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In order to investigate the radiological hazard of naturally occurring radioactive material (NORM) in phos-
phorite deposits of Pakistan, 26 samples of phosphorite were collected from the phosphorite mines near
Abbottabad, and 20 samples of single superphosphate (SSP) fertilizer were obtained from the warehouses
in Pakistan. Activity concentration in all the samples was assayed using HPGe detection system. Specific
activity values of 238U, 40K, 226Ra and 232Th in the samples of phosphorite were 550 ± 156 (329–845),
206 ± 72 (93–362), 511 ± 189 (316–830) and 52 ± 17 (23–81) Bq kg−1, respectively; and those in SSP fer-
hosphorite
PGe detection system
ctivity concentration
adiation dose
adiological hazard
akistan

tilizer due to these radionuclides were 637 ± 44 (596–687), 164 ± 24 (113–215), 589 ± 44 (521–671) and
29 ± 6 (16–45) Bq kg−1, respectively. The results were compared with that of worldwide soil. Outdoor
external dose rate due to gamma rays from phosphorite was calculated to be 276 ± 94 (177–441) nGy h−1

and external dose rate in a room made of phosphorite containing material was estimated to be 706 ± 243
(455–1129) nGy h−1. The concentration of radon was measured in phosphorite mines and in the ware-
houses for SSP fertilizer by an active method. Protective measures have been proposed to control the

rite m
pollution in the phospho

. Introduction

NORM stands for naturally occurring radioactive materials,
hich may contain any of the primordial radionuclides or radioac-

ive elements as they occur in nature, such as uranium, thorium,
heir radioactive decay products, and potassium that are disturbed
n the earth’s crust in variable amounts [1]. Radiation levels pre-
ented by NORM are generally referred to as a component of
natural background radiation”. Natural uranium can substitute
alcium in the phosphate rock (PR) structure due to similarity in
onic sizes between U4+ and Ca2+, PR contains additional NORM
ue to uranium and its progeny [2].

Phosphorus (P) does not occur free in nature but its compounds
re widely distributed, mainly as phosphates, and are found in
any rocks and minerals. There are over 150 species of phos-

hate minerals of which the most common are apatite, phosphorite,
avellite and vivianite [3]. The phosphate ores that are in the

orm of calcium phosphates [Ca3(PO4)2] are called phosphorites or
patites depending on origin of the ore. Phosphorites are very old
arine sedimentary deposits associated with fossils while apatites
re of igneous origin formed in situ [4]. Phosphorites are widely
sed as a raw material for the production of phosphate fertilizer
PF). In Pakistan, single super phosphate (SSP) fertilizer is manufac-
ured from phosphorite. Hazara phosphorites are the only known
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ining and processing, and fertilizer storage areas.
© 2009 Elsevier B.V. All rights reserved.

PR deposits in Pakistan. High-grade ore reserves of this area are
being exploited for the manufacturing of SSP at Haripur and Jaran-
wala Fertilizer Plants in Pakistan [5]. Low-grade phosphate ore
is used for manufacturing of feed for poultry and life stock. The
impurities and contaminants in phosphorite are transferred to the
fertilizer and feed made of it.

Phosphate make chemical complexes with uranium, therefore
PR contains radioactivity of uranium and its progeny [6]. The high
concentration of NORM is a source of radiological hazard that may
cause significant exposure to radiation of people working in various
phosphate industrial operations and of general public living in the
premises of PR deposits. Radon gas emanates from the NORM in PR;
and accumulates in caves, mines, houses made of/on PR, and in PF
warehouses. Radon progeny can be a cause of lung cancer for the
population exposed to high concentration of radon.

Human beings are exposed directly or indirectly to radiation of
NORM in PR and PF. NORM can reach humans via several path-
ways, including the food chain, inhalation or ingestion of airborne
radioactive dust and the inhalation of radon isotopes and their
progeny, which reach the atmosphere as a result of the exhalation
of radon isotopes from the ground surface or from the surface of
building materials [7]. NORM is the source of background terres-
trial radiation that varies from place to place depending on where

one lives. Ingestion and inhalation of NORM can be a source of
deleterious effects of ionizing radiation.

