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Abstract—Gamma and alpha spectrometry techniques were applied to determine the activity concentrations of
28U and 7*Th (Bq kg ") as well as the Z*U/**U and *°Th/**U isotopic ratios for commercial grade monazite
(purity ~50%) supplied from the Egypt nuclear materials authority. A method for total dissolution of monazite
followed by the sequential radiochemical separation using anion-exchange chromatography is presented. The
average activity concentrations of ***U and ***Th, measured by a-ray spectrometry, are 2.49 g kg ' (0.24 wt %)
and 30.09 g kg™ (3.1 wt %), respectively. The calculated ***U/**U and *°Th/**U isotopic ratios are close to
unity, suggesting closed system equilibrium. The possibility of using leaching of monazite with water at differ-
ent pH values for gaining information about the masses of uranium and thorium that pass into the solution and

remain fixed in the crystal lattice was examined.
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INTRODUCTION

Beach sand mineral is a term generally used to de-
fine beach deposits of zircon, ilmenite, granite, rutile,
and other accessory minerals. On the other hand,
monazite is one of the most important geological mate-
rials containing uranium and thorium, which are the
main elements used as nuclear fuel [1]. The separation
of the raw sands was done previously by the method of
specific gravity after removing the light sand with
clay. In recent years, heavy sand mineral concentrates
became a subject of active studies. The separation of
valuable heavy sand minerals into individuals is based
on particle size, electrical conductivity, and magnetic
susceptibility of heavy minerals [1]. Monazite is a
natural phosphate mineral containing several rare earth
and actinide elements, mainly thorium, cerium, and
lanthanum. All these metals are used in industry and
are considered valuable. Zircon and zircon sand are
also used in industry as fireproof materials, abrasives,
electronics, construction materials, and nuclear indus-
trial materials. However, high thorium and uranium
content of monazite may cause unexpected radiation
exposure of workers and members of the public [2]. In
the last decade monazite ore has attracted much atten-
tion from Egyptian research teams because of the high
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content of some valuable heavy metals and rare earth
elements, which can be used both in local industries
and scientific research.

Egyptian monazite ore was obtained by the Nuclear
Material Authority of Egypt from black beach sand of
Abou-Kashaba deposit near Rosetta, extending from
Rosetta to Rafah city through 400 km. Sroor [3] stud-
ied the activity concentration of natural radionuclides
in monazite samples and showed that the >**U content
varied from 53 to 61 kBq kg, #**Th content, from
205 to 232 kBq kg', and *K content, from 15 to
20 kBq kg [3]. EI-Afifi [4] shows that the average
activity concentrations of 2*U, #**Th, and *°K in Egyp-
tian black sand were 260 + 25, 410 £+ 43, and 330 +
30 Bq kg, respectively. The concentrations fluctuated
depending on the sampling site [3, 4].

In this study, the radionuclide concentrations were
determined in commercial-grade Egyptian monazite
samples (purity ~50%) separated from local beach near
Rosetta (Abou-Khashaba), Egypt. The y- and a-ray
spectrometric analyses were applied to determine
the *®U and **Th activity concentrations (Bq kg™).
The sequential radiochemical procedure for isotopic
analysis of uranium and thorium was applied to deter-
mine the Z**U/**U and *°Th/**U isotopic ratios.
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EXPERIMENTAL

Materials and chemicals. Four monazite ore sam-
ples were provided by the Egyptian Nuclear Material
Authority. Figure 1 shows the location of the main
black sand deposits. The extraction procedure, per-
formed according to [5, 6], is shown in Fig. 2.
The samples were ground, sieved to 200 mesh, and
prepared for analysis. DL-1a material (Canada Center
for Mineral and Energy Technology, Ottawa, Ontario)
was used in the study as a certified reference material
for uranium and thorium. All the chemicals and sol-
vents used were of analytical reagent and spectro-
scopic grade. Water was deionized and purified using
the Milli-Q system (resistivity 18.2 MQ cm). All labo-
ratory dishes (beakers, bottles) used in this study were
made of Teflon. Highly pure grade acids HCI, HNO;,
and HF and Dowex 1x4 ion exchange resin (Cl” form,
50-100 mesh, Fluka) were used. The chemical yield
was determined using *°U and ***Th tracers.

