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Abstract The rare earth elements (REEs) content of
Kakul phosphate rock (PR) from different localities of the
main Hazara deposits of Pakistan were determined using
instrumental neutron activation analysis (INAA). 25
phosphorite samples were collected from different phos-
phorite sites and 6 samples representing different batches
from the crushing plant near Kakul Mine. Concentrations
of seven REEs (Ce, Eu, La, Lu, Sm, Tb and Yb) were
determined in the PR samples. The highest amounts of
Heavy and light rare earth elements (HREE and LREE)
were quantified in the PR samples collected at the Phos-
phate Rock Crushing Plant while the lowest amounts of
these REEs were measured in the Lambidogi Phosphorite
deposit samples. Comparison with global data showed the
REEs content of the studied PRs show lower range for all
REEs and mostly comparable to the data reported by Israel
and Syria. Calculated chondrite ratio for these elements
depicts enrichment of LREEs in all phosphorite deposits.
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Introduction

Rare earth elements (REEs) include 15 chemically similar
metallic elements of the lanthanide series from La to Lu.
The REEs have less mobility and fractionation during
weathering and sedimentation processes [1]; therefore they
are widely used as tracers to investigate environmental
changes and in studies related to the origin of sediments
especially of anthropogenic origin [2-7]. REEs can also be
used in manufacturing environmental protection and pol-
lution-control systems (Ce), as cracking agents in petro-
leum refinery (La), in permanent magnets (Nd), and in
phosphors for colour television and fluorescent lighting
(Eu) etc. REEs can also occur in phosphorous fertilizers in
trace amounts [8, 9]. The major source of the REEs is
phosphate rock (PR) from which the specific fertilizer is
made, or they can originate in the fertilizer from the
ingredients used in fertilizer industry.

Phosphate fertilizers have been extensively used in
agriculture for years and it is possible that their use will
increase in the coming decades. Therefore even low
accumulation rate of REEs in soil may finally reach
undesired values. This risk may be higher to soils where
there is extensive use of fertilizers with high REEs contents
[10]. There are some reports in which REE accumulation
and their effects on crops and soils after different con-
centrations of REE application have been studied [11-13].
A study by Diatloff and Smith [14] showed that REEs were
toxic to plants. A 50% reduction in corn root elongation
was evident with 4.8-7.1 umol L™' La or 12.2 pmol L™
Ce in solution culture. In another study it was also indi-
cated that rice straw weight and total grain weight were
significantly decreased with high La concentration
(=1.5 mg Lfl) in solution [15]. Exposure to excess
amounts of REEs can cause notably harmful effects on the
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function of the immune, circulatory, digestive, and nervous
systems of humans. This can affect the Intelligence Quo-
tient (IQ), physical growth, and development of children,
and can even cause cancer [16]. Therefore, extensive use of
PR increases their REEs accumulation in the environment
and may cause threat to the environment and finally human
beings. So the ecological risk of the use of REEs has to be
assessed and managed by drawing limits accordingly.
Conversely REEs have been occasionally added as
micronutrient in fertilizers for soil nutrient enhancement.
In China, REEs are being applied to soil to increase crop
yields since 1972 [17, 18]. Their use increased to few
thousands tons per year in the early 1980s. Nowadays
REEs complex fertilizers with La and Ce as their major
components are extensively applied to the soil [19]. Such
compound fertilizers include urea, organic compounds and
carbon ammonium mixed with REEs [20, 21].

Hazara phosphorites are the only known commercially
available deposits of phosphate in Pakistan. These deposits
occur within 10 km from Abbottabad city. Out of these
only Kakul Phosphate Mine is producing 60,000 ton of
phosphate rock per year. These ore reserves are being
exploited in manufacturing single super phosphate (SSP) at
fertilizer plants in Pakistan [22]. The present study was
undertaken to determine the REEs content of phosphate
rock samples collected from Kakul mines of Pakistan. A
total of 7 rare earth elements were quantified using

Experimental
Sample collection

A total of 31 PR samples were collected from the major
phosphorite deposits of Hazara in the North West Frontier
Province (NWFP). The deposits occur in an area of about
30 km linear dimension within latitude of 34°5'-34°30" N.
Figure 1 shows location map of the phosphate rock
deposits of the study area. Sample collection sites include
Kakul Mines, Kakul West Open Pits (north, middle and
south points), Lambidogi Open Pit and Sarhad Develop-
ment Authority (SDA) Plant for crushing and milling the
phosphate rock at Kakul. Twenty five samples were col-
lected from various sections of each mine including
Hanging Wall (i.e. formation immediately above the main
phosphorite body), main phosphorite formation and Foot
Wall (i.e. formation immediately below the main phos-
phorite body). Six samples were collected from Phosphate
Rock Crushing Plant. These sites contain P,Os content
ranging from 30 to 38%. Details of samples collected are
given in Table 1.