The purpose of present study was to determine the level of
NORM in the phosphorite of Pakistan and in the fertilizers derived
from it; therefore, radioactivity was measured in the samples of PR

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mtufail@pieas.edu.pk
dx.doi.org/10.1016/j.jhazmat.2009.11.047
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Fig. 1. Location of phosphorite sampling sites in the area under study.

ollected from the mines in Hazara division and in the SSP fertil-
zer manufactured from this rock in Pakistan. The most widely used
echnique of gamma ray spectrometry based on HPGe (high purity
ermanium) detector was employed. The amount of radioactivity
n the study area was compared with the data compiled from lit-
rature for PR and PF of some counties of the world. Radiological
azard was assessed in terms of radiation dose from the PR and
adon emanating in the phosphorite mines in the study area.

. Material and methods

.1. Study area

The deposits of phosphate belong to the sedimentary rock
ormations that occur in Hazara division in the North West Fron-
ier Province (NWFP) of Pakistan. These are the only economical
eposits of phosphate in the country. Majority of phosphorite
eposits of this region exist in an area of about 30 km2 in linear
imension within latitudes 34◦5′ to 34◦30′N and longitudes 73◦15′

o 73◦20′E. The area includes Kakul, Kalur, Kakul West, Lambidogi,
arnawai, Kaludi-Bandi, Guldanian, Dalola and many other locali-
ies in a belt near Abbottabad city in Hazara division of Pakistan.
t is about 3819 feet above sea level. The study area is shown in
ig. 1. The range of P2O5 content in these sites is 25–30% [8]. Around
50,000 tons of PR of acceptable quality is available at Kakul mine
lone [9].
.2. Sample management

The sampling of PR was carried out from: (a) the open pit and
nderground mines of Kakul, (b) the open pit mine of Lambidogi,
nd (c) the rock crushing and milling plant of Sarhad Development
us Materials 176 (2010) 426–433 427

Authority (SDA) at Kakul near Abbottabad in the NWFP, Pakistan.
Phosphorite samples were collected from various sections of each
mine including hanging wall (formation immediate above the main
phosphorite body), main phosphorite formation, and footwall (for-
mation immediate below the main phosphorite body). A total of 26
samples were collected: 20 samples from various sections of differ-
ent mines, and 6 from PR crushing plant near Kakul. Each sample
was a representative of 5 specimens; one specimen was collected
from the central specified site, and the others were obtained from
the 4 peripheral locations around the central point [10]. The rock
specimens were crushed to small pieces and mixed uniformly.

The phosphorite of Hazara deposit is mainly used for the man-
ufacture of SSP fertilizers in Pakistan. The samples of SSP fertilizer
were collected from (a) the fertilizer plants at Haripur and Jaran-
wala in Pakistan, and (b) the fertilizer warehouses in various cities
of Pakistan. The samples from fertilizer factories were consisted
of the mixtures of specimens of different batches, and those from
the warehouses were the mixtures of the specimens collected from
various sites. A sample was a mixture of at least 4 specimens uni-
formly mixed. The samples of SSP fertilizer, 20 in number, were
assembled for this study.

Around one kg each of PR and PF sample was put into the cloth
bag with proper marking. The samples were shifted to Geochem-
istry Laboratory of Pakistan Institute of Engineering and Applied
Sciences (PIEAS). The rock samples were washed to remove soil
dust and dried in the sun. The rock and fertilizer samples were
blended and ground to make powder. The powder was heated at
100 ◦C for more than 20 h to remove moisture if any and passed
through a sieve of mesh size 200 �m.

Reference material RG1 set was obtained from Analytical Qual-
ity Control Services (AQCS) of International Atomic Energy Agency
(IAEA) for calibration of gamma ray spectrometer. The RG1 set
consisted of uranium, thorium, and potassium with certified con-
centration of these elements. The samples and reference material
were sealed in radon impermeable plastic containers of dimen-
sions: thickness 2 mm, diameter 65 mm and height 75 mm. Density
of the study samples and that of reference material were kept iden-
tical in packing containers. The samples and the reference material
were stored for 40 days to achieve secular equilibrium between
226Ra and 222Rn. The details regarding sample management are
given elsewhere [11–13].