Chemical and petrographic analysis. Picked min-
eral grains representing different varieties of both
monazite and other minerals (impurities) were investi-
gated using a JXA-8600 scanning electron microscope
(SEM) equipped with an electron probe microanalyzer
(EPMA). The SEM energy-dispersive X-ray (EDAX)
analyses were made to determine and quantify the
chemical composition of the samples.

The petrographic study of the samples was aimed at
determining the mineral phases present in the sample
and was made using EPMA. The analyzed spots
mainly cover the core and rims of grains of monazite
and other impurities. These analyses were carried out
at the University of Helsinki, Finland.

v-Ray spectrometric analysis. A y-ray spectrome-
ter equipped with a hyperpure germanium (HP-Ge)
detector was used. The spectrometer consists of a de-
tector of vertical configuration mounted on a 30-L lig-
uid nitrogen Dewar tank for the temperature control of
the germanium crystal. Canberra DSA-1000 desktop
spectrum analyzer was used.

The spectrometer was energy calibrated using a
2By source. The efficiency calibration was done us-
ing multinuclide standard solution no. 7503 (Eckert &
Ziegler) containing *'°Pb, **'Am, '®Cd, ’Co, '**"Te,
SCr, 138n, %Sr, 7Cs, ¥Y, and “Co. The measuring
geometry used in this study was 15 mL of the sample
in a 20-mL Packard liquid scintillation polyethylene
vial. The HP-Ge detector had a relative efficiency of
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Fig. 2. Flowchart of minerals extraction process from black
sand [5, 6].

45% and full width at half-maximum (FWHM) of
1.95 keV for the ®*Co y-line at 1332 keV. The device
was operated with Canberra Genie 2000 software for
gamma acquisition and analysis.

The y-rays emitted naturally from monazite sam-
ples are mainly due to the daughters of ***U and ***Th
series. The energies are 62.9 and 92.8 keV for >**Th,
241.9 and 351.9 keV for *'*Pb, 609.3 and 2204.2 keV
for '*Bi (all **U series), 185.7 keV for **°U [7], and
270.2, 338.2, 911.2, and 968.9 keV for **Ac (*’Th
series).
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Fig. 3. Schematic diagram for sequential analysis of U/Th
isotopes in the sample.

In this study, ***U was identified by the y-ray peak
at 1001 keV for 2*"Pa. This line has low intensity but
is clearly manifested in the spectra. The ***Th identifi-
cation is based on the *®Ac y-ray peaks at 911.60,
964.60, and 969.11 keV. The activity concentration of
K was measured by its own y-line at 1460.8 keV [8,
9]. These peaks were selected to avoid interference
with other peaks in the y-ray spectra.

o-Ray spectrometric analysis. a-Ray spectrometry
was used for determining the concentrations of ura-
nium and thorium isotopes after sequential radiochemi-
cal separation. The spectrometers were equipped with
PIPS detectors of 450 mm?” area with the efficiency
ranging from 17 to 25%; the detectors were connected
to a computerized multichannel analyzer operating
with Maestro software (ORTEC). The samples were
measured for no less than 60000 s; the minimum de-
tectable activity (MDA) was 1 mBq. The technique is
described in detail in [10].

Sequential analysis for uranium/thorium iso-
topes. Decomposition of monazite ore. Concentrated
acids HNO;, HF, and HCI (4 mL each) were added to
50 mg of commercial grade monazite ore (purity 50%,

50-100 mesh). The tubes with the mixtures were put
into a Mars CEM microwave oven. The experiments
were performed at pressures of up to 160 psi and tem-
perature of up to 190°C. Model XP 1500 were used.
After the pressure reached less than 50 psi and the tem-
perature, less than 50°C, the samples were taken off
and evaporated to dryness. The residues were mixed
with concentrated perchloric and nitric acids and
evaporated to dryness; finally, the samples were dis-
solved in hydrochloric acid and filtered.

