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ABSTRACT

Radiological hazards from external exposure of naturally occurring radioactive materials (NORM) scales
residues, generated during the extraction process of oil and gas production in southern Algeria, are
evaluated. The activity concentrations of 22Ra, 232Th, and *°K were measured using high-purity gamma-
ray spectrometry (GeHP). Mean activity concentration of >?6Ra, 23>Th and #°K, found in scale samples are
4082 + 41,1060 + 38 and 568 + 36 Bq kg, respectively. Radiological hazard parameters, such as radium
equivalent (Raeq), external and internal hazard indices (Hex, Hin), and gamma index (l,) are also evalu-
ated. All hazard parameter values were greater than the permissible and recommended limits and the
average annual effective dose value exceeded the dose constraint (0.3 mSv y~!). However, for occa-
sionally exposed workers, the dose rate of 0.65 + 0.02 mSv y~! is lower than recommended limit of
1 mSv y~! for public.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural radioactivity from uranium and thorium always exists in
the human environment. They are found in soil, rocks, water, and
food, and can be observed in the human body [1].The main radio-
nuclides are uranium (*38U), fissionable uranium (***U) and their
descendants, the family of thorium- 232 (**?Th) and potasium-40
(4%K) [2]. This radioactivity is not hazardous, as long as it remains
in its natural state [3]. However, certain work activities, such as
mining and oil or gas production, which involve different physi-
cochemical processes, can significantly increase exposure to this
radiation and need to be regulated. This increase in exposure is due
to naturally occurring radioactive materials (NORM) [4]. NORM
generally consists of natural elements and their daughters, such as
radium and radon isotopes. Those materials can cause health haz-
ard to the population and pollute the environment. Danger and
pollution levels depend on the distribution and exposure of ma-
terials, as well as chemical or physical processes [5]. It can be

* Corresponding author. Institute of Applied Nuclear Technology (ITNA), Faculty
of Sciences and Techniques, Cheikh Anta Diop University, Dakar, Senegal.
E-mail address: fpapa9442@gmail.com (E.H.M. Fall).

https://doi.org/10.1016/j.net.2023.02.012

detected and measured through ionizing radiation using nuclear
techniques, but it cannot be detected by the human body [6].

Since the 1930s, NORM have been recognised as being present
in oil and gas production, petroleum reservoirs and processing fa-
cilities [7].

Each year, the production of NORM residues in the oil and gas
industry is estimated to be 150,000 cubic meters. This amount
depends on several, factors such as geological formation, type of
production, age of the industry, and the sampling site [8]. NORM
accumulates at different locations in the oil and gas industries.
Among these locations are the wellheads, pumps and separator
vessels. The build-up of NORM may take the form of scales, sludge,
scraping and other wastes [9]. NORM scale formations are due to
the precipitation of alkaline earth metal sulfates and carbonates
caused by the solubility of change. Variations in sulfate and car-
bonate solubilities are associated with temperature and pressure
variations, gas expansion due to pipeline diameter change, varying
flow (transition between laminar and turbulent), and injection of
incompatible water [10]. Water injected into reservoirs to maintain
pressure is the main cause of scale formation [11]. Generally, scales
found in oil and gas production are sulfate scales, such as barium
sulfate (BaS04), and carbonate scales, such as calcium carbonate
(CaCO03). Radium (Ra), with the same chemical proprieties as
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barium (Ba) and calcium (Ca), co-precipitates with them, forming
trace impurities fixed within the parois [12]. Scale residues can
contain extremely high quantities of radioactive materials, unlike
soils and rocks [13]. For example, in the oil and gas production, the
activity concentration of 2*°Ra from scale NORM residues ranges
from 185 to several tens of thousands of Bq kg~ [8],whereas that of
rocks and soil is approximately 18.5—185 Bq kg~ [14].

Personal irradiation in storage areas and contamination during
scales removal procedures are the main hazards associated with
scales [15]. A high concentration of NORM on equipment walls
leads to external exposure, and if physical protection measures are
not taken, dust inhalation can occur [5].