2.3. Radiometric assay

Specific activity measurement of the NORM in the samples of
PR and PF were performed in the Low Level Activity Measurement
(LLAM) laboratory of PIEAS. The assay of the samples was carried
out with a gamma ray spectrometry system consisting of a high
purity germanium (HPGe) detector coupled with a PC-based mul-
tichannel analyzer (MCA) along with APTEC software installed in
the PC. The detector was kept in a 30 cm × 30 cm × 30 cm cavity
shielded with 10 cm lead with 2 mm each successive inner lining
of Cu, Al and Perspex to reduce background in gamma ray spec-
tra [12]. Head of the detector was placed nearly at the centre of
the cavity. Energy calibration of the system was done initially with
241Am, 57Co, 137Cs, 22Na and 60Co gamma ray point sources and
subsequently with the reference materials. Resolution (FWHM) of
the system was 1.9 keV at 1332.5 keV gamma peak of 60Co point
source kept at a distance of 25 cm in front of the detector face.

Efficiency calibration of the detection system was performed by
using the reference material RG1 set. Efficiency vs. energy curve

was produced from the spectra of reference materials and a poly-
nomial was fitted to the efficiency curve that was stored in the PC.
Specific activities (activity mass concentrations) of 40K, 226Ra and
232Th were determined in the samples of PR and PF under study.
The details regarding efficiency calibration and activity measure-
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Table 1
The concentration of NORM in phosphorite from some mines in the vicinity of Abbottabad in NWFP, Pakistan.

Location No. of samples NORM concentration (Bq kg−1)

40K 226Ra 232Th 238U

Rock
Footwall and hanging wall 6 176 ± 60 (102–251) 59 ± 9 (48–72) 38 ± 9 (31–46) 62 ± 11 (51–75)

Phosphorite
Open pit mine, Lambidogi 5 127 ± 29 (93–171) 352 ± 10 (337–365) 40 ± 17 (23–68) 461 ± 123 (339–573)
Underground mine, Kakul 4 212 ± 18 (189–233) 744 ± 123 (563–830) 68 ± 11 (54–81) 771 ± 127 (576–845)
Open pit mine, Kakul West 5 209 ± 52 (166–278) 494 ± 158 (348–758) 44 ± 12 (36–64) 502 ± 167 (355–673)
Phosphorite Crushing plant, Kakul 6 266 ± 79 (179–362) 503 ± 196 (316–776) 57 ± 13 (39–80) 518 ± 205 (329–781)

Average range 20 206 ± 72 (93–362) 511 ± 189 (316–830) 52 ± 17 (23–81) 550 ± 156 (329–845

Table 2
Activity concentration and external dose rate levels of 40K, 226Ra and 232Th from soil of various countries of the world (UNSCEAR [20]).

Radionuclide Activity concentration (Bq kg−1) External dose (nGy h−1)

Median Minimum Maximum Median Minimum Maximum

40K 400 140 850 17 6 35
226Ra 35 17 60 16 8 28
232Th 30 11 64 18 7 39
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Total

ents are given somewhere else [14–17]. Radiological hazard was
ssessed based on the measured specific activity values. Annual
ffective external dose was calculated for phosphorite rock and PR
ade rooms.

.4. Radon measurement

For the measurement of radon concentration in phosphorite
ines and fertilizer warehouses, an active method was applied. The

adon monitor consisted of a portable “Alpha Guard PQ 2000 PRO”
hich has an ionization chamber of active volume 0.56 L. Radon
easuring range of this detector is 2–20,000 Bq m−3 [18]. Radon

oncentration was measured inside and outside of the phosphorite
ines at Peswal Village and Banda Pir Khan; and in the fertilizer
arehouses of four districts of the Punjab province of Pakistan.
ased on the measured concentration of radon, annual effective
ose was calculated for mining and warehouses environments.

