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• The occurrence of arsenic and other TEs 
was assessed in 40 groundwater 
samples. 

• Hydrogeochemistry and water quality 
evaluation were done by geochemical 
modelling and statistics. 

• 48% of water samples exceeded the 
WHO guideline value of 10 μg arsenic/L 
for drinking purposes. 

• Consumption of arsenic-polluted water 
poses health risks to the exposed com-
munities in the study area. 

• Regular update of water quality moni-
toring programs is recommended.  
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A B S T R A C T   

Geogenic contamination of groundwater is frequently associated with gold mining activities and related to 
drinking water quality problems worldwide. In Tanzania, elevated levels of trace elements (TEs) have been 
reported in drinking water sources within the Lake Victoria Basin, posing a serious health risk to communities. 
The present study aims to assess the groundwater quality with a focus on the concentration levels of geogenic 
contaminants in groundwater around the Lake Victoria goldfields in Geita and Mara districts. The water samples 
were collected from community drinking water sources and were analysed for physiochemical parameters (pH, 
EC, Eh), major ions, and trace elements. The analysed major ions included Na+, K+, Ca2+, Mg2+, SO4

2− , HCO3
− and 

Cl− whereas the trace elements were As, Al, Li, Ba, B, Ti, V, U, Zr, Sr, Si, Mn Mo, Fe, Ni, Zn, Cr, Pb, Cd, and V. The 
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present study revealed that the concentration levels of the major ions were mostly within the World Health 
Organization (WHO) drinking water standards in the following order of their relative abundance; for cations, 
Ca2+~Na+>Mg2+>K+ and for anions was HCO3

− > SO4
2− > NO3

− , Cl− > PO4
3− . Statistical and geochemical 

modelling software such as ‘R Studio’, IBM SPSS, geochemical workbench, visual MINTEQ were used to un-
derstand the groundwater chemistry and evaluate its suitability for drinking purpose. The concentration of As in 
groundwater sources varies between below detection limit (bdl) and 300 μg/L, with highest levels in streams 
followed by shallow wells and boreholes. In approximately 48% of the analysed samples, As concentration 
exceeded the WHO drinking water guideline and Tanzania Bureau of Standards (TBS) guideline for drinking 
water value of 10 μg/L. The concentration of the analyzed TEs and mean values of physicochemical parameters 
were below the guideline limits based on WHO and TBS standards. The Canadian Council of Ministries of the 
Environment Water Quality Index (CCME WQI) shows that the overall water quality is acceptable with minimum 
threats of deviation from natural conditions. We recommend further geochemical exploration and the periodic 
risk assessment of groundwater in mining areas where high levels of As were recorded.   

1. Introduction 

Access to safe drinking water is a prerequisite for good human health 
and social and economic sustainable development. However, the avail-
ability of sufficient and safe water for drinking purposes is impaired by 
many factors including drying up of water sources, uncontrolled release 
of pollutants into water sources through natural and human-induced 
processes, and inadequate safe water supply infrastructures (Adimalla 
et al., 2020; Amiri and Berndtsson, 2020; Amiri et al., 2021a; Amiri 
et al., 2021b; Bhattacharya and Bundschuh, 2015; Bundschuh et al., 
2017; Chacha et al., 2018; Kassenga and Mato, 2008). Despite this, 
groundwater remains an important source of fresh and safe water 
globally for various applications (Guo et al., 2022; Wang and Li, 2022). 
In Tanzania, several studies carried out in the past few decades have 
revealed high levels of mercury (Hg), As, cyanide (CN), and fluoride (F) 
in groundwater used as a primary source compromising its quality for 
human consumption (Ijumulana et al., 2020; Ikinguraa et al., 2006; 
Kishe and Machiwa, 2003; Manfred Bitala, 2009; Mnali, 2001). 

For effective control of human exposure to toxic substances through 
drinking water in the changing climate and water scarcity, the quality of 
each source needs to be assessed by considering the broad spectrum of 
potentially toxic elements (Bundschuh et al., 2017; Bundschuh et al., 
2021; Shukla and Saxena, 2020). Periodic monitoring of drinking water 
for TEs such as As, Hg, CN, lead (Pb), and F is required before con-
sumption (Rango et al., 2010). The occurrence, geochemistry, and 
associated health risks of the elements such as As, Hg, CN, lead (Pb), and 
F are not fully understood in the study area, despite the recently pub-
lished articles that were localized in the northern parts of Tanzania 
(Bennett et al., 2021; Tomasek et al., 2021). The investigation of the 
same is important, especially in the vicinity of gold mining activities 
where there are greater possibilities of release and subsequent pollution 
of both deep and shallow aquifers. 

