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surrounding soil with naturally occurring radioactive materials (NORM), resulting in contamination of
huge volumes of soil with radium isotopes (?°Ra and ??®Ra). In order to assess the radiological health
hazards and excess lifetime cancer risks associated with the contaminated soil, the concentration of the
naturally occurring radionuclides ?*Ra, 2°2Th and “°K were determined using gamma ray spectrometry.
The mean activity concentrations of 2°Ra, 2°2Th and “°K were found to be 1939.56, 737.86 and198.21Bq
kg-1, respectively. The results of the radiological indices and annual effective dose & cancer risk estimated
by RESRAD obtained in this study were all higher than their worldwide mean values. This indicates the
danger of discharging the produced water resulting from oil and gas production into evaporation ponds
without taking preventive measures that limit soil contamination and thus limiting workers' exposure to
natural radioactive materials. There is a need to establish clear national rules and regulations for dealing
with natural radioactive materials resulting from various oil and gas fields in order to contribute to the
control and management policy of technologically enhanced naturally occurring radioactive materials
(TE-NORM) released from this industry.
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Introduction

Oil & gas industry has been described as one of the
most important industries in the twenty- first
century[1] as a major energy and income source in
many countries today. With the world's demand for
energy constantly rising, the role of oil and gas in
supporting social growth has been growing. The
daily global consumption of oil grew from 80
million barrels in the year 2000 to 98 million barrels
in 2017, indicating that a large quantity of oil and
gas is produced every day from traditional and
unconventional fields. The main supply stream

however is not oil or gas; the world's average
production ratio of water and oil is 3:1, meaning that
approximately 300 million barrels of water are
being brought to the surface every day along with
oil and gas. Produced water usually contains toxic
pollutants, posing a great threat to environment and
increasing field cost [2]. In spite of the importance
of the petroleum industry, a large quantity of waste
was produced especially waste water which
accounts about 80% of liquid waste [3] and more
than 95% in aged oilfields [4]. The oil/water volume
ratio is approximately 1:3 [5]. About 300 million
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barrels of water are produced every day from both
oil and gas fields, of which more than 40% of is
discharged into the environment.

Most of oil companies worldwide, including
companies working in the Middle East, disposed
their wastes in unlined wells and lagoons. Over
time, the soils of these lagoons become highly
contaminated with NORM. Therefore sub-surface
contamination is expected with significant degree.
Soil remediation should be performed according to
the radiation protection principles. Therefore, the
polluted soil needs to remove the contamination
according to the radiation protection rules [6]. The
major components of TE-NORM that accumulates
in the oil & gas production equipment during
extraction and processing operations are Radium-
226 and radium-228 and their progenies (coming
from the decay chains of uranium-238 and thorium-
232, respectively). Natural uranium and thorium are
present in underground formations and stay
frequently in place [7]. Co-precipitation of radium
with barium sulphate (RaBaSo.) or other types of
scales is the main source of the water radioactivity.
Therefore, the barium ions concentration in
produced water may possibly provide a strong
indication of radium isotopes in water waste [8].
The environmental pollution and human health risk
occurred due to the uncontrolled release of
radioactivity associated with TE-NORM levels. The
TE-NORM harmful radiation may enter the human
body through different pathways, internal
contamination such as absorption, inhalation and
ingestion or external exposure.

The aim of this study is to assess the radiological
risks that workers or even the public may be
exposed as a result of soil contamination resulting
from oil and gas production. The study was
conducted on an evaporation pond in one of the
producing oil and gas companies in the Western
Desert, Egypt by measuring the specific activity
of 238U, 2Th &K in the soil in addition to
calculating the radiological indices. Also
RESRAD Code was used to evaluate the effective
dose and cancer risk.

MATERIALS AND METHODS

Study area

Samples were collected from the site of one of the
petroleum production companies in the Western
Desert in Egypt, and the samples were
collectedfrom the sediment at the bottom of an old
evaporation pond for the produced water during oil

Channel Number

extraction. A total of twenty samples were collected
during site remediation from the contaminated soil
by one of the licensed companies.

Gamma Spectrometric Analysis & Calibration of
Hyper Purity Germanium detector

As shown in Figures (1 &2) the energy and
efficiency calibrations for the Hyper Purity
Germanium detector carried out using IAEA-RGU-
1 reference material with an activity concentration
of 4940 Bqg/kg, which has been prepared by the
Canadian Center for Mineral and Energy
Technology on behalf of the International Atomic
Energy Agency.