Radiochemical separation. The samples were
spiked with #*°U and **Th with the activities of 1.40
and 12.00 DPM g, respectively. The separation was
carried out using Dowex 1x4 anion exchange resin
(50-100 mesh). The sequential radiochemical separa-
tion of U/Th isotopes followed the diagram shown in
Fig. 3. The ion-exchange column is pretreated with
9 M HCI, and the sample solution is loaded into
the column. Uranium is retained on the resin, whereas
thorium passes through the column. Uranium is eluted
from the column with 0.1 M HCI; at this concentration,
the uranium chloride complexes are broken down.
The thorium-containing eluate is evaporated to dry-
ness, dissolved in 8 M HNQO;, and poured onto an an-
ion-exchange column in which thorium is retained
as a nitrate complex. The thorium fraction is then
eluted from the column with dilute HCL Finally,
the separated uranium and thorium are coprecipitated
with CeF;, and the precipitate is filtered off using a
0.1-um filter paper before counting using a-ray spec-
trometry. The procedure was studied and validated
previously [11, 12]. The analytical quality control
measurements were regularly performed through the
certified reference material (DL-1a) and blank analy-
ses. The results obtained are reported and evaluated
taking into consideration the counting statistics and
tracer activity error.

Monazite—-water interactions. Five steps were
considered in the sequential procedure to extract ura-
nium and thorium from monazite (leaching experi-
ments). The leaching experiment was applied because
the Rosetta area is located above the aquifer which
may be contaminated as a result of monazite—water
interactions. We studied the interaction of monazite
with water acidified with HCI to simulate seawater rich
in chloride ions [13]. The leaching solutions [tap
water, distilled water at pH 7, 6, and 4 to simulate acid
rains, and acidified water (1 M HCI)] were taken to
evaluate the masses of uranium and thorium isotopes
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that may be released from monazite into the environ-
ment.

The sample weight in leaching experiments was
5 g, and the volume of each leaching solution was
20 mL. The experiments were performed using centri-
fuge tubes with stirring overnight, and the solid and
liquid phases were separated by centrifugation and fil-
tration through a 0.45-um Millipore filter. The interac-
tion between monazite and leaching solutions was con-
tinuously monitored throughout the process. After each
leaching step, the solution was divided into two parts
to perform a-ray spectrometric and ICP-MS analyses.

RESULTS AND DISCUSSION

Chemical and petrographic analysis. The results
of preliminary analysis of monazite by energy-
dispersive spectrometry (EDS) supported with electron
microprobe are shown Fig. 4a for the uncoated grains
on carbon tape. They show slight charging. The back-
scattered electron (BSE) detector images of the grain
with high contrast settings reveals at least two major
phases (Fig. 4b): monazite (two bright grains) and zir-
con (two grains analyzed). The SEM images in combi-
nation with EDS spectra are shown in Figs. 5a and 5b
for monazite-Ce (test grain nos. 1 and 2) and in Figs.
5c and 5d for zircon (the test grain nos. 3 and 4). The
concentrations of zircon and monazite minerals in the
ore show wide spatial variations. The differences are
essentially due to paramagnetic character of the up-
stream rocks. The grains also differ in shape and size.
Zircon grains are elongated, whereas monazite grains
are well rounded (Fig. 5), in agreement with the previ-
ous data [14, 15]. Table 1 summarizes the elemental
composition and SEM/EDS spectra for the entire area
in the images shown in Fig. 5.

The quantitative analysis using both backscattered
electron images and electron probe microanalysis
(EPMA) shows that monazite is present in the cerium
form (monazite-Ce): The Ce content varied from 13.5
to 16.9% (Table 1). These results are in good agree-
ment with the previous data [16, 17]. Grain nos. 1 and
2 contain the following elements: O, F, Si, P, Ca, La,
Ce, Nd, Pb, Th, and U. The monazite samples are
richer in O, Ce, and P and leaner in Sm and Al. The
chemical analysis of the samples furnishes important
information about the distribution of U and Th in the
monazite samples without measuring isotopic ratios
[18]. The quantitative analysis using electron micro-
probe shows that the monazite ore is enriched in Th
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Fig. 4. (a) Secondary electron (SE) image of the uncoated
grains on carbon tape and (b) backscattered electron (BSE)
image of the grain mount with high contrast settings.

(5.02-5.19 wt %) rather than in U (1.02-1.24 wt %).
The quantitative elemental analysis for zircon grains
(nos. 3 and 4) showed high content of O (55.7—
56.2 wt %), Zr (30.87-32.30 wt %), and Si (11.25-
13.10 wt %) and lower content of Al (0.32-0.33 wt %).

