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1-Introduction

Groundwater is an essential source of drinking water in many parts of the world (Jousma and Roelofsen, 2004),
and contamination in groundwater of alluvial aquifers have been creating severe health problems for millions of
people worldwide (Oremland and Stolz, 2005). Geogenic contamination of groundwater in geothermal areas
might emanate from water-rock interaction processes and or mixing of high salinity geothermal groundwater
with a cold aquifer (Lopez et al., 2012; Mahanta et al., 2015). Uranium is a harmful component to human health
due to its chemical toxicity, even though the specific radioactivity of natural uranium is extremely low. Chronic
exposure to uranium occurs predominantly via ingestion of food and water and results in kidney disease and
potential toxicity in bones (Brugge and Buchner, 2011; Kurttio et al., 2005; Zamora et al., 1998). Naturally
occurring uranium components exist in groundwater through the dissolution of the uranium-bearing minerals.
For example, insoluble uraninite is readily oxidized through water-rock interactions to soluble uranyl ions,
which transport in the form of chemical complexes with carbonate, phosphate, and sulfate ions (Langmuir,
1978; Murphy and Shock, 1999; Wanty and Schoen, 1992). The concentration of uranium in groundwater is
usually in the range 0.1-50 pg/L and about 0.9-1.7 mg/kg in the Earth’s crust (Kabata-Pendias and Mukherijee,
2007). The uranium solubility in groundwater is predominantly controlled by oxidation-reduction potential, pH,
and dissolved carbonate (Murphy and Shock, 1999; Smedley et al., 2006). Studies done in the past decade by
the World Health Organization (WHO) and the US Environmental Protection Agency (EPA) have, over time,
suggested safety levels for drinking water with limits ranging between 10 and 30 pg/L, the latter being the
current value recommended by the WHO (2011). Tahlab aquifer is located in the east of Taftan Geothermal
field, southeast of Iran. In the study area, western tributaries of the Gazu river drain through the eastern slope of
the Taftan volcano. All fluvial channels flow through the Taftan volcanic rocks, composed of pyroclastic,
epiclastic, porphyry andesite, dacite, and rhyolite lava flows, along with sandstone, conglomerate, and shale
units (Eftekharnezhad et al., 1977). Tahlab aquifer is one of the primary sources for supplying drinking and
agriculture usages in the area. This study aims to assess hydrogeochemical characteristics, contamination, health
risk assessment, and source apportionment of uranium in the Tahlab groundwater.

2- Material and methods

Water samples were collected from 16 wells in the Tahlab aquifer. The physicochemical parameters, such as
TDS, pH, and electrical conductivity (EC), were measured using calibrated portable instruments. Uranium, Si,
V, Fe, Ca, Mg, Na, and ICP-MS & OES analyzed in Zar-Azma Lab. The uncertainties are +5% for ICP-MS &
ICP-OEC. For geochemical modeling, PHREEQC Version 2 (Parkhurst and Appelo, 1999) was used to
calculate saturation indices (SIs) concerning aqueous species’ main mineral phases and activities. Principal
component analysis (PCA) was performed to determine selected elements’ sources (Kortatsi et al., 2009; Shakeri
et al., 2015). Factor loadings of >0.71 are typically regarded as excellent and <0.32 very poor for interpretation
(Nowak 1998; Garcia et al., 2004). In this research, the hazard quotient (HQ) and non-carcinogenic health
effects are used to assess the public health risk of exposure to uranium through drinking water (US EPA, 2005;
2009).
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3- Results and discussion