The prepared 20 samples were counted using the
HPGe detector with a relative efficiency of 25%.
Efficiency calibration was determined using
uranium ore. The correlation between energy to channel
number was 0.5 keV/channel. The gamma-ray spectrum
was analyzed using Genie 2000, which measures the
activity concentration of the samples. An amount of 0.5
kg of NORM samples was packed in a plastic container,
sealed and stored for 4 weeks to establish the secular
equilibrium between the natural radionuclides and their
respective progenies. The measuring counting time was
4hrs. The natural background radiation was subtracted
from the accumulated spectrum. The activity levels of
226Ra and 2%2Th were determined by their decay
products 2*Bi (609 keV and 1120 keV), 2“Pb (295
keV and 352 keV) and 22Ac (338 keV and 911
keV), respectively, while the activity of K was
determined from its 1460.8 keV gamma energy [9].
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Fig. (1): Energy calibration for high purity germanium
detector
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Fig.(2): Efficiency calibration for high purity germanium
detector

RESRAD Code

In order to assess the contaminated evaporation
pond, a software tool developed by the US
Department of Energy was used. The RESRAD
computer code version 7.0 was used to evaluate the
effective dose equivalent for all pathway exposure
to radionuclides ?*Ra, 2%?Th and “°K and excess
cancer risk to workers exposed to evaporation pond.
The effective dose is the sum of the weighted
equivalent doses in all tissues and organs of the
body. The dose and risk assessment was performed
for the contaminated evaporation pond area of 5000
m?2 with thickness of 0.1 m, and an uncontaminated
unsaturated zone thickness of 4 m. The Exposure
duration for the workers was considered to be 30
years. The outdoor time fraction is 0.25, and indoor
time fraction is 0.5. All other remaining input values
for RESRAD were taken from available default data
in a previously reported model [10].

Results and Discussion

Radiation exposure from NORM can occur in
seven environmental pathways, a major
pathway of them involves oil and gas
extraction. These pathways include radon
inhalation, external gamma  exposure,
groundwater intake, absorption of superficial
water, inhalation of the dust, ingestion of food
and skin beta exposure [11]. The pathways of
greatest concern for oilfield workers are
exposure to external gamma ray, dust
inhalation and skin beta exposure. External
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exposure source occurs when, first the
concentration of NORM within equipment is
high enough so that gamma rays penetrate the
equipment walls and second, polluted scale and
sludge are extracted from the equipment [12].
Produced water is considered to be one of the largest
volumes of oil & gas industry waste containing
NORM,; it is usually separated from oil and injected
in the disposal wells. In the past, several oil
companies have been conducting unregulated
disposal of extracted water for a number of years.
Unlined artificial evaporation ponds have stored
generated water. These ponds have become highly
polluted with TE-NORM resulting in contamination
with radionuclides and the environmental radiation
pollution [13].

Drinking Water

Ground Water

Fig. (3): The main forms of petroleum pollution of TE-
NORM [14]

Activity concentrations of 22U, **Th and °K

The activity concentrations of ?2°Ra, 2*2Th and “°K
in the measured soil of the evaporation pond vary
from 678 to 3599, 222 to 1700 and 100 to 337 Bq
kg* with average values of 1939.56, 737.86 and
198.21Bq kg respectively as shown in Table (1). It
is obvious that the previous average activity
concentrations of ?°Ra, 2%2Th and “°K are higher
than world's average concentration of these
radionuclides which is 25, 25 and 370 Bq kg-*
respectively as per UNSCEAR Report,1988 [15].

Radium equivalent (Raeq)

The radiation risks of contaminated soil are
measured by evaluating the total effect of 2?°Ra,
232Th and “°K as the radium equivalent activity
in soil (Raeg). The Raeq represents the weighted
sum of the activities of ?°Ra, 2*2Th and “°K
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activities in a soil content. It is based on the
assumption that 370 Bq kg-! of ?*°Ra, 259 Bq
kg-! of 22Th, and 4810 Bq kg-! of “°K produce
the same [J-radiation dose rate. The Radium
equivalent index (Raeq) in Bg/kg is calculated using
the following formula [16]:

Raeq= Arat 1.43 Ampt 0.077 Ax 1)

Where, A, Araand Ak are the mean activity of the
232Th, ?%Ra and “K (Bg/Kg) in the samples
respectively.