. Results and discussion

.1. Phosphorite

Activity concentrations of NORM measured in the samples of
he phosphorite and rocks in the hanging and foot walls of the
R are given in Table 1. The worldwide background activity con-
entration levels of 40K, 226Ra, 232Th and 238U in soil from various
ountries of the world have been compiled in the UNSCEAR 2000
eport; the range and the median values of these radionuclides are
epresented in Table 2. To compare the level of activity mass con-
entrations of 40K, 226Ra, 232Th and 238U in PR of present study with
hat measured worldwide; we have compiled data from literature
nd represented in Table 3. The weighted average of activity con-
entrations of the radionuclides in the phosphorite samples was
etermined and considered as the representative level of NORM in
R for Pakistan. The average value and the range of activity mass

oncentrations for Pakistan are given in Table 3.

The values of measured activity concentration of 40K varied from
lace to place in the samples of phosphorite and had no clear-cut
oundary between those in the rock samples of hanging and foot
alls. Activity concentration values of 40K are comparable to the
51 21 102

natural background level for this radionuclide in the earth’s crust.
The values lie within the range of this radionuclide given in Table 2.
Specific activity of 40K in PR of 22 places of the world is given in
Table 3. Five places are at higher level and 17 places show lower
value of this nuclide than that in Pakistani phosphorite.

The measured value of specific activity of 232Th in the phos-
phorite samples is relatively higher than that in the samples of
hanging and foot walls. The samples of underground mines have
even more value of this radionuclide in phosphorite. While compar-
ing the activity concentration values of 232Th in the studied samples
with that in the worldwide soil, it can be seen that the samples of
phosphorite contain average concentrations relatively higher than
the median value of this radionuclide given in Table 2. Among the
26 places of the world given in Table 3, activity concentration of
232Th in PR of 7 places is higher and that of 19 places is lower than
that in phosphorite of Pakistan.

As given in Table 1, the concentration values of 226Ra are rel-
atively higher than those for 40K and 232Th in the phosphorite of
study area. Specific activity of 226Ra in the main rock body of phos-
phorite is larger than that in the hanging and foot walls of the open
pit and underground mines. Hanging and foot walls of underground
mine are composed of limestone and chert respectively, and both
of the open pit mines belong to dolomite. Limestone, chert and
dolomite are not prone to uranium; therefore, the activity mass
concentration of 226Ra in these formations is quite lower than that
in the phosphorite samples but is higher than the median back-
ground activity level of soil given in Table 2. Hanging and foot
walls are not a part of PR, therefore, activity mass concentrations
of the samples from these sections are not taken into account for
further discussion. After excluding the activity concentrations of
the samples of hanging and footwalls, the results of 20 samples of
phosphorite were of significance from radioactivity point of view.
Specific activity of 226Ra varied between 316 and 830 Bq kg−1 in
these 20 samples.

As far as comparison of 226Ra in PR of various places of the world

is concerned, its activity concentration levels are extremely higher
than the background activity level of this radionuclide given in
Table 2. Activity concentration values of 226Ra as given in Table 3
for various countries of the world vary from country to country
and region to region even within same country. The phosphorite
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Table 3
Specific activity of 40K, 226Ra and 232Th in PR from various locations of the world.

Country/location Activity mass concentration (Bq kg−1) References

238U 40K 226Ra 232Th

Algeria 1627 22 619 64 [25]
Brazil 1313 1202 256 3238 [2]
China 150 150 25 [26]
Egypt/Abu-Tartor 408 21.4 287 23.7 [27]
Egypt/Abu-Zaabal 523 19 514 37 [28]
Finland 110 10 10 [29]
Israel 1726 4 1852 11 [25]
Jordan 1837 8 1044 2 [25]
Russia/Kola 40 40 30 80 [30]
Morocco 1700 10 1700 30 [31]
Morocco 1700 10 1600 20 [30]
Nigeria/Sokoto 40 558 16 [32]
Saudi Arabia 519 250 — 40 [33]
South Africa 1300 4 1100 30 [30]
South Korea 49 355 4 [1]
Sudan/Kurun 684 23 555 0.83 [34]
Sudan/Uro 2598 52 2263 3 [34]
Tanzania/Arusha 4641 286 5022 717 [35]
Tanzania/Arusha 280 5760 350 [36]
Tiba Togo 1300 4 1100 30 [30]
Togo/Hahatoe 968 90 [32]
Tunisia 580 32 821 29 [25]
Turkey 557 256 625 26 [37]
USA/California Southern 4800 4800 78 [26]
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USA/Florida Central 1500
USA/Florida Northern 474
W. Sahara/Bu–Croa 900
Pakistan/Hazara 550 ± 156 (329–845) 206 ± 72 (93–3