The high concentration of As in drinking water is harmful to human 
beings (Kapaj et al., 2006; Kar et al., 2011; Maity et al., 2010; Maity 
et al., 2012; Nriagu et al., 2007; Smedley et al., 1996). The toxicity of 
elements to humans and organisms is variable. For example, chronic As 
poisoning has been associated with drinking contaminated groundwater 
in several parts of the world such as in Argentina, Bangladesh, Chile, 
China, Ghana, Hungary, India, Mexico, Tanzania, Taiwan, Thailand, and 
Vietnam (Bhattacharya et al., 2002; Ijumulana et al., 2017; Nicolli et al., 
2012; Nicolli et al., 1989; Ramos et al., 2014; Smedley, 1996; Varsanyi 
et al., 1991; Vega et al., 2017). It is estimated that 94 to 220 million 
people are potentially exposed to the high concentration of toxic ele-
ments including As in groundwater with the majority being in southern 
continents where approximately 94% of the population is found in Asia 
(Bhattacharya et al., 2020; Bundschuh et al., 2013; Bundschuh et al., 
2021; Herath et al., 2016; Ijumulana et al., 2021; Kar et al., 2010; Maity 
et al., 2017; Maity et al., 2011; Maity et al., 2021; Ormachea Muñoz 
et al., 2015; Podgorski and Ber, 2020; Samal et al., 2021). 

The spatial variability of trace elements is primarily controlled by the 
local geological setting of the area. For instance, in the African 

continent, the primary geogenic source of As in groundwater systems is 
the presence of iron oxides, sulfide minerals such as pyrite, arsenopyrite, 
and chalcopyrite, volcanic rocks, and geothermal water (Ahoulé et al., 
2015; Ligate et al., 2021). Mobility of As in natural water is largely 
controlled by redox conditions and the sorption processes on solid 
phases such as iron (Fe), manganese (Mn), aluminum (Al) oxide-
s/hydroxides, clay, and organic matter (Appelo and Postma, 2005; 
Sohrabi et al., 2020). 

Several cases of skin lesions, respiratory and gastrointestinal prob-
lems have been reported among people living in artisanal and large-scale 
gold mining areas although epidemiological studies on the same are very 
limited (Straaten, 2000). In a recent study, Nyanza et al. (2019) reported 
high levels of As and Hg in urine and blood, respectively from pregnant 
women living in Geita gold mining areas within the Lake Victoria basin 
(LVB). Several other studies have also reported Hg pollution in drinking 
water in artisanal gold mining activities (Campbell et al., 2003; Nyanza 
et al., 2019; Nyanza et al., 2014; Straaten, 2000). Groundwater re-
sources are highly vulnerable to geogenic contaminants such as As, Hg, 
CN, and other trace elements (Amiri et al., 2021; Mohamed et al., 2016; 
Rwiza et al., 2016; Taylor et al., 2005). The geological setting, type of 
rock, and the local climate are the main factors controlling the presence 
of these naturally occurring contaminants (Johnston, 2013; Wang et al., 
2021). The studies from Nyanza and others (Mohamed et al., 2016; 
Nyanza et al., 2019) especially in the mining areas have reported on the 
occurrence of Hg and other trace elements including Pb Cr, Ni, Cu, and 
Se in water soil and fish using convention methods. However, a detailed 
evaluation of the comprehensive drinking water quality is still missing. 
Therefore, the present study employs geochemical modelling, water 
quality index modelling, and statistical techniques to better understand 
the groundwater quality through exploration of the hydrogeochemical 
characteristics of major ions and trace elements. The study highlights 
information on the drinking water quality regarding the TEs that are 
potentially toxic to humans and the environment. 

2. Materials and methods 

2.1. The study area 

The study area is located within the LVB which covers an area of 
about 251,000 km2, extending between latitudes 1◦N and 3◦S and lon-
gitudes 30◦ and 36◦E on the northwestern Tanzanian side (Fig. 1a). The 
present study focused on two of the five Tanzanian regions sharing the 
LVB: Geita (Fig. 1b) and Mara (Fig. 1c). The study site in Geita region lies 
south of Lake Victoria and covers parts of Lake Victoria and Tanganyika 
basins whereas the site in Mara region lies east of Lake Victoria near the 
border between Tanzania and Kenya. Most of the daily living activities 
in these sites occur close to the intensive artisanal and small-scale gold 
mining (ASGM) where substantial groundwater sources contain elevated 
As and Hg concentrations posing significant health risks to the com-
munity (Almås and Manoko, 2012; Kassenga and Mato, 2008; Nyanza 
et al., 2014, 2019). Recently, Nyanza et al. (2019) reported potential 
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public health problems among pregnant women who depend on drink-
ing water with elevated As and Hg among communities where the ASGM 
activities are in the full swing in Geita district. 

