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Abstract
The thermal conductivity of rocks represents one of the significant variables when investigating geothermal potential of 
an area on a local scale as well as regionally when performing basin analysis with the aim of estimating hydrocarbon 
potential. While steady-state methods of measuring thermal conductivity are presumed to yield more reliable results, 
transient methods allow for in situ measurements, thereby considerably simplifying and reducing measurement costs. 
This study was performed with the goal to expand the understanding of thermal conductivity of rocks typical for the 
North Croatian Basin (NCB) infill, as well as the underlying basement rocks. The measured values reveal distinct ranges 
across various lithologies. The thermal conductivity values measured in crystalline rocks are quite consistent, showing 
narrow ranges of values for each lithotype: for granite the measured values are between 2.317 and 2.486 W m-1 K-1, the 
value range for gneiss is between 3.332 and 3.565 W m-1 K-1 and the thermal conductivity of amphibolite is in the range 
between 1.549 and 1.623 W m-1 K-1. In contrast, the thermal conductivity values of sedimentary rocks vary within broader 
ranges – the values in sandstones range between 1.778 and 2.433 W m-1 K-1, for marlstones the registered range is between 
0.917 and 2.323 W m-1 K-1, the values measured in shales range between 0.894 and 2.304 W m-1 K-1 and biocalcarenites 
show values of thermal conductivity between 0.990 and 2.023 W m-1 K-1. The greater variability in values measured for 
sedimentary rocks is attributed to the variability in porosity and fluid saturation, as well as the greater variability of min-
eral composition. Further research is needed to determine which factor has the greatest influence on the variability of 
thermal conductivity values, i.e. to establish to which extent each of the factors contributes to the measured values.

Keywords: 
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1. Introduction

Many countries, including Croatia, are dependent on 
imported energy sources (IEA, 2021) and the conse-
quent risk of shortages in supply leads towards the diver-
sification of energy sources and investments in the 
development of renewable sources, as well as energy 
storage (Tuschl et al., 2022). In this sense, geoenergy 

research is of the utmost importance to ensure viable 
knowledge regarding subsurface geological settings, in-
cluding present structures, and the characterization of 
rocks and fluids. Understanding the geological processes 
is a key element for the identification and characteriza-
tion of potential resources, being it geothermal energy 
reservoirs or potential energy storage objects. Another 
key factor in geoenergy exploration is the knowledge of 
the distribution of the temperature in the subsurface 
which mostly relies on well data (Alnes et al., 2011; 
Dong et al., 2020). It should be noted that by “geoener-
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gy research,” a broader range of energy-related activities 
and resources associated with the subsurface are consid-
ered. This includes not only fossil fuels and deep geo-
thermal energy resources, but also the utilization of sub-
surface reservoirs for carbon dioxide geological storage, 
as well as the potential for subsurface energy storage. 
Assessment of the thermal conductivity of rocks also 
plays a significant role in the planning of the utilization 
of shallow geothermal energy sources (Chicco et al., 
2023).

The North Croatian Basin (NCB) has potential for the 
exploitation of geothermal resources. It is characterized 
by an increased geothermal gradient corresponding to a 
regional geothermal anomaly present in the Pannonian 
Basin, which is a result of crust thinning and the conse-
quent position of hot melted rocks of the mantle closer to 
the surface (Dövényi and Horváth, 1988; Hurtig et al., 
1992; Lenkey et al., 2002). In the Bjelovar Subbasin, 
the first Croatian geothermal power plant Velika Ciglena 
started operating in 2018, exploiting hydrothermal fluid 
from the geothermal reservoir situated in fractured Tri-
assic carbonates approximately 2500 m deep, having a 
temperature of 170°C (Čubrić, 2012). Within the inves-
tigated area, geothermal energy is so far exploited in the 
Bizovačke toplice spa, where the hydrothermal fluid of 
temperatures higher than 95°C comes from an approxi-
mately 1800 m deep geothermal reservoir consisting of 
fractured basement gneiss and polymictic breccias of 
unconfirmed, probably Miocene age (Hećimović, 2008).

Given the obvious potential for geothermal energy 
use, there are ongoing attempts to access the geothermal 
potential of the subsurface in Croatia. However, most of 
them were delimited to the mapping of the geothermal 
gradient (Cvetković et al., 2019; Jelić et al., 1995; 
Macenić et al., 2020) or the mapping of the temperature 
at a certain depth (Jelić et al., 1995), or focused only on 

one type of geothermal reservoir (e.g. overpressured res-
ervoirs Mesić et al., 1996).

When assessing heat flow and modelling heat distri-
bution in the subsurface, one of the most important pa-
rameters to evaluate is the thermal conductivity of rocks, 
because it largely controls heat conduction through the 
subsurface (Rudnick et al., 1998; Song et al., 2023). 
The thermal conductivities of rocks of different litho-
logical composition are important for basin modelling 
(Chekhonin et al., 2020; Makhous and Galushkin, 
2004), but also for the numerical modelling of geother-
mal reservoirs (Pandey et al., 2018; Raymond, 2018).

