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Abstract: Consistent with best practices in uranium mining, the collection and use of site characterisation data are
indispensable to ensure compliance with regulations. To comply with this requirement, two samples from each of the 47
locations were collected in an area of about 1300 km® in the vicinity and concession area of the Mkuju River Project. The
samples were analysed for radioactivity using alpha spectrometry. The activity concentrations were used to estimate health
risks attributable to the consumption of drinking water containing radionuclides. The range of activity concentrations (mBgL™)
were much higher in groundwater collected from the concession area for 238U (79.89 to 87.06), *U (79.44 to 88.38), ***Ra
(41.61 to 59.07), ***Th (5.32 to 9.41), and ***Ra (3.98 to 8.59) than in groundwater for ***U (20.61 to 47.21), Z*U (21.70 to
49.10), ***Ra (16.80 to 43.45), ***Th (0.12 to 2.80), and ***Ra (0.10 to 2.43), and surface water for 2**U (17.33 to 27.24), ‘U
(21.06 to 34.43), ***Ra (15.00 to 25.61), ***Th (0.16 to 2.10), and ***Ra (0.12 to 1.99) collected in the vicinity of the project.
The calculated annual effective doses and carcinogenic risks resulting from the activity concentrations in drinking water were
relatively marginal, since the activity concentrations were lower than the WHO permissible limits for drinking water. These
findings suggest that the water resources at MRP are safe. Thus, since this study was conducted before mining activities, these
data can be used as a baseline for monitoring potential future water pollution around the Mkuju River Project.
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contribute to the activity concentrations in water bodies and
the associated risk to biological systems that are exposed to the
water [12-13]. Because removal of radionuclides from water
can have substantial cost implications, it is crucial to
distinguish between radionuclides of natural origin and those
arising as technological by-products.

To ensure that the radiological risks associated with increased
radioactivity in water caused by uranium mining are assessed
and that the risk is minimised according to international safety
standards [14-15], uranium-producing countries have enacted
regulations to address three key issues: (i) minimisation of
public concerns about potential water pollution during and after
the mining operations, (ii) effective intervention to restrict
discharge of radionuclides to ground or surface water, and (iii)
effective means to verify compliance with regulatory limits. In
line with the above initiatives, drinking water quality in

1. Introduction

The presence of radionuclides of natural origin in pristine
water is of little radiological concern to a local population
compared to the potential for anthropogenic radionuclide
concentrations added to water sources from sources such as
mineral extraction [1], emissions from the nuclear industry [2-
6], oil and natural gas production [7], combustion of coal and
other fuels [8], and use of phosphate fertilizer in farming [9-
11]. The most common radionuclides that result in increased
activity concentrations in water are those with high linear
energy transfer, which are alpha-emitting radionuclides from
the uranium (***U) and thorium (***Th) decay series. As a result
of their long half-lives and solubility in water, 238U, 234U, 28Rar
226Ra, 222Rn, mPo, and *’Th are the main radionuclides from
the 2*U and *’Th decay series, in addition to 235U, that
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Tanzania is regulated by TAEC [16] under the Atomic Energy
Act [17]. However, it is also recognised that effective
verification of compliance with regulations in the emerging
uranium mining industry requires establishment of baseline
radioactivity concentration data in water prior to commencement
of mining. Consistent with best practices, the collection,
availability, and use of site characterisation data in Tanzania is
indispensable to ensure the successful implementation of site
surveillance programs and remediation after cessation of
uranium mining operations. Therefore, this study was conducted
to establish a baseline of radiological data for water samples for
the Mkuju River Project (MRP).