eposits of Pakistan contain lesser specific activity of 226Ra than
he phosphate deposits of 20 places of the world. There are 6 places
here activity level of this nuclide is lower than that in Pakistani
hosphorite.

As far as the ratio of 226Ra to 232Th is concerned, it is normally
ess than unity when background activity of the earth’s crust is
onsidered [19]. The results of present study indicate that activ-
ty of 226Ra dominates that of 232Th. The ratio varies between 5 and
7 with an average value of 10.4 ± 3.5. Elevated concentration of
26Ra in the samples is due to the presence of uranium, as 226Ra is
daughter product in 238U decay series.

The concentration of 238U as given in Table 1 is slightly higher
han that of 226Ra, which follows the similar trend as shown in
able 3 for most of the countries of the world. When compared with
he worldwide data, the concentration of 238U in the phosphorite
f Pakistan is higher than that of 6 places and lower than that of
6 places of the world. The concentration of 238U in the worldwide
hosphate varies in a wide range from 40 to 4800 Bq kg−1.

In order to find the extent of the existence of these radioac-
ive nuclides together at a particular place, correlation studies were
erformed between the combinations of radionuclides. The corre-

ations coefficients for 226Ra–40K, 232Th–40K, and 226Ra–232Th were
omputed for 20 phosphorite samples, which vary between 0.79

nd 0.92 that show the strong correlations among the radionu-
lides. The strong correlations between the activities indicate that
he individual result for any one of the radionuclide concentra-
ion in each pair is a good predictor of the concentration of the
ther and they belong to same source. The correlation coefficient

able 4
orrelation coefficients of various radionuclide relations.

40K 226Ra 232Th 238U

40K 1 0.79 0.87 0.77
226Ra 1 0.92 0.97
232Th 1 0.89
238U 1
1600 16 [26]
648 [38]
900 7 [30]

511 ± 189 (316–830) 52 ± 17 (23–81) Present study

for the relation 226Ra–238U was 0.97, which predicts that both the
radionuclides belong to same source and have close association of
each other. A matrix showing the correlation coefficients is given
in Table 4.

Uranium and its decay products emit various ionizing radia-
tions such as alpha and beta particles, and gamma rays. The health
impacts of ionizing radiation even at low doses include the increase
of various types of cancers, genomic instability, life-shortening and
negative impacts on all the body functions.

3.2. SSP fertilizer

Single superphosphate (SSP) fertilizer is formed by mixing PR
with sulphuric acid. The reaction product is dried along with all
the contaminants in PR and sulphuric acid. The jumble is ground
to powder at Jaranwala fertilizer factory and converted to granules
at Hazara fertilizer factory in Pakistan. Phosphate (P2O5) grade of
the Pakistani phosphorite is low with high concentration of SiO2.
The grade is improved by combining the local phosphorite with
the PR imported from Jordan and Egypt. The activity concentration
in the SSP fertilizers manufactured in Pakistan depends upon that
in the PR of Egypt, Jordan and Pakistan and the concentrations of
the radionuclides of concern in PR of these countries are given in
Table 3.

The concentrations of the radionuclides measured in the SSP
fertilizer produced in Pakistan are given in Table 5. The concen-
tration levels of all the radionuclides in the SSP fertilizer of both
the factories are almost similar within statistical error. The con-
centrations of 40K and 232Th in SSP fertilizer are lower than that of
phosphorite of Pakistan; this may be due to lower value of these
radionuclides in the PR of Jordan and Egypt than that in PR of Pak-

istan. The activity concentration of 226Ra in the fertilizer is higher
than that of the phosphorite of Pakistan; this is because of higher
values of this radionuclide in the PR of Jordan and Egypt. The ele-
vated concentration of NORM in SSP fertilizer is one of the sources
of radioactive contamination of agricultural fields, the crops grown
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Table 5
Activity concentration of 40K, 226Ra and 232Th in SSP fertilizer produced in Pakistan.