About 1 kg of each rock sample was collected and
packed in labeled polythene bags. All the samples were
taken to the Geochemistry Laboratory at the Pakistan
Institute of Engineering and Applied Sciences (PIEAS)
where the PR samples were washed and sun dried. All the
samples were crushed and ground using a Tungsten Car-
bide crusher and the powder was dried at 110 °C for 20 h.

Instrumental Neutron Activation Analysis technique

(INAA).

Fig. 1 Location map of the
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Table 1 Sample description

Sample number Sample details

A. Lambidogi Phosphorite

PR-1 Main rock body
PR-2 Main rock body
PR-3 Main rock body
PR-4 Main rock body
PR-5 Main rock body
PR-6 Hanging wall
PR-7 Foot wall

B. Kakul Mine (under ground) Phosphorite

PR-8 Main rock body
PR-9 Main rock body
PR-10 Main rock body
PR-11 Main rock body
PR-12 Hanging wall
PR-13 Foot wall

C. Kakul West Open Pit Mine Phosphorite

PR-14 Main rock body
PR-15 Main rock body
PR-16 Main rock body
PR-17 Main rock body
PR-18 Main rock body
PR-19 Hanging wall
PR-20 Foot wall

D. Kakul Phosphate Rock Crushing Plant

PR-21 Phosphorite
PR-22 Phosphorite
PR-23 Phosphorite
PR-24 Phosphorite
PR-25 Phosphorite
PR-26 Phosphorite

Target preparation and radioassay

A synthetic multi-element comparison standard was pre-
pared as mentioned in our earlier works [23, 24]. By taking
optimum amounts of specpure elemental salts from John-
son and Matthey and dissolving in ultra-pure aqueous acid
mixture from E. Merck. 100 pL of the aliquot was then
dried on filter paper and used as a comparative standard
throughout this work. In order to ensure accurate and
precise analytical results, quality assurance was performed
and the concurrent analyses of IAEA SL-1 (Lake Sedi-
ment) and GSJ-JR-1 (Rhyolite) reference materials was
done using the multi-element comparator base by adopting
the same irradiation, cooling and counting protocols as for
the sample. Multiple batches of about 100 mg of sample in
triplicate, synthetic multi-element comparison base and
reference materials (RMs) were packed in clean

polyethylene capsules. The samples were thermally sealed
and each batch was then packed in reactor rabbit and
labeled prior to irradiation. The prepared targets were
subjected to different irradiation protocols. The different
irradiation protocols used to determine REEs of various
half lives are presented in our earlier publication [25-27].

NAA instrumentation

The sealed targets were irradiated in the periphery of the
core of the Pakistan Atomic Research Reactor (PARR-2)
which is a miniature neutron source reactor (MNSR). The
reactor power is 27 kW with a thermal flux of
1 x 10" nem 2 s, Before counting, the samples were
transferred to pre-cleaned and pre-weighed polyethylene
capsules for counting. The measurement system consisted
of a Canberra model (AL-30) high purity Germanium
detector (HPGe) attached to a PC-based multi-channel
analyzer (MCA), (Inter-Technique model pro-286e)
through a sensitive spectroscopy amplifier (Ortec model
2010). The resolution of the system was 1.9 keV for
1,332.5 keV ®°Co peak with a peak to Compton ratio of
40:1. Intergamma version 5.03 software was used for data
acquisition. For calculations our indigenously developed
computer program for activity and concentration calcula-
tions was used. All corrections for background and any
required decay factors are incorporated in this program
called “GammacCal”.