2. Materials and Methods
2.1. Study Area

The MRP shown in Figure 1, is a large scale uranium
development project located in the Namtumbo district in the
Ruvuma region between latitudes 9° 59" 50" to 10° 07" 15" S
and longitudes 36° 30" 00" to 36° 37'55" E. This area hosts a
viable uranium deposit in sandstone of about 25,200 tU. The
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annual production is estimated to be 1,600 tU yr' at
maximum capacity over a minimum period of 12 years [18].
Because the uranium ore is present at shallow depths,
conventional open-pit methods utilising mid-size earth
moving equipment will be used. We have estimated the study
area to be about 1300 km® within the project’s perimeter
using AERMOD dispersion model, as described previously
[19]. The weather pattern that most likely influences
pollution of water in this area is characterised by two major
seasons. The first is a rainy season, which commences in
January and ends in April with an average rainfall of 70 mm
and temperatures ranging from 11 to 29°C. The second is a
dry season, which commences in May and ends in December
with temperatures ranging from 14 to 37°C. We used an
average wind speed of 6 ms”, with a maximum wind speed
of 13 ms™ to the northeast and north and a minimum wind
speed of 2 ms™ to the southwest and south, to demarcate the
study area. Since the MRP is located in a national park, the
water from this location is expected to represent naturally
occurring baseline radionuclide concentrations.

Figure 1. Map of Tanzania with the location of MRP (left) and sketch of sampling points for surface water and groundwater (right). The uranium ore deposits

are shaded in red, and the sampling points are indicated by green markers.

2.2. Sample Collection and Pre-treatment

Water samples were collected from seven rivers: Naruwale
(6 km), (Ligombe (11 km), Orogwe (15 km), Msawati (36
km), Mwili (50 km), Mtindiwale (46 km), and Nakatope (48
km). The distances of the river from the perimeter of the
MRP concession are given in brackets. These rivers flow
through the MRP concession and are used by villagers for
domestic consumption and fishing. In addition, groundwater
samples were collected from boreholes inside the concession
and offsite. To avoid the influence of the rainy season on
activity concentrations, a total of 94 water samples from 47
different locations summarized in Table 1 were collected
during the dry season between May and September 2014.
The samples were collected in one litre transparent

polyethylene bottles, which were thoroughly washed with
distilled water before transport to the sampling locations. In
order to ensure that the samples were kept free from cross-
contamination, the pre-cleaned sampling bottles and bailer
were thoroughly rinsed with water from the sampling source
prior to sample collection. Samples were collected from
below the water surface in order to collect representative
samples of the activity concentration in a river or a borehole.
At each sampling point, two one-litre samples were collected
in polyethylene bottles. To prevent bacterial activity and
adsorption of radionuclides onto the walls of the sample
container, samples were acidified with 2 mL of nitric acid to
pH < 2. The pre-treated samples were filtered (0.45um) to
remove particulates with the assumption that radionuclides



International Journal of Environmental Protection and Policy 2016; 4(5): 111-119 113

are dissolved and not in a particulate fraction [20]. The
filtrates were packed separately in plastic vials, sealed, and
labelled with sample date and location before being stored in
a cooler at a temperature of about 4°C. The samples were
then transferred to a refrigerator that was also 4°C until they

were transported to the analytical laboratory at the Nuclear
and Technological Institute (ITN) in Portugal. Each sampling
point was georeferenced using a Global Positioning System
(GPS) model Garmin 75™ [21] and recorded in a log book.

Table 1. GPS coordinates of 42 sampling locations for surface and groundwater in the vicinity and 5 locations in concession area.

