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Abstract: Soil gas measurements of radon (222Rn), CO2, and hydrocarbon concentrations, as well as
gamma-ray spectrometry, were conducted at two separate locations to estimate the measurement
results for known locations of hydrocarbon accumulations in the subsurface and oil seepage on
the surface. The aim of the study was to confirm the applicability of the method for identifying
migration pathways (e.g., faults) and to detect possible seepages of hydrocarbons to the surface
as well as to investigate possible health issue potential about the soil gas analysis results. Site A
investigations were performed with a large number of sampling points to provide sufficient spatial
coverage to capture the influence of subsurface lithologic variability as well as the influence of the
migration pathway on the measured parameters. For the investigation of site B, sampling points were
positioned to reflect the situation between the area above producing hydrocarbon fields and areas
with no confirmed accumulation. The results presented show that it is possible to distinguish the
near-surface lithology (gamma-ray spectrometry), characterize the migration pathway, and indicate
the area of oil seepage at the surface. Areas above the known hydrocarbon accumulations generally
have elevated radon concentrations and detectable heavier hydrocarbons with sporadic methane in
soil gas, which contrasts with the lower radon levels and lack of detectable heavier hydrocarbons in
soil gas in the area with no confirmed hydrocarbon accumulation in the subsurface.

Keywords: radon; carbon dioxide; hydrocarbon exploration; soil gas; Croatia

1. Introduction

Soil gas monitoring has numerous exploration applications, including soil contam-
ination by anthropogenic factors [1,2], health risk from radon concentration in urban
planning [3,4], earthquake prediction [4,5], and mineral and hydrocarbon resource explo-
ration [6,7]. Monitoring the radon concentration in soil gas is mainly related to radiation
risk in residential areas, since radon accounts for more than 50% of radiation dose coming
from natural sources [8], probably due to gaseous form of its radioisotopes. Radon has
36 isotopes with atomic masses from 193 to 228 and none of them is stable. In nature,
mainly two radioisotopes of radon are present, 222Rn and 220Rn (thoron). 222Rn has half-life
3.8 days, while thoron has half-life of 55.6 s [9]. Radon (222Rn) is produced in uranium
bearing rocks and soils by radioactive decay of radium (226Ra), as a part of uranium (238U)
decay chain, while thoron is produced from radioactive decay of 224Ra in thorium (232Th)
decay chain. Concentration of 222Ra in soil is therefore related to uranium mineralization
of soils and concentration of 220Ra is related to thorium concentration in soils.
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Non-diffusive transport of radon can be attributed to carrier gas transport [10], so the
non-reactive radon represents a suitable tracer for gas transport from the deeper subsurface
to the surface. The seepage of methane and other hydrocarbons from hydrocarbon-bearing
formations along faults and fractures is well known throughout the world [11,12]. Active
faults can be delineated by measuring radon concentrations over the study area; anomalies
indicate more emissive zones related either to main faults or secondary fractures [13–15].
The research presented here aims to test the possibility of correlating measured soil gas
parameters with hydrocarbon migration pathways in the subsurface (e.g., faults). For this
purpose, several soil gas parameters were measured at two different sites (Figure 1). These
included the radon (Ra), thoron (220Ra), CO2, PID (photoionization detector), and TP (total
petroleum) concentrations.

Recommended procedures for radon potential maps usually include measurements of
radon concentration in soil gas along with soil permeability [16]. Measurements of only
these parameters can be difficult to interpret because radon concentrations in soil vary
widely, even at short distances, and depend on weather conditions or water content in
the soil [17,18]. It is challenging to determine the factors responsible for the variations
in radon concentration. Several authors have established a relationship between gamma
dose rate and geogenic radon potential [19–22] and have concluded that in situ gamma
measurements of U, Th and K can be used to map radon potential. The main advantage of
gamma measurements is that they are less time consuming than measurements of radon
concentration in soil gas [23]. Gamma ray spectrometry was included for the possible
confirmation that potentially elevated radon concentrations were not due to near-surface
geological heterogeneity.