Different rocks conduct heat differently because the 
thermal conductivity depends on their density, mineral 
composition, porosity, permeability, pore-filling fluids, 
pressure and temperature (Somerton, 1992; Popov et 
al, 2003; Eppelbaum et al., 2014). Additionally, in clas-
tic sediments, thermal conductivity can be affected by 
grain size (Midttomme and Roaldset, 1998) and sort-
ing (Deepagoda et al., 2018; Sun, 2017). Table 1 shows 
a compilation of thermal conductivity values sourced 
from literature that is reported for lithotypes correspond-
ing to the sedimentary infill and basement rocks in NCB. 
It is obvious that the values vary within the wide range 
(see Table 1), which makes the use of data from the lit-
erature unsatisfactory, as it is difficult to estimate which 
data would most closely describe the properties of the 
rocks in the research area.

There is a lack of data regarding the thermal conduc-
tivities of rocks in the Croatian part of the Pannonian 
Basin system. Research conducted by Kovačić (2007) 
was geographically limited to the wider Zagreb area  
but gave significant insight into the thermal properties  
of Miocene, Pliocene and Quaternary sediments. The 
measurements were conducted mostly on samples from 
deep wells, but also on samples from the outcrops.

Table 1: Thermal conductivities for rocks of various lithological composition

Lithology Measured values of thermal 
conductivity (W m-1 K-1) Reference

granite 1.5-3.62 after Côté and Konrad (2005); Cho et al. (2009)
andesite 0.64-2.87 after Yaşar et al. (2008); Mielke et al. (2017)
amphibolite 1.35-3.9 after Dalla Santa et al. (2020)
gneiss 0.84-4.86 after Dalla Santa et al. (2020)
migmatite 1.8-2.4 after Ramakrishnan et al. (2013)
schist 1.5-4.88 after Andújar Márquez et al. (2016); Gangyan (2005)
phyllite 1.5-3.33 after Dalla Santa et al. (2020)

limestone 1.1-5.16 after Lienhard and Lienhard (2020); Gangyan (2005);  
Chicco et al. (2019)

dolomite 0.61-5.73 after Tang et al. (2019); Dalla Santa et al. (2020)
marl and 
marlstone 0.5-3.66 after Iosif Stylianou et al. (2016); Dalla Santa et al. (2020);  

Chicco et al. (2019)
shale 1.05-6.06 after Blackwell and Steele (1989); Labus and Labus (2018)
siltstone 1.1-5.94 after Andújar Márquez et al. (2016); Xiaoqing et al. (2018)
sandstone 0.6-5.24 after Duchkov et al. (2014); Gangyan (2005); Tang et al. (2019)
calcarenite 0.673-1.989 after Genova and Kilian (2017); Rahmouni et al. (2023)
conglomerate 1.5-5.1 after Dalla Santa et al. (2020)
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Kovačić (2007) conducted the measurements of ther-
mal conductivity using the steady-state method and his 
research offers valuable insight into thermal conductivi-
ties of Miocene fine to coarse grained clastic sediments, 
as well as Triassic carbonates (dolomites) and clastic 
sediments derived from those carbonates. This data of-
fers a basis for the characterization of the regional mod-
el. However, further investigation was needed to provide 
values for all other relevant lithologies. The authors’ aim 
was to repeat the measurement on the outcrops and com-
pare the measurements with those of Kovačić (2007), 
but unfortunately the locations of the outcrops where the 
“surface samples” were collected were not presented in 
the mentioned paper.

Another study of thermal conductivities of soil and 
rocks was conducted by Soldo et al. (2016). They used 
the distributed thermal response (DTR) test along the 
borehole heat exchangers to assess the thermal proper-
ties of soils and shallow rocks in 8 locations in Croatia, 
3 of which are situated in the NCB. While informative 
and having an obvious impact for the planning of the 
installation of ground-coupled heat pumps, the study by 
Soldo et al. (2016) didn’t provide data that would enable 
the linking of the reported averaged values of thermal 
conductivity with the lithological composition of the 
tested intervals. Namely, the values of thermal conduc-
tivity were expressed as average values for 6-meter in-
tervals, without indicating the lithological composition 
of the intervals.

Research performed by Borović et al. (2018) was 
mainly focused on thermal conductivities of loose soil 
and rocks in the shallow subsurface. The measurements 
were conducted using the single needle method on sam-
ples coming from shallow boreholes from five locations 
in the Croatian part of the Pannonian Basin (Čakovec, 
Požega, Osijek and two locations in the Zagreb area). In 
four of those boreholes the thermal response test (TRT) 
was conducted, providing the average thermal conduc-
tivity (K) across the whole well column. Most of the 
measurements with the single probe device were per-
formed on loose sediment and are thus of limited inter-
est. Altogether 15 samples of rocks were also measured, 
including greenschist with a registered value of 1.91 W/
mK, marlstone with a measured value of 0.98 W/mK 
and sandstone with a measured value of 1.55 W/mK. 
Unfortunately, except for lithology, no other information 
about the rock samples were given.