Groundwater in the vicinity

Surface water in the vicinity

Ground water in the concession

Locations SN Northings Eastings Locations SN Northings Eastings Locations SN Northings Eastings
BH2B 2 3700232200 8890109 MRP8 2 3700239677 8887855 S1 2 3710237542 8888890
BH4A 2 3700230319 8882798 MRP13 2 3700232250 8890145 S2 2 2710235679 8887826
BH5A 2 3700233126 8885087 MRP14 2 3700233182 8885255 S3 2 2710234895 8884073
BH5B 2 3700233140 8885367 MRP15 2 3700236080 8881586 S4 2 2710237226 8885415
BH3 2 3700235989 8881609 MRP16 2 3700230489 8882699 S6 2 2710237217 8887638
BH30 2 3700239874 8887885 MRP23 2 3700228199 8889639
HDL2 2 3700239796 8887938 MRP24 2 3700240409 8891490
HDLS8 2 3700227608 8887464 SW1U 2 3700232976 8880136
HDL9 2 3700228956 8888266 SW1D 2 3700232976 8880139
HDL15 2 37L0239012 8892875 SW2U 2 3710229538 8877601
MB2 2 3710234000 8801002 SW2D 2 3700229512 8877624
MBL1 2 37L0234153 8889570 SW3U 2 3710227941 8874697
MBL2 2 3700240380 8888047 SW3D 2 3700227913 8875007
MBL3 2 3700235004 8888447 SW4U 2 3700223240 8867535
MBL4 2 3700237288 8892284 SW4D 2 3700213216 8867527
MBLS5 2 37L0240397 8891490 SWs5U 2 3710209629 8861303
MBL6 2 3700239012 8892878 SW5D 2 3700209618 8861304
MBL7 2 37L0236143 8891776 SWeU 2 37L0206213 8860975
MBLS 2 3700233602 8884984 SW6D 2 3700209213 8860986
GWS1 2 3700228061 8889395 SW7U 2 37L0207694 8860501
GWS2 2 3700228139 8889592 SW7D 2 37L0207700 8860559

*SN standard for the number of samples in each location

2.3. Radioactivity and Concentration Ratios

The analysis of the water samples was conducted
according to standards for low level alpha spectrometry [22].
The low background alpha spectrometer has a resolution of

20 keV (FWHM) and a 450 mm? silicon surface area detector.

Spectra were analysed with the OctetePlus[] software [23].
In accordance with this methodology, prior to analysis the
water samples were spiked with tracers of the analytes to
quantify the chemical yield fraction of the analyte. The
spiked sample was then evaporated to dryness to reduce the
volume [22, 24]. The residue was digested with nitric acid
and then passed through an anion exchange column with
hydrochloric acid to separate the radionuclides from
interfering elements, including those that would cause a
decreased yield and reduce the resolution of the alpha energy
peaks. Sources of extracted and purified uranium, radium,
and thorium were then electrodeposited onto clean stainless
steel discs in a Teflon™ cell with a platinum wire as an
anode for alpha counting under vacuum. To lessen the effect
of build-up of background activity by alpha recoil, the
detector-planchet distance was optimised and counted for
more than 12 hours. The spectra for each radionuclide (*** >
234U, 226Ra, 210Po, mTh, and 228Ra) in a sample was acquired
on a multichannel analyser (MCA). The peak counts
generated on the MCA were analysed using the EG&G Ortec
maestro emulation software incorporated with the detection
system. A qualitative and quantitative analysis of activity

concentration (SA; mBqL™) of radionuclides in the filtered
(0.45 um) surface and groundwater samples obtained offsite
and inside the MRP concession area were estimated
according to Equation 1.

G
e, M
In this equation, V and C; are volume of the sample and
counts of the i™ radionuclide in the sample, while 1 denotes
detection efficiency, t, the live time in seconds of the
collection, R; the chemical recovery, and F, the correction
factor for the radionuclide decay.

2.4. Quality Assurance

Laboratory quality control programmes were implemented to
ensure that the measurements provide accurate and reliable
results. The Nuclear and Technological Institute (ITN)
laboratory in Portugal has been participating in the various inter-
comparison Proficiency tests organised by the International
Atomic Energy Agency and the European Union [25-26]. An
overall accuracy of 5 to 10% was achieved between the
measured values and the recommended certified values.

2.5. Human Health Radiological Risk

It is estimated that about 10,000 villagers within the
Namtumbo district get their domestic water and consume fish
from water in the tributaries of Liwale and Mkuju Rivers that
flow through the concession area to their community. For this
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reason, water has been observed to be one of the main dietary
sources of exposure to population. Thus, it was important to
estimate the radiological risk associated with activity
concentrations in both surface and groundwater. The
estimation of radiological risk is based on two approaches:
calculations of annual effective dose (E) and carcinogenic risk
(R). The effective dose was calculated as shown in Equation 2
using specific activity SA; obtained in Equation 1 with *K
excluded (due to short biological half-life), a conversion factor
CF; (SvBq™) (2.8x107, 6.9x107, 4.9x10®, and 4.5x10° for
*°Ra, **Ra, **U, and **U, respectively), and a water
consumption rate (V) of 730 litres per year [27-28].