Measurements were taken at two sites that were selected based on known locations of
hydrocarbon accumulation in the subsurface and oil seepage at the surface. Identification
of hydrocarbon migration pathways has wide applicability, not only for petroleum explo-
ration, but also for identifying sources of contamination of groundwater and surface water
by hydrocarbons [15]. Hydrocarbons in the environment are persistent and consequently
cause disturbance of natural equilibrium between the living species and their natural
environment [24,25]. Since they are carcinogens and neurotoxic organic pollutants [26],
their presence in the water and soil represents serious threat for human health. While the
health threat from 222Rn is mainly limited to residential areas, since soil gas radon which
migrates to outdoor air is highly diluted and thus does not present a health risk in open
areas, hydrocarbon contamination of soil and water presents a threat even outside of the
residential areas.

Presented research indicated possible radon-related health risks in urban planning
while the other soil gas parameters and gamma ray spectrometry results were within
acceptable boundaries. Radon concentration anomalies, as well as other soil gas parameters
were correlated to oil seepage on first exploration location and producing hydrocarbon
fields on second location.
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Figure 1. Location map showing the broader area of exploration and locations of Site A and Site B along with oil and/or
gas fields. DEM overlay acquired from [27].

2. Materials and Methods

Soil gas measurements were performed at two sites (Figure 1) that were selected due
to their known levels of hydrocarbon accumulation in the subsurface and oil seepage
at the surface. The measurement points were positioned to cover areas overlying the
accumulations and adjacent areas where no accumulations were confirmed. Two areas
in the Croatian part of the Pannonian Basin (CPBS) were selected for mapping (Figure 1,
Site A) and profiling (Figure 1, Site B). Since the results of soil gas measurements depend
not only on the targeted subsurface anomalies (hydrocarbon accumulations, fault zones,
and migration pathways) but also on the local geological framework (rock/sediment types),
a brief description of the geological setting is necessary to allow subsequent meaningful
interpretation of the obtained results.

Site A was selected based on an existing oil seep and historical mining site described
in [28] to assess the nature of the migration path of oil to the surface based on soil gas
measurements. Site B outlines several areas of hydrocarbon accumulation that were
used to test the applicability of soil gas measurements to detect existing accumulation
in the subsurface. Measurement points were positioned relative to the locality of the
oil seep on Site A, while Site B measurements were positioned to roughly cover both
hydrocarbon-producing fields and locations without confirmed hydrocarbon accumulation.
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The hydrocarbon fields included in the sampling (Figure 1) were Lipovljani (predominantly
gas with oil), Jamarice (oil and gas field), and Kozarice (predominantly oil) [29].

2.1. Geological Settings

The research area was situated in the Sava Depression within the Croatian part of
Pannonian Basin System (CPBS), which consists of Neogene and Quaternary sediments
overlying the Pre-Neogene basement, including Mesozoic and Paleozoic, predominantly
metamorphic and magmatic, rocks [30].

The pre-Neogene basement in the vicinity of Site A consists mainly of granite, gneiss,
and amphibolite. According to recent studies, the age of these rocks is Cretaceous [31].

Neogene and Quaternary infill can be divided into three megacycles [32,33], repre-
senting the relative water level fluctuations in the sedimentation environment [34]. The
first megacycle represents the deposition of sediments from the onset of formation of
smaller structural units (depressions) within the CPBS, which was not contemporaneous
in the system [30,33]. Sedimentation began within the terrestrial environment from the
Ottnangian to the Early Badenian, which was followed by marine sedimentation during
the Badenian [31,35,36]. Marine sedimentation continued during the Sarmatian, but the
connection of Central Paratethys to the surrounding marine environment was terminated,
resulting in a decrease in salinity and a transition to brackish environments [37]. Sediments
deposited during the first megacycle are characterized by pronounced lithological hetero-
geneity, ranging from coarse-grained breccias and conglomerates to sandstones, marls,
and reef limestones [30,38]. Miocene volcanic rocks are also present in some parts of the
CPBS [33,39] but are absent in the study area. The second megacycle of Pannonian age was
conditioned by the post-rift regional thermal subsidence processes [40]. The newly formed
accommodation space was filled by predominantly turbiditic [30,38] and deltaic [41] sedi-
ments in brackish to freshwater Lake Pannon [30,38,41,42]. The sedimentary infill consists
mostly of marls, sandstones, and transitional lithologies between these end members. In
the Sava Depression and in the research area, this sedimentary succession is considered to
be the main hydrocarbon-bearing interval, since the majority of the discovered reservoirs
are found in sandstone of Pannonian age [32,43,44]. The third megacycle refers to the
last phase of the formation of the CPBS, which involved a transition from lacustrine to
terrestrial sedimentary environments of fluvial and marsh types [45,46].