The aim of this study is to present thermal conductiv-
ity data obtained from measurements conducted directly 
on the outcrops, as a supplement to the previously men-
tioned studies (Kovačić, 2007; Borović et al., 2018). 
For this purpose, measurements were conducted on 
magmatic and metamorphic rocks that lithologically 
correspond to Basement rocks, as well as the sedimen-
tary rocks corresponding to sedimentary basin infill. 
This is the first step in creating a database of thermal 
properties of characteristic lithotypes for future geoen-
ergy projects in the area of the NCB.

2. Geological setting of the research area

In the study area, shown in Figure 1, covering the 
rims of Slavonian Mountains - Papuk, Psunj and Krndi-
ja, as well as Mt. Moslavačka gora, three different units 
can be distinguished. The first one represents the crystal-
line basement (below “Tg” unconformity in Figure 2) 
mainly consisting of Palaeozoic magmatic rocks that are 
partially metamorphosed - granites, granitoids, gneisses, 
and amphibolites, to a lesser extent the basement is rep-
resented by metamorphosed sediments, like schists and 
phyllites (Pamić and Lanphere, 1991). The second unit 
is represented by Mesozoic carbonates (Pamić and 
Lanphere, 1991), named Base Neogene (underneath 
“BNg” unconformity in Figure 2) and the third unit 
comprises the sediments, igneous rocks and pyroclastics 
of Neogene and Quaternary age that represent the basin 
infill (Malvić and Cvetković, 2013; Pavelić and 
Kovačić, 2018; Saftić et al., 2003).

The study area underwent continental rifting from the 
Ottnangian to the Badenian, which resulted in the forma-
tion of the various rift structures, such as half-grabens 
(Lučić et al., 2001; Pavelić, 2001; Pavelić and Kovačić, 
2018; Rukavina et al., 2023; Saftić et al., 2003). Sedi-
mentation during Ottnangian and Karpatian is mostly 
represented by coarse-grained clastics deposited in allu-
vial to lacustrine environments, with occasional pyro-
clastics resulting from syn-sedimentary volcanism, 
characteristic for the initial rift phase (Pavelić, 2001). 
Marine transgression in Middle Badenian (Ćorić et al., 
2009) caused a transition from a lacustrine environment 
to marine environments (Pavelić and Kovačić, 2018), 
characterized by the mixed clastic and carbonate sedi-
mentation, mostly represented by the distal sedimenta-
tion of thick marl layers with sporadic intercalations of 
coarse-grained clastic sediments, while in proximal are-
as conglomerates, bioclastic sediments and limestones 
were deposited (Ćorić et al., 2009; Pavelić et al., 1998). 
The Sarmatian period is marked by local inversion on 
one hand and by isolation of the Paratethys from the 
open sea on the other. The Pannonian period was charac-
terized by a post-rift thermal subsidence as a result of the 
gradual cooling of the asthenosphere into the denser 
lithosphere (McKenzie, 1978), as well as the prograda-
tion of delatic environments over the Pannonian Lake 
system (Pavelić and Kovačić, 2018; Saftić et al., 2003; 
Sebe et al., 2020). The progression of these settings 
eventually led to the filling of the basin. Neotectonic ac-
tivity in the Pliocene and Quaternary was characterized 
by compression and dextral transcurrent displacements, 
which resulted in the filling of the remnants of Lake Pan-
non with coarse clastic sediments and clay (Lučić et al., 
2001; Pavelić and Kovačić, 2018; Saftić et al., 2003). 
During the Pleistocene, glacial periods resulted in the 
deposition of loess and aeolian sands, while interglacial 
periods were characterized by lacustrine and marsh sedi-
mentation.
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3. Methodology

A transient line source method (Giordano et al., 2019; 
Somerton, 1992) was used to measure thermal conduc-
tivities in situ, using a TEMPOS Thermal Analyzer with 
an RK-3 sensor used for hard rocks, having a measure-
ment accuracy of +/-10% within the measurement range 

between 0.1 and 6.0 W/mK (https://metergroup.com/
products/tempos/tempos-tech-specs/). The applied meth-
od is based on the use of a single needle sensor. The ther-
mal conductivity sensor consists of a 60 mm long stain-
less steel needle with a heater and a precise thermistor. 
The thermal conductivity of a material was assessed by 
inserting the needle probe (3.9 mm diameter) covered 
with a thin film of thermal paste in the measurement hole 
drilled in the rock and applying current to raise the tem-
perature of the probe, while measuring the temperature 
increase with the thermistor. The thermal conductivity can 
be calculated considering power input and rise of the tem-
perature during the measurement. Prior to the measure-
ment, the temperature of the probe is monitored for a time 
interval lasting at least 30 seconds to determine the tem-
perature drift. The temperature drift represents changes in 
the temperature measured every second for 30 consecu-
tive seconds and the measurement of thermal conductivity 
should not be started if the temperature drift is exceeding 
the permissible temperature range of 0.003°C between 
two consecutive measurements. The start temperature and 
the determined drift are then subtracted from the measure-
ments (Meter, 2023). Current is then run through the 
heater, leading to a temperature rise during the period of 
60 seconds and the probe temperature is registered every 
second. It should be noted that measurement holes in 
magmatic and metamorphic rocks were drilled using a 
percussion drill, and for the drilling of measurement holes 
in sedimentary rocks a rotary drill was used. In both cases, 
the drill bit diameter was 4 mm to ensure good contact of 
the probe and the tested rock. An alumina or ceramic pol-
ysynthetic thermal paste with thermal conductivity >4 W/
mK was used to cover needle sensor and ensure better 
contact of the needle sensor and the rock.

