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 The radionuclide concentrations of eU (ppm), eTh (ppm), K (%) and dose rate values were 
measured in Sarıçiçek (Gümüşhane) and Sarıhan (Bayburt) granodiorites for a duration of 5 
minutes at each of 532 measurement points. The radioelement ratios (eU/eTh, eU/K, and 
eTh/K) indicating the origins of the rocks, the geochemical indicators (Ume, F parameter, and 
eU-(eTh/3,5) rate) showing the uranium mobility and the radioelement concentrations were 
calculated and mapped within the study areas. The average K, eU, and eTh concentrations 
were calculated as 2.98%, 3.15 ppm, and 12.45 ppm for Sarıçiçek granodiorite, and 1.83%, 
2.73 ppm, and 13.6 ppm for Sarıhan granodiorite, respectively. Higher radioactivity values 
were observed in basaltic, sedimentary, and ultramafic rock combinations within the 
granodiorite masses. In the classification according to radioelement ratios, it was concluded 
that the rocks in the study areas formed as a mixture of upper mantle and crustal materials. In 
both study areas, there was uranium transport from the granodioritic masses into the 
surrounding rocks, and accordingly, the rocks in the surrounding formations were enriched 
in uranium. As a result, radioactivity levels, rock formation origins, and uranium transport of 
both granodioritic masses and rocks in the surrounding formations were determined by 
evaluation with radioelement concentration values and ratios and migration parameters. The 
study areas were characterized by associating them with geology in light of radioactive data. 
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1. Introduction  
 

The natural radioactivity existing on earth has 
affected all living things directly or indirectly since the 
formation of the earth. This natural radioactivity includes 
cosmic rays coming from outer space especially, and the 
rays emitted as a result of the decay of natural 
radionuclides in rocks, soil, water, and even the air we 
breathe. The natural radioactivity level of a place varies 
depending on the geological structure, geographical 
location, and radiochemical characteristics of the region. 
Factors such as rain, snow, low pressure, high pressure, 
and wind direction also determine the magnitude of the 
natural radiation level. People are exposed to different 
types of radiation emitted from these sources in the 
natural environment in which they live. The most 
common natural radiation sources are 40K, 238U, 226Ra, 
and 232Th isotopes [1]. 

The amounts of these radionuclides, which 
contribute to environmental radioactivity, in nature may 
vary according to soil and rock types. Natural 

radioactivity in soils and rocks provides the largest 
contribution to the environmental gamma dose rate. For 
example, natural radioactivity in volcanic rocks is higher 
than in sedimentary rocks. The level of radioactivity in 
sedimentary and phosphate-type rocks is also quite high 
[2-3]. Granites are very common plutonic rocks in most 
of the earth. Granites gain prominence radiologically 
because they contain high proportions of 238U, 232Th, and 
40K. Granite rocks spread over large areas in many 
regions and contain significant levels of Th. As a result of 
radiometric studies carried out around the world and in 
Turkey, gamma radiation was measured in areas with 
very high radiation values [4].  

Metamorphic rocks, granitic rocks, sediments 
containing organic matter, sandstones, and carbonate 
sedimentary rocks are rock groups rich in uranium, 
thorium, radium, and radon. The presence of uranium 
and thorium in igneous rocks is closely related to 
changes in uranium and thorium concentrations and 
igneous crystallization of magma. The uranium and 
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thorium content in igneous rocks decreases from acidic 
rocks to basic rocks [5]. 

The natural radionuclides these rocks contain 
should be determined and examined radiologically, 
especially due to the use of granite as a building material 
inside and outside buildings. In terms of natural 
radioactivity, although the abundance of natural 
radioelements in the oceanic crust and the mantle is very 
low, the content of these elements in granitic rocks is 
very high. According to geologists, the cause of this is the 
fractional crystallization of magma and partial melting 
[6]. Especially high concentrations of radioactivity were 
detected in igneous rocks such as granite. Granite is 
distributed over large areas in many regions and 
contains significant amounts of thorium [7]. The eU 
(equivalent uranium)/eTh (equivalent thorium) ratio is 
highly affected by the oxidation process and this process 
causes uranium (U) migration. This ratio is a very 
important parameter in determining the oxidation area 
of U [8]. Since uranium is a mobile element, it can covert 
from U+4 to U+6 during oxidation. U can migrate from one 
place to another and react with the elements there. The 
eU/eTh ratio is a very important geochemical parameter 
for U migration.  

 Most of the earth-forming rocks, ground, and 
surficial waters containing these elements have 
radioactive properties. Both airborne and land-borne 
gamma-ray spectrometer studies are usually used for 
purposes such as uranium prospecting, surficial 
geological mapping, and soil mapping in agriculture, 
stratigraphic analyses of geological formations, 
geothermal research, and metallic mining research [9]. 
There are many scientific studies related to the definition 
of the natural radiation level in rock and soils [10-11], 
lithological discrimination-related studies [12-14], 
radionuclide concentrations in volcanic rocks and 
granitic plutons [15-19], radioactive areas of 
mineralization [20-22], possible uranium migration 
areas and the migration paths in granitic rock [23-27]. 

 In this study, the Sarıçiçek granodiorite 
(Gümüşhane) and Sarıhan granodiorite and surrounding 
formations (Bayburt) containing different lithological 
units located in the Eastern Pontides, Turkey was 
selected as the study areas. Sarıçiçek granodiorite, 
surrounded by Early Eocene volcanic rocks of the Alibaba 
Formation, is part of the composite E–W-trending Kaçkar 
Batholith in the Eastern Pontides of Eastern Turkey. The 
rocks outcropping in the Sarıçiçek granodiorite are I-
type granodiorite rocks and generally change from calc-
alkaline composition to high K calc-alkaline composition 
[28]. Sarıhan granodiorite and its surrounding 
formations located in the Eastern Pontides, Turkey 
comprises three different lithological units namely, 
Hozbirikyayla Formation (limestone and sandy 
limestones), Sarıhan granodiorite (consisting of quartz 
monzodiorite, granodiorite, and quartz diorite), and 
ophiolitic mélange (andesite, basalt, sandstone, gravelly 
sandstone) [29]. The pluton has calc-alkaline 
composition and is characterized by a calc-alkaline 
granodiorite trend [30]. 

Within the scope of this study, concentrations of 
equivalent uranium (eU, in ppm), equivalent thorium 
(eTh, in ppm), potassium (K, in %) and dose rate values 

of the Sarıçiçek (Gümüşhane) and Sarıhan granodiorites 
(Bayburt) and surrounding formations were investigated 
using the gamma-ray spectrometry method. An attempt 
was made to correlate the obtained radionuclide 
concentration changes with the geology of the study 
areas. Using the radionuclide concentrations obtained 
from measurements made in the field, the geochemical 
element ratios provide information about the origin of 
the rocks and the migration tendency of the natural 
radionuclides in the rocks, especially U, was calculated 
and mapped. 
 