E =VWiSAiCF,. )

Lifetime carcinogenic risk was estimated using the specific
activity SA; from Equation 1; ingestion rate of radionuclide
in water (IRy); cancer slope factor (SF;) for a specific
radionuclide in water, which is a measure of the likelihood of
incremental cancer induction per unit exposure for that
radionuclide; exposure frequency in a year (EF); and
exposure duration over human lifetime (ED). The perceived
total carcinogenic risk (Ry) in Equation 3 was estimated by
summing the risks obtained for each of the radionuclides
found in water [29].

R, =IRy EF.EDY S4SF, 3)

=l

3. Results and Discussion
3.1. Activity and Concentration Ratios

3.1.1. Activity Concentrations in Water

Activity concentrations of radionuclides in surface and
groundwater samples collected in the vicinity of and within
the concession area of the MRP were obtained using
Equation 1. The activity concentrations of the ***U series
(***U, #*U, #°Th, and **Ra) are plotted in Figure 2 for each
sampling point for groundwater collected in the vicinity (A)
and from the concession area (B). Figure 3 is a plot of the
activity concentrations found in the surface water samples
collected in the vicinity of the MRP.
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Figure 2. Activity concentrations of 28y Py, P and **Ra in
groundwater samples collected from monitoring boreholes in the vicinity of
(4) and within the concession area (B) of the MRP.
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Figure 3. Activity concentrations of *U, U, #*’Th, and **Ra in surface
water samples collected in the vicinity of the MRP.

Similarly, the 22T, #*Ra, and *°U activity concentrations
were plotted in Figure 4 for groundwater in the vicinity of (A)
and within the concession area (B), and in Figure 5 for
surface water collected in the vicinity of the MRP.
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Figure 4. Activity concentrations of **U, **Th, and ***Ra in groundwater
samples collected from monitoring boreholes in the vicinity (A) and the
concession area of the MRP.
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Figure 5. Activity concentrations of ***U, **Th, and ***Ra in surface water
samples collected in the vicinity of the MRP.

Although **°Th is about 3 to 4 times more abundant in
nature than U [30], we found that the activity
concentrations of ***Th (as shown in Figures 4 and 5) were
lower than those for ***U (Figures 2 and 3). This is because
22Th is less soluble in water than 238U, and therefore less
2Th is released to water from rock. This observation
implies that the release of *’Th series from a uranium
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mineralised zone due to uranium mining activities will have
less of an impact on water pollution than **U. In
groundwater (Figure 2), the range of activity concentrations
(mBqL™") of **U from 20.61 to 47.21 with a mean of
2931+ 7.16 was comparable to the range of **U from
21.70 to 49.10 with a mean of 30.17 + 6.89. However, in
surface water (Figure 3), the range (mBqL™") of **U from
17.33 to 27.24 with a mean of 21.77 + 3.11 was much lower
than the range of >**U from 21.06 to 34.43 with a mean of
25.44+ 3.16 mBqL™. It is likely that this pattern occurred
because “*U and **U were in secular equilibrium in
groundwater and dis-equilibrium in surface water, as has
already been discussed in the literature [31-34]. In
groundwater (Figure 2), **°Ra was comparatively lower
than **U and **U, partly because **°Ra is less soluble in
water than 2**U and >**U and therefore less of it dissolves
into groundwater from rock. The activity concentrations of
%U and **U in surface water were slightly different
because of a lower residence time to set secular equilibrium
between ‘U and **U. Comparing the activity
concentrations in Figures 2 through 5, it is evisdent that
activity concentrations in water for different radionuclides
at Mkuju River are site-specific and were elevated in
groundwater samples collected from the concession area.
Figures 2-5 also show that the activity concentrations of
the investigated radionuclides from surface and groundwater
sources are comparable to values of radionuclides in drinking
water for different countries in the world and significantly
lower than the activity concentrations that would trigger a
recommended dose constraint of 0.1 mSv y™' [35]. Based on
the practical fact that mining pits are often filled with water
during mining operations, pumping of mine water to the
environment to dewater the mine may inevitably result to

enhanced concentrations of radionuclides in water in the area.