Sample identity Activity mass concentration (Bq kg−1)

40K 226Ra 232Th 238U

Hazara phosphate fertilizers (10 samples)
Minimum 113 ± 12 521 ± 26 23 ± 6 623 ± 32
Maximum 135 ± 15 638 ± 29 45 ± 7 687 ± 34
Mean 121 ± 17 606 ± 31 35 ± 6 658 ± 45

Jaranwala phosphate fertilizer (10 samples)
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Minimum 193 ± 14 540 ± 27 16 ± 5 596 ± 34
Maximum 215 ± 16 671 ± 29 31 ± 6 641 ± 36
Mean 207 ± 21 572 ± 32 23 ± 6 616 ± 47

n these fields, and surface water ponds. There is direct or indirect
xposure of human beings to this source of pollution.

Specific activity concentration values of the NORM in SSP fer-
ilizer for some of the countries of the world were complied from
iterature and are represented in Table 6. The weighted average
ctivity concentration of 20 SSP fertilizer samples was determined
s a representative value for Pakistan and is also given in Table 6.
he distribution of activity concentration of primordial radionu-
lides in SSP fertilizer from some countries of the world varies from
ountry to country.

.3. Radiological hazard

The humans living and working in the study area are affected
rom the radiological hazard of NORM in the PR by various means.
he laborers involved in mining, milling and processing of PR are
xposed internally and externally to NORM in addition to other
ndustrial hazards. General public not related to phosphate indus-
ry but living and working in the vicinity of the radioactive area
re influenced from NORM containing dust. The inhabitants liv-
ng in the dwellings made of materials belonging to PR, made on
R beneath foundations, or living in PR residue filling houses are
xposed to radon and gamma radiation. The application of NORM
ontaining PF into agricultural fields can be a direct or indirect
nd an internal or external source of exposure of human beings
o radiation.

Radiological hazard is assessed by a single index taking into
ccount the measured activity concentration of 40K, 226Ra and
32Th. Radiologic hazard can be estimated through various criteria
10–17]. In the present study, the level of hazard has been estimated
n terms of outdoor and indoor external dose rates. Based on the
alculated dose rate values, annual effective dose was determined
or the mineworkers and house dwellers of the study area.
.4. Outdoor external dose

The radiological hazard of the PR was estimated through radi-
tion dose delivered by the radionuclides of NORM in the rock.

able 6
ctivity concentration of 40K, 226Ra and 232Th in SSP fertilizer from various countries of th

Country No. of samples 40K (Bq kg−1)

Bangladesh 1 142.7 ± 14.2
Brazil 1 375 ± 26
Brazil 3
Brazil <5
Brazil <5
Egypt 3 8.2 ± 2.2 (2.1–13.6)
Finland 3200
Germany 720
Lebanon 4.1 ± 0.3
USA 200
Pakistan 20 164 ± 24
Fig. 2. External dose rate variations at sampling sites.

Assuming that radionuclides 40K, 226Ra and 232Th are uniformly
distributed in a PR slab of semi-infinite thickness, gamma dose rate
at a distance of one meter above the surface of the slab can be
calculated using the following relation [20]:

Ḋ = 0.0417AK + 0.462ARa + 0.604 ATh (1)

where AK, ARa and ATh are respectively the activity mass concen-
trations (in Bq kg−1) of 40K, 226Ra and 232Th in the sampling sites.
External dose rate was estimated for 20 sampling locations in the
study area of phosphorite deposit. The variations in dose rate at
phosphorite sites are shown in Fig. 2. The dose rate varied from 177
to 441 nGy h−1 with an average value of 276 ± 94 nGy h−1. The min-
imum value of the derived dose rate is about 70% greater than the
maximum value of the world’s soil background level of 102 nGy h−1

as given in Table 2, which indicates the intensity of hazard level in
the area under study.