2. Location and geological background of the study 
areas 

 

2.1. General setting of the study areas 
 

Within the scope of this study, radioactivity 
measurements were carried out in and around the 
Sarıçiçek granodiorite (Gümüşhane) located between 
40º 25' 30.61'' and 40º 26' 33.94'' north latitude and 39º 
49' 28.70'' and 39º 52' 3.69'' east longitude and in 
Sarıhan granodiorite and its surroundings (Bayburt), 
which is located between 40º 04' 56.03'' northern 
latitude and 39º 57' 28.81'' and 40º 08' 56.87'' east 
longitude (Fig. 1).  

The Sarıçiçek granodiorite is located approximately 
30 km west of Gümüşhane city (between map sheets H43 
b1-b2), southeast of the Eastern Black Sea Mountains 
(Pontides). The Sarıçiçek granodiorite has an ellipsoidal 
shape and is approximately 7x2.3 km in size. The long 
axis of the granodiorite is in the NE-SW direction. Sarıhan 
granodiorite is approximately 40 km south of Bayburt 
and on map sheets Trabzon H44 d1-d4. While most of the 
study area is within the borders of the province of 
Bayburt, part of the mélange belt is within the borders of 
the province of Erzincan. This pluton crops out in an area 
of approximately 40 km2. 

 

2.2. Geological Structure  
 

The Pontide Orogenic Belt constitutes an essential 
part of the Alpine-Himalayan system and geographically 
corresponds to the Black Sea and Thrace regions in 
Turkey [31]. The Eastern Pontide Orogenic Belt (Fig. 2), 
which includes the study areas, was divided into three 
subunits as north, south, and axis zones from north to 
south by considering different lithological features and 
facies changes [32-33]. 

In the northern zone, in general, Late Mesozoic and 
Cenozoic granitic rocks and volcanic rocks constitute the 
dominant lithology. Moving south, the igneous rock-
dominated sequence in the north is replaced by a 
sequence dominated by sedimentary rocks.  

In the axis zone, the serpentinized ultramafic masses 
and Miocene volcanic-sedimentary rocks are the 
dominant rock lithologies [34]. The areas investigated 
within the scope of the study crop out in the southern 
zone of the Eastern Pontide Orogenic Belt (Fig. 3a).  

Sarıçiçek granodiorite (Fig. 3b), which is the second 
of the studied masses and crops out approximately 30 km 
west of Gümüşhane city center, close to the northern part 
of the southern zone, is surrounded by Eocene volcanic 
rocks [36]. 
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Figure 1. Location map of the studied areas in the Gümüşhane (Sarıçiçek) and Bayburt (Sarıhan) 

 

 
Figure 2. Main tectonic features and zones of the eastern Pontides orogenic belt (NAF: North Anatolian Fault; NEAF: 

Northeast Anatolian Fault) modified from [35] 
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In this area, which reflects the typical features of the 
southern zone, the Eocene Alibaba Formation is 
represented by a thick volcanic and pyroclastic sequence 
that developed following the deposition of nummulitic 
limestones overlying a conglomeratic level at the base. 
Compared to the Sarıhan granodiorite in the south, it 
contains fewer enclaves, and plagioclase, amphibole, and 
biotite crystals can be observed macroscopically on hand 

samples from the rocks forming this mass. The rocks 
outcropping in Sarıçiçek granodiorite (Fig. 3b) are I-type 
granodiorite rocks and generally change from calc-
alkaline composition to high K calc-alkaline composition 
[28]. The age of the mass was determined as Lutetian as 
a result of Ar/Ar dating performed on mafic minerals 
[36] and U-Pb dating of zircons [37]. 

 

 
Figure 3. a) The geology map of the studied area modified from [38] b) The Sarıçiçek granodiorite and surroundings 
modified from [28] and c) The Sarıhan granodiorite and its relationship with the surroundings rocks modified from [30] 
and [39] 
 

Sarıhan granodiorite (Fig. 3c), which is located in the 
southern zone and is further south compared to the first 
study area, is one of the largest intrusive masses with 
adakitic composition in the Eastern Pontides [39]. 
Sarıhan granodiorite has contacts with the Middle 
Cretaceous Otlukbeli mélange and the Late Jurassic-Early 
Cretaceous Hozbirikyayla Limestone. Traces of contact 
metamorphism and skarn mineralization are usual, 
especially along with the contact with limestones [30]. 
The mass, which presents a rather massive appearance, 
is characterized by well-developed and unfilled fracture 
systems. In addition, mafic microgranular enclaves are 
commonly seen in the mass, indicating magma mixture, 
and the diameters of the enclaves reach 40 cm in places 
(Fig. 4). In a study of felsic intrusions cropping out in the 
Pulur massif [38], zircons selected from the samples 
taken from this mass were aged by the U-Pb dating 
method, and Early Eocene age of approximately 53 

million years was obtained. It was emphasized for the 
first time that this rock mass has adakitic composition. 
The Sarıhan granodiorite is a metalumin-based, calc-
alkaline, and I-type granitoid [40]. 
 

 
Figure 4. Mafic microgranular enclave and Aplit dyke 
found in Sarıhan granodiorite 
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3. Material and Method 
 
3.1. In-situ Gamma-Ray measurements 
 

Gamma-ray spectrometry has been used for uranium 
exploration, geological mapping studies, and earthquake 
monitoring studies [9]. Since the existence of the 
universe, K, U, and Th radionuclides are found in greater 
or lesser amounts in rocks within a zone up to a depth of 
about 10-12 km within the earth's crust. The average 
concentrations of these elements in the earth's crust are 
2.33 % for K, 3 ppm for U, and 12 ppm for Th [41]. The 
gamma-ray spectrometer used in the study was an 
instrument designed for natural and artificial 
radioisotope measurements on cores taken by drilling in 
the field and laboratories or on rock-soil samples 
collected from the field. Gamma rays emitted can be 
measured as a physical property because rocks contain 
different radioactive elements in different proportions 
and some minerals contain radioactive elements in 
different proportions. U, Th, and K elements and their 
isotopes, which have this radioactive feature and are 
found in significant proportions in the earth's crust, have 

great importance in geological and geophysical research. 
The isotopes of these elements emit gamma-rays at 
certain energy levels. With gamma-ray spectrometry, 
these gamma rays are measured in certain energy ranges. 
For this reason, gamma-ray spectrometry is an important 
radiometry technique applied in the investigation of 
many issues related to the earth. With radioactivity 
measurements made on soil or rocks, the number of 
radioactive elements by weight at each point (K (%), eTh 
(ppm), eU (ppm)) is measured. Determination of 
uranium and thorium is based on the assumption that the 
daughter elements are in equilibrium with the parent 
elements; that is, none of the steps in the decay series 
were disturbed. Based on this assumption, the amounts 
of uranium and thorium released are equivalent to the 
value in equilibrium with the measured radioactivity of 
the isotopes of thallium or bismuth. For this reason, 
gamma-ray measurement results are expressed as 
'equivalent uranium (eU)' and 'equivalent thorium 
(eTh)'. There are three important gamma-ray energies 
from high to low: 2.62 MeV for thorium (208Tl), 1.76 MeV 
(214Bi) for uranium, and 1.46 MeV (40K) for potassium 
[42-43]. 