In the oil and gas industry, workers are typically exposed to
gamma radiation, dust inhalation, and skin beta contamination
[16], but workers respect physical protection measures, such as
wearing masks during cleaning and equipment maintenance.
Therefore, dust inhalation can be minimized and control is neces-
sary to limit exposure [2]. The emission of gamma radiation is
linked to the concentration of NORM; however, the correlation
between these two is very difficult because some gamma rays
emitted do not pass through the walls of the equipment; moreover,
the distribution of NORM in the equipment can vary [17]. This can
be mitigated by applying chemical descaling methods, in which the
solubility of materials can be achieved using acid solutions [13]. The
guidelines developed for these NORM will also allow better control
of the NORM to protect people and the environment [12].

2. Materials and methods
2.1. Sample collection and preparation

NORM residue scale samples were collected from the oil and gas
industry during reviews and cleaning operations in different facil-
ities (e.g., separator tanks, water treatment vessels, gas treatment,
pipelines ...). They accumulate at the bottom of the facility. For each
residue from one facility, five samples were collected and thor-
oughly mixed to obtain homogenous and representative quantities.

In the laboratory, the samples were dried in an oven at 105 °C for
at least 24 h until a constant weight was achieved. They were then
sieved through a 200 um diameter sieve. Therefore, their particle
sizes were less than or equal to 200 pum. To allow for the equilibrium
of 2?°Ra with its decay products, such as 2'Bi and 2'“Pb, the
collected samples were stored for at least one month in 250 cc
polyethylene bottles with the same dimensions as the standard
sample. Samples were weighed and manufactured using S1, S2, S3,
S4, and S5.

2.2. Gamma-ray spectrometry

Gamma ray measurements were carried out using a high-purity
germanium (HPGe) detector, model GC-3018 (10 cm Pb shielding),
manufactured by Canberra, used for routine gamma spectrometry
in the radioisotope laboratory of CRNA (Nuclear Research Center of
Alger) with a resolution of 1.8 keV at 1332 keV for %9Co and
0.875 keV at 122 keV for >’Co, a relative efficiency of 34.7%, and an
active volume of 250 cm?. Efficiency calibration was performed
with standard 'P2Eu, *3Ba, 24'Am sources mixed with the soil
matrix in a plastic bottle. The genie 2000 software was used to
acquire and treat the collected data.

All concentration activity values are obtained by equation (1)
[18].

 N-Ng

" Iy.e(Ey).t.m M
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N and Np are the integral; and background surface, respectively
(counts); , I, and e(Ey) are the gamma ray intensity and the
detection efficiency of the radionuclide (%), respectively; t is the
time acquisition (s); and m is the sample mass (kg).

The minimum detectable activity concentration (Aypc) was
calculated using follow equation (2) [19].

Fc.ong

Appc(Bq / kg) :W

(2)

Where Fc is the statistical coverage factor equal to 1.64 and opg is
the standard deviation of the background in the region of interest
and is the square root of the number of counts for the background
spectrum.

The values of 0.6, 0.3, and 6.2 Bq kg~! were obtained as the
minimum detectable activity concentrations for 22°Ra, 232Th and
40K, respectively. The mean value of Ayipc for all interested radio-
nuclides was estimated at 1.4 Bq kg~ .

2.3. Doses assessment and radiological hazards parameters
determination

To estimate the exposure risk of gamma radiations from NORM
scale residues, received doses such as the absorbed dose rate (D)
and annual effective dose equivalent (AED) were estimated.

2.3.1. Doses assessment

2.3.1.1. Absorbed dose rate (Dgps). The absorbed dose rate in the air
measured at 1 m above ground level from the ground surface which
assesses the external exposure of gamma radiation of 26Ra, 232Th
and “°K can be determined using equation (3) [20].

Dyps (nGy.h’l) —0.462Agg_226 + 0.621A75_»35 + 0.0417Ax 40
(3)

Aga, Ath and Ak represent the activity concentrations of >2°Ra,
232Th and “4°K, respectively. The absorbed dose limit was
0.059 mGy h~! [20].

2.3.1.2. Annual effective dose equivalent (AED). The annual effective
dose equivalent of y-rays for adult exposure was estimated using
equation (3) [13,15]. This equation (4) takes into account the con-
version factor Fy of 0.7 Sv Gy~ ! used to toggle of dose rate to annual
effective dose and the annual exposure time (Texp) Which is equal
1820 h (7h x 5d x 52w) [21].