The values given by the device represent calculated 
values of the thermal conductivity from measurements, 
by using a non-linear least-squares inversion technique. 

Figure 1: Locations of outcrops where thermal conductivity was measured  
(numbers assigned to outcrops correspond to the measurement points in Table 2)

Figure 2: Generalized lithological column of the North 
Croatian Basin (modified from Malvić and Cvetković, 2013; 

Saftić et al., 2003; Vulin et al., 2023)
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This is a simplified analysis, which gives adequate re-
sults, approximating the exponential integral by the most 
significant term of its series expansion (ASTM D5334-
14, 2022):
	 ΔT = (q/4πk)·ln(t)� (1)

Where ΔT represents the change in temperature (K), q is 
the applied heat by the unit length of the probe (W/m), k 
is the thermal conductivity (W/mK), t is the time from 
the beginning of heating (s).

Equation 1 can give correct results for a long time of 
measurement; since the method is based on observing 
changes in temperature over time, measurements need to 
be taken at various time intervals throughout the heating 
process to accurately describe the behaviour of the mate-
rial. For that reason, Equation 1 is expected to give cor-
rect results for a rather long time of measurement, espe-
cially for measurements of low-conductivity materials.

According to Equation 1, thermal conductivity is 
proportional to the inverse of the slope when tempera-
ture is plotted versus ln t (Nix et al., 1967). After a long 
time of heating, the temperature hardly changes, so noise 
in the measurements can strongly affect the measure-
ment. Shorter measurement times lead to problems re-
lated to the neglected terms in the exponential integral 
expansion which are functions of diffusivity, so sample 
diffusivity affects the calculated conductivity. Another 
problem lies in a finite dimension of the probe and its 
heat capacity, as explained by Wechsler (1992), so the 
thermal needle probe apparatus must be calibrated be-
fore its use (ASTM D5334-14, 2022).

Calibration was conducted before every round of 
measurements by comparing the measured value of the 
thermal conductivity of a standard material (glycerin 
was provided by the device manufacturer as a verifica-
tion standard) to its known value of 0.282 W m-1 K-1. A 
calibration factor, C, is automatically calculated as fol-
lows (ASTM D5334-14, 2022):

	 Calibration = λmaterial/λmeasured� (2)

where: λmaterial represents the known thermal conduc-
tivity of the calibration material, and λmeasured the 
thermal conductivity of that material measured with the 
single-needle apparatus. All the measurements of the de-
vice are automatically multiplied by C before being reg-
istered and reported.

There is also a problem of contact resistance between 
the probe and the medium in which the measurement is 
conducted (Fadeeva and Duchkov, 2017). This prob-
lem is minimized by applying the thermal paste having 
thermal conductivity above 4 W/mK (ASTM D5334-14, 
2022).

The measuring time of the device is very short, only 
60 seconds. This is not due to the simplicity of the meas-
urement, but the developers simulated the measurements 
and calculation of thermal conductivity using Equation 
1 for a broad span of conductivities, diffusivities, and 

contact resistances. They concluded that the greatest 
problem was in the time scale, which was accommodat-
ed for by introducing time offset as a correction factor, 
firstly suggested by (Underwood and McTaggart, 
1960), thus changing the equation to (Meter, 2023):

	 ΔT = (q/4πk)·ln (t+to)+C� (3)

where to is the time offset. After this modification, all of 
the data fit well with heating times of 60 seconds, mean-
ing that the effects of contact resistance and diffusivity 
were significantly and sufficiently reduced. The values of 
k, to, and C are determined by least squares. Values of to 
are calculated using an iterative method where to is varied 
until the value minimizing the standard error of the esti-
mate is found. This procedure was tested on samples of 
known conductivity (that are used as standards) and it 
was found that one-minute readings on all of these sam-
ples, with a time offset of 16 seconds, were more accurate 
compared to 10 minute readings using Equation 1.