 

 
Figure 5. In-situ gamma-ray measurement points in the study areas 

 
In-situ gamma-ray spectrometry measurements were 

made in and around Sarıçiçek and Sarıhan granodiorites 
at 532 points in total, forming an irregular grid owing to 
topographical difficulties. Of these, 265 points were 
measured on outcropping rock and soils in Sarıçiçek 
granodiorite and surrounding formations and 267 were 
measured on Sarıhan granodiorite and its surrounding 
formations (Fig. 5). The measurement time was set to 5 

minutes for each point, and the coordinates of the points 
were recorded using a handheld GPS. In addition to 
radiometric parameters (K, eU, eTh, and dose rate) 
obtained from measurements in the field, the 
radionuclide ratios (eU/eTh, eU/K, and eTh/K) provide 
information about the origin of the rocks. Geochemical 
indicators (Ume, F parameter, and eU-(eTh/3,5) rate) 
showing uranium remobilization in the rocks and the 
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relationship between radioelement concentrations were 
calculated and these data were mapped. By evaluating 
the maps together, the presence of uranium migration 
can be assessed and the direction of possible uranium 
migration was determined in the study areas. 

 
 3.1.1. Natural radionuclide ratios (K/eTh, eU/eTh, 
and eU/K) 
 

Some factors that affect radionuclide concentrations, 
such as soil moisture content, condition of outcropping 
rock, vegetation, and geometric structure of the land, 
have a lesser effect on these radionuclide ratios. The 
radionuclide ratios (K/eTh, eU/K, and eU/eTh) that 
provide information about the origins of rocks are 
frequently used in the detailed interpretation of in situ 
radioactivity measurements. For example, eU/K and 
eU/eTh ratios are particularly useful to reveal uranium-
rich areas [44-45]. 
 
3.1.2. Geochemical indicators of uranium 
remobilization 
 

Uranium, which is a mobile element, migrates from its 
source to another location. The expected original 
uranium content was calculated by dividing the eTh 
content (eTh/eU) ratio by the value (3.5) for granite to 
understand uranium remobilization in the region [46]. 
The result is the hypothetical uranium distribution. This 
helps define the trends of uranium migration. When the 
eU-(eTh/3.5) values are mapped, it is accepted that 
negative contour areas indicate uranium-poor areas, 
while the areas with positive contours show places 
where uranium enrichment occurs. By subtracting the 
original uranium content (U0) from the available 
uranium content (Up), the uranium migration value (Um) 
for a particular rock can be estimated [47]. The original 
uranium content (U0) can be calculated by multiplying 
the average thorium content by the average regional 
eU/eTh ratio in various lithological units 
(U0=eTh×(regional eU/eTh)).  

If the original uranium content (U0) is known from the 
available uranium content (Up) in soil and rocks, we can 
calculate the uranium migration rate (Ume %) using the 
following equation; 
 

%Ume  = (Um/Up) × 100    (1) 

 
Ume (%) values have two states; if Ume is >0, this 

indicates that uranium migration took place within the 
geological body. If Ume <0, it means that uranium 
migration did not occur within the geological body [48]. 

High degrees of uranium transfer in the rock is due to 
the high degree of correlation between eU and eU/eTh 
ratio. For additional information about the redistribution 
of radioactive elements, the inverse ratio between the 
eU/eTh ratio and the eTh content in different lithological 
units can be used. In deriving the degree of rock 
alteration, the F parameter was used [49]. The F 
parameter is given by the following equation: 
 

F = K (eTh/eU)⁄ = eU (eTh/K)⁄ = K × (eU/eTh) (2) 

 

Using this parameter, we can describe two specific 
characteristics of rock environments: one is the uranium 
abundance relative to eTh/K, and the other is the 
potassium abundance relative to eTh/eU. Therefore, the 
use of the F parameter is effective in identifying strong K-
alteration zones associated with uranium mineralization 
[50]. 
 
 3.2. Gamma-Ray measurements in the laboratory 
 

Rock and soil samples were taken from the study 
areas to test the sensitivity of the spectrometer and the 
concentration difference that may occur depending on 
the detector used between measurements using field and 
laboratory environment (Fig. 6). Soil samples were taken 
from a depth of 30 cm from the surface by removing 
foreign objects such as stones, grass, wood chips, and 
tree bark. The rock samples were collected from the rock 
by cleaning the mossy and altered parts of the exposed 
rocks. 
 

 
Figure 6. Soil and rock samples collected from the 
Sarıçiçek granodiorite and surroundings 
 

All soil and rock samples taken from the field were left 
to dry in a laboratory environment for 15-20 days. The 
dried soil and the rock samples were crushed and after 
the necessary stages were passed through a 2 mm sieve 
to create homogeneous samples. Samples were placed 
into 100 ml plastic measuring cups with a diameter of 55 
mm and a height of 65 mm, prepared for the 
experimental geometry, and kept for one month after the 
caps were tightly closed [15]. 
 

 
Figure 7. Canberra GC 1519 model HPGe detector 
 

In the spectrometric analysis carried out in the 
laboratory, only 84 samples were used from the samples 
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collected from Sarıçiçek granodiorite and surroundings, 
due to the large number of samples collected. The 
measurement time was approximately one day. A 
Canberra, GC 1519 model HPGe detector, which has a 
resolution of 1.9 keV at 1332.5 keV gamma of 60Co and 
relative efficiency of 15%, was used for radioactivity 
measurements of the samples (Fig. 7). Gamma 
spectrometry uses a detector, preamplifier, spectroscopy 
amplifier, analog-digital converter (ADC) system that 
converts analog counts into electronic signals, and multi-
channel analyzer (MCA). The detector was shielded with 
cylindrical lead with a thickness 10 cm that contains an 
inner concentric cylinder of Cu with a thickness of 2 mm 
in order to reduce the background effects [5]. The sample 
counting time was determined as 80000 s. The obtained 
spectra were analyzed using the Genie-2000 program, 
and the activity concentrations were calculated. 
 