3.5. Indoor external dose

For the estimation of indoors external dose, it is assumed that

a room is made of material containing PR. Similar to the external
dose outdoors; various models have been developed for the exter-
nal dose indoors. Indoor external dose in a room of dimensions
2.8 m × 4 m × 5 m, wall density 2.35 g cm−3, and wall thickness

e world.

226Ra (Bq kg−1) 232Th (Bq kg−1) References

291.7 ± 14.8 15.6 ± 3.3 [39]
871 ± 44 100 ± 7 [40]
246 ± 40 (1.3–879) 256 ± 49 (81–546) [41]
304 286 [42]
262 272 [42]
627 ± 24 (516–704) 6.1 ± 2.4 (1.3–9.1) [43]
54 11 [29]
520 15 [44]
1043 ± 25 [45]
780 49 [46]
589 ± 44 29 ± 6 Present study
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Table 7
Indoor and outdoor radon concentration from two mining places of phosphorite of
Pakistan.

Area Radon concentration (Bq m−3)

Mine inside Mine outside

Peswal village, cave like mine 215 ± 51 56 ± 30
Peswal village, ventilated mine 100 ± 39 43 ± 19
Banda Phir Khan (F-Zone) 96 ± 39 34 ± 30

Table 8
Radon concentration level and annual mean effective dose in the warehouses for
fertilizer.

District Concentration (Bq m−3) Effective dose (mSv y−1)
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Sialkot/Daska 44.64 (36.97–52.53) 0.49 (0.41–0.58)
Gujranwala 35.00 (19.02–51.74) 0.39 (0.21–0.57)
Gujrat 31.27 (17.12–40.55) 0.35 (0.19–0.45)
Sheikhupura 22.05 (20.2–24.06) 0.24 (0.22–0.27)

0 cm was calculated using the following relation [21]:

˙ = 0.10AK + 1.21ARa + 1.29ATh (2)

here AK, ARa and ATh are respectively the activity mass concen-
rations (in Bq kg−1) of 40K, 226Ra and 232Th in the construction

aterials. External dose rate for the indoor environment was also
stimated for rooms made of PR in the study area of phospho-
ite deposit. The dose rate varied from 455 to 1129 nGy h−1 with
n average value of 706 ± 243 nGy h−1. The minimum value of the
erived dose rate is approximately 4.5 times greater than the max-

mum value of the world’s soil background level of 102 nGy h−1 as
iven in Table 2, which presents the severity of hazard level due to
hosphorite in the study area.

.6. Radon exposure

Radon concentration was measured in two phosphorite mines
n the area under study and in four warehouses where SSP fertilizer
s kept for some interim period.

.6.1. Exposure of miners
For assessment of radon exposure from PR, radon concentra-

ion was measured inside and outside of two phosphorite mines in
icinity of Abbottabad city in Pakistan. The concentration of radon
s given in Table 7. The contrast in the inside and outside values
f radon concentration is quite obvious. Values for temperature
nd humidity level varies from (30–33) ◦C and (32–39)% (inside
he mine) to (31–34) ◦C and (28–39)% (outside the mine). While
ir pressure remains 877 mbar in all the studied sites. The mea-
ured concentration was compared with the permissible level of
adon in the uranium mines, i.e. 75 Bq m−3 [22]. The values of mea-
ured radon concentration in the mines are approximately 1.3–2.9
imes greater than the permissible value; the risk of radon-induced
etrimental effects is obviously high for the mineworkers.

.6.2. Exposure of warehouse workers
In order to evaluate the exposure of warehouse workers to

adon, its concentration was measured in fertilizer warehouses of
our districts in the Punjab province of Pakistan. The concentration
f radon in all the four studied warehouses is presented in Table 8.
ive sites were selected for radon measurement in a warehouse and
he representative concentration of radon in a warehouse was the

verage of all the concentrations measured at these sites. According
o occupational safety and health association (OSHA), radon level
or mitigation is 148 Bq m−3 [23], which is equal to that of the US
PA’s residential acceptable level of radon. If level of radon is com-
ared with the permissible level in houses, it is clear that fertilizer
Fig. 3. Annual mean effective dose for phosphate mines.

warehouses contain radon within the acceptable range causing no
much harm to the workers.

