
Introduction

Naturally occurring radioactive materials (NORMs)

present in Earth’s crust are an obvious factor in the explo-

ration of fossil energy resources. 75% of human radiation

exposure results from natural resources [1]. Most of the

radioactivity in rock reservoirs is associated with decay of

Potassium-40, Uranium-238, and Thorium-232. These iso-

topes have a half-life similar to the age of the Earth and are

still present in subsurface formations in parts per million

concentrations besides those from the decay chain [2]. 

For some kinds of rocks, geological formations, and

regions, the level of natural radioactivity can be higher than

the global average background radiation. The sum of cos-

mic radiation and natural sources of radioactivity in soil,

air, and water gives annual effective dose classified into

four stages from low (<5 mSv/a) to high radioactive areas

(50>mSv/a) [16], the most known are in Iran (Ramsar),

India (Karunagappally in Kerala), and Brazil (e.g. Poços de

Caldas, Araxa, Tapira) [3].

The annual effective dose from background radiation is

2.4 mSv/a with a typical range from 1 to 10 mSv/a, but

there are also areas exceeding 50 mSv/a [1]. In Poland the

average dose in 2011 was 3.3 mSv/a [4]. The variability of

gamma radiation in different regions corresponds to the

lithology of geological formations. Daily average gamma

dose rate results from terrestrial gamma radiation at the

Polish Geological Institute are shown in Fig. 1., with an

average dose equal to 58 nGy/h [5]. 

Industrial operations can also cause higher concentra-

tions of radioactive materials – in this case they are called

TENORM (technologically enhanced NORM). TENORM

waste or by-products are produced, for example, in phos-

phate processing, exploration, and production of oil and gas

or geothermal energy, metal and uranium mining, and pro-

duction of zircon and sulphuric acid [6, 7]. Ionizing radia-

tion associated with the oil and gas industry has been a

widely recognized occurrence – the earliest report about
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NORM in the oil and gas industry is from 1904 [2]. Later

in the 1980s elevated levels of Ra-226 were observed for

the first time in an oil field pipeline [8].

Mobilization of Radionuclides 

Radionuclides from hydrocarbon reservoirs are present

in the solid, liquid, and gas phases. The amount of radioac-

tive substances at the surface depends on the radioactivity

in subsurface formations, the exploration and production

process, and on the duration of this process or the leaching

potential of the formation fluid [9]. These factors are influ-

enced by temperature, pressure, and pH, which leads to the

mobility change of NORM – e.g. the solubility of radioac-

tive isotopes of radium. Solubility of radium is greater in

saline water for extreme pH value (either low or high) [10].

Thus radium precipitates as sulphate or carbonate scales

which emit ionizing radiation. The scale can be observed in

pipes, vessels, tanks, separators, valves, and other facilities

at production sites [4]. 

The activity of radioisotopes Ra-226 and Th-232 in

industrial solid and liquid samples is provided in Table 1.

The range of radioactivity associated with oil and gas pro-

duction is wide since it depends not only on the nature of

the rock but also geological and geographical factors and

the treatment process. For example, radon Rn-222 in gas

samples is from below detection limits to over 150,000

[Bq/m3] [11], and in solid samples from 0.4 to 15,000

[Bq/kg] [2]. Thus the concentration of NORM is variable,

cannot be predicted, and should be examined in the area of

oil and gas production.

The radioactivity of liquid and solid samples from shale

gas and oil exploration in Pomerania is reported in this

paper. The impulse to the research was the lack of informa-

tion about NORM concentrations in Pomerania geological

formations. Now when shale gas and oil prospecting is

being conducted, it is important to check the level of natur-

al radiation in the area. 

Experimental Procedure 

The locations and detailed descriptions of samples are

classified as a precondition made by drilling companies.

Liquid and solid samples that originated from subsurface

formations were investigated: flow-back fluid (Fig. 2),

residue from flow-back fluid, and drilling cuttings from two

depths (Fig. 3). Drilling mud before being pumped into the

borehole served as a reference sample.

Levels of natural radioactivity were measured using a

portable GAMMA-SCOUT detector containing a Geiger-

Müller counter, one of the recommended instruments as an

indicator or dosimeter by the International Association of

Oil and Gas Producers in “Guidelines for the management

of naturally occurring radioactive material (NORM) in the

oil and gas industry” [2]. 
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Fig. 1. Gamma dose rates in Poland [17].

Table 1. Activity of radioisotopes Ra-226 and Th-232 in select

solid and liquid samples associated with oil and gas reservoirs.

No. Sample
Counts per

minute [min-1]

Equivalent

dose [µSv/h]

1 Background 20.0 0.175

2 Drilling cuttings 1 20.3 0.177

3 Drilling cuttings 2 21.6 0.188

4
Solid residue from

flow-back fluid
27.3 0.238

5 Drilling cuttings 3 20.7 0.181

6 Pomerania A1 21.4 0.187

7 Pomerania A2 21.8 0.190

8 Pomerania C1 21.9 0.191

9 Pomerania B1 18.8 0.164

10 Pomerania B2 22.0 0.192

Fig. 2. Flow-back fluid.



The first measurement was made to determine back-

ground radiation. It was important for the experiment to be

made properly as this is the reference value, which is why

it was repeated 80 times. Every sample was measured:

• 10 times for gamma radiation

• 10 times for beta and gamma radiation

• 10 times for alpha, beta, and gamma radiation.

In the first case, the radiation selection switch covered

the window of the counter tube with an aluminum plate, in

the second with aluminum foil, and in the third it was left

open. Counts per minute (number of ionizing events) can

also be approximately counted for equivalent absorbed

doses according to the equation based on Cs-137: 

(1)

This is the only estimated value of gamma dose because

the kind of radioisotopes that emit radiation are not known.