In order to recognise the radiological impact of such
discharges during routine uranium mining operations, the
current values could serve as reference of the quality of
drinking water in in the area during and after the mining
operations.

3.1.2. Activity Concentration Ratios

As described in the literature, isotopic concentrations of
daughters normalised to concentrations of their respective
parents e.g., ~°U and **Th, have been found to produce
ratios that indicate the intrusions of radionuclide pollutants
into local rivers [36-37]. Indeed, respective ratios of isotopes
from these parents are being used as isotopic fingerprints to
identify intrusion of water during and after anthropogenic
activities in the concession to water bodies in the surrounding
area.

As such, the activity concentrations obtained using
Equation 1 were used to establish ratios of **U/**U,
2°Ra/"U, and ***Th/**U, which are plotted in Figure 6 for
groundwater and Figure 7 for surface water collected in the
vicinity of the project. In cases where the concentration of
22ThH was below the detection limit, we used a value of one-
half of the minimum detection limit in the calculation of

activity ratio to avoid missing data points in the plots [38-39].
As shown in Figure 6, it is apparent that the activity ratios of
24U/ in groundwater, as expected, vary from unity at
equilibrium in four locations where water is almost stationary
(BH2B, BH3, HDLS, and HDL15) to a maximum value of
1.16 at location MBL8. A value greater than one for
groundwater is an indication that there is not equilibrium
between the daughter (*U) and parent (**U), and it is
plausible that water is not stationary. Similar analysis of
Figure 7 shows that surface water has a wider range of
P4U/78U activity ratios from 1.07 to 1.37. The activity ratio
is unity where water is almost stationary (MRP15) and is
greater than one for points where movement of water bodies
is moderate (MRP14, MRP16, MRP24, SW4U, and SW7D)
or substantial (SW3U, SW3D, and SW7U). Ratios of
#4U/7%U greater than unity indicate that ***U is more soluble
and preferentially transported by water in comparison to ***U,
as already reported elsewhere [40-41]. Since the
concentration of **U used to calculate the concentration
ratios **°Ra/*U and **U/**U for a location is common to
both, the observed difference in concentration ratio values
could simply reflect that the solubility of *°Ra is lower than
%U. The observed difference in the ratio of **Th/**U
compared to the other activity concentration ratios indicates
that *>Th is much less leachable into water than 234U, 238U, or
26p,
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Figure 6. 24ULBU, 2Ra”PU, and PThAPU activity concentration ratios

for groundwater in the vicinity of the MRP.
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Figure 7. **U/*U, Ra/*U, and *Th/**U activity concentration ratios
for surface water in the vicinity of the MRP.
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3.1.3. Prediction of Pollution Using Activity Concentration
Ratios

Our aim in conducting this work was to identify and
establish site-specific indicators that could be used to monitor
effluents containing radioactive materials from the
concession into water bodies in the vicinity of the MRP
during and after mining operations. Since uranium mining
has not yet begun, these indicators can serve as baseline data
for subsequent monitoring of pollution during and after
uranium mining activities. Because uranium mining will be
conducted in locations where there are high concentrations of
%0 and *’Th and their progenies, the desired indicators for
pollution during mining were tested by conducting the
theoretical exercise of taking a small amount of water (10 mL)
from location S1 in the concession area that has the highest
concentration of ***U and ***Th (Figure 2) and mixing this
with a substantial amount of surface and groundwater (1 L)
in the vicinity. In this test we calculated the activity
concentration ratios for **U/?U after mixing using the
activity concentrations (Ay) of radionuclides obtained from
Equation 4:

A

0.01
AN :AV = C max

1.01

“

Where: A, is the activity concentration of radionuclide
(mBqL™") in water in the vicinity of the project obtained
using Equation 1, Acn. is the activity concentration of
radionuclide (mBqL™) in water within the concession of the
project obtained using Equation 1, 0.01 L is a small volume
of water released from the concession area to mix with water
in the vicinity of the project and 1.01 L is the total volume of
water after mixing.