Results and discussion

Analysis of rare earth content of phosphate rock samples
collected from the Hazara phosphate deposits of Pakistan
was carried out using INAA. Two different irradiation
protocols were adopted for the quantification of ten REEs
using the PARR 2 irradiation facility. Irradiation protocol 1
comprising of intermediate lived isotopes ('*’La, '>*Sm
and '>Yb) were measured after 1 h irradiation and cooling
times of 1-2 days while in irradiation protocol 2, the long
lived isotopes (141Ce, 152Eu, Ly, and 160Tb) were
quantified through irradiation for 5 h and decay time of 2—
3 weeks. All possible spectral interferences for the REEs
were corrected. The full energy peak area for '*'Ce at
145.5 keV was determined by subtracting contribution
from °Fe at 142.5 keV [24-28]. Furthermore, to avoid
elemental interferences, the gamma-peaks used for the
quantification of most of the REEs were carefully selected.
To measure '3?Eu the high abundance clear peaks at 344.3
and 1,408 keV were selected for quantification. Interfer-
ence free photo peaks at 1,596.5 keV for '“°La and
396.3 keV for '">Yb using irradiation protocol 1 were
considered for the measurement of these two elements.
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Table 2 INAA of REEs in IAEA lake sediment and GSJ rhyolite

Element IAEA SL-1 (lake sediment)® GSJ-JR-1 (rhyolite)®

Our value  Certified value Our value  Certified value

Ce 115 +7 117 £ 17 470 £2.8 472443

Eu 1.50 £ 0.12 (1.60) 0.33 £ 0.03 0.31 &+ 0.04
La 512 +£41 526+ 3.1 201 £1.2 197 +1.8

Lu 0.53 £ 0.05 (0.54) 0.68 £+ 0.07 0.71 £ 0.08
Sm 9.50 £ 0.50 9.25 £ 0.51 5.90 £ 0.30 6.03 £ 0.81
Tb 1.36 £ 0.14 (1.40) 1.09 £ 0.11 1.01 £ 0.20
Yb 350 £ 030 342 +0.64 470 £0.40 4.55 £ 046

() Information value
Source: “International Atomic Energy Commission (IAEA)

" Geological Survey of Japan (GSJ)

However '""Lu and '">Yb interference was encountered at
112.9 keV and dealt with as mentioned in our earlier work
[26, 27]. The results for the two RMs (JAEA-SL-1 and
GSJ-JR-1) are shown in Table 2. This shows that the
results obtained correspond very well with the certified
values for the quantified REEs [29, 30].

Concentrations of 7 REEs in phosphate rock samples
analyzed using NAA technique are presented in Table 3.
Ce, Eu, La, Lu, Sm, Tb and Yb, were determined using
intermediate and long irradiation protocols. The detection
limits in pg/g for each element are presented in parenthesis.
Each elemental concentration is reported on dry weight
basis and their associated uncertainties in pg/g. Average
values and ranges for the REEs in all samples collected at
each site are also given in this table. At site A (Lambidogi
Phosphorite) the main rock body samples show a close
concentration range for most of the quantified REEs with
the exception of sample PR-2 that shows very high con-
centration of Light REEs (LREE) i.e. Ce, La and Sm. The
same sample shows slightly elevated levels of Middle
REEs (MREE) i.e. Eu and Tb while Heavy REEs (HREE)
i.e. Lu and Yb are in comparable range to other samples of
the same site. Sample PR-6 (hanging wall) from the same
site has lower concentration for all REEs while sample PR-
7 (foot wall) shows least concentration for these elements.
The site B (Underground Phosphorite) shows all detected
REEs in the main rock body have a large variation in
concentration except for Eu. Sample PR-9 has very high
concentration of all elements whereas PR-10 was quanti-
fied with very low levels of MREEs and very high con-
centration levels of LREE and HREE. Similar to site A this
site also indicates lower concentrations of all REEs in
hanging wall (PR-12) and foot wall (PR-13) samples. Lu in
samples PR-10, PR-11 and PR-12 could not be quantified
due to concentration levels below the minimum detectable
limits. Site C represents open pit Phosphorite mine. Sample
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PR-15 shows maximum variation and high concentration
range for Ce, La, Lu, Sm, Tb and Yb while Eu is lower than
in sample PR-16. The rest of the REEs except for Lu are
also comparably high in this sample. A closer inspection of
the data shows that at sites A (Lambidogi Phosphorite) and
B (Kakul Mines) the concentrations of the REEs deter-
mined are lower for the hanging wall (PR-6 and PR-7) and
foot wall (PR-12 and PR-13) samples and respectively,
whereas for site C (Kakul West [Open Pit Mine] Phos-
phorite deposits) the amounts of REEs determined in the
hanging wall and foot wall samples are variable and gen-
erally higher than the main rock body. The hanging wall
and foot wall are defined on the P,O5 content therefore the
amounts of REEs may be higher or lower in the PR sam-
ples collected at these sites as compared to the main rock
body. The variations in concentration of the REEs deter-
mined may be due to geological differences between sites.
Characterization of REEs in Phosphorite samples collected
from six different batches at the Kakul phosphorite rock
crushing plant (D) show that these elements are in close
range in all samples. However relatively high La in PR-21
and Lu contents in PR-24 were observed. Sample PR-26
however show lowest levels of these elements. This vari-
ation in concentration range could be due to the different
batches collected from different locations of the same
mine. The variation in REEs concentration in all phos-
phorite sites could be due to the topography of the area and
some geological processes for the formation of phosphorite
rocks that result in depletion and enrichment of the REEs
[31].