The study sites are characterized by an equatorial hot and humid 
climate with a bi-modal rainfall pattern with long rains from March to 
May and short rains from October to December (FDMT, 2016). The 
spatial variability of rainfall patterns within the LVB is dependent on the 
local topography. The mean annual rainfall in the lowlands of the Mara 
and Geita regions ranges between 900 and 1100 mm while temperature 
ranges between 14 and 28 ◦C. The mean annual evaporation is 2100 
mm. On average, Geita region has a flat topography dominated by open 
grassland and wetland, while that of Mara region gradually slopes from 
the savannas of East African Rift Valley to the wetlands along Lake 
Victoria’s shorelines. The study site in Geita region lies between 1148 
and 1588 m above mean sea level (Fig. 1a) while that in Mara region lies 
between 1145 and 1862 m above mean sea level (Fig. 1b). Overall, the 
favorable climate conditions for agriculture, livestock, and the abun-
dance of natural resources have supported the rapid population growth 
around LVB, counting over 26% of the national population (URT, 2013). 

2.2. Geological and hydrogeological setting 

2.2.1. Geological characteristics 
The geology of the two sites is heterogeneous, mostly dominated by 

the migimatite-granitoid-meta-sediment complex (miNA) and volcano- 
sedimentary complex (Greenstone Belt with BIF) (gsNA). Other lithos-
tratigraphic units include young alluvial and eluvial sediments (aQ) 
dominating the low-lying terrains in the northeast and southwest of 
Geita and Mara sites, respectively (Fig. 2a and b, respectively). 
Furthermore, the detrital clastic sediments (cNP) dominate the southern 

section of the Mara site while the young volcanic lavas (nephelinite, 
phonolite, and alkalibasalts) (vN-Q) characterize most of the east 
section. 

2.2.2. Hydrogeological characteristics 
The hydrogeology of an area is highly dependent on geology, 

topography, and climatic conditions. The dominant water-bearing for-
mations in the Geita and Mara regions are weathered and fractured 
basement rocks of the Precambrian craton together with the Tertiary- 
Quaternary unconsolidated sediments (Fig. 2). In both sites, the miNA 
and gsNA lithostratigraphic units overlie a large proportion of the Pre-
cambrian craton. In addition, the aQ sediments overlie parts of the 
Tertiary-Quaternary unconsolidated sediments in the northeast and 
southwest of Geita and Mara sites, respectively. The eastern section of 
the Tertiary-Quaternary unconsolidated sediments is underlain by het-
erogeneous rock formations, which may result in uncertainty in tracing 
the sources of geogenic contaminants in this hydrogeological environ-
ment (Fernandes et al., 2013). 

The degree and depth of the weathered zone in each geological 
setting are important for groundwater potential. Discontinuous aquifers 
with low to moderate yield ranging between 0.5 and 2 L/s, particularly 
in shallow aquifers in most rural settings of Sub-Sahara Africa (Mac-
donald et al., 2009). The groundwater recharge occurs through frac-
tured zones and faults, especially in the Precambrian craton. The 
perched shallow aquifer systems usually occur in the unconsolidated 
materials overlying the weathered bedrock and their exploitation is 
through hand-dug wells. However, the yield of these shallow wells is 
typically low and affected by seasonal variability. The thick deposits of 
alluvial and lacustrine quaternary sediments, with gravel and sand, 
occur close to the southern and eastern shores of Lake Victoria and the 

Fig. 1. (a) The geographical location of the two study sites in the LVB and sampling locations in (b) Geita and (c) Mara regions in north-western Tanzania.  
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high yield aquifers (5–20 L/s) have developed in these formations (Cook 
et al., 2016; Henckel et al., 2016). 

2.3. Water sampling and analysis 

A total of 40 water samples were collected, with 25 samples (11 
boreholes, 4 shallow wells, 6 springs 2 streams, 1 dam, and 1 open pit) 
from Geita site, whereby 15 samples (5 bore holes, 1 shallow well, 2 
springs and 7 streams) were from Tarime site (Fig. 1). All samples were 
collected from water sources being used for drinking and other domestic 
purposes by the communities in the two regions. The location of the 
sampling sites was recorded using a handheld GPS receiver Mobile 
Mapper 20. Before groundwater sampling, wells were purged, and water 
was allowed to flow for at least 3 min to ensure that the sampled water is 
a true representative of the groundwater. Surface water (SW) samples 
were collected directly from the source by using 1L iodine-free 

polyethylene bottles. Water sampling was done following the standard 
procedures (Bhattacharya et al., 2002; EPA, U, 2017). Data for in situ 
field parameters including pH, water temperature (T), electrical con-
ductivity (EC), and redox potential (Eh) were obtained by using Hach® 
potable water quality multimeter (HQ40D) often calibrated on the daily 
basis before any field measurement. The Hach Arsenic low range test kit 
(0–500 μg/L) was used at each water source for the detection of the 
amount of total inorganic As from water samples. Furthermore, As 
speciation was carried out in the field by using disposable cartridges 
(Disposable Cartridges®, Metal Soft Centre). Samples collected for lab-
oratory analysis included: (a) 500 mL filtered (using Sartorius 0.45 μm 
filters) for analysis of major anions, (b) 500 mL filtered and acidified 
using a few drops of 70% Nitric Acid (HNO3) to pH less than 4 for lab-
oratory analysis of major cations and trace elements. 