2.2. General Petroleum Geology Settings

CPBS is a known hydrocarbon province with an active petroleum system and more
than 70 years of exploration. During this time, more than 100 hydrocarbon fields have
been discovered, most of which are still in production [29,47]. Even before conventional
hydrocarbon production, heavy oil was produced from mines and refined into lamp
oil to be used for district lighting [28]. In the exploration area, the source rocks are
represented by Badenian, Sarmatian, and Lower Pannonian marls, while the reservoir
rocks are predominantly Pannonian sandstones, although reservoirs can be found in all
permeable Neogene sediments, Pliocene, and basement rocks [47]. The sealing rocks are
Neogene marls and Pliocene clays. Migration pathways are associated with faults and
regional unconformities as well as conveyor beds, through which migration has occurred
over distances of up to 60 km, resulting in accumulations near the exploration area [44].

2.3. Radon and Thoron Measurements in Soil Gas

SARAD RTM 2200 is a radon (222Rn) and thoron (220Rn) measurement system that
quantifies radon and thoron concentrations and can also measure soil permeability, tem-
perature, humidity, and other technical parameters that indicate proper operation of the
instrument. Silicon radiation detectors in the chamber are used to separate the different
radon daughter products by alpha spectroscopy. The radon (222Rn) gas concentration is
measured by the short-lived daughter products produced by radon decay. The number
of 218Po ions collected on a semiconductor detector is proportional to the radon gas con-
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centration in the chamber of the instrument. The half-life of 218Po is 3.05 min, and thus,
the equilibrium between the radon decay rate and 218Po detector activity is reached after
about 15 min (about 5 half-lives). This time period is classified as the minimum achievable
response time.

The measurements were performed by driving a stainless-steel probe with a detachable
tip (outer diameter 12 mm/inner diameter 8 mm) into the soil to a depth of 825 mm. The
tip was then hammered a further 125 mm into the ground, providing a filter area for soil
gas sampling, which had to be constant as the results of the instrument’s permeability
measurement were calculated using the specific filter area achieved by this setup. The
probe was then connected to the instrument through special tubing which did not allow
radon buildup on the material, as that would affect subsequent measurements (Figure 2a).
The achievable measurement range was between 0 and 10 MBq/m3. The device also
measured permeability (measuring range from 8 × 10−14 m2 to 8 × 10−12 m2) and the
CH4 concentration (measuring range from 100 to 25,000 ppm). The soil permeability was
determined by measuring the pressure drop in the soil and the air volume flow through
the soil. The permeability was calculated within the device itself based on the dimensions
of the soil “filter” area made by the impact probe, as shown in Figure 2a.
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2.4. Carbon Dioxide (CO2), Photo-Ionization Analyzer (PID), Total Petroleum (TP), and Methane
(CH4) Concentration Measurements in Soil Gas

The measurement of CO2 and CH4 concentrations, volatile organic compounds, and
other volatile hydrocarbon components is used to investigate various types of soil contam-
ination, such as hydrocarbon contamination, and also to monitor in situ bioremediation
processes, which are mostly aerobic, meaning that bacteria break down hydrocarbons by
oxidation to produce heat, methane, and carbon dioxide.

CO2 has been proven to be the carrier gas for radon in faulted clay basins overlying
sedimentary rocks such as limestones, marls, and sandstones, in cases where all sediments
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have a low uranium content [48]. The measurement of the CO2 concentration along with the
TP and methane concentrations could help to distinguish higher concentrations originating
from hydrocarbon seepage and migration in the subsurface from local background levels.
Methane is also considered to be a gas carrier for radon [49].