The equation of radium equivalent is based on the
postulation that 370 Bq kg™ of 22°Ra, 259 Bq kg of
232Th, and 4810 Bq kg™ of K generate the same
gamma-ray dose rate. Radium equivalents
parameters have also been defined to compare the
levels of radioactivities of *°Ra, 2%?Th and “°K, as
the radiation is not uniformly distributed across
both the soil and sediment. The corresponding
radium is related to the external gamma dose as well
as the internal alpha particles of radon and its
descendants. The acceptable maximum value of the
radium equivalent activity is 370 Bq kg™, which
corresponds to an effective dose of ImSv yr? for to
the population of the dwellings [17].

The values of the (Rae) calculated for the
contaminated soil samples ranged from 1020 to
6040 Bg kg-' with an average of 3031Bq kg-!
(Table.1).It can be seen that the average value of
Raeq for the soil in the study area is eight times
higher than the safe limit of 370 Bq kg™*[18].

Evaluation of radiological hazard effects
Absorbed dose rate (D)

Tissue and/or organ radiation injure is
dependent on the dose of radiation received or
on the absorbed dose. The energy given by the
unit mass of the irradiated substance shall be
the absorbed radiation dose. Conversion factors
0.462, 0.604 and 0.0417 for uranium, thorium
or potassium respectively [17] are used to
translate the determined activity levels doses.

D (nGy/h) = 0.462Ay + 0.604Ar, + 0.041A¢  (2)

Where, A, Au and Am, are the activity
concentrations of “°K, 28U and %¥2Th in Bgkg™
respectively. In areas with gamma radiation
from series 28U, 2Th &*K and their
respective progenies, the appropriate total

absorbed dose should not exceed 0.0509mGy/h
[17]. The external outdoor doses (Dou) Were
estimated to range from 307 to 1640 nGy h!
with an average value of 85.55nGy h! due to
the presence of ??°Ra, 222Th and “°K in the
evaporation pond soil (Table 1). The average is
higher than the worlds' average of 59 nGy h! as per
UNSCEAR Report, 2000[17]. Whereas the values
of (Din) calculated during this study ranged from
88.9 to 5200 with an average of 2631.54nGy h?,
which is higher than the world's average of 84 nGy
h* as per UNSCEAR Report, 2000[17].

Annual effective dose equivalent (AEDE)

In all media in the world, including the humans,
naturally occurring primordial radionuclides
exist to varying degrees. The human body
external radiation is primarily due to gamma
radiation emitting from the 28U and 2**Th series
and from “°K present in all soils. Similarly, indoor
exposure to gamma rays, mainly determined by the
materials of construction, is inherently greater than
outdoor exposure if the earth materials have been
used. When the duration of occupancy is taken into
account, indoor exposure becomes even more
significant [17]. By applying a dose conversion
factor of 0.7 Sv/Gy to the absorbed dose rate "D" 1
m aboveground, the outdoor annual effective dose
equivalent in mSvy }(AEDE in Eqg. 3) can be
calculated. The expression for D is described by Eqg.
1[17, 19]:

AEDE (utdoory (MSVy™!) = D (nGyh?) x 8760 hly x

0.7 Sv/Gy x 0.2 3)
AEDE (indoor) (msvy_l) = D (nGyh_l) X 8760 h/y X
0.7 Sv/Gy x 0.8 (4)

The global average annual effective dose is 0.4mSv
based on 0.2& 0.8 occupancy factor for outdoor and
indoor respectively and 0.7 SvGy?! conversion
factor for the absorbed dose in air representing the
effective dose received by adult [17].

The annual outdoor effective dose (Eow) is estimated
from the outdoor external dose rate (Dou), time of
stay in the outdoor or occupancy factor (OF = 20%
of 8760 h in a year) and the conversion factor (CF =
0.7 Sv Gy) to convert the absorbed dose in air to
effective dose. The annual effective dose for the
outdoor situation calculated from the absorbed dose
rate in the study area was found to be varying from
0.37 to 2.02 with an average value of 1.05mSv y.

Arab J. Nucl. Sci. & Applic. Vol. 54, No.1 (2021)
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This was found to be nearly double the natural
background gamma level 0.41mSv y*for normal
background areas. Whereas the annual effective
dose for indoor ranged from 4.36 to 25.5 with an
average value of 12.91 and the average of the total
annual effective dose is 13.96 mSv/y. It is clear that
the values of workers annual external effective dose
in NORM contaminated areas in oil and gas
production sites show that the external dose
depends on the activity concentrations of the
NORM contamination (The higher the activity, the
higher the annual external effective dose
equivalent).