The total alkalinity was measured by Mettler Toledo Titrator. The 
concentration of major anions including Cl− , NO3

− , SO4
2− , HCO3

− , and F−

Fig. 2. Geological and hydrogeological settings of (a) Geita and (b) Tarime sites in Geita and Mara regions, respectively within the Lake Victoria Goldfields (Data 
source: Hydrogeological data (Africa Groundwater Atlas, 2019) and geological data (GST, 2018) 
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were measured using Dionex DX-120 Ion Chromatography (IC) equip-
ped with an IonPacAS14 column and a Dionex ASRS suppressor at the 
Department of Sustainable Development Environmental Science and 
Engineering Laboratory at KTH Royal Institute of Technology. Major 
cations, namely Ca2+, Na+, K+, Mg2+, and trace elements, including As, 
were analysed using PerkinElmer Inductively coupled plasma Mass 
Spectrometry (ICP-MS) at the Department of Environmental Science 
laboratory at Linköping University in Sweden. The SEAL Analytical Auto 
Analyser 3 (AA3) was used to measure the concentration of PO4

3− . Dis-
solved Organic Carbon (DOC) in the water samples was determined by 
using a Shimadzu Total Organic Carbon Analyser TOC-L. The accuracy 
and precision of analysis were regularly checked by the laboratory’s 
internal quality control. The quality assurance of results of major ions 
analysis was checked through the calculation of the Charge Balance 
Error (CBE), whereby all samples were within the acceptable range of 
±10%. Blank samples for both field and laboratory analyses were pre-
pared and analysed according to the standard procedures. The accuracy 
of the measurement was checked by using certified reference material 
(NIST SRM 1640a-the trace elements in natural water). In all cases, 
replicate analysis was performed to check the precision of the results. 

2.4. Data handling and processing 

The analytical data for the concentration of major ions were initially 
validated through CBE using the following formula: 

CBE=

∑
cations −

∑
anions

∑
cations +

∑
anions

× 100 (1) 

The calculated values of IB were found to be within the range of ±
10%, which suggests that the analytical measurement errors were small 
and within the acceptable range for the dissolved main inorganic 
constituents. 

2.5. Water quality evaluation 

The water quality evaluation involved the determination of the 
water quality index (WQI). The WQI is a mathematical expression used 
for describing water quality based on physical, chemical, and biological 
parameters. The most commonly used parameters include pH, temper-
ature, EC, total dissolved solids (TDS), hardness, alkalinity, selected 
anions, and cations (Khan et al., 2022), in the present study, 22 pa-
rameters were used (Table 1). 

Since its first development in the United States of America (USA) by 
Horton in 1965, the WQI has been used as a basis for the development of 
other numerical expressions for drinking water quality evaluation. In 
this study, the Canadian Council of Ministers of the Environment Water 
Quality Index (CCME WQI) was used due to its versatility, high adapt-
ability to different categories of water use, low sensitivity to missing 
data, and simplicity to measure (Bilgin, 2018). Furthermore, since its 
endorsement by the United Nations Environmental Program (UNEP) in 
2007, the CCME WQI received a high acceptance and is used by many 
countries globally (Lumb et al., 2011). CCME WQI consists of three 
factors that are denoted by F1, F2, and F3 for the first, second, and third 
factors respectively. F1 addresses the scope for assessing the extent of 
non-compliance with water quality guidelines over the selected period, 
F2 is concerned with the frequency of deviation of the tested or observed 
value from the acceptable limits, F3 deals with the amplitude of devia-
tion by which the objectives are not achieved. Using equation (2), the 
three factors are combined as the sum of the three vectors (scope, fre-
quency, and amplitude) to produce a single WQI value. 

CCME − WQI = 100 − [

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
F12 + F22 + F32

√

1.732
] (2) 

The F1, F2, and F3 are computed by using the following equations. 

F1=(
Number of failed parameters
Total number of parameters

) × 100 (3)  

F2=(
Number of failed tests
Total number of tests

) × 100 (4)  

F3=(
nse

0.01(nse) + 0.01
) (5)  

where ‘nse’ is the normalized sum excursion, it represents the collective 
amount by which the individual test values do not meet the compliance 
and is calculated by using the following expression. 

nse=(

∑n
i excursioni

Total number of tests
) (6) 

The excursion is calculated in two ways.  

