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Abstract

Stream sediments and groundwater samples were collected from the vicinity of El Allouga uranium mine in southwestern
Sinai and analyzed for their radionuclides to explore the geochemical dispersion and environmental impact. The radioactiv-
ity measurements were performed using y-ray spectrometry and UV-photometry. Most stream sediments samples have eU
concentrations more than the background level. The significant correlations between eU, clay, and organic matter contents
reflect possible adsorption of U to the surface of clay and organic matter. The high radionuclide concentrations in the stream
sediment are mainly due to contamination from the mining process, and, in some locations, due to rock outcrops weather-
ing. The measured concentrations of U in groundwater samples exceed the Maximum Contamination Level of groundwater
U (30 ppb). The lack of correspondence of U concentrations in the country rocks and associated groundwater indicates the
high mobility of U and reflects absence of a simple rock/water equilibration. Water resources in the study area have 2**U/**8U
activity ratios with obvious deviations from secular equilibrium. The U isotopic data support that uranium ore body could
be locally forming within the rock aquifer at El Allouga area. The calculated external hazard parameter values are higher
than the worldwide average in 30% of the studied stream sediment samples; this indicates that people who are exposed to
that level of radiation for a lifetime would have an elevated cancer risk. The Annual Effective Dose resulting from U activ-
ity concentrations in the studied drinking water is significantly higher than the recommended limit for children and adults.
Therefore, the available water resources in the study area are considered unsafe for human consumption.
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Introduction radioactive anomalies. Evaluation and mineral processing

activities were focused on the black sand deposits of the

To expand the energy resources, Egypt started to renew
its ambitious plan to build reactors to generate electricity.
Sixty-three years (1956-2019) of intensive uranium explo-
ration and exploitation led to the discovery of a number of
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northern Nile River delta as a non-conventional resource
for uranium and thorium, as well as uranium deposits in
Sinai and Eastern Desert regions (NEA 2004). Out of several
uranium-bearing mineralized zones, two uranium deposits
have been mined: Gabal Gattar postorogenic granites in the
Eastern Desert and the Paleozoic sedimentary rocks at Gabal
Allouga in southwestern Sinai. Most uranium occurrences in
Egypt have low-grade uranium ores which can be separated
by leaching techniques (Abdel-Monem et al. 1996; NEA
2014).

Uranium mining and milling (UMM) release considerable
amounts of natural radionuclides and toxic metals, originally
detained in the unexploited uranium deposits. Groundwater,
soil, stream sediments, and the atmosphere generally receive
contaminations from these harmful substances (Benes
1999; Hanfi 2019; Blake et al. 2020; Borges et al. 2021). In
addition to radiotoxicity, uranium, as a heavy metal has a
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fatal chemotoxicity. Humans’ exposure to uranium mainly
occurs via water drinking, food ingestion and inhalation
(Ma et al. 2020). The main chemical effect associated with
exposure to uranium and its compounds is kidney toxicity
(Craft et al. 2004). Nevertheless, a considerable amount of
uranium that enters the body gets distributed to different
organs where it can have long-term effects.

Uranium ore exploration and mining activities at El
Allouga area started in 1957. Currently, mining process
comprises both open-pit and underground operations, with
mineral processing carried out on the site. The ore is pro-
cessed by crushing, grinding, and leaching with sulphuric
acid, followed by ion-exchange process and then precipita-
tion of uranium using sodium hydroxide. A large quantity of
mine tailings in the form of slurry waste are placed in small
piles adjacent to the mine without engineered barriers. The
waste is represented mainly by fine-grained tailings left on
site (Harpy et al. 2019). Most of this waste and residues were
disposed in the near-surface impoundments in the surround-
ing area of the mines. During the processing, no safety meas-
ures were taken to assure the isolation of the tailings from
the environment. The major threat of these tailings is the
leaching of contaminants (e.g., radionuclides and heavy met-
als) into groundwater which is considered the main source of
drinking water in the area. Due to the mountainous topogra-
phy with steep slopes, the incidence of seasonal floods and
rainy episodes are common. These episodes largely affect
or even destroy some of the tailing’s piles. The inappropri-
ate management of the mining process in El Allouga have
caused a deleterious impact on the environment in the south-
eastern Sinai region, especially on the quality of the drinking
water and stream sediments (Aboelkhair and Rabei 2012;
Korany et al. 2013; El-Aassy et al. 2015).