Plotting the groundwater samples on the piper diagram shows that most of the hydrochemical facies in the study
area fall in the field of Na*- SO4*- CI - type indicating a similar origin for all groundwater samples. The high
mean concentrations of SO,* and CI- along with lower concentrations of HCO5™ suggest a deep circulation and
mixing of the geothermal water with Tahlab groundwater (Shakeri et al., 2015). Bivariate mixing plot of Na-
normalized Ca vs. Na-normalized HCOs,, examine the relative contribution of three major weathering
mechanisms (silicate, carbonate, and evaporate) to solute concentration in groundwater (Halim et al., 2010;
Mukherjee et al., 2012). This plot shows that carbonate and evaporates dissolution in groundwater are absent in
the study area. Silicate weathering identified as the primary process controlling the groundwater solute content,
i.e., the typical processes occurring in a hydrothermal environment. Our hypothesis is consistent with the data
distribution on the Ca vs. Sr diagram. The results of saturation index (SI) show that the Tahlab aquifer
groundwater samples are oversaturated to quartz, chalcedony, hematite, uraninite (68.75% of samples), caffinite
(43.75), and U4Oq (31.25%). The principal component analysis was applied to reveal data structure, which helps
find the relationship between sampling sites and elements. The PCA results represent three factors retained in
the analysis and account for 82.92% of the water samples' variance. The principal component analysis identified
that geogenic sources (hydrothermal addition) are more responsible for controlling the variability of
physicochemical parameters and selected trace elements in the Tahlab (Shakeri et al., 2008, 2015; Ghoreyshinia
et al., 2020). High positive factor loading of U, V, HCOs, and Si suggests that Si-bearing minerals control the U
concentration. The health risk from Tahlab groundwater consumption was assessed about its chronic (non-
carcinogenic) effects, based on the calculation of the hazard quotient (HQ) for uranium (US EPA, 2005, 2009).
If HQ's value exceeds 1, there is an unacceptable risk of adverse non-carcinogenic effects on health, while if the
HQ is less than 1, it is at an acceptable level (USEPA, 2005). The results of hazard quotient (HQ) for adults
were higher than one in the 81.25% of the groundwater samples. Health risk assessment of U based on the non-
carcinogenic effects for children was higher than the acceptable level, although the concentration of U in the
groundwater was lower than the groundwater drinking standard, indicating that this area's groundwater may not
be safe for drinking purposes.

4-Conclusion

This study was conducted to evaluate the source, contamination, and risk assessment of uranium in Tahlab
groundwater in the east of Taftan geothermal field and west bank of Talkhab River near the Iran-Pakistan
border. The investigated groundwater samples' chemical signature suggests that they are mostly affected by a
hydrothermal source related to deep circulation waters from Taftan volcano (Shakeri et al., 2008, 2015;
Ghoreyshinia et al., 2020). The high concentration of sulfate and chloride ions in the groundwater, absence of
evaporating formation in the study area, quartz, chalcedony, hematite, uraninite, caffinite and U4Og super-
saturation indicate more influences of SO4-Cl hydrothermal waters in the chemistry of Tahlab aquifer. The
results of health risk assessment for U and the relatively high concentration of U, Si, SO4, and Cl, deriving from
the addition of hydrothermal fluids to the Tahlab surficial aquifer, pose severe concerns about the quality of
water in the study area.
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Fig. 1. Geological map of the Tahlab aquifer and location of the sampled water wells.
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Table 1. Descriptive statistics of physicochemical parameters, major ions and selected elements in the
analyzed water samples of the Tahlab aquifer.