Hazard indices (Hex and Hin)

Two other indices that represent external and
internal radiation hazards were described by
Beretka and Mathew [16]. External hazard index
Hex and internal hazard index Hi, are used to
evaluate external exposure to gamma radiation in
outdoor air and internal exposure to radon
respectively. The external and internal hazard
indices are derived from Raeq expression through
the assumption that its allowed maximum value
(equal to unity) corresponds to the upper limit of
Raeq (370 Bg kg1). The external hazard index (Hex)
and internal hazard index (Hin) can then be defined
as

Hex = ( Aro/370Bgkg™ ) + ( Am/259Bgkg™ ) + (

Ax/4810Bgkg ) ®)
Hin = ( Au/185Bgkg™ ) + ( At/259Bgkg™ ) + (
Ax/4810Bgkg ™) (6)

Where, Ars, Am and Ak are the activity
concentrations of 2Ra, 22Th and “°K, respectively.
The external and internal hazard indices should be
less than unity for radiological safety protection.
Areas with indices higher than unity may pose a
significant radiological health risk to the workers
and inhabitants due to exposure to ionizing
radiation from the natural radionuclides in the soil.
The external hazard index (Hex) calculated in the
current study varies from 2.75 to 16.4 and the Hin
ranged 4.5 to 26. The average values of the Hex and
Hin are 8.21 and 13.47 respectively which must be
kept less than unity for the radiation exposure to be
insignificant.

Excess Lifetime Cancer Risk (ELCR)

The probability of excess life cancer is the
possibility that cancer will grow at a certain level of
exposure over lifetime. A higher value of ELCER

Arab J. Nucl. Sci. & Applic. Vol.54, No.1 (2021)

means that the person exposed has a higher risk of
induction of cancer. It can be calculated using the
following formula [20]:

ELCER = AEDE x DL x RF (7)

AEDE = Annual Effective Dose Equivalent, DL =
Duration of Life (estimated to be 70years) and RF =
Risk Factor (Sv!). For stochastic effects, ICRP uses
RF as 0.05 for the general public. World permissible
standard of 0.290 x 10 .The results show that
ELCRo: and ELCR;, average are 3.69 and 45.18
respectively, whereas the total ELCR is 48.87. The
world average value for ELCR is 0.29 x 10 which
clearly shows that the ELCR values from the soil
samples in the present study are higher than the
world average value.

Many international organizations accept that even
lower levels of ionizing radiation will raise the risk
of cancer. A higher dose of radiation raises the risk
of cancer. Exposure to one Sievert of radiation
spread out over time is expected to increase the
lifetime risk of fatal cancer in an average adult by
around 4% and a 0.8% chance of hereditary defect
in prospect progeny [21].

5) Annual Gonadal Equivalent Dose (AGED)

The most sensitive organs to radiation are gonads,
the bone marrow and the bone surface cells as
reported by UNSCEAR (2000). An increase in
AGED has been known to affect the bone marrow,
causing destruction of the red blood cells that are
then replaced by white blood cells. This situation
results in a blood cancer called leukemia which is
fatal. The annual gonadal dose equivalent (AGDE)
due to the specific activities of ?°Ra, 2*2Th and K
was calculated using the following relation [22].The
world average in soils is 300 puSv/year [23].

AGED (mSv/yr) = 3.09Aga + 4.18Am + 0.314Ak (8)

The human gonads have been found to be
remarkable as the weighting factor is 0.20, the
highest in the body compared to the values 0.12 (red
marrow, column, lung and stomach), 0.05 (bladder,
breasts, liver and oesophagus) and 0.01 (skin and
bone surface) [24]. With a mean value of 9.21
mSv/y, AGED ranged from 3.1 to 18.3 mSv/y. The
dose exposure to gonads in the study areas
considered greater than the global value of 300
puSv/year was attributed primarily to gamma
radiation exposure from uranium-enriched soils
[25].
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Table (1). Results of activity concentrations (Bg/Kg)

. . Minimum Maximum AVG.
Radionuclides (BaKg™) (BaKg™) (BaKg™) S.D.
Ra?%® 677.98 3599.40 1939.56 + 997.46
K 40 101.10 337.00 198.21 +80.52
Th#?2 222.30 1697.50 737.86 +410.94
Raeq 1015.33 6040.44 3031.90 + 1625.05

The alphal ... &gamma index I

The alpha activity of TE-NORM residue requires
calculations of the alpha index which represents the
internal hazard. Inhalation of radioactive radon gas
(**Rn) originating from the materials requires
calculating a representative index to assess the
radon exposure. This index is the Iggwhich can be
calculated by the following equation [26-27]:

I = Ars/ 200Bg/kg < 1 (9)

Where, Ar. is the activity concentration of?*Ra
(Bg/kg) at the equilibrium with its daughters (***Pb
and?*Bi).