AED = D5 x Fy x Texp (4)

For occupational exposure, the AED (mSv y~!) resulting from the
absorbed dose values (D) can be calculated using equation (5):

AED(mSv.y”) = Dyps (nGy.h*]) % 0.2 x 1820 (h.y*)
><0.7(Sv.Gy’1) %1076 ®

where 0.2 represent the occupational factor. The annual effective
dose of y-rays must be less than the global average of 0.460 mSv y~!
[20].

2.3.1.3. Annual gonadal dose equivalent (AGDE). The annual equiv-
alent dose received each year by gonads for the exposed population
is represented by AGDE [22]. This dose, estimated with the activity
concentrations of 22°Ra, 232Th and “°K in the NORM residues scales
was calculated using equation (6) [23].
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AGDE(,uSv.y”) —3.09Agq + 4.18A7, + 0.314Ax

2.3.2. Radiological hazards parameters

As 98.5% of the radiological effects linked to 233U decay series
are due to ?*°Ra, the contribution from 238U is replaced by that of
226 Ra. Usually, in petroleum materials, the natural activity con-
centration is determined by 2*6Ra, 232Th, and 4°K [21]. To assess
radiological hazards from y-rays due to NORM residues scales,
parameters such as radium-equivalent (Raeq), external and internal
hazards indices (Hjn, Hex), gamma index (Iy) and activity utilization
index (AUI) were calculated. These indices contribute significantly
to health risks if they are greater than the world average [24].

2.3.2.1. Radium equivalent (Raeq). To account for the non-uniform
distribution of radionuclides in the NORM samples, radioactivity
was defined in terms of radium-equivalent which is one of the most
calculated parameters to determine radiological hazards [25]. This
is defined by Equation (7).

Rdeq = Apq + 1.43Ar, + 0.077Ag (7)

In this formula, Aga, Ath, and Ag represent activity concentrations
of %?6Ra, 232Th and “°K, respectively and the base estimation is 370
Bq kg~ ! for 22Ra, 259 Bq kg~ ! for 232Th, and 4810 Bq kg~ of 4°K to
provide the same gamma radiation dose equivalent. The limit rec-
ommended for the radium-equivalent is 370 Bq kg~ [26].

2.3.2.2. External and internal hazards indices (Hex, Hin). The external
hazard index is used to evaluate the external hazard due to emitted
y-rays. It is produced from the Raeq expression and is defined by
Equation (8) [26].

Ax_40
4810BqKg T =

Am_232
259Bq.Kg |

__ Ara-226
370Bq.Kg 1

(8)

ex

The internal hazard index was used to assess internal exposure
to carcinogenic radon. It was estimated using Equation (9) [22].

Ax_40
4810BqKg 1 =

Am_232
259Bq.Kg 1

ARa—226

H. — 9
M7 185Bq.Kg-1 ©®)

These two values must be less than 1 to avoid being considered.

2.3.2.3. Gamma index Iy. Index Iy permits the examination of the
concentrations of natural radionuclides to assess the risks due of
gamma radiation in the NORM sample. It is a good test parameter
for radionuclides that may have harmful health effects. The gamma
index was determined using Equation (10) given by the European
Commission [27].

L—_Ara-26 | Amoazpn | Ak
7 7 300Bq.kg-1 ' 200Bq.kg-1 " 3000Bq.kg~1

Ara, Ath and Ag represent the activity concentrations of 22°Ra,
232Th and “°K, respectively.

European commission suggests that the exemption dose crite-
rion of 0.3 mSv y~! correspond to Iy lower than 0.5 and the
1 mSv y~! exemption dose correspond to Iy lower than 1. In other
words, these dose criteria are accepted if Iy is less than unity cor-
responding to the effective annual dose [27].

Hence, it is recommended to controls dose between 0.3 and
1 mSv [28].

(10)

2.3.2.4. Activity utilization index (AUI). The activity utilization
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index (AUI) represents the ambient air dose rate of several com-
binations of the three radionuclides (“°K, 232Th, and %?Ra) in the
scale NORM sample. It is calculated from Equation (11) which uses
suitable conversion factors for each corresponding radionuclides
[23].

AUl — _ARa-226 Ath-232 Ak—40
50Bq.Kg—1 50Bq.Kg—1 500Bq.Kg—1

Cfra (0.462) Cfy, (0.604) and Cfg (0.041) are the appropriate
conversion factors from the measured activities of the radionu-
clides to the dose rate of gamma radiation in the air [27]. In the
NORM residue scale, the permissible levels for specific activities per
unit weight of 2*°Ra, 232Th and %°K are 50, 50 and 500 Bq kg~!
respectively [24,27].