EC TDS Ca Mg Na K HCO3 Cl SO, u Si \% Fe

Samples pH
ps/cm  mg/l mg/| mg/I mg/I mg/I mg/I mg/I mg/| pg/l pg/l pg/l pg/l
Tah-1 8.1 3280 2132 38 22.8 584.2 11.7 2135 4900 580.8 4.70 23720 3759 20
Tah-2 8.0 3150 2048 38 22.8 556.6 117 2074 4865 532.8 6.35 24950  50.14 30
Tah-3 7.9 3200 2080 36 22.8 5704 117 1952  490.0 561.6 5.65 25520  52.87 150
Tah-4 7.7 5460 3549 70 49.2 9729 195 2257 9030 10080 1260 30530  61.26 10
Tah-5 7.6 9390 6104 114 84.0 1692.8 35.1 231.8 1750.0 1608.0  10.76 28000  48.64 20
Tah-6 7.7 6270 4776 68 52.8 1159.2 234 1952 9100 14256 6.60 14000  21.88 20
Tah-7 7.7 5080 3302 62 52.8 906.2 195 1708  854.0 974.4 5.33 18290 2538 10
Tah-8 7.7 5690 3699 80 67.2 1002.8 195 1586  1050.0 1017.6 5.08 18320  20.90 90
Tah-9 7.8 3540 2301 26 31.2 664.7 117 1403 5915 672.0 0.75 4430 0.75 20
Tah-10 7.7 4560 2964 66 40.8 811.9 195 2074 7350 873.6 8.07 11140  12.98 10
Tah-11 7.7 4180 2717 52 44.4 726.8 15.6 189.1  665.0 7824 6.54 15250  19.05 10
Tah-12 7.8 3440 2236 40 324 616.4 117 1464 5425 672.0 316 16400  24.07 10
Tah-13 7.8 3390 2204 40 324 579.6 117 1769  525.0 595.2 6.27 21200  29.25 10
Tah-14 7.8 3190 2074 32 28.8 558.9 117 207.4  490.0 542.4 3.86 20040 2671 40
Tah-15 7.7 3220 2093 36 336 584.2 117 164.7  490.0 657.6 6.86 20500  36.22 30
Tah-16 7.7 3200 2083 35 313 573.2 117 1904  490.0 590.1 7.09 20820  38.32 30
Maximun 8.1 9390 6104 114 84.0 1692.8 351 2318 1750.0 1608.0 1260 30530  61.26 150
Minimum 7.6 3150 2048 26 22.8 556.6 117 1403  486.5 532.8 316 4430 12.98 10
Mean 7.8 4390 2897 52 40.6 785.1 16.1 1888 7164 818.4 6.59 19569  33.69 32
USEPA 6.5-85 - 500 - - 30-60 - 250 250 - - - 300
WHO 6-8 - 1500 200 150 50 12 250 250 15 - - 300

0 Groundwater sample

g\ / Gesnduibi: / Mature water',

Ca c -— Na+K HCO+C0, =
Cy Cl

Cl

CATIONS ANIONS

Fig. 2. Piper diagram of the Tahlab groundwater samples.
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Fig. 3. HCOs/Na vs. Ca/Na and Sr vs. Ca binary plots for groundwater samples from the study area.
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Table 2. Principal component analysis for the Tahlab aquifer samples.

Rotated Component Matrixa
PC1 pPC2 PC3
Na 0.97 0.15 -0.10
EC 0.97 0.18 -0.10
K 0.96 0.21 -0.17
Cl 0.96 0.17 -0.02
SO, 0.96 0.06 -0.18
Ca 0.95 0.22 -0.10
Mg 0.97 0.02 -0.06
\% 0.05 0.93 -0.13
Si 0.10 0.92 -0.17
Fe -0.11 0.20 -0.96
] 0.43 0.79 -0.43
HCO3 0.20 0.84 -0.27
pH -0.45 0.13 0.36
Rotation Method: Varimax w ith Kaiser Normalization
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Table 3. Saturation index of different mineral phases and uranium species in the Tahlab aquifer samples.