 
Figure 8. Gamma ray spectrum of a rock sample taken 
from Sarıçiçek granodiorite 
 

In Fig. 8, the gamma ray spectrum is presented for one 
of the rock samples from the Sarıçiçek granodiorite 
measured with the HPGe detector. By using energy 
calibration, the energy values of the peaks and 
corresponding radioisotopes were determined. During 
the study, the energy calibration was checked 
periodically. Peaks for the decay products of 238U (226Ra 
(186.21 keV), 214Pb (351.9 keV), 214Bi (609.3 keV)) and 
232Th series (208Tl (583.1 keV) and 228Ac (911.1 keV)), 40K 
(1460.8 keV) and 137Cs (661.6 keV) were taken into 
account and the relevant area (ROI) regions were 
selected for each peak. In addition, the areas of the peaks 
were marked to give the largest area and the smallest 
error. Taking into account the detector efficiency, the 
specific activity concentration of these natural 
radionuclides, A (Bq.kg−1) was calculated from the 
following equation. 
 

C =
N

ε × Pγ × t × m
 (3) 

 
 

N, ε, Pγ, t, and m in this formula represent the net 
counting rate (counts per second), the detector 
efficiency, the absolute transition probability of gamma-
decay of the nuclide, the counting time (seconds), and 
mass of the sample in kg [5]. The net areas under the 
peaks were obtained by subtracting the background 

(peak areas from the blank measurement for each 
calculated element) from the total area. 

 
 4. Results and Discussion 
 
4.1. Assessment of In-situ Gamma-ray Data in the 
Sarıçiçek Granodiorite and Surroundings 
 

The natural radioactivity level of a region varies 
depending on both the radionuclide concentrations in 
the soil and rocks in the region and the distance of the 
area from the sea. While the altitude of the measurement 
area in Gümüşhane varied between 1900-2200 m, this 
value varied between 1800 m and 2300 m in the second 
study area of the Sarıhan granodiorite. This situation is 
one of the reasons for the high gamma dose ratio values 
in the regions. Since the altitude from the sea increases 
in direct proportion to the amount of cosmic radiation, 
the amount of gamma radiation also increases 
accordingly. When we examine the geological structure 
of the region, while Sarıçiçek granodiorite and its 
surroundings mainly consist of granite, granodiorite, 
quartz monzonite, and quartz monzodiorite composition 
rocks, this unit is surrounded by the Alibaba Formation 
and the rock types contain eU, eTh, and K which exist 
spontaneously in different proportions. 
 

 
Figure 9. Three-dimensional representation of eU, eTh, 
K concentrations and dose rate distribution of Sarıçiçek 
granodiorite and surroundings (Gümüşhane) modified 
from [15]. 
 

The highest concentration and dose rate values (from 
orange to red) are seen for the Sarıçiçek granodiorite, 
while the lowest (from dark blue to light blue) values 
were obtained from the Alibaba Formation surrounding 
the plutonic mass (Fig. 9). Finally, the medium values 
defined by a color scale ranging from green to yellow are 
distributed in the whole area. While the highest 
concentrations of equivalent thorium, potassium, and 
dose rate values were recorded in the plutonic mass 
consisting of granite, granodiorite, quartz monzonite, 
and quartz monzodiorite composition rocks, the lowest 
equivalent uranium value was measured in this mass. 
The lowest concentration values were found in the 
Alibaba Formation containing basalt, andesites and 
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pyroclastics. Average values of 40K, 232Th, 238U, and dose 
rate in the Sarıçiçek granodiorite and surroundings were 
calculated as 2.98%, 12.45 ppm, 3.15 ppm, and 188.78 
nGy/h, respectively. 

 Areas with high potassium concentration in the 
Sarıçiçek granodiorite were associated with granitic 
rocks that contain abundant rock forming minerals such 
as K-bearing feldspars (orthoclase, plagioclase). The 
quartz-bearing monzodiorites in the area contain K-poor 
minerals compared to other rocks [30]. Depending on 
this result, these low concentration areas were 
associated with quartz-bearing monzodiorites. While 
high values in the study area show that K is concentrated 
with eU and eTh, this increase in K concentration also 
indicates the presence of altered rocks in the 
environment. 

Although high uranium values were obtained in the 
Sarıçiçek granodiorite, the highest concentration value 
was measured for andesitic rocks depending on the 
mineral content. When we examine the area in general, it 
can be said that eU, which has a rather irregular change 
as a result of surface weathering, shows an increasing 
trend from southwest to northeast. The areas where the 
eU concentration was low in the pluton can be explained 
by the transport of U to other places by factors such as 
surface waters or wind as a result of physical weathering. 
Areas of high concentration in the plutonic mass may be 
associated with light-colored rocks with a high content of 
quartz and therefore high SiO2 content. In addition, the 
eTh concentration was measured at low values in some 
points on the mass, and this situation arises from 
magmatic rocks or soils that lost their acidic character as 
a result of weathering. 

The eU/eTh ratio for the study area ranged from 
0.031 to 1.034, with an average of 0.268. Although high 
values were observed in the margins and middle parts of 
the Sarıçiçek granodiorite, it was low in general in the 
mass. The Alibaba Formation had very high eU/eTh 
values. The eU/eTh ratio was 0.25 in continental crust 
[51] and 0.39 in the depleted upper mantle [52]. The 
eU/eTh values calculated for the study area showed that 
the rocks did not have completely crustal origin in the 
area but were a mixture of upper mantle and continental 
crust rocks. The sections with high eU/eTh ratio (0.4-1) 
are from the continental crust, and the areas with 
average values are from the mantle. The K/eU ratio 
varies in the range from 3280.9 to 53600 with a mean of 
10303.21 for the whole area. The variation in K/eU ratios 
indicates that the melts from different mantle reservoirs 
were composed of various compositions in terms of 
source. Average K/eU values were given as 9475, 15607, 
27245, and 12367 for the upper, middle, lower and total 
crusts, respectively [53]. Compared to the values defined 

in the study area, areas with the average K/eU ratio 
(10303.21) are very close to the values given for the 
upper crust. Therefore, they are associated with the 
continental upper crust. The calculated K/eTh ratio for 
all rock and soil samples in the study area ranged from 
1121.95 to 8620.69 with an average of 2452.6. Areas 
with high K/eTh ratio in the Sarıçiçek granodiorite were 
associated with granites with high K content (Table 1). 

 To determine whether there was a relationship 
between the uranium, thorium, and potassium 
concentrations measured in the study area, the 
correlation coefficients between these radioelements 
were calculated and the results are presented in detail 
below. Graphs showing the relationships between K-eTh, 
K-eU, and eTh-eU for the Sarıçiçek granodiorite and its 
surroundings are given in Fig. 10. As a result of the 
evaluation, the correlation coefficient between K and eTh 
radioelements was calculated as 0.67, and there was a 
reliable and linear relationship between the two 
radioelements. However, since the geological formations 
in the area contain these radioelements (especially 
uranium) in different proportions between the K-eU 
(R2=0.112) and eTh-eU (R2=0.110) ratios, there is a lot of 
scattering in the graph and there was no relationship 
between them. 