Cfra + Cfmn + Gk (11)

3. Results and discussion
3.1. Activity concentration

The activity concentration of each sample (S1 to S5) was
calculated according to Equation (1) (Table 1). Gamma lines of
295.2 and 351.9 keV for MPb and 609.3 keV of *'Bi are used to
determine of 2*®Ra activity concentrations. Gamma lines of
238.6 keV for 212Pb, 911.6 keV for *®Ac and 583.18 keV of 2%8T],
respectively, were used to determine 2>2Th activity concentration.
Finally, 4°K activity concentration was determined using a single
gamma line (1460.7 keV).

Fig. 1 reports graph of 226Ra, 2>2Th and “°K activity concentration
values radionuclides in the samples scale NORM.

226Ra activity concentration values varied from 25 to 15798 Bq
kg~! with a mean of 4082 Bq kg~ .. These values are in agreement
with the literature which shows values of up to 15000 Bq kg™!
[29,30].

For 232Th, the activity concentration values were in the range of
15—4010 Bq kg ! with a mean value of 1060 Bq kg, which is lower
than that of 2?5Ra. In contrast, “°K activity concentration values
(27—-1697 Bq kg~ ') were much lower than those for ?*°Ra and
232Th, with a mean value of 568 Bq kg~ .

226Ra activity concentrations obtained in samples 3 and 4
(15798 and 4137 Bq kg~ ! respectively) were higher than those of
the other samples because they were collected from the separator
and water treatment vessels. This high concentration difference of
NORM between the samples can be explained by two factors; the
accumulation of NORM scales in the separator and the chemical
properties of the radium.

NORM scales residues accumulate in the separator tank, which
constitutes the first phase of the oil and gas treatment and chemical
property of radium to dissolve in water means that the concen-
tration level of radium remains very high in the water treatment
vessels. The radium in these facilities can reach 1000 kBq kg~ [13].

As previously reported, 22°Ra is the major radionuclide in NORM

Table 1
Activity concentration of?*°Ra,>3>?Th and“’K in scale NORM residues.

Sample Activity concentration (Bq Kg~')

2264 2327 40
S1 235+ 11 60 +3 493 + 24
S2 215 + 48 45+ 8 1697 + 122
S3 15798 + 96 4010 + 87 326+ 12
S4 4137 + 49 1172 + 86 298 + 12
S5 25+1 15+8 27 +12
Range 25—15798 15—4010 27-1697
Mean 4082 + 41 1060 + 38 568 + 36
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Fig. 1. Activity concentration values of 2*°Ra, 2*Th and “’K radionuclides in the samples.

residues in the oil and gas industries. Its enhanced 2*°Ra activity
over 232Th and 4K, is due to its physicochemical properties; such as
longer half-life and lower solubility [31]. The mean value for 2?°Ra
(4082 Bq kg~!) was higher than the world average radioactivity
(300 Bq kg~1) [32]. For °K, the activity concentration values did not
exceed the fixed rejection limit of 17000 Bq kg~!, which is the
natural abundance of potassium [20].

Therefore, these residues are a significant source of waste. A
comparison between the results of this study and those other
studies is presented in Table 2.

3.2. Evaluation of some NORM scales radiation hazards indices

3.2.1 Radium equivalent, calculated from equation (7) and re-
ported in Table 3 is ranged between 359 and 21557 Bq kg~ with a
mean of 5642 Bq kg~'. The mean value was greater than the rec-
ommended maximum value of 370 Bq kg~! [5,25]. Consequently,
these residues can cause radiological hazards in occasionally
exposed workers. Figure (2) shows these results.

3.2.2 External and internal hazard (Hex, Hex) (egs. 8 and 9)
index, respectively. Table 3 shows that these indices range between
0.96 — 58.2 and 1.33—101 respectively. The Hex and Hj, values
exceed the unity for all simple except for the sample 1. The average
values are 17.4 + 0.45 and 30.6 + 0.62 respectively. These values
also show that the NORM scales produced represent a significant
radiological hazard for workers [35,36].