In order to compare the REEs content of local phosphate
rocks with global results the concentration range of REEs
in all of the PR samples studied in this work (data for the
main rock formations only) is presented along with global
data in Table 4 [32-35]. The comparison shows that the PR
deposits of Russia depict highest concentration values for
LREE with Ce (3,420 pg/g), La (2,150 pg/g), Sm (131 pg/
g) and MREEs with Eu (45 pg/g), and Tb (9.6 pg/g).
However low concentration levels of all REEs of Ce
(22 pg/g), Eu (1.02 pg/g), La (34 pg/g), Lu (0.8 ng/g), Sm
(5.2 pg/g), Tb (0.50 pg/g) and Yb (4.6 pg/g) were reported
for Israel phosphate rocks. The reported concentration
ranges for HREEs (Lu, and Yb) and MREEs (Eu and Tb) in
this work are compatible to the lower values cited in
Table 4. However the Ce concentration in the PR of the
Hazara area is comparable to Morocco, Syria and Tunis
whereas Sm concentration to all reported countries except
Russia. Tb concentration range for Pakistan is similar to
Morocco, Syria, Tunis and USA. On the whole the REEs
content of Pakistani PR are closet to the data cited for
Israel and Syria.

The Chondrite ratio plot shown in Fig. 2, which has
been obtained for the average REEs content of PR samples
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Table 3 Concentration of rare earth elements in Kakul phosphate rocks using INAA (all concentrations expressed in pg/g)
Sample number Elements