Activity determination by gamma spectrometry.
The activity is calculated from the count rate for each
energy and the intensity of each line, considering the
sample mass, branching ratios of y-decay, counting
time, and detector efficiency. Table 2 presents the ac-
tivity concentrations for primordial radionuclides in
monazite. They range from 45.1 + 1.7 to 49.0 £ 2.2,
from 81.0 £ 1.7 to 87.5 £ 1.5, and from 9.29 + 0.08 to
10.6 = 1.1 Bq g for 2*U, **Th, and *’K, respectively.
The average activity concentrations are 46.9 + 1.8,
83.1 £ 1.5, and 10.0 + 0.7 Bq g ' for Z*U, ***Th, and
YK respectively. Comparison of the results obtained
with the results of previous studies (Table 3) shows
that the activity concentration sof ***U, #**Th, and *K
vary in a wide range depending on the origin of the ore

Table 1. Quantitative EPMA analysis (wt %) of monazite
and zircon grains

Monazite Zircon
element | grain1 | grain2 | element | grain3 | grain4
(0] 40.65 46.37 O 55.70 56.2
F 4.78 5.17 Al 0.33 0.25
Al 0.35 0.43 Si 13.10 11.25
Si 1.32 1.11 Zr 30.87 323
P 13.11 14.46
Ca 0.91 1.22
La 9.32 7.07
Ce 16.90 13.52
Nd 5.18 3.38
Sm 0.28 -
Pb 0.98 1.03
Th 5.19 5.02
U 1.02 1.24
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Fig. 5. SEM/EDS spectra for quantitative elemental analysis of the entire area in the images (a, b) for monazite grains (nos. 1 and 2)

and (c, d) for zircon grains (nos. 3 and 4).

and the chemical composition. The results show that
the monazite samples have relatively high activity con-
centrations of 2*U, and the radiological hazard for the
workers dealing with the monazite ore during the ex-
traction process should be taken into account. The ra-
diation protection regulations recommended by IAEA
and the national regulatory body should be applied [5].

Determination of U and Th isotopes by a-ray
spectrometry. The results are summarized in Table 4.
The #®U concentration ranges from 2000 + 76 to
2806 + 97 ppm with an average 2483 + 80 ppm, and
the 2*Th concentration ranges from 25523 + 828 to
34455 + 839 ppm with an average of 30989 =+
856 ppm. The average chemical recovery is about

Table 2. Activity concentrations of ***U, 2**Th and **K (Bq g ') in monazite samples, determined by y-ray spectrometry

Sample Py 2Th YK
Monazite 1 (41.88 g) 46.5+£ 1.6 81.4+1.0 9.29 + 0.08
Monazite 2 (41.57 g) 45.1+1.7 82.6+1.8 10.2+£0.6
Monazite 3 (41.50 g) 49.0+22 875+ 1.5 10.6 +1.1
Monazite 4 (41.51 g) 49.0+1.7 81.0+1.7 9.7+0.8
Average 469+ 1.8 83.1+1.5 10.0£0.7
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Table 3. Comparison between the activity concentrations of monazite (Bq kg ' monazite) with those found in similar studies

Country 2y 26Ra 2T YK References

Egypt 46890 + 1790 - 83130+ 1510 9950 £ 650 | This work
— 40580+ 1370| 182425+ 9870 11300+ 9570 [4]
Australia 6000-30000 - 40000-2 500000 - [19]
Belgium Around 1000 - 6000-10000 - [20]
Malaysia 1857 +9 - 10287 +9 - [21]
India 21500+ 270 - 305000 £ 2000 - [22]
Bangladesh (heavy fraction of black sand) - 2582 + 2050 4684 + 680 639 +21 [1]
UNSCEAR 2000 data 6000—40000 — 8000-300000 — [23]

Table 4. Uranium and thorium concentration and isotopic ratios in monazite ore (~50 g), determined by a-ray spectrometry

Sample no. 28U, ppm 2Th, ppm Bystu | BTAu

Monazite 1 2806 + 79 34455 + 839 0.95+£0.02 |1.20+0.06
Monazite 2 2000 + 76 25523 + 828 1.02+0.04 |0.94+0.06
Monazite 3 2643 + 85 32988 + 900 0.98+£0.03 |1.06+0.06
DL-1a, experimental values 113+2 73+£3 0.95+0.017 {1.08 + 0.03
DL-1a (certified values and 95% confidence intervals), wt % | 0.0116 + 0.0003 | 0.0076 + 0.0004
Table 5. 2**U and ***Th average concentration (ppb) in the liquid fractions after leaching 5 g of monazite ore