These components were measured using the ECOPROBE 5 monitor, which measures
the concentration of a contaminant vapor phase in a subsurface soil environment. It
consists of two independent analyzers: a photo-ionization detector (PID, measures the
total concentration of volatile organic compounds), and an infrared analyzer (IR, separately
measures methane, the petroleum group of hydrocarbons (TP), and carbon dioxide. It also
measures the temperature, atmospheric pressure, and oxygen concentration.

Measurement started by drilling a hole about 50 cm deep in the ground with a hand
drill, inserting a probe into the hole, and closing it quickly with the sealing cone (Figure 2b).
Due to the nature of the measurement, a waiting period between inserting the probe into
the soil and starting the measurement is recommended, and this waiting period must be
consistent for all sampling points. In this study, the standby time was 60 s. During sampling,
lower permeability soil has a tendency for CO2 buildup to occur with a high depletion rate
(values after the start of the test decrease rapidly). Thus, in later representation of these
values, averaged values of CO2 and PID are also presented to minimize the influences of
these gases in poorly permeable soils.

The sensitivity of the PID analyzer in standard mode ranges from 0.1 to 2000 ppm.
The IR analyzer has a lower detection limit of 50 ppm, and the measurement range goes up
to 500,000 ppm for methane and TP.

2.5. Natural Gamma-Ray Spectrometry

The Gamma Surveyor Vario with the VB6 BGO probe is a geophysical gamma-ray
spectrometer that is used for the determination of the concentrations of K [%], U [ppm]
and Th [ppm] as well as the natural gamma dose rate [nGy/h or nSv/h]. The detector is a
Bismuth Germanium Oxide (BGO) scintillator. Measurement errors for determination of
the K, U, and Th concentrations and the natural gamma dose rate are mainly influenced by
the measurement time used. However, there is no generally recommended measurement
time. The sampling time required for a measurement depends on the radioactivity of the
source and the desired measurement accuracy. The final measurement errors depend on the
absolute values of the individual K, U, and Th concentrations or their mutual combinations.
For a detector placed on the ground, the effective depth of investigation is about 50 cm
(variable depending on the type of sample), and a similar radius with a soil/rock mass of
more than 100 kg affects the measurement (Figure 2c). In our measurements, the detector
was placed on the ground, and the measurement time was 5 min.

Radon emanates from materials containing the unstable radionuclides 232Th and 238U.
In particular, the 238U decay series forms gaseous 222Rn via alpha decay of solid radium
(226Ra) [50,51].

The decay of 238U and its daughters in soil and rock forms radon. The amount of 238U
contained in the soil and underlying rock of an area directly affects the amount of geogenic
222Rn released in that area. Observation of gamma emission rates along with bedrock and
surface geology can improve the interpretation of radon readings. Gamma measurements
were performed in order to relate gamma values to the radon concentration in soil gas,
which is helpful for interpreting radon readings. We wanted to investigate whether there
was a correlation between near-surface gamma values and radon concentrations that would
indicate that measured radon concentrations result only from local geologic changes.

It is known that radiation values decrease above petroleum accumulations. This
phenomenon has been attributed to either [52,53] the precipitation of uranium salts at the
oxidation–reduction boundary between the aqueous phase and hydrocarbon accumulation
or [54] the conversion of K-bearing clay minerals and feldspars to kaolinite or other
potassium-deficient clays.
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3. Results
3.1. Site A

A total of 55 sampling points were obtained at Site A (Figure 3). All measurements
have ECOPROBE 5 and gamma-ray spectrometry data, while additional radon and thoron
levels were measured at 18 points. The lower radon and thoron values resulted from the
fact that measurements could not be taken at some locations because the high level of soil
moisture resulted in low permeability, which fell below the instrument threshold, and
because those were more time consuming due to the nature of the measurement. Sampling
points were more densely distributed near the areas of oil seepage in the river and at the
oil mine. To identify the possible migration pathway, an outline of the faults is given based
on the published maps (Geological map of the area [55]).
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Figure 3. Measurement locations on Site A, locations of the faults were obtained from [55].