Ce (0.3) Eu (0.01) La (0.2) Lu (0.003) Sm (0.02) Tb (0.03) Yb (0.1)
A. Lambidogi Phosphorite
PR-1 45.1 +10.9 1.6 £ 03 39.7 £ 6.3 0.4 £ 0.1 102 +24 1.6 £ 04 51+£12
PR-2 53.9 £ 13.0 25+0.6 62.6 = 10.7 03 +0.1 65.3 £ 14.7 1.9 £ 05 51+ 1.1
PR-3 321+74 12+04 442 +£175 0.8 £0.2 37.6 £ 82 1.3+04 34£0.7
PR-4 48.7 + 12.6 23 +0.6 572 £ 89 0.4 £+ 0.1 132 £ 35 1.6 £04 48 + 1.1
PR-5 474 £ 10.7 1.5 +£04 544 £9.2 03 £0.1 12.8 £3.0 1.6 £0.5 69+ 13
PR-6 153 £3.6 03 £0.1 129 £ 2.1 0.10 £ 0.01 9.5+ 21 02 £0.1 0.7 £0.1
PR-7 22+ 0.6 0.03 £ 0.01 1.3+0.2 0.10 £ 0.03 04 £0.1 0.04 £+ 0.01 0.2 £0.03
Mean + SD 349 + 84 1.35 £ 0.34 389 £ 6.4 0.34 £ 0.09 213 £48 1.17 £ 0.33 3.74 £ 0.79
Range 2.2-53.9 0.03-2.50 1.36-62.60 0.1-0.8 0.4-65.3 0.04-1.90 0.2-6.9
B. Kakul Mines (underground) Phosphorite
PR-8 539 £ 13.0 1.7+ 04 52.1 £ 8.8 0.4 £ 0.1 122 £ 3.0 1.6 £ 0.5 42+1.0
PR-9 70.6 £ 159 1.7+ 03 57.5 £ 10.8 0.6 £ 0.1 16.6 = 4.0 22+£0.7 6.8 £ 1.5
PR-10 157 £ 3.6 1.3 £03 127 £25 - 36+ 1.0 0.5 £0.1 1.5+04
PR-11 40.5 £ 9.6 14 +03 39.1 £6.7 - 103 £ 24 1.3+04 27+£05
PR-12 6.6 + 1.6 0.10 &+ 0.04 44408 - 1.0 £ 0.3 02+ 0.1 03 +0.1
PR-13 51+14 0.20 &+ 0.04 25+04 0.04 £ 0.01 0.7+02 0.10 = 0.02 03+ 0.1
Mean £+ SD 321£75 1.06 + 0.23 28.1 £5.0 0.35 £ 0.07 74 £+ 1.8 0.98 + 0.30 2.6 £0.6
Range 5.1-70.6 0.1-1.7 2.5-57.5 0.04-0.60 0.7-16.6 0.1-2.2 0.3-6.8
C. Kakul West (open pit mine) Phosphorite
PR-14 45+ 1.1 0.10 £+ 0.03 29+ 0.6 04 £0.1 0.8 +0.2 02 £0.1 03 £0.1
PR-15 111 £ 30.2 1.3+05 155.6 + 67.6 123 £ 03 17.0 £ 4.1 38+ 1.1 10.1 £ 2.0
PR-16 49.9 + 12.0 1.7+ 03 447 + 12.6 0.20 £+ 0.04 11.1 £25 1.3+04 28+ 0.7
PR-17 50£13 0.10 £ 0.04 30+ 1.0 0.10 £ 0.02 0.8 +0.2 02 £0.1 0.5 £ 0.1
PR-18 52+14 0.20 £+ 0.04 29+£09 0.03 £+ 0.01 1.1 +£02 02+0.1 04 + 0.1
PR-19 549 £ 152 09+02 377+ 175 03 +0.1 108 =24 1.3+04 3.0£ 1.0
PR-20 46.5 + 10.9 14+04 493 £ 11.0 0.20 £+ 0.04 9.8 £22 1.2 +04 26 £05
Mean £+ SD 39.7 £ 12.5 0.8 £0.2 423 + 145 0.4 £+ 0.1 73+ 1.7 12+04 28 £0.6
Range 4.5-111.3 0.1-1.7 2.9-155.6 0.10-1.23 0.8-17.0 0.2-3.8 0.3-10.1
D. Kakul Phosphate Rock Crushing plant
PR-21 66.9 + 15.1 22405 852 + 182 0.4 +0.1 13.1 £29 2.1 £0.6 54410
PR-22 51.9 £ 122 1.3+03 275 £ 43 0.4 £+ 0.1 74+ 1.7 1.2 +£03 35+1.0
PR-23 35.6 £ 8.5 1.5+03 324 £53 03 +0.1 8.1+£21 1.3+04 3.1£0.6
PR-24 59.9 £ 135 23£0.6 435+173 09 +02 13.1 £33 23£0.6 57+ 1.1
PR-25 549 £ 125 1.5+ 05 36.2 £ 6.0 0.7 £ 0.1 119 +£ 3.0 14+04 54+12
PR-26 114 + 3.1 0.4 £+ 0.1 53+ 1.0 0.03 £ 0.01 1.3+03 02 £0.1 0.7 £0.1
Mean + SD 46.7 +£ 10.8 1.5+£04 383+£7.0 0.45 £ 0.10 92+22 14+£04 39+£0.8
Range 11.4-66.9 0.4-2.3 5.3-85.2 0.03-0.90 1.3-13.1 0.2-2.3 0.7-5.7

at each site, follows the same trend as the data for REEs
concentrations; i.e. the Chondrite ratios in PR samples
being highest at site D and lowest at site B. The Plot also
confirms high enrichment of LREEs (Ce, La and Sm) at all
sites. However the major difference between the Chondrite
ratios plots for the PR samples is that La at site C and Sm at
site A has the highest Chondrite ratio.