(i) If a test value is below the objective value, 

excursioni =(
failed test valuei

objectivej
) (7)    

(ii) If a test value is above the objective, 

excursioni =(
objectivej

failed test valuei
) − 1 (8) 

The factor 1.732 in equation (2) is a constant called the normalizing 
factor. The numerical result from the above expression gives a CCME 
WQI value between 0 and 100 that falls within the range of the state of 
water quality, whereby zero indicates very poor water quality and 100 
implies excellent water quality (Table 2) (Uddin et al., 2021). 

2.6. Multivariate statistical analysis 

The IBM SPSS Statistics (Version 28.0.) software package was used to 
perform different statistics such as factor analysis and principal 
component analysis (PCA). Factor analysis was used to explain the 
groundwater chemistry based on the hydrogeochemical parameters. To 
perform factor analysis, 18 hydrogeochemical parameters were used 
(Table 1), data were converted to dimensionless to eliminate the influ-
ence of measurement units of individual parameters, and normalization 
was made to a mean value of zero and standard deviation of one (Liu 
et al., 2003) using equation (9): 

Table 1 
Water quality parameters used for calculation of CCME-WQI.  

Parameter Unit Measured value Standard value (WHO, 2017) 

pH  6.9 8.5 
EC μS/cm 550 300 
alkalinity mmol/L 3.5 200 
Na+ mg/L 47 200 
Ca2+ mg/L 45 75 
Mg2+ mg/L 14.4 30 
Cl− mg/L 21.7 250 
NO3

− mg/L 21.8 50 
SO4

2- mg/L 35.5 250 
F mg/L 0.56 1.5 
As mg/L 0.0467 0.01 
Ba mg/L 0.1346 1.3 
B mg/L 0.0208 2.4 
U mg/L 0.0017 0.03 
Mn mg/L 0.117 0.2 
Cd mg/L 0.0005 0.003 
Pb mg/L 0.002 0.01 
Cr mg/L 0.0011 0.05 
Fe mg/L 0.701 3 
Ni mg/L 0.012 0.07 
Cu mg/L 0.08 2 
Zn mg/L 0.0896 4  
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Zi =
Xi − Xm

Si
(9)  

where Zi is the ith value of the normalized variable Z, Xi is the ith value 
of the parameter X, Xm is the mean value of variable X and S is the 
standard deviation. 

PCA was used to reduce the dimensionality and maintain the vari-
ability of the data. It follows a multivariate statistical technique to reveal 
the relationship among environmental variables. In this technique, the 
raw data are reduced into new inter-correlated variables called principal 
components (PC) that simplified the description of the correlation 
among different parameters. From the correlation matrix and PCA, the 
relationship between the different geochemical parameters of the 22 
groundwater samples from the two study sites was deduced. Using the 
selected PC scores, water sources with similar geochemical character-
istics were determined graphically (Ormachea Muñoz et al., 2016; Wold 
et al., 1987). To assess the relationship between different physico-
chemical parameters, major elements, and trace elements, the PC ma-
trix, and PCA were computed through varimax rotation. The eigenvalue 
was greater than one using the Kaiser normalization. 

2.7. Geochemical modelling 

Water quality data from the selected parameters were further eval-
uated using geochemical software; The Geochemist’s Workbench® 
(GWB) (Bethke, 2007) and Visual MINTEQ (Gustafsson, 2006). GWB (htt 
ps://community.gwb.com) was used to create piper diagrams from 
which the water type was deduced. Visual MINTEQ (https://vminteq. 
lwr.kth.se/download/) was used to determine the saturation indices of 
As with respect to solid minerals in the aquifers. 

3. Results and discussion 

3.1. Hydrogeochemical characteristics 

The statistical summary of the physicochemical parameters 
(including T, pH, Eh, and EC), major ion, and trace element concen-
trations is presented in Fig. 3 and Table 1. The temperature ranged from 
23 ◦C to 28 ◦C in both groundwater and surface water samples, which is 
a normal range in the study area having a tropical climate (Fig. 3). The 
pH ranged from moderate acidic (pH = 5.3) to alkaline (pH = 8.4) and 
showed a large variation across the different types of water sources. 
Surface water pH ranged from neutral (pH = 7.1) to alkaline (pH = 8.4), 
whereas the pH of spring water varied from moderate acidic (pH = 5.3) 
to neutral (pH = 7.0). From the boreholes and shallow wells, water had a 
wide pH variation in both acidic and alkaline conditions (Table 3). A 
total of 16 (40%) out of 40 samples showed pH values that do not 
comply with standards for drinking water (6.5–8.5). The pH of water can 
influence different processes such as solubility, ion exchange capacity, 