Southeastern Sinai wadis are inhabited with indigenous
community who are principally affected by the mining oper-
ation. Uranium mining areas around the world also affected
indigenous people, including the tribal groups in Africa such
as Imouraren uranium mine in Niger, native Americans in
North America such as Ross-Adams mine in Alaska and
aborigines in Australia such as Ranger mine in the north-
ern territory and Olympic Dam mine in the south (Downing
et al. 2002; Blake et al. 2015; Hund et al. 2015; Lewis et al.
2017; Winde et al. 2017; Schultz 2021). Over the past few
years, several studies have been carried out in southwestern
Sinai to investigate the environmental impact of uranium
mineralization in the exposed rocks (EI Galy et al. 2008;
El Aassy et al. 2011; Abd El-Halim et al. 2017; Khattab
et al. 2017), surface deposits (Aboelkhair and Rabei 2012;
Korany et al. 2013), groundwater (El Aassy et al. 2015)
and to enforce a proper dose limitation system for workers
(Abdel-Monem et al. 1996). These studies provided valu-
able data about the environmental radioactivity situation in
southwestern Sinai. The shortcoming of these studies is that
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most of them were conducted dealing with small scale (sin-
gle wadi). The age-dependent dose assessment due to inges-
tion of uranium from the consumption of drinking water was
nonetheless not considered in any of the previous studies.
The present study aimed to investigate the 233U, 23U,
232Th, and *°K isotopic composition of stream sediments and
groundwater located nearby El Allouga mining area and to
identify the factors influencing the distribution of these radi-
onuclides, moreover, to quantify the long-term effects of the
current uranium mining activities in the area and assess the
potential external radiation exposure of humans and internal
dose assessment from the consumption of drinking water.

Materials and methods
Study area

The study area is located in southwestern Sinai about 40 km
east of Abu Zeneima town between longitude 33° 18-33°
26'E and latitude 28° 57" 30"-29° 5" N. This area is charac-
terized by the presence of many economic ore deposits espe-
cially cupper, manganese and uranium ores (Hussein et al.
1992). This study includes four main wadis (Wadi Nasieb,
Wadi El Seih, Wadi Baba, and Wadi El Sahu) (Fig. 1). These
wadis are inhabited by Bedouin communities that used natu-
ral materials and available resources in their living system.

Geology and mineralization

The area under consideration is covered by Precambrian
crystalline basement rocks which are non-conformably over-
lain by Paleozoic sedimentary rocks (Fig. 2) ranging in age
from Cambro-Ordovician to Carboniferous and achieve a
thickness ranging from 212 to 375 m (Abdel-Monem et al.
1996). The Precambrian rocks encompass gneisses, schists,
diorites, granodiorites, granitic bodies and migmatites. The
Paleozoic rocks comprise seven formations starting with
the Cambrian rocks Sarabit EI Khadem, Abu Hamata, and
Adediya Formations which are unconformably overlain by
the Um Bogma Formation (lower Carboniferous). The latter
is conformably overlain by El Hashash, Magharet El-Mayabh,
and Abu-Zarab Formations (Aboelkhair and Rabei 2012).

The Um Bogma Formation is the most significant among
the Paleozoic sedimentary rocks in southeastern Sinai since
it contains the Fe—Mn, Cu, and U mineralization (Hussein
et al. 1992). It is subdivided into three members Ras Samra
Member (lower shaly-ore Member), EI-Qor Member (mid-
dle marly dolostone-siltstone Member), and Um Shebba
Member (upper dolostone Member) (Kora et al. 1994). This
formation consists of many sedimentary facies: gibbsite-
bearing sediments, claystone, shale, ferruginous siltstone,
marl, dolostone, and Mn—Fe ore.
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Fig. 1 Map displaying the study area, stream sediments sampling locations (a), water sample locations (b), and digital elevation model (DEM)

of the study area (c)

The U-minerals are hosted in the dolostone, siltstone,
shale, and claystone especially in Ras Samra Member.
These minerals include U-oxides (Uraninite, Coffinite,
Brannerite), uranyl-oxyhydroxides (Clarkeite, Metacal-
ciouranoite, Liebigite), uranyl silicates (Uranophane,
Beta-Uranophane, Kasolite, Sklowdowskite, Boltwoodite,
Soddyite), phosphates (Autunite, Meta-Autunite, Sodium
Meta-autunite, Meta-torbernite, Bassetite, phurcalite,
Uranphite, Meta-uranocircite, Phosphuranylite, Renar-
dite), arsenates (Meta-zeunerite), vanadates (Carnotite,
Rb-Carnotite, Meta-tyuyamunite, Strelkinite), molybdates
(Moluranite, Sedovite, Umohoite), and sulfates (Zippeite,
K-Zippeite, Zn Zippeite, uranopilite) (Hussein et al. 1992;
Alshami 2018). These minerals association indicates for-
mation under oxidizing conditions with pH values range
(6-7.5) and a high evaporation rate (Alshami 2018). On
the other hand, many detrital and uranium-bearing miner-
als were identified such as xenotime, monazite, zircon,

atacamite, and jarosite (Hussein et al. 1992; Ramadan
et al. 2019).