Measurement results of all three methods were mapped within the Site A area with
Schlumberger Petrel. The gamma-ray spectrometry results indicated variations in soil
composition that are directly related to the underlying bedrock. The fault with an SSW–
NNE orientation represents a boundary between the bedrock that is predominantly marl
west of the fault and the mixed marl-sandstone lithology east of the fault. The dose rate
(DR) was increased in the western area (Figure 4d) in correspondence to the clay content in
the marls. Elevated values of potassium (K, Figure 4a) and thorium (Th, Figure 4c) were
also predominantly found in the western area, while the uranium content was variable
within the exploration area (U, Figure 4b). Lower values of U, Th, and DR were registered
in the SE area of Site A where sandstone outcrops were observed. Locally, lower values of
all three elements and DR were observed around the oil seepage and oil mine.
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ECOPROBE 5 measurements are presented using the following parameters: maximum
recorded concentration of CO2 (CO2_max), average concentration of CO2 (CO2_avg),
maximum recorded concentration of volatile organic compounds (PID_max), average
concentration of volatile organic compounds (PID_avg), and maximum concentration of
volatile hydrocarbons (TP). The average and maximum values were obtained during 60 s
of soil gas sampling. Increases in both PID_max (Figure 5a) and PID_avg (Figure 5b) values
were identified east of the fault and east of the oil seepage and oil mine. The CO2_max
values (Figure 5c) were variable throughout Site B, while the CO2_avg values (Figure 5d)
showed an increase in the area surrounding the oil seepage. TP values were only recorded
near the seepage (Figure 5e).



Sustainability 2021, 13, 3840 9 of 16

Figure 5. Photo-ionization analyzer (PID) (a,b); CO2 (c,d); and Total Petroleum (TP) (e) concentrations recorded at Site A.
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Elevated radon concentrations were recorded in the area near the fault (Figure 6a),
but were generally very variable within Site A. This was also seen for the thoron levels
(Figure 6b). The distribution of the radon/thoron ratio showed a clear anomaly in the area
near the oil seepage (Figure 6c). The recorded permeability values were variable within
Site A (Figure 6d) and negative correlated with the radon values, which is in accordance
with the normal occurrence of radon values in impermeable soils [56]. Distinct anomalies
were recorded for the radon (Figure 6a), permeability (Figure 6d), CO2_max, and CO2_avg
maps NE of the oil seepage. Radon risk potential map (Figure 6e) was constructed based
on measured radon concentrations in soil gas and soil permeability according to [56,57].
Majority of the area is characterized as high and medium risk potential.

Figure 6. Radon (a); thoron (b); radon/thoron ratio (c); and permeability distribution (d) within Site
A. Radon risk potential is presented on (e) according to [56,57].
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To test the relation of the CO2 and radon concentrations in soil gas Pearson correlation
coefficient was calculated [58]. Dataset for this case was divided into two groups containing
measurements from either NW or SE of the fault (Figure 7). Pearson correlation coefficient
show moderate positive relation but with p value greater than 0.05 for the data belonging
to the area NW of the fault. Analysis from the SE side of the fault shows a strong positive
correlation while the p value in this case is lower than 0.05.

Figure 7. Scatterplots showing relation to radon/CO2 relation on the West (a) and E side (b) of the fault parallel to the river.

3.2. Site B

Site B was selected to test the applicability of using soil gas measurements to detect
hydrocarbon seepage from underlying accumulation areas. Some of the sampling points
selected were located above known production fields, while others were positioned in areas
with no evidence of existing accumulation. Twelve sampling points were obtained, five of
which were located over known production fields (Figure 1). The sampling points included
radon and thoron measurements along with CO2, PID, TP, and CH4 concentrations in the
soil gas. The results are presented in Tables 1 and 2. Uncertainty for radon and thoron
measurements were presented for 95% confidence interval based on the sensitivity of the
RTM 2200 SG (3 counts per minute/(kBq/m3)) and achieved counts over a 15-min period.