 The eTh and K concentrations showed similar 
increases and decreases in both Sarıçiçek granodiorite 
and Alibaba Formation rocks (Fig. 9). The variation in 
eTh and K concentration maps is quite similar. However, 
the concentration changes in the eU map are 
independent of these two radionuclides. That is, at the 
points where eTh and K were high, uranium was low 
depending on the mineral content. Therefore, a linear 
relationship was observed between K and eTh in the 
relationship graphs (Fig. 10), while a dispersed 
distribution was observed in the graphs of K-eU and eTh-
eU, originating from the irregular eU variation. 

A potassium composite map was generated (Fig. 11a) 
combining K in red, K/eTh in green, and K/eU in blue. 
Three different colors of cyan, blue, red, and green 
represent different amounts of radionuclides on the K 
composite map. Despite the low K and eU content, the 
eTh content is high in the anomaly zones represented by 
green color in the middle parts of the Sarıçiçek granitoid. 
In basaltic rocks (blue areas), which are a member of the 
Alibaba Formation surrounding the granitoid mass, K 
and eTh are low, and uranium is somewhat higher. These 
areas, which are high in eTh and eU and low in K 
especially in the southeast of the study area, are 
represented by cyan color. The red-colored areas (low eU 
and eTh and high K) are associated with granitic rocks 
with high K content. 

 
Table 1. The K, eTh, and eU concentrations and dose rate, ratios of the concentration, and the geochemical indicators of 
uranium remobilization in the Sarıçiçek granodiorite and surroundings 

 K 
(%) 

eTh 
(ppm) 

eU (ppm) D (nGy/h) eU/eTh eU/K eTh/K Ume (%) F parameter eU-(eTh/3,5) 

Min. 0,8 0,5 2,9 30,435 0,031 0,186 1,16 -123,3 0,08 -3,98 
Max. 5,22 8,9 23,6 153,12 1,034 3,047 8,91 62,36 2,92 6,357 
Mean 2,98 3,15 12,45 87,54 0,268 1,09 4,20 -14,70 0,77 -0,402 
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Figure 10. Variation diagrams of the Sarıçiçek granodiorite and surroundings: a) K vs eTh, b) K vs eU, and c) eTh vs eU 
modified from [15] 
 

The eTh composite map is shown in Fig. 11b. Areas 
that are observed as large inclusions in the north, west, 
and south parts of the study area represented by blue 
reflect low K and eTh contents and high eU content, and 
these areas are associated with basaltic rocks. The high K 
and eTh values and low eU content in the granitoid mass 
are shown in yellow. The areas with low eTh with high K 
and eU contents appear as small scattered points in the 
study area and are represented by magenta color. These 
areas were interpreted as areas where soils and rocks 
with volcanic materials have lost their acidic properties 
as a result of weathering. The areas (bright green) with 
high eTh with low K and eU concentrations spread from 
west to east of the area and are associated with areas 
where the rocks are concentrated by remaining in the 
environment and thus contain this element. 

When the eU composite map given in Fig. 11c is 
carefully examined, different colored anomaly zones 
which consist of inclusions of various sizes were 
observed throughout the study area. K and eTh have 
average values in the granitoid, especially where the eU 
content is very low, and these areas (represented by blue 
color) are associated with uranium-depleted granitic 
rocks. There are magenta-colored enclosures (high K and 
eU, and low eTh) observed in the granitoid mass. These 
highly concentrated areas are associated with rocks with 
high quartz content. Finally, the green areas indicate 
higher eTh concentration than eU and K contents in the 
rocks as a result of surface weathering in both the 

granitoid and the unit surrounding the granitoid. As can 
be seen from the composite map, uranium, which 
exhibits irregular change, shows an increasing trend 
from southwest to northeast. 

 The eU-(eTh)/3.5 ratio shows small changes towards 
the inner and marginal parts of the granodiorite (Fig. 
12a). As with the eU concentration map, this rate of 
change has a distribution with high values especially in 
the marginal parts of the plutonic mass. For the study 
area, this ratio varies between -3.98 and 6.357, with an 
average value of -0.402. Negative values in the study area 
indicate uranium-poor areas, while positive values 
indicate uranium-rich areas. When the rate change in Fig. 
9 and the eU map (Fig. 12a) are evaluated together, the 
eU concentration was quite low in areas showing 
negative values (the rate of change was very low), and 
this rate of change was positive, but rather high, in areas 
with high eU. Especially in the parts with negative values, 
this indicates that as the initial U content deteriorates, 
the radionuclide migrates. 

In the mobility diagram (eU (ppm) versus eU-
(eTh/3.5)) given in Fig. 12b, most of the data belonging 
to the Sarıçiçek granodiorite are below the zero line. In 
the Alibaba Formation, which consists of andesite, basalt, 
and pyroclasts surrounding the granodiorite, most of the 
data had positive values. The diagram clearly shows that 
there is uranium transport from the granodiorite to the 
Alibaba Formation and that these rocks are enriched 
with uranium. 
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Figure 11. a) K, b) eTh, and c) eU composite image maps 
for the Sarıçiçek granodiorite and surroundings 
 

The eU migration percentage calculated for Sarıçiçek 
granodiorite and surroundings ranges from -123.3 to 
62.36, with an average of -14.70 (Fig. 12c, Table 1). 
Positive migration values obtained at the edges and 
northeast of the granodiorite in the study area indicate 
that migration is towards the inside of the unit. The fact 
that the migration percentage calculated for the Alibaba 
Formation is negative indicates that the U migration is 
outside the unit. Depending on some situations such as 
weathering, alteration, magmatic differentiation, 
sedimentation, and metamorphism, the uranium 
radionuclide in the environment moves from its 
environment to another environment, causing an 
increase and decrease. In the migration distribution map, 

there was uranium migration towards the surrounding 
rocks, especially in the NW of the study area. 

The alteration parameter (F), which has a distribution 
very similar to the eU migration distribution map, was 
calculated to be high in Sarıçiçek granodiorite (Fig. 12d). 
This situation indicates that the eU and K concentrations 
in the granodiorite are high in places and accordingly 
there is a small amount of uranium enrichment in the 
area. While the average F parameter for the study area 
was calculated as 0.77, minimum and maximum values 
varied between 0.085 and 2.92. 