The measurements were performed in a way that two 
consecutive measurements were made in the same meas-
uring hole and if their difference was less than 10%, the 
average value was calculated and reported as the value 
of thermal conductivity in this point. For better control, 
on most of the outcropping lithotypes, two or three 
measuring holes were drilled in close proximity to one 
another and the values reported in this work represent 
the average values of those measurements; they were as-
signed to the same measurement point. In some cases, 
the values between two consecutive measurements in 
the same hole differed by more than 10% and those val-
ues were discarded. For a certain number of measure-
ment points, only one value is presented due to problems 
related to the measurement preparation. Although the 
measurement itself is very quick, the preparation of the 
measurement site can be rather challenging since it is 
necessary to ensure an almost perfect fit of the needle 
probe in the measurement hole. The preparation involves 
levelling the rock surface at the outcrop using an angle 
grinder and drilling a measuring hole perpendicular to 
the levelled surface to achieve optimal contact between 
the rock and the probe. During and after the drilling, the 
hole was repeatedly cleaned using compressed air and 
before measurement the probe was coated in a thermal 
paste. After the preparation and before the measurement, 
a sufficient time was allowed for the rock to cool down 
from the friction caused by levelling and drilling. Nu-
merous problems occurred, mainly due to an insufficient 
amount of paste applied or inappropriate probe inser-
tion, resulting in pockets of air that lead to anomalous 
measurements which were easily spotted and discarded.

4. Results

Values of the thermal conductivity of rocks measured 
with the field device TEMPOS Meter at localities in the 
NCB are presented in Table 2. Location selection (see 
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Figure 1) was limited to the availability of outcrops. 
Miocene sediments were measured in locations around 
Voćin (points 4-10), as well as in the Poljanska Quarry 
on the southern slopes of Papuk Mt. (points marked 11-
17), where Miocene sediments that are exposed in an 
open pit are expected to match the sediments in the sub-
surface of the Drava Basin in terms of their characteris-
tics, given the similarity of local sedimentation condi-
tions. In addition, the values of the thermal conductivity 
of the rocks forming the basement were measured in the 
Pleterac Quarry (18-20), the Miklouš Quarry (21 & 22) 
and in the Garić-grad location (23 & 24), as well as near 
Koturić Village (point 1 in Table 2) and in an abandoned 
quarry near Voćin (points 2 & 3). Additional measure-
ments on the Miocene clastic sediments were conducted 

on the outcrops on the SE slopes of Psunj Mt. (25-29). 
Miocene effusives were also encompassed – trachy-
andesites on the eastern slopes of Krndija Mt. (points 33 
& 34) and unclassified effusive on the southeastern 
slopes of Krndija Mt. (point 35).

Results summarized for general lithology types and 
their comparison to literature data is presented in Figure 
3. It can be observed that in situ measurements in gran-
ites gave rather narrow range of values, from 2.317-
2.486 W m-1 K-1 (see points 20-22 in Table 2 and in Fig-
ure 1). Granitoid from Pleterac Quarry (point no. 18) 
has a thermal conductivity of 2.313 W m-1 K-1, also with-
in the range of values measured on granites (points 20-
22). Values of gneiss are measured only on two outcrops 
(see points 2 and 3 in Figure 1) and the values are simi-

Table 2: Thermal conductivities measured in situ on outcrops on the rims of Moslavačka gora and Slavonian Mountains 
(locations presented in Figure 1)

Measurement 
point Outcrop mark Type of rock  Number of 

measurements Average value of K (W m-1 K-1)* 

1 Kot1 phyllite  2 2.125
2 NZ-V1 gneiss 2 3.565
3 NZ-V2 gneiss 1 3.332
4  VocA1 marlstone (medium hard) 2 0.917
5 VocA2 biocalcarenite to biocalcrudite 1 1.686
6 VocA3 marlstone 2 1.028
7 VocA4 biocalcarenite 2 0.990
8 VocA5 marlstone 2 0.996
9 VocB1 laminated marlstone 1 0.936
10 VocB2b  laminated marlstone 2 1.087
11 Polj1 coarse grained lithic sandstone 2 1.778
12 Polj2 coarse grained lithic sandstone 2 1.968
13 Polj3 shale 2 0.894
14 Polj4 shale 2 1.575
15 Polj5 shale 1 2.304
16 Polj6 silty marlstone 1 2.323
17 Polj7 siltstone 2 1.374
18 Plet1 granitoid 3 2.313
19 Plet-core  amphibolite 2 1.591

20 Plet2  granite showing low level of 
metamorphism 3 2.416

21 Mikl1 granite with tourmalines 2 2.317
22 Mikl2 granite with tourmalines 2 2.486
23 Garic1 amphibolite 2 1.623
24 Garic2  amphibolite 2 1.549
25 SEPs1 weathered calcarenite 2 1.839
26 SEPs2 clayey marlstone 2 1.852
27 SEPs3 poorly sorted lithic sandstone 2 2.433
28 SEPs4 biocalcarenite 3 2.023
29 SEPs5 biocalcarenite to biocalcrudite 3 1.851
30 Okuc1 gneiss altered to clay 2 2.778
31 G-103 peperite 2 1.182
32 G-105 peperite 2 1.488
33 G-106 trachyandesite 3 1.291
34 G-107 trachyandesite 2 1.240
35 G-108 effusive 2 1.381