flocculation, and toxicity of contaminants. The low pH favours weath-
ering and the dissolution of salts from the parent rock minerals in the 
aquifers; thereby increasing the dissolved metals ions and TDS load 
especially in groundwater (Akhtar et al., 2014; Tirkey et al., 2017). The 
acidic condition also favours corrosion of water supply pipes which are 
made up of metals. There was a small difference in pH between the three 
major sources (boreholes/shallow wells, springs, and rivers/streams), 
also the correlation of pH with other parameters was weak. Similar re-
sults were reported by other studies in these regions (Almås and Man-
oko, 2012; Kassenga and Mato, 2008; Nyanza et al., 2014). 

The Eh is another parameter that in addition to pH explains the 
oxidation-reduction equilibria of water. The measured Eh ranged be-
tween 200 and 508 mV, with 75% of the values falling in the range 
398–508 mV, indicating a moderately oxidizing condition in the 
sampled aquifers. Seven water sources (six boreholes and one surface 
water) showed the lowest Eh, ranging between 210 and 250 mV. The EC 
ranged between 50 and 4040 μS/cm with a median value of 372 μS/cm 
(Fig. 3). The high values of EC in both groundwater and surface water 
samples could have been attributed to the chemical weathering and 
residence time of water in the aquifers. 

The DOC is one of the important factors that may influence the 
mobility of metals in aquatic systems. Degradation of organic matter is 
the major source of DOC in natural water (Ahmed et al., 2004; Bhatta-
charya et al., 2002; Biswas et al., 2012; Hasan et al., 2007). In shallow 
wells and borehole water samples, there was no correlation between 
DOC and HCO3

− , this is because the major source of HCO3
− in ground-

water is the dissolution of minerals such as calcite and Ca-feldspars. 
High values of DOC which were recorded from groundwater samples 
influenced the mobilization of metals. Fig. 3 shows the big range and the 
highest DOC levels in streams, is due to the presence of organic matter 
from plants and animals. Consequently, the weak oxidizing conditions 
trigger partial dissolution of Fe oxides/hydroxides, rising dissolved Fe 
concentrations in water. The TDS values ranged between 59.7 and 
739.2 mg/L in groundwater (boreholes and shallow wells) samples and 
between 31.9 and 2585.6 mg/L in surface water (springs and streams) 
samples from boreholes and streams. Most of the water samples had 
values below the WHO guideline of 500 mg/L, 3 (~14%), and 3 (~16%) 
of groundwater and surface water samples had values above the 
guideline. In surface water, the high values of TDS could be influenced 
by human activities such as agriculture, mining, and livestock grazing 
which are daily economic activities in the study regions. In groundwater 
high TDS due to the presence of anions such as HCO3

− , Cl− and SO4
2−

contributed from both geogenic and anthropogenic sources. 

3.2. Hydrogeochemical trends 

3.2.1. Major ions 
The concentration of major cations in both groundwater (BH and SH) 

and surface water (Sp and St) samples from Geita and Tarime is sum-
marised in the supplementary data (SD) Table 1. Results show that 
major cations from groundwater and surface water samples from Geita 
and Tarime were predominantly in the order; Ca2+ > Na+ + K+ > Mg2+. 
There is a variation in the concentration of major cations in different 
water sources. Ca2+ and Na+ are the most abundant cations, ranging 
between 2 and 120 mg/L and 4–115 mg/L respectively. Mg2+ is the third 
predominant cation, whose concentrations were observed to range be-
tween 1 and 45 mg/L. Finally, K+ is the least prevalent major cation in 
water, ranging from 0.2 to 13 mg/L (Fig. 4, SD, Fig. 1). The differences in 
the concentration of major cations can be explained by the difference in 
source rocks and conditions for weathering and subsequent dissolution 
of such ions. The variability of Ca2+ and Mg2+ is similar with samples 
from Geita town having relatively lower concentrations as compared to 
those from Geita Rural, and Tarime. Contrary, the concentrations of Na+

and K+ were much higher in Geita town as compared to other sampling 
locations. The observed high concentration of K+ in Geita town is 
because of the presence of feldspar in the greenstone belt (Kwelwa, 

Table 2 
Water quality classification based on CCME WQI.  

CCME- 
WQI 

Water 
quality 

Description 

95–100 Excellent Water quality is protected with virtual absence of threat 
or impairment; conditions very close to natural or 
pristine levels. 

80–94 Good Water quality is protected with only a minor degree of 
threat or impairment; conditions rarely depart from 
natural or desirable levels. 