On the ternary map (Fig. 13a), areas with low eU, K, 
and eTh concentrations are represented by black color 
and are associated with basalts in the Alibaba Formation. 
Small inclusions of with especially granite and andesitic 
rocks, in the northern and western parts of the study area 
are represented by white color, and these parts 
correspond to areas with high concentrations of all three 
radioelements. Areas of high eTh with low K and eU 
concentrations on the map are shown with green 
inclusions, while areas with low K and eTh but high eU 
concentrations in the northeastern and western parts of 
the study area are represented in blue. The red color 
corresponds to high K areas with low eU and eTh 
concentrations. There are magenta-colored enclosures 
(high K with low U and Th) observed that vary from place 
to place in the southern, southwestern, and northeastern 
parts of the study area area. Areas with high contents of 
K and eTh but low content of eU are characterized by 
yellow color.  

A ternary diagram was plotted for the study area, with 
each axis representing a radioelement composition. 
When the measurements taken on the exposed rock and 
soils with volcanic composition were evaluated, the data 
were concentrated on the eTh axis in the triangular 
ternary diagram (Fig. 13b). This situation for the 
radioelement concentration in the study area varied 
depending on the lithological units and their mineral 
content. 
 
4.2. Assessment of In-situ Gamma-ray Data in the 
Sarıhan Granodiorite and Surroundings 
 

In the granodiorite, which has solid appearance, 
especially in the southern parts, the rocks are easily 
fragmented and look like soil due to arenization and 
hydrothermal weathering. Depending on this situation in 
Sarıhan granodiorite, changes have occurred in the 
contents of radioactive elements. When the 
concentration and dose rate maps created based on 
radioactivity measurements of the granodiorite and 
surrounding rocks are examined together, generally high 
and moderate inclusions were observed in the 
granodiorite mass for all three radionuclides (Fig. 14). 
The lowest concentration values were found in the 
Hozbirikyayla Formation (consisting of sandy limestones 
and limestone) and the ophiolitic olistostromal mélange 
containing sandstone, gravelly sandstone, basalt, and 
andesite. The highest radionuclide concentration and 
dose rate values were obtained in the Sarıhan 
granodiorite containing quartz diorite, granodiorite, and 
quartz monzodiorite [54]. 
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Figure 12. a) eU-(eTh/3.5) uranium mobility, b) eU (ppm) versus eU-(eTh/3.5) plot diagram, c) the uranium migration 

(Ume %), and d) F parameter maps for the Sarıçiçek granodiorite and surroundings 
 

 
Figure 13. a) Radiometric ternary map, and b) eU–eTh–

K ternary diagram for the study area 

 
Figure 14. Three-dimensional representation of eU, eTh, 
K concentrations and dose rate distribution of Sarıhan 
granodiorite and its surroundings (Bayburt) modified 
from [15] 
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Potassium is abundant in rock-forming minerals, 
especially in K feldspars (orthoclase, microcline, and 
mica (biotite)). The plutonic rock contained 6-18% 
orthoclase and 1-85% biotite in the Sarıhan granodiorite 
[30]. Accordingly, areas with high K concentration were 
associated with rocks and soils containing these 
minerals. The reason why the potassium concentration 
was very low in the Hozbirikyayla Formation was 
concluded to be due to the carbonate content in the 
limestones forming this formation. The low 
concentration values measured in the study area can be 
explained by the precipitation of U in organic materials 
in rocks and soils, or by the transport of U minerals from 
the environment with the effect of factors such as surface 
waters or wind as a result of mechanical weathering in 
the rocks. The eU concentration distribution in the east 
of the study area was higher than in the west. This 
situation in the concentration distribution indicates that 
the element eU may have migrated from west to east. 

eTh and K radionuclides were observed at high 
concentrations in the middle parts of the plutonic mass 
and places close to the ophiolitic mélange, while small 
areas with moderately high values were observed in the 
northeast. As with these two radionuclides, while the U 
radionuclide had high-value changes in the middle of the 
area, it also showed very high concentration changes, 
especially in the northeast of the study area. The areas 
where the dose rate and radionuclide concentrations are 
high were related to K feldspar and the pluton with 
abundant quartz and accordingly high SiO2 content. Low 
radionuclide concentrations and dose rates were 
observed in the Hozbirikyayla Formation, which contains 
limestone and sandy limestone surrounding the Sarıhan 
granodiorite from the northwest to southeast. 

According to the eU/eTh values given by researchers 
[51-52], the origin of the rocks in the study area was 
evaluated. The Sarıhan granodiorite and surrounding 
rocks were classified as continental crustal rocks 
according to average eU/eTh values. According to the 
eU/eTh ratio change calculated for the whole area, the 
rocks in the study area are a mixture of continental crust 
and depleted upper mantle. The low value (<0.3) region 
in the center of the study area corresponds to continental 
crustal rocks, while the values between 0.3-0.5 represent 
depleted upper mantle origin rocks. The places where 
the eU/eTh ratio is high corresponded to formation 
boundaries, especially where limestones are found. 

The K/eU ratio for the study area varied between 62.5 
and 33000 with an average of 7111.88. According to the 
K/eU ratio values [53], the average K/eU values for the 
study area were correlated with the continental upper 
crust. This ratio was calculated in previous studies [55]. 
In addition, the average K/eU ratio calculated for the area 
was also consistent with the K/U ratio (7000) values 
calculated in previous studies. 

The average K/eTh ratio in the study area was 
1376.15 and varied between 35.71 and 5000 (Table 2). 
Areas with a K/eTh ratio of 564.97-833.3 correspond to 
the mélange belt, while areas with a K/eTh ratio of 909.1 
to 1428.57 correspond to Sarıhan granodiorite with high 
K content and areas with a high ratio (K/eTh=2500-

5000) of limestones. The K/eTh ratio gives information 
about the structure of mica and feldspars, and the 
increase in this ratio is accepted as an indicator of the 
clay ratio. 

Statistical evaluations were made for Sarıhan 
granodiorite and surroundings, as for the Sarıçiçek 
granodiorite, to determine correlations between 
radionuclide concentrations (K, eU, eTh). As seen in the 
correlation graphs (Fig. 15), although there was a good 
linear relationship (R2=0.817) between K-eTh, there was 
almost no relationship between K-eU (R2=0.234) and 
eTh-eU (R2=0.158). Another reason why no relationship 
could be observed between the U radionuclide and these 
two radionuclides may be that the U radionuclide is 
highly affected by events such as surface weathering in 
the rocks and displays irregular changes depending on 
this situation. When the geological formations in the area 
are evaluated within themselves; while the 
Hozbirikyayla limestone showed the best K-eTh 
relationship, no relationship was observed between eTh 
and eU in the Sarıhan granodiorite. 

As can be clearly seen from the composite maps 
prepared for each radionuclide, the color transitions in 
the map show good agreement with the geological 
formations in the study area. Radionuclide composite 
maps consist of the combination of the radionuclide in 
the rock or soil and the ratios of these radionuclides to 
each other, as shown in Fig. 16. As can be seen on the 
map, the equivalent uranium composite values vary 
according to the rock and soil type. While limestone is 
represented by green and yellow colors; blue, orange, 
and magenta colors are dominant within the granitoid. 
Blue areas on the map show areas associated with low K 
and eTh and high eU, while yellow represents low eU 
concentrations overlapping with sandy limestone in the 
southeast part of the area. There are magenta-colored 
areas (high K and eU and low eTh) varying from place to 
place from the southwest to the northeast of the study 
area (Fig. 16a). 