3.7. Effective dose

3.7.1. Gamma dose
Annual effective dose from external exposure to gamma rays

emitted from PR can be determined using the following relation
[24]:

E = Ḋ × V × T × O × 10−6 (3)

where E is the annual effective dose (mSv y−1), Ḋ is the dose rate
(nGy h−1), V is the absorbed to effective dose conversion factor (0.7
Sv per Gy), T hours per year (8760 h), O is the occupancy factor, and
10−6 is nano- to milli-conversion factor.

Keeping in view the atmospheric conditions of the area under
study, population of the area on the average spends about 50% of
the time outdoors; therefore, 0.5 was taken as the occupancy fac-
tor ‘O’ in this particular case. For the general public living in the
area under study, the average annual effective dose was calculated
to be 0.85 ± 0.29 (0.54–1.35) mSv y−1 outdoors and 2.16 ± 0.74
(1.39–3.46) mSv y−1 indoors. Total of the external indoor and out-
door dose is 3.01 ± 1.03 (1.94–4.81) mSv y−1, which is about 6 times
higher than the worldwide average of the annual effective dose of
0.48 mSv given in the report of UNSCEAR [20].

3.7.2. Radon dose
In order to investigate the annual mean effective dose H

(mSv y−1) due to radon and its progeny to the persons working in
mines and warehouses, the concentration of radon was converted
to effective dose by using the following relation [20]:

H = C × F × D × T × O (4)

where C stands for radon concentration in Bq m−3, F for equilib-

rium equivalent concentration (EEC) factor, D for dose conversion
factor (9 × 10−6 mSv h−1 per Bq m−3), T for time (8760 h y−1), and O
for occupancy factor. The value of F as mentioned in the UNSCEAR
report is 0.4 for the indoor environment and O was assumed to be
0.35 because the workers spend about 8–9 h per day in a fertilizer
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arehouse. Annual effective dose due to radon inside and outside
he phosphorite mines and inside the warehouses was calculated
nd is shown in Fig. 3 and is given in Table 8 respectively.

Radon effective dose in the warehouses varied between 0.19 and
.58 with an average value of 0.36 ± 0.14 mSv y−1, which is less than
hat of worldwide environmental radon dose of 1.15 mSv y−1 [20].
he dose in the Peswal village, cave like mine, is almost double
han that for other mines under consideration and is about two
imes more than that of the world average value.

. Conclusions

Uranium makes chemical complexes with phosphate; there-
ore, PR contains natural radioactivity of uranium higher than its
ackground level. The measured concentration of uranium in the
hosphorite samples was 550 ± 156 Bq kg−1 which is higher than

ts maximum background value of 110 Bq kg−1 in soils of the various
ountries of the world. The samples of phosphorite formation and
f hanging and foot walls could easily be distinguished due to vast
ontrast of radium activity concentration in the samples of differ-
nt origin. Specific activity values of primordial radionuclides in PR
amples were higher than, comparable to, or less than that for some
ountries of the world. Different geological origins of PR deposits
re the main reason for the large spread in worldwide specific activ-
ties. Present study reveals that PR deposits of Abbottabad contain
atural radioactivity considerably higher than background level.
he phosphorite of Abbottabad is one of the sources of radioactive
ontamination in Pakistan.

Radiological hazard of the NORM in the phosphorite of Pakistan
as assessed on the basis of models for radiation dose calculation.

xternal dose rate values estimated for the studied sites are greater
han the background level of activity of soil of the world. The con-
entration of radon measured in the phosphorite mines is greater
han its permissible value. Radioactive pollution of phosphorite is

big health risk for the population concerned with PR and SSP
ertilizer. Radiological hazard can be controlled through follow-
ng protective measures: (a) training of the mineworkers regarding
ealth physics and safety, (b) improving the living environment of
he mines and dwellings, and (c) adopting the radiation protection
uidelines to limit radiation exposure.
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