Sampling and preparation

A total of 47 samples were collected from the study area.
They represent 30 stream sediments samples that were col-
lected from 4 wadis (Wadi Nasieb, Wadi El Seih, Wadi
Baba, and Wadi El Sahu) and 12 water samples from the
available water resources (10 groundwater and 2 surface
water samples) (Fig. 1). In addition, five samples were col-
lected representing the country rocks of some drilled wells
in the study area. The exact locations of the sample sites
(Longitudes and Latitudes) were recorded using Geographi-
cal Positioning System (GPS). The stream sediment samples
were collected by a clean stainless-steel shovel from one
joint sampling site of a 5 m? square. Samples are composed
of subsamples of approximately equal volume, taken at up
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Fig.2 Geologic map of Abu Zeneima area

to a 50 cm depth from each angle and from the center of this
square. They were packed in polyethylene bags, transferred
to the laboratory and stored at room temperature. On the
other hand, the water samples (2 L) were collected in pre-
cleaned polyethylene containers. On-site measurement of pH
was carried out at the site of sample collection following the
standard protocols and methods adopted by APHA (1995).

After removal of recognizable stones and roots, each sedi-
ment sample was dried at room temperature for about 1 week
to eliminate moisture. The air-dried soil sample was sieved
through a 2 mm sieve before analysis. The samples were
split into several parts for different laboratory investigations.

Physico-chemical and mineralogical characteristics

Organic matter contents were measured by loss on ignition
following the procedure adopted by Van Reeuwijk (2002).
Clay contents were measured and analyzed by the pipette
method (Ingram 1971). Heavy fractions were separated from
medium, fine, and very fine sand sizes of each sample using
the heavy liquid separation technique (Mange and Maurer
1992). Morphological and qualitative chemical composition
of selected mineral grains were performed using SEM and
EDX techniques available at the Nuclear Materials Authority
of Egypt [Model Phillips XL 30].

Chemical analysis
The collected groundwater samples were filtered through

0.45 pm pore-diameter filter paper. The gravimetric
method was used to determine TDS (APHA 1995). The
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concentrations of major ions were determined using Induc-
tively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) with ultrasonic Nebulizer (USN) (Perkin Elmer
Optima 3000, USA) available at the accredited (ISO/IEC
17,025) Central Laboratory for Environmental Quality Mon-
itoring, National Water Research Center.

Radioactivity measurements

The 233U, 2*2Th, and *° K contents of the stream sediment
samples were measured using a Sodium Iodide (Nal) detec-
tor. The detector is protected by a copper cylindrical protec-
tion (0.6 cm thickness) against induced X-ray and chamber
of lead bricks against the environmental radiations and cov-
ered by a lead shield (5 cm thickness). Energy calibration
of the detector was performed using standard point sources
(137Cs and 60Co). Sediment samples were dried, pulverized,
homogenized, weighted, and sieved (125 um mesh size).
The meshed samples were transformed into a Marinelli con-
tainer (100 ml) and sealed for a period of about 4 weeks
before analysis. This allows the in-growth of uranium and
thorium decay products to prevent the escape of radiogenic
gases 2>’Rn and **’Rn and allowed secular equilibrium
between 238U, 232Th, and their daughter products (Hamby
and Tynybekov 2000; Gad et al. 2019; Osman et al. 2022).
After attainment of secular equilibrium, each sample was
counted for 1000 s.

Uranium concentrations in groundwater samples were
measured using PC scanning spectrophotometer UV/VIS
double beam of the type LABOMED, INC (U.S.A.) avail-
able at Nuclear Materials Authority of Egypt. The energy
used is from 110 to 220 V and frequency from 50 to 60 Hz.
The sample solution (not more than 80 pg of uranium) was
placed in a 10 ml volumetric flask, 1.5 ml of arsenazo-III
solution was added and mixed well, 0.6 ml of bi-distilled
water, and 0.2 ml of NH,OH solution was added and shaken
for 3 min. 4 ml of Urea/HNOj; solution was then added and
the solution was made up to the mark by bi-distilled water.
After 5-10 min, the absorbance was measured at A max
655 nm, using a reagent blank solution as a reference.