Further research is in progress to investigate REEs and
other trace elements in phosphate fertilizers and the uptake
of these elements by some of the crops. These studies
would hopefully provide more quantitative information
regarding accumulation of REEs in the specific crop and
risks assessment of large-scale application of REE
fertilizers.
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Table 4 Global pattern of rare earth elements (ng/g) in phosphate rocks

Elements Ce Eu La Lu Sm Tb Yb
Algeria® 290 + 4 8.7+ 0.2 191 £ 2 24 £ 0.1 36 £1 35+03 16.5 £ 0.6
Israel® 22 +4 1.02 £+ 0.03 34 +1 0.8 £ 0.1 52 +0.1 0.50 £+ 0.01 4.6 £0.2
Morocco® 46 + 3 39+ 0.1 109 + 2 2.7 £ 0.1 129 £ 0.2 23+0.2 145 £ 0.6
Nigeria® 474 + 2 13.8 £ 0.2 243 + 04 34 4+0.1 56 + 1 94 + 0.1 29 + 4
Russia® 3420 £ 37 45+ 1 2150 £+ 20 0.9 + 0.1 131 £2 9.6 + 0.7 109 £ 0.4
Syria? 41 £3 1.70 £ 0.04 46 + 1 09 £ 0.1 9.3 £0.1 0.90 £+ 0.07 50+£0.3
Togo® 225+ 2 7.6 £ 0.1 120 £ 1 1.2 £ 0.1 25+ 0.5 38+0.2 79 £ 0.1
Tunis® 44 + 3 38 £ 0.1 100 + 2 1.3 +£0.1 155 +£0.2 1.6 £ 0.1 8.5+ 0.2
USA® 114 £ 3 32 +£0.1 78 £ 2 1.3+£0.1 149 £ 0.2 1.9 +£0.1 8.4+ 04
Present study® 15.7-10.3 1.2-2.5 12.7-62.6 0.3-0.8 3.6-65.3 0.5-2.2 1.5-6.8

“ Ref. [32], " [33], © [34], ¢ [35]

¢ Overall ranges obtained for all PR samples (main rock formations only) studied in this work

Fig. 2 Chondrite ratio of all the
samples analyzed using INAA

—— Lambidogi Phosphorite

—e— Kakul West (open pit mine) Phosphorite

—>¢ Kakul Mines(underground) Phosphorite

—— Kakul PR Crushing Plant

200

150

100
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Conclusion

The raw material used for the production of phosphate
fertilizers is basically phosphate rock, which contains sig-
nificant amount of REEs. In the present study phosphate
rock samples from Kakul were analyzed for their rare earth
content employing INAA. Seven REEs namely Ce, Eu, La,
Lu, Sm, Tb and Yb were quantified in the samples col-
lected from four different locations. The highest amounts
of REEs (LREE and HREE) were quantified in the PR
samples collected at site D (Kakul Phosphate Rock
Crushing Plant) while the lowest amounts of REEs (LREE
and HREE) were measured in PR samples from the Lam-
bidogi Phosphorite Mines. The amounts of most of these
REEs were found to be comparable to the lower values
cited in the literature for Israel and Syria. Chondrite ratio
for the PR samples show enrichment of LREE in all Kakul
phosphorite sample.

@ Springer

La Lu

References

DN AW

10.
11.
12.

. Rolinson HR (1993) Using geochemical data: evaluation, pre-

sentation, Publications,

Edinburgh

interpretation. Longman Scientific

. Klaver GT, Van Weering TCE (1993) Mar Geol 111:345

. Sholkovitz ER (1992) Earth Planet Sci Lett 114:77

. Hannigan RE, Sholkovitz ER (2001) Chem Geol 175:495

. Yang SY, Jung HS, Choi MS, Li CX (2002) Earth Planet Sci Lett

201:407

. Oliveira SMB, Larizzatti F, Favaro DIT, Moreira SRD, Mazzilli

BP, Piovano EL (2003) J Radioanal Nucl Chem 258:531

. Borrego J, Lo’'pez-Gonza'lez N, Carro B, Lozano-Soria O (2004)