3.2.3 Gamma hazard index, calculated from Equation (10),
ranged from 1.24 to 72.8 with an average of 19.1 This value, which is

Table 3

NORM scales radiation hazards indices values.
Samples Raeq (Bq kg™') Hex Hin Iy AUI
S1 359 + 18 0.96 + 0.05 150+ 0.08 1.24 +0.06 2.93 +0.14
S2 410 + 231 110+ 0.62 1.33+0.88 1.50+ 0.80 2.66 + 1.96
S3 21557 £230 582 +0.62 101 +0.88 72.8+0.79 194 + 1.95
S4 5836 + 230 157 +0.62 26.8 +0.88 19.7 +0.79 524 +1.95
S5 48 + 14 112+ 036 224 +036 138 +047 384+ 1.07
Mean 5642 + 145 174 + 045 30.6 £0.62 19.1 +0.58 50.6 + 1.42
Range 48—-21557 0.96-58.2 1.33-101 1.24-72.8 2.66—194
Limit 370Bqkg™' <1 <1 <1 =1

linked to the annual effective dose of the public (1 mSv y 1), ex-
ceeds unity.

3.3. Evaluation of some doses

3.3.1 Results of dose rates calculated from equation (3) are
displayed in Table 4 and illustrated in figure (3), and ranged be-
tween 166 and 9803 nGy h~!, with an average of
2568 nGy h™!.These values are greater than the limit prescribed by
the United Nations Scientific Committee on the Effects of UNSCEAR
atomic radiation (57 nGy h~1) for workers in the regions containing
gamma radiation [38]. The average value is due to the higher ac-
tivity concentration of 22°Ra in Sample S3. So, the later was a major
contribution to the dose rate.

3.3.2 Annual effective dose of workers comes from external
exposure to gamma radiation and dust inhalation in the absence of

Table 2

Activity concentration of??°Ra and?*2Th in Algeria and others countries.
Country Average activity concentration (Bq kg~!) References

Ra-226 Th-232

Egypt (mean 11700) (mean 4200) [13]
Brazil 77,900—2110,000 (mean 897,500) 101,500—1550,000 (mean 679,500) [33]
Egypt 14,100—28,900 5000—9500 [34]
Egypt 493,000—519,000 1080—2090 [31]
Egypt 1684—2197 574—696 [27]
Syria 300—1,520,000 (mean 174,000) 600—868,000 (mean 91,000) [27]
Algeria 1000—950,000 - [5]
Turkey 6—-10 < MDA [35]
KSA (Riyadh city refinery tanks) 08 ——15 0.1-3.1 [36]
Ghana 28-48 17-40 [37]
Algeria 25.42—15798.40 (mean 4904.79) 44.63—4010.00 (mean 1060.13) This study
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Table 4
NORM scale residues dose values.
Samples Dabs (nGy h™1) AED (mSvy 1) AGDE (uSvy 1)
S1 166 + 83 0.04 + 0.01 1132 + 56
S2 198 + 10 0.05 + 0.02 1385 + 70
S3 9803 + 104 249 + 0.03 65680 + 699
S4 2652 + 104 0.67 + 0.02 17776 + 698
S5 22 +6 0.01 £ 0.01 148 + 40
Mean 2568 + 61 0.65 + 0.02 17224 + 512
Range 166—9803 0.01-2.49 148-65680
Limit 57 nGy h™! <ImSvy! <300 puSvy!

physical protection measures and adequate controls during main-
tenance procedures [13]. In oil and gas production, the hazardous
inhalation of radioactive dust is lower for workers. Therefore, we
evaluated only the annual effective dose from to external gamma
radiation exposure. These values, calculated from Equation (5), are
presented in Table 4. It is ranged from 0.01 to 2.49 with an average
of 0.65 mSv h™! exceeding dose constraint (0.3 mSv) but does not
exceed the limit recommended for the public (1 mSv y~1) [39]. In
sample S3, the annual effective dose is higher than the safety limit
(1 mSv y~1) recommended by UNSCEAR, but does not exceed the
tolerable limit for workers occasionally exposed which is 5 mSvy~!
[40]. Knowing that protection measures, such as distance and

10000 —

8000

6000 —

4000 —

Absorbed dose(nGy h)

2000

attenuation, cannot be applied under these conditions, these re-
sults show that it is necessary to limit the exposure time, either by
reducing the time residence of workers or performing the dose-
sharing technique. The goal is to maintain the exposure of
workers as low as possible (ALARA).