The **U/?"U activity concentration ratio in groundwater
in the vicinity of the MRP before the hypothetical discharge
of pollutant into water ranged from 0.91 to 1.16 with average
of 1.04+ 0.05, and after discharge of 10 mL of water from the
project, the activity concentration ratio ranged from 0.96 to
1.16 with average of 1.03+ 0.02. The activity concentration
ratio in surface water in the vicinity of the MRP before the
hypothetical discharge of pollutant into water ranged from
1.07 to 1.37 with average of 1.18+ 0.10, and after a discharge
of 10 mL of water from the project, the activity concentration
ratio ranged from 1.00 to 1.35 with average of 1.13+0.07.
Figures 8 and 9 show that the mean activity concentration
ratios for both ground and surface water before the
hypothetical mixing were higher than the concentration ratios
after mixing. After mixing, the variability of activity ratios is
less pronounced for groundwater (Figure 8) than for surface
water (Figure 9). As illustrated in Figure 8, for groundwater
the mean activity concentration decreased by 0.9% from
1.04+0.5 to 1.03+0.2, compared to surface water (Figure 9)
where the activity concentration ratio decreased by 4.2%
from 1.18+0.10 to 1.13+0.07. These deviations indicate that
the response of the activity concentration ratio to the mixing
of water is about four times higher for surface water than for
groundwater, which suggests that the activity concentration
ratio for surface water could be a better baseline reference for

subsequent monitoring of pollution during and after the
mining operation.
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Figure 8. U/*U activity concentration ratio for groundwater in the
vicinity of the MRP before and after discharge of 10 mL of water from the
concession.
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Figure 9. *U/U activity concentration ratio for surface water in the
vicinity of the MRP before and after discharge of 10 mL of water from the
concession.

3.2. Assessment of Human Health Radiological Risk

3.2.1. Annual Effective Dose

The annual effective dose (E) as an indicator of
radiological risk to adults via consumption of drinking water
was obtained using activity for the individual radionuclides
By, B4y, 25U, POTh, 2Ra, %P0, 2*Ra, and 22Th) and
conversion factors, as indicated in Equation 2. The annual
effective doses obtained for groundwater from different
locations in the vicinity (A) and within the concession area
(B) are presented in Figure 10, and the doses for surface
water are presented in Figure 11.

2 5 8
/a

Anned effective dose (pSvy')
-

sample Locations

Figure 10. Annual effective doses for adult population drinking groundwater
from different locations in the vicinity (4) and within the concession area (B)
of MRP.
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As shown in Figure 10, the annual effective dose from
exposure to groundwater collected in the vicinity of the
project (A) ranged from 7.99 to 27.86 uSv y”' with average
of 11.51+ 4.57 pSv y', and the annual effective dose from
exposure to groundwater from within the concession (B)
ranged from 29.34 to 36.20 uSv y' with average of 31.90+
2.60 uSv y™. It is evident that the maximum annual effective
dose for an adult drinking groundwater in the vicinity of the
project is approximately 75 percent of the dose from drinking
groundwater from the concession area. However, the
maximum annual effective dose in the concession area
(before mining the ore) is considerably lower than the
exposure limit of 1000 uSv y™ that is recommended for the
public [27]. Since these effective doses based on potential
exposure to drinking water were calculated before the
commencement of mining operations, they can be used as
baseline data in the assessment of water pollution during and
after the mining activities.
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Figure 11. Annual effective doses for adult population drinking surface
water from different locations in the vicinity of MRP.