This can be precisely calculated after calculation of acivity

of radionuclides. 

Results

The radiation expressed in counts per minute [min-1] for

analyzed samples is shown in Table 2. Only gamma radia-

tion measurements are indicated in this table since there

were no alpha or beta particles that could be detected by the

G-M counter. The standard deviation for all samples

remained within 20-25%. For the background radiation is

4.6 min-1, therefore the result is 20.0±4.6 min-1. 

Comparison measurement points of analyzed samples

with the average background radiation is on Fig. 4. One

point is above background radiation – No. 4 solid residue

from produced water with 27.3 min-1 value when the range

of background radioactivity is 15.4 min-1 to 24.6 min-1.

Discussion of Results

Examined solid and liquid samples from prospection of

shale oil and gas emit radiation similar to the average back-

ground counts per minute. Background radiation consists of

Natural Radioactivity of Solid and Liquid... 2139

Fig. 3. Drilling cuttings. Depth 1895 m – a) and depth 4228.5

m gas-bearing shales – b).

a)

b)

Fig. 4. Measurement points (counts per minute [min-1]) of analyzed samples.



natural radiation and radiation from synthetic sources. All

of the samples except one are in the range of the average

radiation, which is from 15.4 [min-1] to 24.6 [min-1].

Evaporated produced water had 27.3 [min-1] activity. This

corresponds to the rather low value of the equivalent

absorbed dose ~ 2mSv/a, and 2.4 mSv/a, the average dose

from natural global background radiation according to

UNSCEAR [17]. The cause of higher activity compared to

the other samples is due to concentrations of radionuclides

after evaporation.

The results of the investigation of natural radioactivity

from oil and gas exploration were compared to the litera-

ture. Tables 2 and 3 show activity of Pomeranian samples

and Table 4 (exposure rate level in the oil industry – TE-

NORM from oil and gas industry wastes) from the refer-

ences. The comparison could be made only when the liter-

ature data had sievert [Sv] or gray [Gy] units. The concen-

trations of radionuclides [Bq/kg] only without reference to

sample amount does not inform about the absorbed doses or

hazard of exposure.

Equivalent absorbed dose reported in references is

greater than that from the analyzed samples. Radiation data

from Table 4 pertains to sludge and scale in industrial pro-

duction facilities, therefore they could be accumulated in

extended exploration time. Pomeranian boreholes are by far

only prospect drillings, thus no NORM in scale and sludge

in facilities was accumulated. 

Conclusions

Naturally occurring radioactive materials (NORMs)

constitute an integral part of the environment. Industrial

operations such as exploration of oil and gas resources can

enhance the local level of radioactivity above the back-

ground radiation. The impulse to this research was the lack

of information about natural radioactivity and amount of

NORM related to oil and gas exploration in Pomerania.

Investigated solid and liquid samples from shale gas and oil

prospecting in Pomerania emit radiation comparable to the
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Table 2. Gamma radiation in solid samples [min-1] and approximate equivalent absorbed dose.

Sample
Activity [Bq/kg]

Country Other information References
Ra-226 Th-232

Produced water 19.00 39.90

Tunisia

From tank

12Produced water 0.37 0.74 From separator

Formation water 0.04 0.03 -

Formation water 5.10-14.80 - Algeria From several oil fields
13

Formation water 1.70 - Great Britain -

Produced water 0.002-1200.00 <0.001 - - 14

Hard scale 1-15000 0.001-0.002 - - 14

Scale 109.60-2110.00 - Brazil From internal surface of facilities 15

Sludge 0.05-800.00 0.002-0.01 - - 14

Sludge 5.00-19.00 2.00-12.00 Libya From facilities on several oil fields 12

Clay shale 1÷990 - - - 14

Clay 28.7±22.2 67.1±10.0 Nigeria - 16

No. Sample
Counts per

minute [min-1]

Equivalent

dose [µSv/h]

11 Drilling mud 19.2 0.167

12 Flow-back fluid 19.5 0.17

13 Pomerania B3 20.9 0.182

14 Pomerania C2 19 0.166

15 Pomerania C3 20.6 0.18

16 Pomerania C4 19.2 0.167

17 Pomerania C2 18.9 0.165

18 Pomerania C5 18.4 0.16

19 Pomerania C6 18.4 0.16

20 Pomerania D1 18.2 0.159

21 Pomerania B4 20.6 0.18

22 Pomerania C7 19.4 0.169

23 Pomerania C8 21.3 0.186

24 Pomerania C9 20.9 0.182

25 Pomerania D2 19.3 0.168

26 Pomerania E 21.4 0.187

Table 3. Gamma radiation in liquid samples [min-1] and approx-

imate equivalent absorbed dose.



background, which amounts to 20.0 min-1. According to

this, workers and other people in the vicinity of those sites

are not exposed to external or internal ionizing radiation.

The samples emitted only gamma radiation. Alpha and beta

radiation were not detected by Geiger-Müller counter.

Based on this experiment alone, one cannot generalize

results to the Baltic Basin within Pomerania borders, to

other depths, locations, and fluid chemical compositions as

used in this work. In this regard, measuring sludge, scale,

and investigation on drilling cuttings and produced water

will be continued. 

The comparison of results of analyzed samples and

results reported in references (Table 4) shows that equiva-

lent absorbed doses are higher in the literature.

Measurements with G-M counter made a screening stage of

elevated levels of radiation to inform about approximate

equivalent absorbed doses (as a dosimeter). The second

step will include the types of isotopes and their concentra-

tions [Bq/kg]. 
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