*Except for measurements in points 3, 5, 9, 15 & 16 where only 1 measurement was carried out and reported
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lar, 3.332 and 3.565 W m-1 K-1 (the difference is 6.5%). 
The values of thermal conductivity measured in amphi-
bolite also vary in a narrow range, from 1.549-1.623 W 
m-1 K-1. Trachyandesites values measured on two out-
crops differ by less than 4%, the average values are 
1.240 and 1.291 W m-1 K-1. Coarse grained sandstones 
measured in Poljanska Quarry show significantly lower 
values (1.778 and 1.968 W m-1 K-1) compared to poorly 
sorted lithic sandstone from the outcrop near Podvrško 
(2.433 W m-1 K-1), point no. 27. However, all the meas-
ured values are higher than the value reported by Borović 
et al. (2018), which is 1.55 W m-1 K-1 and significantly 
lower than the average value of Lower Miocene sand-
stone reported by Kovačić (2007), which is 2.899 W m-1 
K-1. The value of Upper Miocene clayey sandstone re-
ported by Kovačić (2007) of 2.058 W m-1 K-1 fits within 
the range of values measured within this study. The val-
ues of biocalcarenites and transitional lithology between 
biocalcarenite and biocalcrudite vary in a rather wide 
range. The lowest value is measured on biocalcarenite 
from the Voćin location, 0.990 W m-1 K-1, while the sig-
nificantly higher value of 1.686 W m-1 K-1 is measured 
on the nearby outcrop. Even higher values are measured 
on outcrops on the southern slopes of Psunj Mt. (points 
25, 28 & 29), where the lowest value is registered for the 
weathered outcrop (point 25), which could be attributed 
to increased porosity. The largest number of measure-
ments were made on marlstones, altogether seven meas-
urements, out of which the results from the Voćin loca-
tion (points 4, 6, 8, 9 & 10) vary in a rather narrow range, 
from 0.917 to 1.087 W m-1 K-1 . Significantly higher val-
ues of 1.852 and 2.323 W m-1 K-1 were observed on the 
southern slopes of Psunj Mt. (point 26) and in the Pol-
janska Quarry outcrop (point 16), respectfully. A simi-
larly wide range of values was registered for shale, rang-
ing from 0.894 to 2.304 W m-1 K-1 with all measurements 
made on the outcrops in the Poljanska Quarry (points 

13-15). Thermal conductivity was measured on only one 
outcrop of siltstone, showing a low value of 1.374 W m-1 
K-1. The values measured on peperites were 1.182 W m-1 
K-1 (point 31) and 1.488 (point 32), which are similar to 
the value of 1.381 W m-1 K-1 measured on unclassified 
effusive (point 35). It should be noted that peperite is 
defined after Le Maître (2002) as “…a tuff or breccia, 
formed by the intrusion of magma into wet sediments. 
Usually consists of glassy fragments of igneous rock and 
some sedimentary rock”.

5. Discussion

There are several concerns arising with the use of 
properties of analogue outcrop samples to characte- 
rize the subsurface rock formations, i.e. several factors 
should be regarded as a source of difference between the 
in situ measurements conducted at the outcrops and the 
actual values of thermal conductivity of rocks in the sub-
surface. The first factor influencing the value of thermal 
conductivity is porosity (Brigaud and Vasseur, 1989; 
Jiang et al., 2021; Labus and Labus, 2018) and the 
reason behind the potential difference lies primarily in 
differences of intensity of diagenetic processes in sedi-
ments, while for crystalline rocks the value of porosity 
will be mainly influenced by the intensity of weathering 
and stress driven fracturing. The differences in porosity 
for medium and coarse-grained sediments are influenced 
by the intensity of cementation. Namely, Tadej et al. 
(1996) and Kolenković Močilac et al. (2022) suggested 
that cementation plays a key role in controlling the pe-
trophysical properties of sandstones in the Sava Basin. 
Tadej et al. (1996) based their conclusions on the analy-
ses of hundreds of thin sections as well as laboratory 
measurements of porosity and permeability, while 
Kolenković Močilac et al. (2022) assigned a significant 
role on control of petrophysical properties to cementa-
tion based on a comparison between granulometric 
properties and petrophysical properties of Miocene 
sandstones, which was confirmed by the findings of 
SEM studies conducted by Matošević et al., (2021, 
2023). Considering the similarities in sedimentation en-
vironments, it is reasonable to assume that cementation 
has a similar effect on sandstones in the Drava Basin. 
This influence is not assumed to have significant impor-
tance on fine-grained sediments. On the other hand, the 
petrophysical properties of the outcrop sediments are 
influenced by exhumation. The stresses experienced 
during exhumation can lead to the development of frac-
tures within the sedimentary rocks, potentially signifi-
cantly affecting their petrophysical properties. However, 
these influences are too complex to be included in this 
study and the research suggests that the intensity of the 
exhumation of the Neogene rocks is not significant. The 
authors can only conclude that the influences of diage-
netic processes may have been the reason for differences 
in porosity, thus affecting differences in thermal conduc-

Figure 3: Comparison of thermal conductivity reference 
values from Table 1 and the obtained results
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tivity values of measured outcrop rocks and their subsur-
face analogues.