Sample No. Quartz  Calcite Chalcedony Fe(OH); Hematite  SiO, Coffinite U,Oq UO;  Uraninite
Tahl 0.79 0.11 0.32 -0.75 11.26 -0.56 -1.55 -5.92 -5.55 -1.27
Tah2 0.38 0.05 0.35 -0.86 11.04 -0.53  -1.07 -4.29 -5.09 -0.82
Tah3 0.83 -0.12 0.36 -0.44 11.87 -0.52 -0.67 -2.93 -4.71 -0.43
Tah4 0.91 -0.04 0.44 -2.28 8.19 -0.44 0.15 -0.52 -3.96 0.31
Tah5 0.90 -0.40 0.42 -2.34 8.07 -0.46 1.06 241 -3.04 124
Tah6 0.58 -0.38 0.11 -2.01 8.74 -0.77 0.25 0.82 -3.54 0.74
Tah7 0.69 -0.28 0.22 -2.26 8.23 -0.67 0.23 0.50 -3.66 0.62
Tah8 0.67 -0.21 0.20 -1.30 10.13 -0.66 0.30 0.76 -3.60 0.68
Tah9 0.08 -0.39 -0.42 -1.61 9.54 -1.28 -1.47 -3.29 -4.75 -0.47
Tah10 0.48 -0.15 -0.02 -2.26 8.24 -0.88 -0.28 -0.49 -3.96 0.32
Tah1l 0.61 -0.27 0.14 -2.24 8.28 -0.75 -0.17 -0.59 -3.98 0.30
Tah12 0.64 -0.29 0.16 -1.91 8.93 -0.72 -0.25 -0.85 -4.09 0.19
Tah13 0.77 -0.27 0.29 -1.91 8.94 -0.59  -0.26 -1.39 -4.23 0.05
Tah14 0.73 -0.19 0.26 -1.31 10.13 -0.63 -0.48 -2.12 -4.41 -0.13
Tah15 0.74 -0.48 0.27 -1.73 9.29 -0.62 0.23 0.51 -3.71 0.57
Tah16 0.75 -0.40 0.28 -1.73 9.29 -0.61 0.11 -0.05 -3.84 0.43
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Fig. 4. Saturation index for various uranium species versus EC in the groundwater samples.
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Table 4. Permissible limits of water consumption based on the non-carcinogenic effects of uranium.

CRiim
Non-carcinogenic HQ ADD Water
effects RFD | C, [Sample

S

Children  Adults |Children Adults | Children Adults
2.17 10.65 15 0.16 0.0009 | 0.0001 | 0.0006 | 0.004 [ Tah-1
1.45 7.10 2.16 0.33 0.0013 | 0.0002 | 0.0006 | 0.006 [ Tah-2
1.74 8.52 1.66 0.33 0.001 0.0002 | 0.0006 | 0.005 | Tah-3
0.72 3.55 3.33 0.83 0.002 0.0005 | 0.0006 | 0.012 | Tah-4
0.87 4.26 3.33 0.66 0.002 | 0.0004 | 0.0006 | 0.01 | Tah-5
1.45 7.10 1.66 0.33 0.001 | 0.0002 | 0.0006 | 0.006 | Tah-6
1.74 8.52 1.66 0.33 0.001 0.0002 | 0.0006 | 0.005 | Tah-7
1.74 8.52 1.66 0.33 0.001 | 0.0002 | 0.0006 | 0.005 | Tah-8
11.60 56.8 1.66 0.05 0.0001 | 0.0003 | 0.0006 | <1.0 | Tah-9
1.00 5.32 1.66 0.50 0.001 | 0.0003 | 0.0006 | 0.008 | Tah-10
1.45 7.10 1.66 0.33 0.001 | 0.0002 | 0.0006 | 0.006 | Tah-11
2.90 14.20 1.00 0.16 0.0006 ([ 0.0001 | 0.0006 | 0.003 | Tah-12
1.45 7.10 1.66 0.33 0.001 | 0.0002 | 0.0006 | 0.006 | Tah-13
2.90 14.20 | 1.00 0.16 0.0006 | 0.0001 | 0.0006 | 0.003 | Tah-14
1.45 7.10 1.66 0.33 0.001 | 0.0002 | 0.0006 | 0.006 | Tah-15
1.24 6.00 1.66 0.33 0.001 0.0002 | 0.0006 | 0.007 | Tah-16
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