65–79 Fair Water quality is usually protected but occasionally 
threatened or impaired; conditions sometimes depart 
from natural or desirable levels 

45–64 Marginal Water quality is frequently threatened or impaired; 
conditions often depart from natural or desirable levels. 

0–44 Poor Water quality is almost always threatened or impaired; 
conditions usually depart from natural or desirable 
levels.  
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Fig. 3. Variations of temperature (T), pH, redox potential (Eh), electrical conductivity (EC), dissolved organic carbon (DOC), and total dissolved solids (TDS) in the 
bore holes (BH), shallow wells (SW), Springs (Sp), and Streams (St) in water samples from (a) Geita and (b) Tarime. All parameters, except T and Eh, show high 
variability in both types of water sources. This could have been attributed to the heterogeneity of parent rock materials through which water infiltrates through the 
aquifers. Classification of BH and SW was based on depth to groundwater whereby all BH had a depth of >25 m and SW had a depth of <25 m (MacDonald 
et al., 2012). 
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2017). The presence of Mg-andesite and K-granites in the Butiama 
greenstone belt might be the reason for the high concentration of Mg2+

and K+ in drinking water samples (Messo et al., 2012). 
The major anions also showed some degrees of variation mostly 

dominated by HCO3
− in the range between 17 mg/L and 660 mg/L. The 

highest values were recorded from groundwater (BH and SW) samples, 
followed by surface water (Sp and St). The weathering of rocks and 
subsequent dissolution of CaCO3 can explain the source of high HCO3

−

Table 3 
Statistical summary of physicochemical parameters, major ions, and trace elements in 40 water samples collected from Geita and Tarime. Field and laboratory data 
were compared by the WHO drinking water guidelines (WHO, 2017). Comments are given based on the WHO recommendations.  

Parameter Unit Minimum Median Maximum Mean Standard Deviation WHO (2017) 

Physicochemical Parameters 
pH  5.33 6.90 8.37 6.90 0.80 6.5–8.5 
T ◦C 23.40 26.55 33.00 26.57 1.76 n/a 
EC μS/cm 49.80 398.00 4040.00 550.29 604.94 400 
Eh mV 201.00 422.80 508.20 403.17 75.82 n/a 
DOC mg/L 1.14 2.32 15.10 3.28 2.74 n/a 
Major Ions 
Na+ mg/L 3.54 28.90 494.86 47.41 71.13 200 
K+ mg/L 0.24 2.69 79.40 5.41 10.80 50 
Ca2+ mg/L 1.75 27.53 429.57 44.64 62.22 75 
Mg2+ mg/L 0.55 7.39 62.27 14.41 14.35 50 
Cl− mg/L 0.76 12.78 104.92 21.73 24.20 250 
NO3

− mg/L 0.04 5.81 139.99 21.81 30.53 50 
HCO3

− mg/L 16.84 150.55 659.04 213.75 194.05 n/a 
SO4

2- mg/L 0.09 2.47 619.21 35.53 93.66 250 
PO4

3- mg/L 3.00 13.77 624.21 58.76 115.81 n/a 
Trace Elements 
F mg/L 0.09 0.28 2.44 0.56 0.58 1.5 
As μg/L 0.00 20 300.00 46.70 68.61 10 
Al μg/L 9.98 29.41 8516.94 470.69 1345.07 900 
Li μg/L 0.25 2.12 49.40 6.00 9.02 na 
Ba μg/L 9.92 68.35 2472.48 134.62 335.41 1300 
B μg/L 1.94 13.53 193.58 20.78 31.46 2400 
Ti μg/L 0.15 1.14 25.43 3.25 5.03 n/a 
V μg/L 0.06 3.01 24.28 4.87 5.52 n/a 
U μg/L 0.01 0.41 14.24 1.70 3.15 30 
Zr μg/L 0.01 0.054 4.74 0.54 1.12 n/a 
Sr μg/L 22.12 241.94 2550.10 337.97 432.51 n/a 
Si μg/L 3.82 21.37 47.20 23.25 11.21 n/a 
Co μg/L 0.04 0.29 34.05 2.65 7.24 n/a 
Mn μg/L 1.06 29.34 1421.65 116.99 274.52 200 
Mo μg/L 0.03 0.38 8.65 1.64 2.44 n/a 
Cd μg/L 0.00 0.01 23.05 0.45 3.13 3 
Pb μg/L 0.03 0.20 43.58 2.10 6.63 10 
Cr μg/L 0.04 0.13 27.12 1.11 3.90 50 
Fe μg/L 2.56 12.67 9223.37 701.42 2016.96 300 
Ni μg/L 1.68 1.28 525.87 11.79 71.33 70 
Cu μg/L 0.75 1.99 268.17 8.25 36.19 2000 
Zn μg/L 0.54 12.67 3742.09 89.61 506.84 4000  