Another important factor influencing thermal conduc-
tivity is fluid saturation (Jin et al., 2017; Nagaraju and 
Roy, 2014; Popov et al., 2003). While the rocks at the 
surface are in the vadose zone and their pores are thus 
saturated with both water and air, it is assumed that the 
rock formations in the subsurface are water saturated 
(pore water having increased salinity). The difference 
between the thermal conductivity of water and air is sig-
nificant, thus the rocks saturated with water have signifi-
cantly higher thermal conductivities when compared to 
the same lithology saturated with air. Kovačić (2007) 
observed that there was a difference between the thermal 
conductivity of dry and water saturated rock samples up 
to 30%, and Chicco et al. (2019) who investigated ther-
mal conductivities of Umbria-Marche carbonate succes-
sion reported that, on average, the difference between 
thermal conductivities of water wet and dry samples was 
20%. Although, it is expected that this difference is more 
emphasized for rocks with greater porosity, primarily 
medium and coarse-grained clastic sediments, Iosif 
Stylianou et al. (2016), registered a pronounced differ-
ence between the thermal conductivity of dry and water 
saturated values for all tested clastic sediments, includ-
ing siltstone (the average values being 0.6 and 1.0 W m-1 
K-1 respectively), marl (the average recorded values 
were 0.7 and 1.0 W m-1 K-1 respectively), sandstone (the 
average recorded values were 0.9 and 1.3 W m-1 K-1 re-
spectively), as well as for calcareous clastic – calcarenite 
(the average recorded values were 1.1 for dry and 1.5 W 
m-1 K-1 for wet samples). Cho et al. (2009) observed sur-
prisingly pronounced differences in thermal conductivi-
ty (around 10-40%) of water-wet and dry granite sam-
ples with rather low porosity (0.6-2.5% effective poros-
ity), supporting the results of the study conducted by 
Schärli and Rybach (1984) who reported that a poros-
ity difference of 0.8% between dry and water-saturated 
samples resulted in a difference of thermal conductivi-
ties amounting to 30%. Another interesting observation 
of this study was that the thermal conductivity of sam-
ples saturated with water varied within a significantly 
narrower range (2.99 – 3.62 W m-1 K-1) with respect to 
values for dry samples which showed a more substantial 
difference, ranging from 2.12-3.12 W m-1 K-1 (Cho et 
al., 2009). On the other hand, based on the results of the 
study presented here, it can be noticed that thermal con-
ductivities of basement rocks – granites and granitoids, 
gneisses, amphibolites and trachyandesites vary in a nar-
row range, which could probably be attributed to very 
low porosity and a consequentially small effect of fluid 
saturation on thermal conductivity values. Also, the 
measurements were conducted in similar conditions, on 
vertical outcrops which could limit water infiltration. 
The uniformity of values measured on granite outcrops 
indicate that this lithology in the study area shows me-
dium value with respect to the values reported in litera-

ture. Values reported for gneisses indicate that in the 
study area, gneisses have values higher than the average 
value reported in literature, while values measured on 
amphibolites suggest that this lithology in the study area 
is characterized with rather low values with respect to 
values reported in literature. In that sense, these values 
bear a certain importance even though they are based on 
a limited number of measurements, since they enable 
more reliable characterization of geological formations. 
It can be argued that local measurements conducted on 
crystalline rocks reflect the influence of specific geolog-
ical properties, such as variations in mineral composi-
tion, porosity, and fluid saturation, which can signifi-
cantly affect thermal conductivity.

Measurements conducted on sedimentary rocks ex-
hibit larger variability, as seen for bioclastic sediments 
(points 5, 7, 25, 28, 29), which show marked variability 
and significantly lower values than 2.726 W m-1 K-1 re-
ported by Kovačić (2007) or for sandstones varying in a 
more narrow range (1.778-2.433 W m-1 K-1), similar to 
the discrepancy reported by Kovačić (2007). It is reason-
able to assume that this variability is associated with an 
increased porosity range and consequent fluid saturation. 
In this regard, more detailed research is needed to deter-
mine the extent of the influence of mineral composition, 
porosity variation, and fluid saturation on thermal con-
ductivity. Thus, future studies should be focused on sedi-
ments and include the determination of mineral composi-
tion, laboratory porosity measurements and thermal con-
ductivity measurements in dry and water-wet state. This 
should enable a better understanding of factors influenc-
ing the measured values. Also, a comparison of values 
obtained by in situ measurements and using laboratory 
steady-state method would be beneficial.

6. Conclusion

The development of geothermal projects in continen-
tal Croatia calls for an estimation of thermal properties 
of rocks, including their thermal conductivity. This study 
presents the thermal conductivity measurements of vari-
ous rock types constituting the North Croatia Basin in-
fill, as well as the crystalline basement rocks.

