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Abstract
In this study, the average radon gas concentration for different types of water was measured in AL-Najaf refinery by
using RAD7 monitor manufactured by DURRIDGE company, USA, there are two sources of water inside the refinery,
river water, and well water, at RO unit inside the refinary, they use 50% of well water (W1) and 50% of river water
(W7), as drinking water after mixing and processing them, the mixed water also used as tap water (W5), or as water
for oil refining process, in the refining units, the water boils before it is used in the refining process and it does not
contain any concentration of radon gas as in sample (W8), and after refining process, the water becomes wastewater
(W4), the other wells inside the refinery, (W3), (W9), (W4) and (W2) are used to irrigate the plants located at the
borders of the refinery, the results showed that the maximum value was 471 Bq/m3 in the well water (W1), and the
minimum value was 0 Bq/m3 in the water of the boiler at the refining units (W8), and the average of readings obtained
from all water samples was of 108.6888889 Bq/m3, also the estimation for the average of radon gas concentration in
the refinery air was made with the help of EPA estimations and the annual effective dose for inhalation (E inhalation), Lung
Cancer Risk (LCR), exposure to radon and it’s progenies (E p) and Potential Alpha Energy Concentration (PAEC) were
determined for the workers inside the refinary. All the results were within the accepted limits recommended by EPA
and WHO.
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Introduction
Radon is an inert gas, heavier than air with a density
of 9.7 kg/m3, as a result, it accumulates with time in
poorly ventilated places. It boils at -61.8°C, it freezes
at -71°C[1] and it is soluble in water, where its
solubility increases with the increase of
temperature, pressure, acidity, and carbon dioxide
saturation[2].
Radon gas comes from radium element decay, where
radium element is a member of the uranium-238
series, and it can be found in building materials,
rocks, and soils with different concentrations[3].

This means, radon gas can be emitted from many
products contain an amount uranium-238 or one of
it’s progenies before radon gas in the series such as
cigarette[4].
The concentration of radium in the materials
determines how many radon atoms are emitted
from the material or emanated from the grains of
soil, the size and permeability of the grain,
temperature, and pressure also affect the rate of
radon emission[5].
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The wastes resulting from the oil industry, such as
sludge and scale contain an amount of radium, the
radium content in sludge is not constant because the
sludge has a complex chemical composition, but in
the scale, the variation of radium content is
relatively less than the sludge content [6]. Radon gas
and its progenies participate in nearly half of the
annual effective dose coming from the natural
background [7]. And it is a carcinogenic gas, which is
considered the second cause of lung cancer after
tobacco smoking, causing 1000-2000 deaths per
year in the UK, and 21000 deaths per year in the USA
[8]. Where, WHO estimates that radon gas causing
3-14% of lung cancer deaths [9]. Alpha particles
resulting from radon progenies decay have high
energy enough to damage the cells of lung [10]. And
after inhalation of radon gas progenies, these
progenies get stuck to the tissue of the lung, and
then, it makes damage to the cells of the lung via
alpha particles, and as time runs, they lead to lung
cancer [11].
The maximum concentration of radon gas in water
(safe limit) according to EPA (Environmental
Protection Agency) equals 11.11Bq/L (1100 Bq/m3)
[12] and WHO (World Health Organisation)
determined the concentration of radon gas of
drinking water to be equal to 0.4 Bq/L (400 Bq/m3)
[13].
Transfer coefficient represents the contribution of
the initial average radon concentration in water to
the indoor radon concentration in air, and it is given
by the following relation:[14]
̅̅̅
̅̅̅̅
𝐶
(1)
𝑎 = 𝑇 × 𝐶𝑤
Where:
T: is the transfer coefficient of radon gas from water
to air.
̅̅̅
𝐶𝑎 : is the estimation of the average of radon gas
concentration in indoor air.
̅̅̅̅
𝐶𝑤 : is the average radon concentration in water.
Water transfers a small amount of radon gas to the
air and the coefficient of transfer lying between
0.8×10-4 and 1.2×10-4, but The value of transfer
coefficient which was adopted by EPA is 1 × 10−4
[14].
Transfer factor value can be experimentally
determined or by using mathematical models, one of
these models estimate the contribution of radon gas
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in water to air by measuring the rate of use of water
per person (W), the volume of building per person
(V), transfer efficiency (e), Air Exchange Rate
(A.E.R.), and the average of the concentration of
̅̅̅̅
radon gas in water (𝐶
as shown in
𝑊 ),
Equation(2):[14]
̅̅̅̅̅
𝐶𝑊 ×𝑊×𝑒
𝑉×(𝐴.𝐸.𝑅.)