Mar Pollut Bull 49:1045

. Todorovsky DS, Minkova NL, Dariena PB (1997) Sci Total

Environ 203:13

. Volokh AA, Gorbunov AV, Gundorina SF, Revich BA, Fronta-

syeva MV, Sen Pal C (1990) Sci Total Environ 95:141
Mortevedt JJ (1987) J Environ Qual 16:137

Wang ZJ, Liu DF, Lu P, Wang CX (2001) J Environ Qual 30:37
Zhang SZ, Shan XQ (2001) Environ Pollut 112:395



Measurement of rare earths elements in Kakul phosphorite deposits of Pakistan

403

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Xu XK, Zhu WZ, Wang ZJ, Witkamp GJ (2002) Sci Total
Environ 293:97

Diatloff E, Smith FW (1995) J Plant Nutr 18:1963

Xie ZB, Zhu JG, Chu HY, Zhang YL, Zeng Q, Ma HL, Cao ZH
(2002) J Plant Nutr 25:2315

Fan GQ, Zhen HL, Liu Y, Yuan ZK (2003) J Public Health
19:1283

Brown P, Rathjen A, Graham R, Tribe D (1990) Rare earth
elements in biological systems. In: Gschneidner KA Jr, Eyring L
(eds) Handbook on the physics and chemistry of rare earths, vol
13. Elsevier, Amsterdam, pp 423-452

Xiong BK (1995) Application of rare earth in Chinese agriculture
and their perspective of development. In: Proceedings of the rare
earths in agriculture seminar, September. Australian Academy of
Technological Sciences and Engineering, Victoria, Australia,
pp 5-9

Zhang JZ, Zhu WM, Zhang LG (1995) Accumulation, distribu-
tion, and migration of 144Ce and '"YNd in soils of China. In:
Proceedings of the third international conference on rare earth
development and application. Baotou, China, pp 447-451

Guo B (1998) Rare earths in agriculture. Chinese Agricultural
Technology Press, Beijing

Huo M, Xiao J (1998) Theoretical and applied researches on rare
earths in China [M]. Higher Education Press, Beijing

Hussain V, Khwaja MA, Khattak MA (1991) Pak J Sci Ind Res
34(7/8):265

Ahmad S, Waheed S, Mannan A, Fatima I, Qureshi IH (1994) J
AOAC Int 77(1):11

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Waheed S, Ahmad S, Zaidi JH, Rahman A, Qureshi IH, Saleem
M (2001) Toxicol Environ Chem 83:13

Javied S, Waheed S, Siddique N, Tufail M, Chaudhry MM, Irfan
N (2008) J Radioanal Nucl Chem 278(1):17

Waheed S, Rahman A, Siddique N, Ahmad S (2007) Geostand
Newsl 31(2):133

Waheed S, Waseem M, Rahman A, Ahmad S (2001) Geostand
Newsl 25:137

Zaidi JH, Qureshi IH, Arif M, Fatima I (1995) J Radioanal Nucl
Chem 196:125

Dybozynski R, Suschny O (1992) Final report on the intercom-
parison run SL-1. IAEA Lab., Seiberdorf, IAEA/RL/64

Iyengar GV, Bleise A, Smodis B, Parr RM, Glavic-Cindro D
(2003) The IAEA database of natural matrix reference materials.
International Atomic Energy Agency (IAEA)

Waheed S, Ahmad S, Rahman A, Qureshi IH (2001) J Radioanal
Nucl Chem 250/1:97

Amar B (2002) Phosphate fertilizer use and requirements in the
countries of near east and north western Africa. IMPHOS, World
Phosphate Institute Report

Altshuler ZS (1980) The geochemistry of trace elements in
marine phosphorites, Part 1, characteristics, abundances and
enrichments in marine phosphorites. Tulsa Oklahoma, Society of
Economic Paleontologist and Mineralogist Special Publication,
29, pp 19-30

Ogunleye PO, Mayaki MC, Amapu IY (2002) J Environ Radioact
62:39

Gulbrandsen RA (1966) Geochim Cosmochim Acta 30:769

@ Springer



	Measurement of rare earths elements in Kakul phosphorite deposits of Pakistan using instrumental neutron activation analysis
	Abstract
	Introduction
	Experimental
	Sample collection
	Target preparation and radioassay
	NAA instrumentation

	Results and discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