Table 1. The measured concentrations of radon and thoron in the soil gas at 12 sampling points on Site
B (locations shown in Figure 1). Bolded values refer to location within hydrocarbon-producing fields.

Sample ID Radon (Bq/m3) Thoron (Bq/m3)

lip-1 56,465 (+/− 2195) 24,277 (+/− 1439)
lip-2 102,174 (+/− 2953) 22,482 (+/− 1385)
lip-3 86,665 (+/− 2720) 24,456 (+/− 1444)
lip-4 112,763 (+/− 3102) 27,940 (+/− 1544)
lip-5 105,254 (+/− 2997 28,137 (+/− 1549)
lip-6 119,781 (+/− 3197) 20,180 (+/− 1312)
lip-7 79,621 (+/− 2607) 17,125 (+/− 1209)
lip-8 94,390 (+/− 2838) 32,217 (+/− 1658)
lip-9 73,533 (+/− 2505) 16,695 (+/− 1193)

lip-10 81,936 (+/− 2644) 34,026 (+/− 1704)
lip-11 107,165 (+/− 3024) 19,362 (+/− 1285)
lip-12 82,325 (+/− 2651) 34,521 (+/− 1716)
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Table 2. The measured concentrations of radon, thoron, maximum CO2, average CO2, maximum
PID, average PID, Total Petroleum, and methane in the soil gas at 12 sampling points on Site B
(locations shown in Figure 1). Bolded values refer to location within hydrocarbon-producing fields.
“-“ corresponds to a concentration below the measuring limit.

Sample ID CO2_max
(ppm)

CO2_avg
(ppm)

PID_max
(ppm)

PID_avg
(ppm) TP (ppm) CH4

(ppm)

lip-1 4280 2629 4.69 1.82 - -
lip-2 4720 3064 44.81 28.02 135 -
lip-3 4063 3414 4.36 1.94 99.3 -
lip-4 4676 3903 1.93 0.97 430 -
lip-5 5519 3634 3.14 1.48 551.7 -
lip-6 18,892 9574 1.24 0.16 2439 1846
lip-7 16,251 11,486 - - - -
lip-8 3145 1834 1.46 0.13 - -
lip-9 3325 2217 2.93 0.84 - -

lip-10 6115 5892 2.83 2.34 - -
lip-11 7022 4154 2.98 0.64 - -
lip-12 6819 4724 1.98 0.83 - -

TP values were recorded only within the area delineating active production fields, while
a CH4 concentration above 50 ppm was only recorded at one location, which was also within
the boundaries of the oil producing field. Radon concentrations were generally elevated in the
area of hydrocarbon producing fields (Table 2). TP values increased from the predominantly
gas-bearing field (Lipovljani, Figure 1, lip-2 and 3), to the mixed oil and gas field Jamarica
(lip-4 and 5), to the predominantly oil-bearing field Kozarice (Figure 1, lip-6).

4. Discussion

The anomalies of PID and TP at Site A along the Paklenica River can be associated
with the existing seepage along the SW–NE oriented fault, where the values of these pa-
rameters are elevated in the soil in the area characterized by lower permeability, indicating
a localized concentration of migrated hydrocarbons along the fault as well as a lower
oxidative biodegradation intensity. The correlation between permeability and increased
CO2 concentration can be explained by the increased oxygen supply in permeable soil
at a depth of 50 cm, where it is expected that intense biodegradation by oxidation will
result in the depletion of organic compounds and, consequently, an increase in the CO2
concentration. Moreover, according to [59], the CO2 concentration in soil depends on the
soil texture. Many authors have emphasized the influences of temperature and humidity
on the CO2 concentration in soil gas [60,61]. Obviously, a higher water content promotes
the ability of soil to keep CO2 in the dissolved state. The fact that the measurements were
performed during the cold and wet season (late autumn and winter) suggests that higher
CO2 concentrations could be expected during the dry season. Difference between the
Pearson correlation coefficient in the CO2 and radon concentrations in soil gas from the
NW and SE side of the fault suggest the possibility of CO2 acting as a carrier gas from the
deeper parts of the subsurface as stated in [48].

