration value) in a specific area in the northeastern 

and southern parts of the map. It is seen that high values of 
40K and 232Th are also obtained in sections the high of the 
238U concentration value in Figure 4, and these values 

correspond to areas where volcanic sediments are located. 

However, in Pilavtepe and in the Southeast of this hill 

where volcanic stocks are located, 40K and 232Th values are 

measured high values while 238U values are low. Areas with 

low 238U values may be caused by ultramafic or ultrabasic 

rocks due to low silica content. 

Table 1. Concentration values of radioactive elements measured in Gölcük caldera. 
  

40K (%) 238U (ppm) 232Th (ppm)   
Min. Max. Aver. Min. Max. Aver. Min. Max. Aver. 

Volcanic Stock 3.9 5.3 4.7 15.8 23.2 18.4 49.1 66.6 57.4 

Alluvium 2.8 5.9 4.4 9.1 20.9 17.2 41.3 55.8 51.9 

Volcanic Sediment 3.6 6.1 4.9 15.0 28.2 19.2 46.5 70.7 56.7 

World Average     1.6    4.05     12.32 
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Figure 4. 40K, 238U and 232Th concentration distribution maps of Gölcük volcanics 

4.2. An Approach to Determining the Formation 

Stages of Gölcük Volcanism 

 
Many researchers have stated that Gölcük volcanism 

occurred in three different geological stages [36]-[38], 

[62]. Researchers generally refer to these three stages as 

extrusive volcanism in the first stage, explosive volcanism 

in the second stage, and extrusive volcanism consisting of 

trachyte and trachyandesite in the third stage. As it is 

known, the concentration values of radioactive elements in 

the old volcanic phase are lower than the values of the 

young volcanic stage. In this meaning, Figure 5 is obtained 

when the concentration values of radioactive elements are 

arranged and plotted from smallest to largest. When the 

distribution of 40K data is examined in Figure 5, these data 

are represented by three different lines (blue color) in three 

different regions (red circles). Similarly, the distribution of 
238U and 232Th data also shows that there are three different 

straight-line. The correlation coefficient of these lines 

(R≥0.95) is over 95% and the intersection points of the 

lines give the limit values of the lines. If we look at it in 

line with this logic, three different lines can be three 

different phases and the intersection points of the lines can 

be also the limit values of the stages. Accordingly, Table 2 

can be created if Figure 5 is used. According to the data in 

Table 2, the average values of 40K, 238U and 232Th 

concentrations of the volcanic products formed in the first 

stage of the Gölcük volcanism are obtained 3.5%, 13.4ppm 

and 44.0ppm, respectively. Similarly, the radioactive 

element values of the volcanic products of the second and 

third phases can be examined from Table 2. The variation 

in radioelement concentrations indicates the geochemical 
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variation in the volcanic products. In general, the difference 

in the average values of 40K, 238U and 232Th in the first and 

second stages is 1.02%, 4.25ppm and 9.23ppm, 

respectively while the values in the second and third stages 

are 1.12%, 4.93ppm and 12.05ppm, respectively. As can be 

understood from these values, there is a concentration 

increase from the first and second volcanic phases to the 

third. 

Figure 6 is created by using the limit values 

specified in Table 2 and the concentration values of 

radioactive elements measured on the Gölcük volcanics. 

The part seen as a white area on the maps in this figure is 

limestone and the data obtained in this area are not taken 

into account, so this area is white. Maps are created from 

the transitions of green, yellow and red colors. The inner 

areas of the sections indicated by the continuous lines on 

the maps show the first phase, the interior of the areas 

indicated by the dashed lines to the third phase, and the area 

between the continuous and dashed lines shows the second 

phase.  In this case, the second phase volcanic units 

predominate in the study area. The areas where the high 

values of Uranium and Thorium overlap may be associated 

with shoshonitic composition rocks.  

High Potassium values indicate that the volcanics 

of Isparta region are derived from the mantle containing 

lithospheric products due to stress tectonics, as indicated in 

[60]. It is stated that Gölcük volcanics are geochemically 

alkaline volcanic rocks and rich in silica, sodium, 

potassium and aluminum [38]. Figure 6 shows that the 

highest U value in the areas within the dashed line in the 

Southeast and South of the study area coincides with the 

high Th and K concentrations associated with the felsic 

(rich in silica, sodium, potassium) medium extruded 

volcanic rocks of the third phase. 

 

 
Figure 5. Separation of volcanism phases based on 40K, 

238U and 232Th values ordered from smallest to largest 

 

Table 2. The limits of radioactive elements belonging to the phases of Gölcük volcanism from the radioactive data in 

Gölcük volcanics 

  

Data 

Number 

40K 238U 232Th 

(%) 

Min.-Max.  

(Average) 

(ppm) 

Min.-Max.  

(Average) 

(ppm) 

Min.-Max.  

(Average) 

1st PHASE 15 
2.70 – 3.80  

(3.48) 

9.00 – 14.30 

(13.37) 

39.20 – 46.10 

(43.98) 

2nd PHASE 260 
3.80 – 5.20  

(4.50) 

14.30 – 21.10 

(17.62) 

46.10 – 60.90 

(53.21) 

3rd PHASE 30 
5.20 – 6.13  

(5.62) 

21.10 – 28.23 

(22.55) 

60.90 – 70.72 

(65.26) 
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Figure 6. Maps showing the differentiation of volcanism phase products depending on the 40K, 238U and 232Th 

concentration values of Gölcük volcanics 

 

 

5. Conclusions 

 
For the measurement of 40K, 238U and 232Th in rocks or 

soils, in situ analysis, immediate and cost-effective good 

results are obtained with the gamma-ray spectrometer used 

in Geophysical engineering. Measuring, mapping and 

analyzing large areas in nature quickly and cheaply make 

gamma ray spectrometry a powerful tool. 

As a result of natural gamma-ray spectrometry 

measurements on Gölcük volcanics, 40K, 238U and 232Th 

concentration values were obtained between 2.80-6.1%, 9-

28.2ppm and 41.3-70.7ppm, respectively. The volcanics in 

the study area have a maximum concentration of 40K and a 

minimum of 238U. The high 40K indicates that it is a 

potassium-rich volcanism. It may be caused by ultramafic 

or ultrabasic rocks due to the low silica content in areas 

with low 238U values. 

Difference in 40K, 238U and 232Th concentration 

values reflect the geochemical differences of the rocks. 
40K, 238U and 232Th are related to each other and 

magmatic evolution is shown to be reflected by these three 

radioelements. Accordingly, the mean values of 40K, 238U 

and 232Th concentrations of the volcanic units formed in the 

first, second and third stages of the volcanism are obtained 

3.5%, 13.4ppm and 44.0ppm, 4.5%, 17.62ppm and 

53.21ppm, and 5.62%, 22.55ppm and 65.26ppm, 

respectively. 

The most suitable sample locations for age 

determination of rocks in the laboratory can be made 

quickly and accurately with the gamma-ray spectrometer 

method. 
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