As shown in Figure 11, the annual effective doses from
using surface water as drinking water from locations in the
vicinity of the project range from 7.89 to 10.64 uSv y', with
an average of 9.18 + 0.75 pSv y'. The highest annual
effective dose of ~11 uSv y' at location SW6D is
considerably lower than the recommended exposure limit for
the public of 1,000 uSv y' [27]. Based on these data, it is
evident that the radiological risk in terms of internal exposure
to people due to both natural surface and groundwater
resources in the concession and vicinity of MRP is extremely
low, with an overall internal dose that is only a small fraction
of the maximum recommended dose to an individual from
consumption of foodstuffs [42]. However, the dose from
ingestion of surface water in the vicinity is expected to
increase if radioactivity from the uranium deposit is released
through the mine drainage onto surface or groundwater
resources, and therefore there is a need for regulatory
surveillance of radionuclide releases and the associated
radiological risk.

3.2.2. Lifetime Carcinogenic Risks

The lifetime carcinogenic risks to members of the public
and workers as a result of consumption of water from offsite
and inside the MRP were estimated using Equation 3, and are

presented in Figure 12 for groundwater from different
locations in the vicinity (A) and within the concession area
(B) of MRP. In addition, the lifetime carcinogenic risks to the
public from exposure to surface water as drinking water in
the vicinity of the MRP are shown in Figure 13. Figure 12
shows that the range of carcinogenic risk attributable to
exposure to groundwater in the vicinity of the project (A)
ranges from 1.21 x 107 to 5.32 x 107 with an average of 2.82
x 107+ 8.25 x 10, which is relatively low in comparison to
the risk from the groundwater collected within the concession
area (B), which ranges from 6.83 x 107 to 8.62 x 107 with an
average of 7.67 x 107 + 8.13 x 10®. The carcinogenic risk
from ingestion of surface water from the vicinity of the
project (Figure 13) ranges from 2.15 x 107 to 3.11 x 10”7 with
average of 2.56 x 107 +2.72 x 10, which is the same order
of magnitude to the carcinogenic risks for exposure to
groundwater in the concession area and vicinity of the MRP.
However, the difference between the two risks is statistically
not significant (p<0.05).
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Figure 12. Lifetime carcinogenic risk for drinking groundwater from
different locations in the vicinity (4) and concession area (B) of the MRP.
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Figure 13. Lifetime carcinogenic risk for drinking surface water from
different locations in the vicinity of the MRP.

The assumed range of acceptable excess upper bound
lifetime risk of fatal cancers to an individual over 70 years is
between 10 to 10™ [29], so the lifetime cancer risks reported
in this study for surface and groundwater resources do not
exceed current lifetime “acceptable risk”. This indicates that
the probability of excess cancer mortality for an individual
who drinks only water from the current water resources
obtained offsite and inside the proposed MRP is minimal.

4. Conclusions

In this study we determined activity concentrations and the
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associated activity concentration ratios, and human health
radiological risks attributed to the consumption of drinking
water containing radionuclides. The activity concentrations in
water samples from the MRP concession area were found to be
higher in groundwater than in surface water. However, the
activity concentrations of the investigated radionuclides from
each of the water sources were significantly lower than the
concentration levels that would approach or exceed the
recommended maximum dose of 0.1 mSv y' [35]. The annual
effective doses and carcinogenic risks related to exposure to
water within and around the MRP were significantly below the
recommended limits [27]. Further analysis of activity
concentration ratios for 2*U/**U and **Ra/***U shows higher
values in the vicinity of the project than within the concession
area, and the **U/**U activity ratio demonstrates that this
particular ratio is a sensitive indicator for pollution in surface
water. Based on the assumption that the concession area is a
potential uranium mine, it would enhance the activity
concentration and risks levels in the vicinity of the mine when
uranium mining processes release radionuclides locked in the
deposit into surface or groundwater resources. Therefore
regulatory surveillance will be required to monitor discharge
into water bodies during and after the uranium mining
operations. These findings suggest that the activity
concentrations and activity ratios in surface water could be
used as baseline data for assessing potential future pollution
related to uranium mining at the MRP.
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