𝑇=

(2)

Transfer efficiency (e) is referred to as the fraction
of radon gas in water that is released to the air
during activities related to water use such as
dishwashing, cloth washing, showering, and so
on[14].
The annual effective dose for inhalation (Einhalation)
can be calculated according to The Equation(3):[15]
𝐸𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 (𝜇𝑆𝑣𝑦 −1 ) = ̅̅̅
𝐶𝑎 × 𝑇 × 𝐹 × 𝑂 × 𝐷𝐶𝐹 (3)
Where: ̅̅̅̅
𝐶𝑊 : is the average of radon gas in water
samples in kBq/m3, T: is the transfer factor (10-4
according to EPA), F: is the equilibrium factor
between radon gas and it’s products which equals
0.4, O: is the average occupancy time per person at
indoor air which equals 7000 h/y, and DFC: is the
dose conversion factor for radon exposure which
equals 9 nSvy-1 (Bq/m3)-1
Lung cancer risk (LCR) in (case/year.million),
exposure to radon progenies(EP) and Potential
Alpha Energy Concentration (PAEC) can be
calculated according to equation(4), Equation(5)
and Equation(6) respectively:[16]
𝑚𝑆𝑣
)×
𝑦

𝐿𝐶𝑅 = 𝐸𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 (
𝑊𝐿𝑀
)
𝑦

𝐸𝑃 (

=

̅̅̅̅
8760×𝑛×𝐹×𝐶
𝑎
170×3700

𝑃𝐴𝐸𝐶 (𝑊𝐿) =

̅̅̅̅
𝐹×𝐶
𝑎
3700

𝑦

(18 × 10−6 )(𝑚𝑆𝑣) (4)
(5)
(6)

Where: (n=0.8) is the fraction of time spent indoors,
8760 is the number of hours per year, 170 is the
number of working hours per month. The
concentration of radon gas in Equation (4), Equation
(5) and Equation (6) is in Bq/m3.
Radon gas concentration in water depends on the
material that the water is in contact with, for
example, the water before entering the oil refining
units is radon-free water, but after the refining
process, it becomes wastewater with an amount of
radon gas.
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Table 1. The coordinates of samples and the description of each position in Al- Najaf refinery

Sample
Longitude
code

Latitude

W1

32°14'5.38"N

44°15'31.21"E

W2
W3
W4
W5

32°13'43.17"N
32°13'53.22"N
32°13'40.81"N
32°13'52.51"N

44°15'33.31"E
44°14'54.74"E
44°15'18.24"E
44°15'29.40"E

W6

32°14'4.20"N

44°15'30.06"E

W7

32°14'5.24"N

44°15'27.17"E

W8
W9

32°13'46.03"N
32°13'36.39"N

44°15'21.43"E
44°15'8.28"E

Description of the sample
position
At the RO unit inside the
refinary
Behind the service center
At the end of the refinery
Behind refining units
At high studies unit
At the RO unit inside the
refinary
At the RO unit inside the
refinery
At the refining units
Near the flare

Study Area
The area of study (Al-Najaf refinery) is located in
AL-Najaf province, in the western part of the
Republic of Iraq at a latitude 32°13'N and a

Type of water
Well
Well
Well
Waste
Tap
RO (drinking)
River water inside the
refinery
water from the boiler
Well

longitude 44°15', Al-Najaf refinery was built in
October 2006, with an area of about 887293 m2, one
hundred miles (160 km) from Baghdad the capital,
and it contains three refining units[17].
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Figure 1. A map for the study area shows the position of water samples

Materials and Methods
RAD7 Monitor
It is an electronic equipment, which is designed to
detect only alpha particles among all types of
radiations. The RAD7 monitor contains 0.7 L cell, a
hemisphere in shape, which is coated with an
electrical conductor. At the center of it, a silicon
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detector is placed. The hemisphere is charged with a
high potential of 2000 V to 2500 V relative to the
detector. The potential difference will create an
electric field throughout the volume of the cell, and
it propels positively charged particles into the
detector. Polonium-218 will be derived towards the
detector after the decay of radon, and the alpha
particle resulting from the decay of polonium-218
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will enter the detector and produces an electrical
signal proportional in strength to the energy of an
alpha particle where different alpha energies,
produce different responses in the detector. After
signals producing, the RAD7 monitor will amplify,
filter, and sort the signals according to their
strength. Signals created from Polonium-218 are
used to determine the concentration of radon, and
which are from polonium-216 are used to determine
the concentration of thoron. The other progenies
effect will be neglected by the RAD7 monitor[18].

RAD H2O
It is a set of items that are used with RAD7 monitor
to calculate the concentration of radon gas in water,
as shown in Fig.(1), the range of concentrations that
can be measured by this system ranging between 10
pCi/L and 400000 pCi/L, and the units of
measurements can be changed according to the user
demand into Bq/m3 throughout the RAD7
monitor[19].

12

Figure 2. The components of RADH2O connected with the RAD7 monitor[19].