3.3.3 Annual gonadal dose equivalent calculated from equa-
tion (6) and presented in Table 4 range of 148—65680 with an
average of 17224 pSv y~ . These values, exceeding the recom-
mended limit (300 uSv y-1), show that there is high exposure of
gonads in this oil and gas production.

4. Conclusion

In this study, the activity concentrations of 22°Ra, 232Th and 4°K
and some radiation parameters were calculated to assess the
radiological hazards from external exposure of workers in the oil
and gas industry in southern Algeria. Gamma spectrometry
revealed the presence of natural radioactive 23%U and 2*?Th radio-
nuclide chains and “°K radionuclides.

From the results of the specific activities obtained from these
materials, it appears that the *2°Ra and 232Th activity concentra-
tions are very high in samples S3 and S4 (15798 + 96 and 4010 + 87
Bq kg~ !, 4137 + 49 and 1172 + 86 Bq kg~ ! respectively), exceeding
the safe limit recommended by the ICRP. This indicated that the

s2

sS3

sS4 S5 mean

Sample number

Fig. 3. Absorbed dose rates for scale NORM residues sample.
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first production equipment were responsible for the level of
radioactivity in oil and gas production. It can be concluded that this
residue should be considered radioactive waste and managed
accordingly. 4°K, on the other hand, is of the order of natural
background noise in soils.

All mean hazard parameters are greater than the recommended
safety limit, and the estimated dose rates show that long-term
accumulation of NORM scale residues may lead to possible radio-
logical hazards in the future.

Therefore, during the cleaning and maintenance process in the
oil and gas production, special and save methods should be used,
such as chemical treatment of NORM scale residues, store NORM
residues in underground bunkers and regulatory control to reduce
personal exposure and prevent contamination of the environment.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] M.H.P. Gazineu, A.A. Araujo, Y.B. Brandao, Radioactivity concentration in liquid
and solid phases of scale and sludge generated in the petroleum industry,
J. Environ. Radioact. 81 (1) (2005) 47—54.

IOGP, International Association of Oil and Gas Producers, Managing Naturally
Occurring Radioactive Material (NORM) in the Oil and Gas Industry, 2016,
pp. 7-8, report 412, march.

IAEA, International Atomic Energy Agency, Radiation Protection and the
Management of Radioactive Waste in the Oil and Gas Industry, 2003. Vienna.
IAEA, International Atomic Energy Agency, Naturally Occurring Radioactive
Material (NORM VI), Proceedings of the Sixth International Symposium on
Naturally Occurring Radioactive Material, Hassan II University of Moham-
media and Cadi Ayyad University of Marrakesh, Morocco, 2011, 22—26 March.
M.F. Attallah, D.M. Imam, Green approach for radium isotopes removal from
TENORM waste using humic substances as environmental friendly, Appl.
Radiat. Isot. 140 (2018) 201-208, https://doi.org/10.1016/
j-apradiso0.2018.07.019.

M.F. Attallah, M.A. Hilal, Y.T. Mohamed, Preliminary investigations on
reducing the high radiation risk of TENORM scale waste from petroleum in-
dustry, Radiochem. Acta 106 (9) (2018) 793—800.

W. F Bakr, Assessment of the radiological impact of oil refining industry,
J. Environ. Radioact. 101 (3) (2010) 237—-243.

M.F. Attallah, H.M. Abdelbary, E.A. Elsofany, Y.T. Mohamed, M.M. Abo-Aly,
Radiation safety and Environmental impact assessment of sludge TENORM
waste produced from petroleum industry in Egypt, Process Saf. Environ.
Protect. 142 (2020) 308—316, https://doi.org/10.1016/j.psep.2020.06.012.

0. Sayed Desouky, TE-NORM radiological impact and radiation protection in
oil and gas industry: a review, Arab J.Nucl.Sci.Appl. 54 (1) (2021) 141—150.
G.T. Reaburn, P. Finazz, G. Luise, K. Tjessen, AJ. Ortgiesen, B. Heaton,
K. Werner, A.D. Kead, Low Specific Activity Scale, Origin, Treatment and
Disposal, January 1988. Report No. 6.6/127, London.

El-Hattab, M. Ibrahim, Scale deposition in surface and subsurface production
equipment in the Gulf of Suez, J. Petrol. Technol. 37 (1985) 1640—1652, 09.
USGS, Naturally Occurring Radioactive Materials (NORM) in Produced Water
and Oil-Field Equipment: an Issue for the Energy Industry, 1999.