Based on the in situ measurements performed using 
the transient line source method, it can be observed that 
narrow ranges of thermal conductivity are observed in 
granites, gneisses, amphibolites, and trachyandesites, i.e. 
in the crystalline basement rocks. Values measured in 
granite range between 2.317 and 2.486 W m-1 K-1, the 
value range for gneiss is between 3.332 and 3.565 W m-1 
K-1 and values measured in amphibolite lie in the range 
between 1.549 and 1.623 W m-1 K-1. This could be as-
signed to the low porosity of these rocks since the meas-
urements were carried out at outcrop sections without 
any visible fractures, so it is expected that fluid saturation 
didn’t play as significant role as in clastic sediments. The 
saturation of rocks with water significantly impacts their 
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thermal conductivity compared to air saturation, with 
variations observed based on porosity and rock type. 
These findings underscore the complexities involved in 
characterizing subsurface rock formations using surface 
outcrop samples, suggesting caution in extrapolating re-
sults. Apart from calcarenites, all other clastic sediments 
showed relatively lower values compared to reference 
values (see Figure 3). Sandstones exhibit a rather wide 
range of thermal conductivity values, from 1.778 and 
2.433 W m-1 K-1, with variability attributed to factors 
such as sorting, mineral composition, and the greatest ef-
fect arguably assigned to porosity, influenced by diage-
netic processes and exhumation. Cementation during di-
agenesis is also suggested to affect sandstone properties, 
since it affects porosity and permeability of the sand-
stones in the NCB. Registered thermal conductivities of 
marlstones vary between 0.917 and 2.323 W m-1 K-1, 
while values measured in shales range between 0.894 and 
2.304 W m-1 K-1, and the greatest variation with respect 
to reference values from literature are found for biocal-
carenites with measured values of thermal conductivity 
between 0.990 and 2.023 W m-1 K-1. Further considera-
tions include the influences of burial history, other diage-
netic processes, and fluid saturation, which collectively 
contribute to the variability in thermal conductivity 
measurements. Although local data provides a more reli-
able basis for understanding the thermal properties of 
rocks in a given area, further research is needed to deter-
mine which factor has the greatest influence on the vari-
ability of thermal conductivity values in sediments, i.e. to 
establish to which extent each of the factors contributes 
to the measured values. This is by far the most important 
step to be taken before a more substantiated regional geo-
thermal model can be constructed.
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SAŽETAK

Uvid u toplinske vodljivosti stijena Sjevernohrvatskoga bazena temeljem  
in situ mjerenja

Toplinska vodljivost stijena jedna je od važnih varijabli u istraživanju geotermalnoga potencijala područja na lokalnoj i 
regionalnoj razini prilikom analize bazena s ciljem procjene ugljikovodičnoga potencijala. Iako se pretpostavlja da metode 
mjerenja toplinske vodljivosti u stacionarnome stanju daju pouzdanije rezultate, prolazne metode omogućuju mjerenja in 
situ, čime se znatno pojednostavnjuje postupak mjerenja i smanjuje trošak. Ovo istraživanje provedeno je s ciljem pobolj-
šanja razumijevanja toplinske vodljivosti stijena tipičnih za sedimente koji sačinjavaju ispunu Sjevernohrvatskoga bazena 
(NCB), kao i stijena magmatsko-metamorfnoga kompleksa u podlozi bazena. Izmjerene vrijednosti otkrivaju različite 
raspone za različite litološke sastave. Vrijednosti toplinske vodljivosti izmjerene na kristalinskim stijenama (graniti, gnaj-
sovi i amfiboliti) prilično su konzistentne, varirajući unutar uskih raspona za svaki litotip: za granit su izmjerene vrijedno-
sti između 2,317 i 2,486 W m-1 K-1, raspon vrijednosti za gnajs iznosi između 3,332 i 3,565 W m-1 K-1, a toplinska je vodljivost 
amfibolita u rasponu između 1,549 i 1,623 W m-1 K-1. Nasuprot tome, vrijednosti toplinske vodljivosti sedimentnih stijena 
variraju unutar širega raspona – vrijednosti u pješčenjacima iznose između 1,778 i 2,433 W m-1 K-1, za lapor je registriran 
raspon između 0,917 i 2,323 W m-1 K-1, vrijednosti izmjerene u šejlovima iznose između 0,894 i 2,304 W m-1 K-1, a biokalka-
reniti pokazuju vrijednosti toplinske vodljivosti između 0,990 i 2,023 W m-1 K-1. Veća varijabilnost u vrijednostima izmje-
renim za sedimentne stijene pripisuje se varijabilnosti poroznosti i zasićenosti fluidima, kao i većoj varijabilnosti mineral-
noga sastava. Potrebna su daljnja istraživanja kako bi se utvrdilo koji faktor ima najveći utjecaj na varijabilnost vrijednosti 
toplinske vodljivosti, odnosno u kojoj mjeri svaki od faktora doprinosi izmjerenim vrijednostima.

Ključne riječi: 
toplinska vodljivost stijena, metoda iglene sonde, Sjevernohrvatski bazen
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