Sample Collection and Test Procedures
The samples were collected from the wells after
15min. from the operating of the motor of the well
to ensure that the water is come from the
groundwater, as the well is with a depth of 30m, and
then all water samples (well samples and the others)
were brought to the lab of advanced nuclear physics
in the university of Babylon/ college of science/
physics department in the next day for testing. The
testing step is done, After assembling the
components of RADH2O and connecting it with the
RAD7 monitor, as shown in Fig.(1), the test begins
with the purging step, and after 10 min. of purging
and reaching the humidity of less than 10%, the test
is started by choosing a test start from the screen of
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RAD7 monitor, where the settings of the test are
previously determined as the following: (protocol:
WAT-250, cycle: 5minutes, recycle: 4, pump: Grab ,
tone: off, mode: water250mL, thoron: off), and it
takes 20 min., after this step, the result is printed by
the infrared printer settled on the RAD7 monitor.
Results and Discussion
Results
From the results, the maximum values of radon gas
concentration were in well water sample (W1), and
the concentration became lower in drinking water
and wastewater, while it got vanished in the water
of the boiler, because of the releasing of radon gas
during the boiling period.
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Table 2. The average of concentration of Radon gas for different types of water inside Al-Najaf refinery

Sample
code
W1
W2
W3
W4
W5
W6
W7
W8
W9
Average
Maximum
value
Minimum
value

Standard
Standard deviation ̅̅̅̅
3
̅̅̅̅
𝐶𝑤 in (Bq/m )
𝐶𝑤 in (pCi/L) deviation
in (Bq/m3)
in (pCi/L)
471
218
17427
8066
72.4
145
2678.8
5365
109
72.4
4033
2678.8
72.4
83.6
2678.8
3093.2
109
72.4
4033
2678.8
36.2
72.4
1339.4
2678.8
36.2
72.4
1339.4
2678.8
0
0
0
0
72
83.2
2664
3078.4
108.6888889 91.04444
4021.489
3368.644

0.471
0.0724
0.109
0.0724
0.109
0.0362
0.0362
0
0.072
0.108689

Standard
deviation in
(kBq/m3)
0.218
0.145
0.0724
0.0836
0.0724
0.0724
0.0724
0
0.0832
0.091044

̅̅̅̅
𝐶𝑤 in
(kBq/m3)

471

218

17427

8066

0.471

0.218

0

0

0

0

0

0

Table 3. The estimation of the average of Radon gas concentration in air inside the refinery which is calculated according to Eq.(1)

Sample code
A1
A2
A3
A4
A5
A6
A7
A8
A9
Average
Maximum value
Minimum value

̅̅̅
𝐶𝑎 in (Bq/m3)
0.0471
0.00724
0.0109
0.00724
0.0109
0.00362
0.00362
0
0.0072
0.010868889
0.0471
0

̅̅̅
𝐶𝑎 in (pCi/L)
1.7427
0.26788
0.4033
0.26788
0.4033
0.13394
0.13394
0
0.2664
0.402149
1.7427
0

̅̅̅
𝐶𝑎 in (kBq/m3) × 10−6
47.1
7.24
10.9
7.24
10.9
3.62
3.62
0
7.2
10.86889
47.1
0
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Table 4. Einhalation, LCR, PAEC and EP as a result of inhalation of radon gas and it’s progenies which comes from different types of water inside the
refinary

Sample code
A1
A2
A3
A4
A5
A6
A7
A8
A9
Average
Max. Value
Min. Value

eISSN 1303-5150

Einhalation in (𝜇𝑆𝑣𝑦 −1 ) × 10−6
118.692
18.2448
27.468
18.2448
27.468
9.1224
9.1224
0
18.144
27.3896
118.692
0

LCR × 10−6
2.13646
0.328406
0.494424
0.328406
0.494424
0.164203
0.164203
0
0.326592
0.493013
2.13646
0

PAEC in (WL) × 10−6
5.09189
0.782703
1.17838
0.782703
1.17838
0.391351
0.391351
0
0.778378
1.175015
5.09189
0

EP in (WLM/y) × 10−6
209.906
32.2658
48.5769
32.2658
48.5769
16.1329
16.1329
0
32.0875
48.4383
209.906
0
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wastes (sludge resulting from refining operations)
while the water before entering the process of
refining (in the boiler) is radon-free water, All the
results in this work are within the accepted limits
recommended by EPA and WHO.

500
450
𝑊 400
350
300
250
200
150
100
50
0

𝐶
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Figure 3. A bar chart shows radon gas concentrations for different types
of water inside Al-Najaf refinary in (Bq/m3)

Figure 4. The spectrum of alpha particle energy and the highest and
lowest values of radon gas concentration for W1 (well water sample) in
the refinery

Discussion
From the results, it can be concluded that the
average radon concentration of well water is the
highest because it is in contact with rocks at the
bottom of the well which contains an amount of
radium that is come from a naturally occurring
radioactive element uranium-238, and this affects
the levels of radon in drinking water as the drinking
water in the refinery before treating is a mixture of
river water and well water, the water in the boiler is
radon-free water, as the radon decayed into its
progenies during storage in the reservoirs before
entering the refining units, or as it is transmitted
into the air while the water boils. Radon
concentration in wastewater comes from oily
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