On the map, which shows three distinct color changes 
of yellow, blue, and green, light colors are dominant 
especially on the granitoid, and the eTh content is 
relatively higher than eU and K in these areas. The 
equivalent thorium composite image map in Fig. 16b 
shows a blue area (high eU with low K and eTh) which 
has low content of eTh that coincides with the 
Hozbirikyayla Formation in the northwestern and 
southeastern parts of the study area. The areas 
represented by a dark color indicate rocks with low 
concentration values for eU, eTh, and K. 

The potassium composite map created by using K 
radionuclide and K/eTh and K/eU ratios is given in Fig. 
16c. As with the potassium concentration distribution 
map shown in Fig. 14, the areas represented by red color 
are associated with low equivalent thorium and 
equivalent uranium content versus high potassium 
content rocks. Potassium variation zones are shown as 
cyan-colored parts on the potassium composite image 
map, and these zones are related to rocks that have low 
K concentrations which coincide with limestones with 
high carbonate content. 
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Table 2. The K, eTh, and eU concentrations and dose rate, ratios of the concentration, and the geochemical indicators of 
uranium remobilization in the Sarıhan granodiorite and surroundings 

 K 
(%) 

eTh 
(ppm) 

eU (ppm) D (nGy/h) eU/eTh eU/K eTh/K Ume (%) F parameter eU-(eTh/3,5) 

Min. 0,01 0,2 0,8 8,038 0,043 0,303 2 -160,47 0,06 -6,3 
Max. 4,41 33,6 5,4 158,78 5,91 17,77 17,77 27,65 1,47 3,828 
Mean 1,83 13,6 2,73 73,03 0,284 1,92 7,47 -48,44 0,38 -1,164 

 

 
Figure 15. Variation diagrams of the Sarıhan granodiorite and surroundings: a) K vs eTh, b) K vs eU, and c) eTh vs eU 
modified from [15] 
 

In the study area, high eU-(eTh)/3.5 values were 
obtained in the limestone and ophiolitic mélange, as with 
the other geochemical radionuclide ratios (Fig. 17a). 
While high and moderate values were observed in the 
northern part of the Sarıhan granodiorite, quite low 
values were obtained in the middle and southern parts of 
the plutonic mass. For the study area, this ratio varies 
between -6.3 and 3.828, with an average value of -1.164. 
This ratio also represents the original U content in the 
medium due to the remaining and immobile Th 
radionuclide. Over time, the U radionuclide, which is 
exposed to events such as decomposition and alteration 
in the formation, cannot maintain its original 
concentration and changes. The mobility diagram for the 
Sarıhan granodiorite and its surroundings is given in Fig. 
17b. As with the Sarıçiçek granodiorite, most of the 

values in the granodiorite are negative values. Most 
values for the Hozbirikyayla limestone are above the zero 
line and there is uranium enrichment as a result of 
uranium transport from the granodiorite. There was a 
partial change in the values of the mélange belt, and 
increases and decreases were observed in the amount of 
uranium in the environment depending on the type of 
rock. 

While the percentage of U migration calculated for the 
Sarıhan granodiorite and its surroundings had an 
average of -48.43, these values varied between -160.47 
and 27.645 (Fig. 17c). Positive migration values obtained 
for the Sarıhan granodiorite in the study area show that 
the migration is towards the inside of the unit. The fact 
that the migration percentages calculated for the 
mélange and Hozbirikyayla Formation are negative 
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indicate that the U migration is outside the unit. While 
there is a decrease in the U concentration as a result of 
transport in the environment, it added to the existing U 
radionuclide in the environment where it was 
transported, causing an increase in the concentration. 

The Efimov (F) parameter was calculated to be high 
for the Sarıhan granodiorite (Fig. 17d). This situation 
indicates that the eU and K concentrations in the 
granodiorite are high and accordingly there was U 
enrichment in the area. While the average F parameter 
for the entire study area was calculated as 0.381, 
minimum and maximum values ranged between 0.0057-
1.473. Areas with high F values, as in Sarıçiçek 
granodiorite, indicate possible areas for metallic mines. 
The places where this parameter is high are associated 
with high-grade alteration zones and indicate areas with 
K enrichment related to the alteration of mafic minerals 
in the rocks during potassic alteration [56]. 

The ternary map for the Sarıhan granodiorite and 
surroundings is given in Fig. 18a. The dark areas 
represented by low values are related to limestone, and 
sandy limestones especially in the west to the northeast 
part of the Hozbirikyayla Formation surrounding the 
Sarıhan granodiorite and the eTh, K, and eU 
concentrations are low in these areas. The low uranium 
and high potassium and thorium parts on the map are 
shown in yellow, while the blue color in the southeast of 
the area corresponds to low uranium regions. Finally, 
light magenta color inclusions appearing in places 
coincide with low thorium and high uranium and 
potassium concentrations. In addition, areas identified 
by the light green color indicate uranium enrichment. 

The ternary diagram is a diagram created base on 
certain constant equalization of the sum of three variable 
data sets, such as potassium, uranium, and thorium (Fig. 
18b). This constant variable used in the definition is 
usually expressed as either 1.0 or 100%. In the study, it 
was assumed that the K, eU, and eTh variables are equal 
to 1.0. K, eU, and eTh concentrations measured in 
different lithological formations such as Sarıhan 
granodiorite, Hozbirikyayla Formation, and ophiolitic 
mélange belt are given on ternary diagram. According to 
the diagram, while the Sarıhan granodiorite exhibits high 
thorium values, the mélange belt and Hozbirikyayla 
formation have higher uranium values than this 
granitoid. 

While the K2O and SiO2 contents of the rocks forming 
the non-adakitic Sarıçiçek granodiorite were between 2-
4.5% and 58-75%, respectively [28], the K2O and SiO2 
amounts for the adakitic Sarıhan granodiorite were 
between 2.16-2.76% and 61.16-65.29% [35]. According 
to the silica content, both Sarıçiçek granodiorite and 
Sarıhan granodiorite consist of rocks with a transitional 
composition (intermediate magma, between 53-65% Si) 
between felsic and mafic magma. These rocks with felsic 
magma composition rich in silica (Si) contain significant 
amounts of potassium, aluminum, and sodium and small 
amounts of magnesium, iron, and calcium. Adakitic rocks 
with high silica content and felsic magma composition 
are associated with high eTh/eU ratios due to low U and 
high Th content. This situation is explained by the 
transport and removal of elements such as U, Th, and Rb 
in the lower crust with the solution (especially the U 

radionuclide) during partial melting by many 
researchers [51]. 