Changes in surface radiometric measurements have relatively small magnitudes
and should be distinguished by statistical analysis of a larger number of measurements.
However, the relative relationships observed in the presented data are discussed here. The
radon concentration was characterized by spatial variability, reflecting the heterogeneity
of the soil/rock environment unless it is transported from deeper subsurface by a carrier
gas [62,63]. This is evident to the NE of the fault, where radon concentrations show a
positive correlation to CO2 concentrations in soil gas which implies a possible transport
or radon by a carrier gas. It should also be considered that soil permeability affects fluid
and gas migration in the rock and has a significant effect on radon measurements. The
maximum radon concentrations presented may indicate that gases are transported from
greater depths in areas near faults, but relatively elevated radon concentrations (SW and
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NE part of Site A) could also be associated with elevated concentrations of Uranium. In
the area with oil leakage, the concentration of Th was relatively stable with respect to the
concentrations of U and K. Upwelling hydrocarbons can alter the radiometric signatures
above oil fields as they saturate the rocks, and this leads to reduced sorption of the
mobile radionuclides U and K in the overlying rocks [64]. Carbonic acid in groundwater
produced by the decomposition of hydrocarbons can also leach potassium and uranium
from the soil. The concentration of uranium depends on a dynamic equilibrium between
the rate of leaching and the amount of enrichment, while the potassium concentration
always decreases due to leaching [53,65], a phenomenon that could also explain the lower
concentration of potassium in the area surrounding the oil seep. Since 222Rn has a longer
half-life (T1/2 = 3.82 d) than thoron (T1/2 = 55.6 s), the radon/thoron ratio can indicate
whether gases are transported from greater depths through a fault system or they have a
local origin. In our measurements, the radon/thoron ratio showed a clear anomaly along
the N part of the Paklenica River and the SSW–NNE fault, especially in the area of the oil
leakage. TP values were only recorded at some points near the oil seepage, possible as a
result of oil at the seepage site being heavily biodegraded [66]. Majority of radon index
values [57] calculated for Site A belong to high and medium radon risk category which
requires further research directed to possible health issues and indoor radon measurements
in the study area. Gamma ray spectrometry revealed that the total DR rarely exceeds
average population weighted world-averaged of 60 nGy/h [8] while the mean value for
the area is 50.4 nGy/h.

The samples from Site B show distinct TP anomalies in the area of the hydrocarbon-
producing field, demonstrating that leakage from the oil and gas fields in the subsurface
through clastic sediments can be identified. This was further proven by the increase
in the radon concentration as well as the methane and CO2 concentrations at the lip-6
sampling point. PID values were detected in all sampling points above or near hydrocarbon
accumulations with the exception of lip-7, which is far from oil and/or gas fields.

5. Conclusions

The results presented show correlations of radon, thoron, CO2, and hydrocarbon
concentrations in soil gas with the occurrence of oil seepage on the surface and proven
hydrocarbon accumulation in the subsurface. This has not been investigated previously in
the CPBS. Radon/thoron ratios at Site A indicate a migration pathway from the deeper
subsurface through elevated concentrations of the longer half-life 222Rn (radon) relative to
the shorter half-life 220Rn (thoron) in soil gas. Gamma-ray spectrometry values presented
at Site A can be used to distinguish changes in the shallow subsurface lithology and can
also indicate alterations in rock and soil mineralogy due to the presence of hydrocarbons.

Measured parameters are characterized by emphasized spatial variability, in part
reflecting the heterogeneity of the mineralogical characteristics of the near-surface rocks,
so results from larger number of sampling points should be compared with detailed data
on soil/rock properties in order to obtain more reliable interpretation. Currently available
data on surface geological settings do not allow such comparisons. Medium to high risk
of radon radiation indicated for the Site A requires further research directed to possible
health issues and indoor radon measurements in the study area.
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29. Velić, J.; Krasić, D.; Kovačević, I. Exploitation, reserves and transport of natural gas in the Republic of Croatia. Tech. Vjesn. Gaz.

2012, 13, 633–641.
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