To study the uranium series isotopic composition of
groundwater, a Hyper-pure Germanium (HPGe) detector
EG&G ortec Model GMX60P4 was used with a full width
at half maximum (FWHM) of 1.10 keV at the 5.9 keV
gamma transition of °Fe and 2.3 keV at the 1.33 MeV
gamma transition of ®*Co. The detector has a photo-peak
relative efficiency of about 60% of the ‘3 x 3’ Nal (T1) crys-
tal efficiency. The efficiency calibration was performed using
(RGU-1, RGTh-1 and RGK-1) reference materials obtained
from the International Atomic Energy Agency (IAEA). The
detector was shielded to reduce the gamma-ray background
by a lead cylinder with a fixed bottom and a movable cover
and mounted on a 30-1 liquid nitrogen Dewar. The software
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program MAESTRO-32 was used to accumulate and analyze
the data. 100 ml of each water sample was poured into a
Marinelli container and sealed for a period of about 4 weeks.
After that, samples were measured for 24 h counting time.
The 238U activity concentration was determined indirectly
from 2**Th and 234 ™Pa gamma rays at the energy of 63.3 and
1001 keV, respectively. The **U activity was determined
directly from its gamma rays at the energy of 53.2 keV.

Radiation hazard and dose assessment
External radiation hazard

The external radiation hazards susceptibility by wadis inhab-
itants due to the calculated activity concentrations of Ay,
Aqyp, and Ag in the collected stream sediment samples were
assessed by the calculation of the radium equivalent activ-
ity (Ra,), the absorbed dose rate (D), the external annual
effective dose (AED,,), and the excess lifetime cancer risk
(ELCR).

Dose assessment

To assess the radiological effect of the determined total
uranium concentrations in the groundwater samples, the
internal annual effective dose (AED;,) due to ingestion of U
from the consumption of water was calculated for different
age groups: infants of 1-3 years, children of 5-18 years and
adults above 18 years. The formulae used for calculating the
various external and internal parameters are summarized in
Table 1.

To specify and outline the research problems, procedures
and approach, a conceptual model is constructed as a guide
for the main steps in this study (Fig. 3).

Results and discussion
Radionuclides’ distribution in the stream sediments

The concentrations of the investigated natural radio-
nuclides and descriptive statistics of the four wadis are
reported in Table 2. eU concentrations range from 2 to
9 ppm, 2 to 4 ppm, 1 to 7 ppm, and 2 to 13 ppm, in Wadi
Nasieb, Wadi El Seih, Wadi Baba, and Wadi El Sahu,
respectively. eTh concentrations in Wadi Nasieb and El
Seih are very low. The measured eTh values in the sedi-
ments of these two wadis are UDL except sample no. 6 of
Wadi Nasieb (3 ppm eTh). In Wadi Baba eTh values range
from 1 to 5 ppm, while in Wadi El Sahu range from 10
to 16 ppm. On the other hand, *° K concentration ranges
from 0.19 to 0.9%, 0.56 to 1.04%, 0.02 to 0.58%, and 1.38
to 2.87%, in Wadi Nasieb, Wadi El Seih, Wadi Baba, and
Wadi El Sahu, respectively.

Normalized to the averages of earth’s crust (Taylor
1964), the obtained data revealed that most of the studied
sediments have uranium, thorium, and potassium concen-
trations more than these averages (2, 10, 1.8 ppm, respec-
tively; Taylor 1964) (Figs. 4, 5, 6).

Generally, the impact of mining process is reflected
in uranium concentrations of the stream sediments. The
results show that the sediments of the closest wadi to the
mining area namely, Wadi Nasieb has high contents of
uranium. In addition, the samples collected close to the
mining area in the different wadis show high uranium con-
tents. For example, sample number 6 in Wadi Nasieb has
the highest U content. In addition, sample 10 of Wadi Baba
is the closest sample to the mine and show the highest
uranium content in this wadi (Fig. 1, Table 2).

Table 1 Summary of the S/N Radiological parameters Units Formula

formulae used to calculate the

Eztz?rr(lial and internal radiation 1 Radium equivalent activity (Ra,) Bqkg™! Ra = Ay + L43Aq, + 0.077A,®
2 Absorbed dose rate (D) nGy h™! D = 0.462A + 0.604Aq, +0.0417A,®
3 External annual effective dose (AED,,) mSv yr~! AED,, =D x T x DCF x Fg, x 10-6®
4 Excess lifetime cancer risk (ELCR) - ELCR = AED x DL x RF®
5 Internal annual effective dose (AED;,) mSv yr~! AED;, = C; x WIx DCI x 1069

Ay, Ap, and Ag are the activity concentrations of uranium, thorium and potassium in the stream sedi-
ments (Bq kg™"), respectively. T is time being 8760 h y~!, DCF is external dose conversion factor (0.7
SvG y"l), F, is outdoor occupancy factors of 0.2 (UNSCEAR 2000). DL is duration of life (70 years) and
RF is external risk factor used for public by ICRP (1990) as 0.05 Sv~L. Cy; is the activity concentration of
uranium in water (Bq l_l), WI is annual intake of drinking water of 150, 350 and 750 L y‘l for infants,
children and adults, respectively (WHO 2011), DCI is uranium ingestion conversion factor of 1.2x 1078,
6.8x107% and 4.5x 107 Sv Bq~! for infants, children and adults, respectively (IAEA 1996)