In the study, the average eTh/eU ratio was calculated 
as 5.5 for the non-adakitic Sarıçiçek granodiorite and as 
4.16 for the adakitic Sarıhan granodiorite [15]. The 
average eTh/eU ratios as a result of studies about 
adakitic rocks around the World were; Panamanian 
adakites [57] 2.7, Pulur adakites [37] 3.33, Kamchatka 
adakites [58] 2.8, Arkeen Wawa adakites [59] 4.5, and 
3.4-6 in adakites found in volcanic zones in Chile [60]. 
The average eTh/eU value obtained for Sarıhan 
granodiorite with adakitic character in this study was 
closer to the mean crustal value (eTh/eU=4.0) [61], while 
adakitic rocks are generally represented with high 
eTh/eU values. 
 

 
Figure 16. a) K, b) eTh, and c) eU composite image maps 
for the Sarıhan granodiorite and surroundings 
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Figure 17. a) eU-(eTh/3.5) uranium mobility, b) eU (ppm) versus eU-(eTh/3.5) plot diagram, c) The uranium migration 
(Ume %), and d) F parameter maps for the Sarıhan granodiorite and surroundings 
 

 
Figure 18. a) Radiometric ternary map, and b) eU–eTh–
K ternary diagram for the study area 

4.3 Laboratory Gamma Spectrometry Analysis of 
Samples Collected from Study Area (Gümüşhane)  

 
The relationship between the data measured in the 

field and the data measured with the system with higher 
sensitivity in the laboratory was determined as activity 
unit (Bq/kg). The concentrations of K, eU, and eTh with 
in-situ measurements were recorded as % and ppm, 
respectively. Thus, in order to compare in-situ and 
laboratory measurements, concentration units must be 
converted into activity units [62]. The conversion factors 
for K, eU, and eTh in Bq/kg are 313, 12.35, and 4.06, 
respectively. The average activity concentrations of 
232Th, 238U, and 40K radioactive nuclei obtained from 
laboratory and field measurements (Table 3) for the 
samples analyzed are shown in Fig. 19. When Fig. 19 and 
Table 3 are examined together, low differences between 
the in situ and laboratory results were observed for the 
238U activity, while high differences were observed for 
the 40K activity values.  

The ranges of the activity concentrations of 238U, 
232Th, and 40K were 6.055-72.86 Bq/kg, 19.48-95.81 
Bq/kg, and 287.96-1633.86 Bq/kg for the in-situ 
measurements, and 6.71-70.89 Bq/kg, 16.08-83.62 
Bq/kg, and 208.72-1262 Bq/kg in the laboratory, 
respectively. The determined radionuclide activity 
concentrations were compared with studies in the 
literature for similar rock types [63-67]. As a result, no 
significant difference was found between in-situ and 
laboratory measurements. 
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Table 3. Average activity concentrations of 238U, 232Th and 40K measured in laboratory and in-situ for Sarıçiçek 
granodiorite and its surroundings 

 

Formation 

Laboratory Measurements 
(HPGe detector) 

In-situ Measurements 
(NaI(Tl) detector) 

U (Bq/kg) Th (Bq/kg) K (Bq/kg) U (Bq/kg) Th (Bq/kg) K (Bq/kg) 

Alibaba Formation 29.2 37.05 422.436 35.72 45.12 543.71 

Sarıçiçek Granodiorite 42.93 51.68 422.81 40.91 54.35 495.71 

 

 
Figure 19. Activity concentrations of 232Th, 238U and 40K obtained from a) HPGe (Laboratory) and b) NaI(Tl) (In-situ) 
detectors for Sarıçiçek granodiorite and surroundings modified from [15] 
 

5. Conclusion  
 

In this study, Sarıçiçek (Gümüşhane) and Sarıhan 
granodiorites (Bayburt) and their surrounding 
formations were examined by using portable 
spectrometry. The data measured and calculated in the 
field were represented on maps, which include maps of 
radionuclide concentrations, radionuclide ratios, 
composite image, and uranium remobilization maps. 

In the radioactivity measurements carried out in the 
study areas, radionuclide concentrations showed 
irregular changes in both granodiorites due to the rock 
(consisting of quartz monzodiorite, granodiorite, and 
quartz diorite) and mineral differences (quartz, 
muscovite, sphene, biotite, and K-bearing feldspars 
(orthoclase, plagioclase)) in the formations. While the 
highest radionuclide concentrations (eU, eTh, and K) 
were mostly observed in granodioritic masses, low 
values were obtained in the formations surrounding 
these masses. Based on the average eU/eTh, K/eTh, and 
K/eU data, the rocks in the study area do not entirely 
have crustal origin, but formed as a result of a mixture of 
upper mantle and continental crust. It was concluded 
that the irregular changes in the main, trace, and rare 
earth elements in the rocks were affected by 
differentiation during crystallization to a high degree, 
partial melting events to a partial degree, and also 
hybridization of two magmas during the formation of the 
rocks. These results are supported by the results 
obtained in other studies [40,28]. 

When the study is evaluated in terms of uranium 
mobility, positive migration values obtained for the 
Sarıçiçek and Sarıhan granodiorites show that the 
migration is towards the inside of the unit, while the 
negative values for the surrounding formations indicate 
that the U migration was outside the units. To summarize 
uranium migration or transport in the study, uranium 
transport was not related to chemical weathering but to 

the transportation of rock fragments and soil as a result 
of physical weathering (wind, surface waters, tectonic, 
etc.) and the accumulation of radionuclides in these units. 

There are differences between the data measured in 
two different environments, as can be seen from the data 
obtained from the in-situ and laboratory measurements. 
This may be caused by factors related to the device used 
for measurement (crystal difference in the detector, 
crystal volume, calibration) and the measurement time, 
or external factors (cosmic rays, radioisotope particles in 
the air, soil humidity, vegetation, etc.) in the area where 
the measurement is made. During in-situ measurement 
with a gamma-ray spectrometer, the value measured in 
each window of the spectrometer; that is, the number of 
gamma rays is equal to the sum of the gamma rays 
coming from terrestrial and extraterrestrial sources. As a 
result of this situation, the in-situ results obtained in this 
study were higher than the laboratory results for 238U, 
232Th, and 40K. In brief, there was no significant difference 
between the results of the in situ measurements with the 
NaI(Tl) detector and the laboratory analysis made with 
the HPGe detector for the activity values. 

To summarize briefly, nowadays, chemical and 
petrological variations in rocks can be investigated and 
mapped quickly and easily, depending on the 
relationship between geology and radionuclide 
concentrations, especially in areas where granitic rocks 
are present, with in situ gamma-ray spectrometry 
measurements (K, U, and Th concentrations). 
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