M.F. Attallah, E.M.E.L. Afifi, N.S. Awwad, H.F. Aly, Comparative study on the
radioactivity of TE-NORM in different components of oil separator tanks,
Radiochim. Acta 101 (1) (2013) 57—65.

R.A. Zielinski, ].K. Otton, Naturally Occurring Radioactive Materials (NORM) in
Produced Water and Oil-Field Equipment: an Issue for Energy Industry, US
Department of the Interior, US Geological Survey, 1999.

M.S. Hamlat, S. Djeffal, H. Kadi, Assessment of radiation exposures from
naturally occurring radioactive materials in the oil and gas industry, Appl.
Radiat. Isot. 55 (1) (2001) 141—146.

[16] R.D. Baird, Management and Disposal Alternatives for Norm Wastes in Oil

2

3

[4

[5

[6

[7]
8

[0l

[10]

[11]
[12]

[13]

[14]

[15]

1762

Nuclear Engineering and Technology 55 (2023) 1757—1762

Production Ans Gas Plant Equipment, American Petroleum Institute, 1990.
Gordon Henry Otto, A National Survey on Naturally Occurring Radioactive
Material (NORM) in Petroleum Production and Gas Processing Facilities,
American Petroleum Institute, New York, 1997.

C. Dovlete, P.P. Povinec, Quantification of uncertainty in gamma-
spectrometric analysis of environmental samples, Quantifying uncertainty in
nuclear analytical measurements 103 (2004).

S. Turhan Gezer, F.A. Ugur, E. Goren, M.Z. kurt, Natural radionuclide content of
disposed phosphogypsum as TENORM produced from phosphorus fertilizer
industry in Turkey, Ann. Nucl. Energy 50 (2012) 33—37.

Sources Unscear, Effects of lonizing Radiation, United Nations, New York,
2000, pp. 453—487.

M.A. Hilal, M.F. Attallah, G.Y. Mohamed, Evaluation of radiation hazard po-
tential of TENORM waste from oil and natural gas production, ]J. Environ.
Radioact. 136 (2014) 121-126.

Zeinab Morsy, A. EI-Wahab Magda, N. El-Faramawy, Determination of natural
radioactive elements in Abo Zaabal, Egypt by means of gamma spectroscopy,
Ann. Nucl. Energy 44 (2012) 8—11.

M.T. Kolo, S. Aziz, M.U. Khandaker, Evaluation of radiological risks due to
natural radioactivity around Lynas Advanced Material Plant environment,
Kuantan, Pahang, Malaysia, Environ. Sci. Pollut. Control Ser. 22 (17) (2015)
13127-13136.

NEA-OECD, Nuclear Energy Agency, Exposure to Radiation from Natural
Radioactivity in Building Materials, Report by NEA Group of Experts, Paris,
1979.

[25] J. Berekta, P.J. Mathew, Natural radioactivity of Australian building materials
waste and by-products, Health Phys. 48 (1985) 8.

M. Igbal, M. Tufail, S.M. Mirza, T. Sikander, Measurement of natural radioac-
tivity in marble found in Pakistan using a Nal (Tl) gamma-ray spectrometer,
J. Environ. Radioact. 51 (2) (2000) 255—265.

H.M. Abdelbary, E.A. Elsofany, Y.T. Mohamed, Characterization and radiolog-
ical impacts assessment of scale TENORM waste produced from oil and nat-
ural gas production in Egypt, Environ. Sci. Pollut. Res. 26 (30) (2019)
30836—30846.

H. El-Gamal, E. Sidique, M. El-Haddad, Assessment of the natural radioactivity
and radiological hazards in granites of Mueilha area (South Eastern Desert,
Egypt), Environ. Earth Sci. 77 (19) (2018) 1-14.

A. Chandrasekaran, R. Ravisankar, G. Senthilkumar, K. Thillaivelavan, et al.,
Spatial distribution and lifetime cancer risk due to gamma radioactivity in
Yelagiri Hills, Tamilnadu, India, Egypt. J.Basic Appl. Sci. 1 (1) (2014) 38—48.
USEPA, United States Environmental Protection Agency, Office of Radiation
and Indoor Air, Diffuse NORM Wastes - Waste Characterization and Pre-
liminary Risk Assessment, April 1993.