“Beretka and Mathew (1985)
"UNSCEAR (2000)

“Taskin et al. (2009)

4ICRP (2012)
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Fig.3 A conceptual model representing research problems and main steps

Conversely, high concentrations of radionuclides are also
reported from the weathering of rock outcrops in Wadi El
Sahu. This wadi lies to the south of the mining area but is
topographically high and not receiving contamination from
the mining area. The elevated concentrations of U, Th, and
40K in the stream sediments of Wadi El Sahu may be attrib-
uted to the weathering of the nearby granitic rocks which
are considered the main source of radioactivity in the study
area. Such trends of these high radioactive concentrations
were also reported inextricably associated with granitic
exposures in Gabal El Seila area (Abdel-Razek et al. 2016),
Abu-Rusheid, Nugrus area, (El-kameesy et al. 2015), Gabal
Rei El-Garrah area, Eastern Desert (E1 Mezayen et al. 2017),
and in stream sediments around Sharm El-Sheikh, South
Sinai (Heikal et al. 2013; Al-Sharkawy et al. 2012).

In addition to the radionuclides contamination in the
studied stream sediments, heavy metals contamination was
also reported by Refaei et al. (2019). They reported high
concentrations of Cd, Co, Cu, Mn, Ni, Pb, V, and Zn in Wadi
Nasieb stream sediments. According to the same authors,
the concentrations of Cd, Cu, Mn, Ni, Pb, and Zn are above
phytotoxic limits in the sediments of Wadi Nasieb and its
surroundings.

eTh/eU ratio

eTh/eU ratio is indicative for the relative depletion or enrich-
ment of radionuclide (Orgiin et al. 2007). Uranium enrich-
ment can be indicated by the ratio decrease lower than 3,
while uranium leaching out can be indicated by its increase
above 3. In the study area, the average of eTh/eU ratio of
all wadis is less than Clark’s value of 3.5 which indicate
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enrichment of uranium in the sediments of the studied wadis.
In addition, the presence of some uranium and thorium min-
erals and/or U-Th-bearing minerals in the study area (autu-
nite, uranophane, beta-uranophane, uranium oxide, thorite,
thorianite, zircon, monazite, allanite, xenotime, and fergu-
sonite) contribute to the radioactivity of the stream sedi-
ments (Guagliardi et al. 2013; Abu-zeid et al. 2017; Rama-
dan et al. 2019). The bivariant plot (Fig. 7) between eU and
eTh of the stream sediments of Wadi El Sahu and Wadi Baba
showed a clear gap in eTh contents. The higher eTh contents
in Wadi El Sahu reflect additional contribution from Th-
bearing minerals from the nearby granitic exposures (Fig. 8).

Factors influencing radionuclides’ distribution
in the stream sediments

The distribution of radionuclides (U, Th, and “°K) depends
mainly on the mechanical and chemical weathering.
Mechanical weathering plays an important role in the dis-
tribution of Th and “°K, while U is strongly released during
intensive chemical weathering under humid climate (Abu-
zeid et al. 2017). Throughout the chemical weathering
processes, the amounts of thorium and potassium released
are fairly small whereas, the leaching of uranium being the
dominant feature (Ion 2017). This is achieved in Wadi El
Sahu where the effect of mechanical weathering overcomes
the geochemical decomposition on the distribution of these
elements (Figs. 4, 5, 6).

Statistically, bivariate X—Y scatter plots were constructed
between different variables including eU, eTh, 40K clay
%, and organic matter contents (OM %) to investigate the
possible sources of radionuclides in the studied sediments
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Table 2 Concentrations of radioelements in the studied stream sediments and the calculated values of the external radiological hazard param-