The safe use of any NORM or TE-NORM materials
requires Iy to be less than unity [28].

The representative level index I of the samples is
another parameter to estimate the level of gamma
radiation hazard associated with the natural
radionuclides.

| =Ard/150 + Ar/100 + Ax/1500 (10)

Where, Ars, Am and Ak are the activity
concentrations 0f??Ra, 2*2Th and “°K, respectively,
in Bg/kg.

Effective dose rate (Dorgan) to different body organs
and tissues

The following equation can be used to calculate the
effective dose rate delivered to a particular organ
[29]:

Dorgan (MSV yr-1) = AEDE *f (11)

Where, fisthe conversion factor of organ dose from
air dose. The average values of f for various organs
and tissues are given in Figure (4). Using these f
values, Dorgan Was calculated by applying Eq. (11)
[30].

It has been found that the Iy & la average values are
20.6 and 9.76. The value of radiation hazard
parameters in the study area exceeds the
recommended limit, which is due to the presence of
relatively higher activity concentrations of natural
radionuclides in the soil resulting from the produced
water.

The RESRAD CODE was used to estimate the
contamination via different pathways due to all
nuclides (Figures 5&6) from the soil of the
evaporation pond and the consequential the total
summed effective doses received by the critical
group (Figure 7). Similarly, the trend of the
estimated excess cancer risk was performed as
shown in Figure (8).

Conclusion

In conclusion, it could be found that by measuring
the radioactivity of the polluted soil in the studied
evaporation pond, and through the calculations of
radiological hazards indices, as well as through the
use of RESRAD Code, the average value of
radioactivity of 2%Ra, 2*?Th & “°%k and the assessed
radiation hazard parameters were found to be
exceeding the world safety limit set by the
UNSCEAR. Therefore, the radiation protection
rules must be applied by protecting the workers
present in this place. It is also recommended
that the radioactive contamination in the
evaporation pond of the studied area should be
removed. The study also recommends
controlling the produced water extracted during
oil and gas production by injecting it into old
wells or through discharge in line pits to
prevent soil contamination. There is a need to
establish clear national rules and regulations for
dealing with natural radioactive materials
resulting from various oil and gas fields in order
to contribute to the control and management
policy of TE-NORM released from this
industry.

Arab J. Nucl. Sci. & Applic. Vol. 54, No.1 (2021)
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Table (2): The radiation exposure dose and estimated radiological hazard indices

Minimum Maximum AVG. S.D.
Dout (nGy/h) 306.92 1644.93 859.55 + 451.89
Din (nGy/h) 889.10 5195.59 2631.54 +1405.25
AEDE,u: (MSv/y) 0.38 2.02 1.05 + 0.554
AEDE;, (mSvly) 4.36 25.49 1291 +6.89
AEDE ot (MSV/y) 474 27.42 13.96 +7.44
AGDE (mSvly) 3.10 18.28 9.21 +4.92
AUI (mSvly) 8.97 53.78 27.05 +14.58
ELCRout 2.28 7.06 3.69 +1.94
ELCRin 26.48 89.21 45,18 +24.13
ELCRotal 16.58 95.98 48.87 +26.06
Hex 2.75 16.35 8.21 +4.40
Hin 4.58 26.05 13.47 +7.19
10 6.91 41.11 20.60 +11.03
Io 3.39 18.80 9.76 +5.20
1.400 - 1261
1.200 - o 1.061 . 1046
“'.T 1.000 - ) 0.892
‘E 0.800 - 0.707
w 0.600 -
2
< 0.400 -
0.200 - I
0.000 - T T T T T T
Lungs bone Kidneys Liver Ovaries  Testes Whole
marrow body

Organ/Tissue of an Adult

Fig.(4):Annual Effective dose rate (mSvy) to different organs/tissues
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