M. Abo-Elmagd, H.A. Soliman, KhA. Slman, N.M. El-Masry, Radiological haz-
ards of TENORM in the wasted petroleum pipes, J. Environ. Radioact. 101
(2010) 51-54.

Publication ICRP, International Commission Radiation Protection, Radiological
protection policy for the disposal of radioactive waste, 77 ann, ICRP 27 (1997).
M.H.P. Gazineu, C.A. Hazin, Radium and potassium-40 in solid wastes from the
oil industry, Appl. Radiat. Isot. 66 (1) (2008) 90—94.

M.A. Hilal, H.M. Abdelbary, G.G. Mohamed, Physicochemical and radiation
hazardous properties of scale TENORM waste, Evaluation by different
analytical techniques, Radiochemistry 60 (4) (2018) 444—449.

Y. Aydin Parmaksiz, F. Bulgurlu, E. Bulur, T. Oncu, Measurement of enhanced
radium isotopes in oil production wastes in Turkey, J. Environ. Radioact. 141
(2015) 82—89.

F.S. Al-Saleh, G.A. Al-Harshan, Measurements of radiation level in petroleum
products and wastes in Riyadh City Refinery, ]. Environ. Radioact. 99 (7)
(2008) 1026—1031.

E.O. Darko, D.O. Kpeglo, E.H.K. Akaho, C. Schandorf, P.A.S. Adu, A. Faanu,
E. Abankwah, H. Lawluvi, A.R. Awudu, Radiation doses and hazards from
processing of crude oil at the Tema oil refinery in Ghana, Radiat. Protect.
Dosim. 148 (3) (2012) 318—328.

H.M. Diab, M.S. El-Tahawy, S.A.M. El-Mongy, Evaluation of the natural and
man-made radioactivity levels around the Egyptian nuclear facilities, Radio-
chim. Acta 89 (3) (2001) 179—185.

Publication 103, ICRP, international commission radiation protection, rec-
ommendations of the international commission on radiological protection
(ICRP), Ann. ICRP 37 (2007) 2—4.

M.M.M. Ali, Z. Li, H. Zhao, A. Rawashdeh, M. Al Hassan, M. Ado, Character-
ization of the health and environmental radiological effects of TENORM and
radiation hazard indicators in petroleum waste —Yemen, Process Saf. Environ.
Protect. 146 (2021) 451—463.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

(28]

[29]

(30]

[31]

[32]
(33]

(34]

(351

[36]

(371

(38]

[39]

[40]


http://refhub.elsevier.com/S1738-5733(23)00084-0/sref1
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref1
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref1
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref1
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref2
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref2
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref2
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref2
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref3
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref3
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref4
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref4
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref4
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref4
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref4
https://doi.org/10.1016/j.apradiso.2018.07.019
https://doi.org/10.1016/j.apradiso.2018.07.019
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref6
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref6
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref6
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref6
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref7
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref7
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref7
https://doi.org/10.1016/j.psep.2020.06.012
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref9
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref9
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref9
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref10
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref10
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref10
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref11
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref11
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref11
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref12
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref12
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref13
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref13
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref13
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref13
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref14
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref14
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref14
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref15
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref15
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref15
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref15
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref16
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref16
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref17
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref17
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref17
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref18
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref18
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref18
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref19
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref19
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref19
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref19
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref20
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref20
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref20
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref21
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref21
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref21
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref21
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref22
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref22
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref22
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref22
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref23
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref23
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref23
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref23
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref23
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref24
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref24
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref24
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref25
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref25
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref26
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref26
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref26
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref26
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref27
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref27
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref27
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref27
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref27
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref28
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref28
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref28
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref28
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref29
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref29
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref29
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref29
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref30
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref30
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref30
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref31
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref31
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref31
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref31
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref32
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref32
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref33
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref33
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref33
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref34
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref34
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref34
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref34
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref35
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref36
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref36
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref36
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref36
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref37
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref37
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref37
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref37
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref37
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref38
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref38
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref38
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref38
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref39
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref39
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref39
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref39
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40
http://refhub.elsevier.com/S1738-5733(23)00084-0/sref40