eters

S.N. Clay OM eU eTh 40K eTh/eU  Ra,, D, AED,, ELCRXx10-3
% % ppm Bqkg—-1 ppm Bqkg-1 % Bq kg—1
Wadi Nasieb
1 0.50 220 UDL UDL UDL UDL UDL UDL - 0.00 0.00 0.000  0.000
2 0.00 280 2.00 24.80 UDL UDL UDL UDL - 2480 11.46 0.014  0.098
3 0.00 3.50 5.00 62.00 UDL UDL UDL UDL - 62.00 28.64 0.035 0.246
4 345 170 4.00 49.60 UDL UDL UDL UDL - 49.60 2292 0.028 0.197
5 0.00 3.00 2.00 24.80 UDL UDL 0.60 187.80 - 39.26  19.29 0.024  0.166
6 343 411 9.00 111.60 3.00 12.18 0.19 59.47 0.33 133.60  61.40 0.075 0.527
Wadi EI Seih
7 300 320 UDL UDL UDL UDL 0.87 27231 - 2097 1136 0.014  0.097
8 230 190 4.00 49.60 UDL UDL 0.56 175.28 - 63.10 30.22 0.037  0.259
9 0.70 350 2.00 24.80 UDL UDL 1.04 325.52 - 49.87 25.03 0.031 0.215
Wadi Baba
10 273 250 7.00 86.80 UDL UDL UDL UDL - 86.80 40.10 0.049  0.344
11 450 4.80 2.00 24.80 2.00 8.12 0.32  100.16 1.00 4412 2054 0.025 0.176
12 0.81 270 3.00 37.20 2.00 8.12 UDL UDL 0.67 48.81 22.09 0.027  0.190
13 0.00 270 3.00 37.20 2.00 8.12 0.02 6.26 0.67 4929 2235 0.027 0.192
14 230 1.00 4.00 49.60 3.00 12.18 UDL UDL 0.75 67.02 30.27 0.037  0.260
15 250 260 3.00 37.20 4.00 16.24 0.25 78.25 1.33 66.45 30.26 0.037  0.260
16 232 170 3.00 37.20 4.00 16.24 0.32  100.16 1.33 68.14  31.17 0.038  0.268
17 340 420 3.00 37.20 4.00 16.24 0.26 81.38 1.33 66.69 30.39 0.037 0.261
18 0.00 290 5.00 62.00 4.00 16.24 0.17 53.21 0.80 89.32  40.67 0.050  0.349
19 363 270 3.00 37.20 4.00 16.24 0.04 12.52 1.33 61.39 2752 0.034  0.236
20 250 0.70 2.00 24.80 1.00 4.06 UDL UDL 0.50 30.61 1391 0.017 0.119
21 3.00 220 1.00 1240 2.00 8.12 0.58 181.54 2.00 3799 1820 0.022  0.156
22 0.84 0.02 3.00 37.20 5.00 20.30 0.18 56.34 1.67 70.57 31.80 0.039 0.273
Wadi El Sahu
23 1.85 0.02 4.00 49.60 16.00 64.96 1.81 566.53 4.00 186.12  85.78 0.105 0.736
24 1.64 2.10 4.00 49.60 13.00 52.78 2.87 898.31 3.25 19425 9225 0.113  0.792
25 376 2.60 4.00 49.60 14.00 56.84 2.84 888.92 3.50 199.33 9431 0.116  0.810
26 1.60 190 5.00 62.00 13.00 52.78 2.39 748.07 2.60 195.08 91.72 0.112  0.787
27 1.07 070 2.00 24.80 12.00 48.72 1.38 431.94 6.00 127.73 5890 0.072  0.506
28 2.00 210 200 24.80 15.00 60.90 1.94 607.22 7.50 158.64  73.56 0.090 0.632
29 535 9770 13.00 161.20 10.00 40.60 1.62  507.06 0.77 258.30 120.14 0.147 1.031
30 380 420 4.85 60.14 15.66 63.58 2.76  863.88 3.23 217.58 102.21 0.125 0.877
Min 0.00 0.02 1.00 12.40 1.00  4.06 0.02 6.26 0.33 0.00 0.00 0.000  0.000
Median 230 260 3.00 37.20 400 16.24 0.59 184.67 1.33 66.57 30.27 0.037  0.260
Max 535 970 13.00 161.20 16.00 64.96 2.87 898.31 7.50 258.30 120.14 0.147 1.031
Mean 210 2.67 389 4821 7.08 28.74 1.05 327.37 2.12 92.25 4295 0.053 0.369
Std. deviation 148 1.77 245 30.41 544  22.09 0.99 308.63 1.89 68.24 3194 0.039 0.274

UDL under detection limit

(Fig. 9). These plots have decisively showed that eU is
positively correlated with clay % (R=0.493) and OM %
(R=0.678) reflecting adsorption of uranium to the surface of
clay minerals and organic matter. On the other hand, the cor-
responding correlations with ¢Th and *°K are insignificant

indicating a minor role of clay and OM % in the distribution
of these two radionuclides.

Uranium also precipitated as uranyl minerals on the sur-
face of iron oxides. The U-FeO association is observed in
the source rocks of Um Bogma Formation at Um Hamd
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Fig.5 Boxplot of the eTh concentrations in the studied stream sedi-
ments

locality (Fig. 10). BSE image and EDX pattern (Fig. 8a)
show autunite precipitation on colloidal iron oxides.