Extraction solution #¥U concentration *>Th concentration Sustu 2Th/AMU
Tap water 1.97+0.14 75+7 0.94+0.08 135+ 13
Water pH ~ 7 0.33+0.02 120+ 6 1.04+0.07 37+£3
Water pH ~ 6 0.64 + 0.05 31+3 0.57+0.05 9.6+1.2
Water pH ~ 4 609+1.8 148+ 6 1.07 £ 0.04 0.34+0.02
HCI (1 M) 99.8+24 4000 + 84 1.07 £0.03 4.38+0.16

80%. The activity concentrations in ppm were calcu-
lated using the following relationships [24]: 1 ppm
Th = 4.06 Bq kg *’Th; 1 ppm U = 12.35 Bq kg
238

U.

The calculated **U/**U isotopic ratios for all the
samples are close to unity, which corresponds to the
closed system equilibrium (Table 4). The *°Th/**U
ratios are slightly higher than unity for three samples.
So, the examined crystals show no evidence for selec-
tive dissolution of uranium or thorium. The ratios be-
low unity such as in sample no. 2 suggest some degree
of dissolution, limiting the U migration during the al-
teration of uranyl oxide hydrates [25].

The calculated *°Th/*?*U ratios may be used for
dating in the age range between 10000 and
20000 years; this time covers the most significant cli-
matic changes according to [26].

Monazite—water interaction. The overall measure-
ment results are summarized in Table 5. Uranium and
thorium are distributed in crystalline rocks in three
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main ways: (1) by direct cation substitution in the sili-
cate lattice of the major rock-forming minerals; (2) as
a minor or major component of accessory minerals
such as zircon, apatite, and monazite; and (3) by sorp-
tion in rock pores, i.e., in lattice defects, microfissures,
and grain boundaries [27].

Treatment with tap water removes the material
sorbed in rock pores, in lattice defects, and on crystal
grain boundaries [28]. The average concentration of
38U and **Th in the tap water as a leaching solution is
1.97 £0.14 and 75 = 7 ppb, respectively; these concen-
trations are attributed to rapid ion-exchange reactions.
The measured concentrations in water at pH 7, 6, and 4
were 0.33 + 0.02, 0.64 £ 0.05, and 60.9 = 1.8 ppb for
80U and 120 £ 6, 31 + 3, and 148 + 6 ppb for **°Th,
respectively. That is, the uranium and thorium concen-
trations in the leaching solutions increase with decreas-
ing pH, which can be attributed to the displacing effect
of H' ions.

The obtained large variations in the activity ratios
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from 0.57 + 0.05 to 1.07 = 0.04 for ***U/**U and from
0.34 £ 0.02 to 37 + 3 for “°Th/**U are in good agree-
ment with the data of Harmon and Rosholt [28], who
reported that the percentage of extracted Th was higher
than that of U, i.e., that the U/Th mass ratio was some-
what lower in sorbed phase than in bulk rock. During
the leaching process, recoil ***U may be released from
the samples due to the change in the electron shell con-
figuration caused by preceding decay process; it is
probably in the more soluble valence state +6 [29],
whereas **U in the sample phase, representing the
original uranium, can be assumed to be in the less
soluble valence state +4, like 2*°Th.

Regulatory aspects. The Egyptian Nuclear and
Radiological Regulatory Authority (ENRRA) continu-
ally develops regulations and guidelines in order to
ensure safe handling of naturally occurring radioactive
materials (NORM) according to law no. 7 of 2010 [30]
and its executive regulation of 2011 [31]. These legis-
lations do not provide details on the requirements and
criteria that should be taken by the owner; thus, IAEA
radiation protection regulations [32, 33] and WHO
guidelines [34] are applied.

CONCLUSION

The results obtained show that commercial-grade
Egyptian monazite of ~50% purity can be considered
as a source of 2**Th (Th content about 5 wt %). The
average >~ 'U/*U and Z°Th/**U isotopic ratios are
close to unity, which corresponds to the closed system
equilibrium. Sequential leaching technique gave in-
sight into the mechanisms controlling the distribution
of mobilized U and Th isotopes into the environment.
Construction of a suitable licensed location for the res-
ervation of the monazite ore to protect the public, envi-
ronment, and the workers from the potential exposure
and contamination hazards is recommended.
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