Distribution of uranium in groundwater

Uranium concentrations, pH, TDS, major ion concentrations
and 2>*U/*8U activity ratios in the studied water samples
are shown in Table 3. The concentrations of uranium in the
water samples range from 90 to 1130 ppb with an average
value of 517.5 ppb. Spatial distribution map of U concen-
tration (Fig. 11) revealed that the highest U concentration
is found at Wadi Baba in the surface water samples 11 and
12 (600, 1130 ppb, respectively). These high concentra-
tions are most probably due to the evaporation effect. The
obtained data revealed that all samples are found to exceed
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Fig.7 eTh enrichment in Wadi El Sahu stream sediments. A probable
indication for additional Th-bearing minerals in Wadi El Sahu stream
sediments from the nearby granitic exposures

the Maximum Contamination Level (MCL) of groundwater
uranium (30 ppb) according to (WHO 2011) (Fig. 12). Not
only groundwater uranium from the study area is of high
concentration, but heavy metals such as Cd and Pb con-
centrations were reported to be higher than the permissible
limit in the water wells from Wadi El Sahu (Hassan et al.
2015). As a consequence, and from the environmental point
of view, the available water resources in the study area are
considered unsafe for human consumption and irrigation.

Factors influencing uranium distribution
in groundwater

Eh and pH are two main factors affect the type of uranium
complexes in groundwater (Langmuir 1978). U in the weath-
ering profile is much more soluble and mobile in oxic natural
waters. The groundwater from the study area is oxygenated
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Fig.8 BSE images and EDX patterns of: a encrustation of autunite
on colloidal iron oxide mineral grain, b allanite grain with surface
roughness due to weathering, ¢ prismatic zircon grain, d minute
inclusions of monazite in unidentified silicate mineral

and has pH ranges from 7.9 to 8.2. Therefore, U probably
exists in the form of soluble uranyl hydroxides or uranyl
bicarbonate complexes (Suzuki and Banfield 1999; Lima
et al. 2005).

The correlation matrix between uranium and major ions
of the studied groundwater is shown in Table 4. Strong

positive correlations are observed between uranium and all
major ions. This indicates that the uranium concentration in
groundwater increases with increasing its salinity and TDS
contents (Fig. 13). Such trend of uranium may be attributed
to uranium speciation and adsorption/desorption reactions.
Adsorption of uranium can be decreased by coexisting cati-
ons due to competition for adsorption sites of the grain sur-
face of minerals (Sturchio et al. 2001). Consequently, the
distribution of uranium in the studied groundwater is largely
dependent on the high solubility and mobility of this element
and on the salinity of the groundwater.

The general lack of correspondence of uranium concen-
trations in the groundwater and country rocks (Fig. 14) indi-
cates that the high concentrations of uranium in the ground-
water are not mainly due to leaching from the nearby country
rocks and suggests that the distribution of uranium in these
aquifers has multi-sources due to the high mobility of this
element.

Fractionation mechanisms in the 224U/?38U system

The uranium activity ratio (>**U/**¥U) has proven to be an
influential means in the interpretation of groundwater flow
and aquifer interactions (Osmond and Cowart 1992). The
activity ratios of uranium isotopes remain constant unless
there is a fractionation of isotopes due to natural or anthro-
pogenic activities and this disequilibrium of the 2**U/**¥U
isotopic ratio in natural waters has been used as a natural
tracer tool to identify the uranium source and explore ura-
nium ore deposits (Karpas et al. 2005; El Aassy et al. 2015).
In the study area, both surface and subsurface waters have
234U/238U activity ratios with obvious deviations from secu-
lar equilibrium. The activity ratio ranges from 3.34 to 14
with an average of 5.62, but the average value is biased by
the very high activity ratio of sample number 5 from El
Allouga drilled well. The majority of the 2**U/*%U activity
ratios lie between 3.34 and 5.91 (Table 3; Fig. 15).

The resulting combination of uranium concentration and
activity is often a stable fingerprint of water masses and
can be used to recognize mixing groundwater sources. If
the activity ratio of the dissolved U of a suite of samples
in many aquifers is plotted against the reciprocal of U con-
centration, mixing relations plot as straight lines. The plot
of activity ratios vs. reciprocal of U concentration of the
studied groundwater (Osmond and Cowart 1992) shows a
considerable spread of data and reflects no mixing relations
(Fig. 16).

The very high 2**U/?*8U activity ratio = 14 (Table 3) in
the studied groundwater is observed at El Allouga drilled
well (sample 5, located at the uranium mining area). This
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Fig. 10 Field photograph showing uranyl minerals adsorbed on dark
brown iron oxides in siltstone, Um Bogma Formation

extreme fractionation in uranium isotopes is attributed to
excess 22U alpha-recoil to groundwater as a result of >*U
decay in a uranium ore body. 238U decays by emission of an
alpha particle to **Th. A recoil energy is imparted to the
resulting daughter thorium atom that may propel it distances
on order of several angstroms through the mineral matrix
(Kigoshi 1971). Since uranium concentrations in rocks
generally exceeds groundwater concentrations by several
orders of magnitude, recoil of 2**Th (which later decay to
234U) from aquifer host rock to uranium poor groundwater
is strongly favored (Osmond and Cowart 1976). This signi-
fies that the relatively deep groundwater at El Allouga is
being strongly depleted in >**U while concomitantly being
highly enriched in the ***U isotope. It is most likely that U
ore body could locally be forming within rock aquifer at
El Allouga area. Such high uranium concentrations on rock
surfaces would provide sources for recoil 2**U (Kronfeld
1974; Osmond and Cowart 1976; Andrews and Kay 1982).
The highest activity ratio subsequently depends upon the
prolonged residence time of the groundwater in the urani-
ferous zone of the aquifer and reflects uranium deposition
from water. Conversely, if leaching and mobility of 2**U into
the groundwater occurs this would result in decreasing the
234U/238U activity ratio of this water.

Radiation hazard and dose assessment

As shown in Table 2, the observed maximum value of
Ra, in the studied stream sediments is 258.30 Bq kg™!,
which is lower than the safe maximum value (370 Bq kg™';
UNSCEAR 2000). The calculated outdoor D.,, AED,,
and ELCR values range from 0.00 to 120.14 nGy h~!
(mean 42.95 nGy h™"), 0.00 to 0.147 mSv year‘1 (mean
0.053 mSv year™!) and 0.00x 107> to 0.031 x 10~ (mean
0.369 x 107), respectively. These values are higher than
the worldwide averages (57 nGy h™!, 0.07 mSv year™' and
0.29x 1073, respectively; UNSCEAR 2000; UNSCEAR

2008; Taskin et al. 2009) in 30% of the studied stream sedi-
ment samples. This indicates that people who are receiving
this exposure for a lifetime would have an elevated risk of
cancer.

The calculated AED;, due to consumption of the studied
water samples ranges from 0.004 to 0.0.050, 0.052 to 0.659,
and 0.074 to 0.934 mSv year‘l, for infants, children, and
adults, respectively (Table 3). It is evident that the AED
resulting from U activity concentration in the studied drink-
ing water was significantly higher than the recommended
limit of 0.1 mSv year™' (WHO 2011) for children and adults.

Conclusions

In the present study, the geochemical dispersion of radio-
nuclides and their environmental impact in the vicinity of
El Allouga uranium mine in southwestern Sinai were inves-
tigated. Generally, the following major conclusions can be
obtained:

(1) Most of the studied stream sediments have eU concen-
tration more than the uranium average of the earth’s
crust (2 ppm).

(2) eU is positively correlated with clay contents and
organic matter contents. These correlations apparently
reflect the adsorption of uranium to the surface of clay
minerals and organic matter.

(3) The high concentrations of eU in some samples are
mineralogically related to the presence of autunite,
allanite, and xenotime.

(4) The high eU concentrations in the stream sediment
samples located close to the mining area indicate a
contamination from the mining process, whereas the
weathering of rock outcrops in Wadi El Sahu contrib-
utes significantly to the radionuclide contents of the
steam sediments

(5) The remarkable high concentrations of eTh in Wadi
El Sahu stream sediments indicate derivation from the
nearby granitic rocks. These high concentrations are
mineralogically related to the existence of Th-bearing
minerals in the concerned sediments.

(6) The concentrations of uranium in the groundwater
of the study area are found to exceed the MCL of
groundwater uranium.

(7) The general lack of correspondence of uranium con-
centrations in the groundwater and country rocks
indicates that there does not exist a simple rock/water
equilibration. This reflects that the high concentration
of uranium in the groundwater of the study area is not
mainly due to leaching from the nearby country rocks
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Fig. 11 Spatial distribution of U in the groundwater from studied wadis

and suggests that uranium in these aquifers has multi- most likely that U ore body could locally be forming

sources due to its high mobility. within rock aquifer at El Allouga area, as evidenced
(8) Water samples have *U/>38U activity ratios with by the very high 2*U/*U activity ratio.

obvious deviations from secular equilibrium. It is (9) The calculated external hazard parameter values are

higher than the worldwide average in 30% of the
studied stream sediment samples. This indicates that
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Fig. 12 Distribution of dissolved uranium in surface and groundwater
from the study area
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Table 4 Corr§lation matr.ix U DS
between uranium and major

Na* K* Ca?* Mg*  CI” SO, HCO,”

ions in the water samples U 1 786"

TDS 1
Nat

Ca2+
M g2+
cIr-
S0,~2
HCO,~

ok ok ok

788" 845™ 797 571 783 737
991" 969™ 988" .842™ 991" 989" 628

*

1 970 .994™ 890" 1.000”™ 993 695"
1 986 812" 969" 984™ 739"
1 881" 994" 999 698"
1 891" 880" 624"
1 993 689"
1 679"
1

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level

(2-tailed)
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