Fig. 4. Variation of the characteristic of water, based on samples from (a) Geita and (b) Tarime. The dominant water type in both locations is Ca2+ - HCO3
− , showing a 

strong influence of carbonate minerals on the composition of water. 
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levels in deep groundwater. Spring water has the lowest concentrations. 
SO4

2− is the second most abundant anion, with a typical range between 1 
mg/L and 220 mg/L, all samples had values are within the WHO 
guideline value of 250 mg/L. The typical range of concentration of SO4

2−

in shallow wells, springs, and rivers was between 1 and 45 mg/L which 
is below the maximum recommended level. In shallow wells and springs 
and boreholes, NO3

− and Cl− are the most dominant anions next to 
HCO3

− . The concentration of NO3
− was higher than the WHO recom-

mended value of 50 mg/L in 8 samples sourced from 2 springs, 3 shallow 
wells, and 3 boreholes. These high values are due to anthropogenic 
contamination typically from agriculture, livestock keeping, and poor 
sanitation practices (He et al., 2022). All samples had Cl− concentration 
within the recommended WHO limit of 250 mg/L. An exceedingly small 
concentration of PO4

3− was recorded in the range of 0.003–0.4 mg/L. 
Thus, the presence of most of the cations and anions in drinking water 
sources resulted from weathering and dissolution of the parent rocks. A 
typical risk of contamination emanates from the mixing of groundwater 
with wastewater effluents in urban and rural areas where water from pit 
latrines and septic tanks is usually released without proper manage-
ment. Nevertheless, the levels of most of the major ions are well within 
the acceptable limit for drinking water based on WHO and TBS guide-
lines. The calculated value of CBE shows that 90% of the data had a 
value within ± 10% indicating the reliability of water sampling and 
analysis for the major ions. 

3.2.2. Trace elements with emphasis on arsenic 
The As concentrations vary from below the maximum allowable limit 

by WHO (10 μg/L) up to 300 μg/L 48% of the drinking water sources 
presented As levels exceeding the WHO recommended limit of 10 μg/L. 
The results are indicated that the Mara region is affected by significantly 
higher As concentrations than Geita. Only 28% of the drinking water 
sources from the Geita region had As exceeding the recommended limit 
of 10 μg/L, while in Tarime, 80% exceeded the limit. A substantial dif-
ference in the As levels between the two regions has been previously 
pointed out by Kassenga and Mato (Kassenga and Mato, 2008) and it is 
in agreement with the prediction map developed by Ijumulana (Ijumu-
lana et al., 2016). North Mara in Tarime District is the area most affected 
by As contamination of drinking water resources. Arsenic concentra-
tions in the surroundings of the North Mara Gold Mine range between 10 
and 300 μg/L, with a median value of 70 μg/L. High As levels of 150 
μg/L, 300 μg/L, and 250 μg/L measured in streams flowing downstream 
of the water rock piles and the tailings from the mine waste storage 
facility within the North Mara mining site suggest As a presence in 
surface water. However, high As concentrations of 70 μg/L and 160 μg/L 
were also measured in the Mara River upstream of the mining site, 
suggesting a more widespread As contamination of surface water re-
sources. It was observed that As concentrations in groundwater are 
significantly lower than in surface water, with the median concentra-
tions in surface and groundwater being 40 μg/L and 190 μg/L respec-
tively. In the areas of gold mining (Butiama-Musoma and Geita Rural), 
the As concentrations show a large spatial variation with the extent of 
the contamination generally isolated to the proximity of the mining and 
processing sites. The highest concentrations, 70 μg/L and 100 μg/L, 
were measured in abandoned mining pits (<20 m) which are accessible, 
and the water is used for domestic purposes. Although there is no more 
active gold mining going on in the pits the superficial deposits and the 
bedrock in which they were dug remain in contact with groundwater 
and the atmosphere, promoting oxidation and dissolution of 
As-containing minerals. Arsenic concentrations greatly differ among the 
four different water sources (Fig. 3). Most of the borehole waters show 
As content below or equal to 10 μg/L, whereas surface water is the most 
contaminated source with a median concentration equal to 70 μg/L. The 
observed decreasing concentrations with depth at which water is with-
drawn (surface water – shallow well – borehole) suggests that the As 
contamination in the sampled areas results from surface oxidation of 
As-containing minerals. In two of the three samples from boreholes, As 

concentration exceeded the WHO guideline limit, these samples had the 
highest DOC level suggesting microbial oxidation of organic matter, 
leading to limited oxygen that favours the reductive dissolution of Fe/Al 
hydroxides, and the subsequent release of dissolved As (Anawar et al., 
2003). 

Ions such Al, Fe, Mn, Cl, and SO4 are generally not considered toxic 
to the human being, they may affect the aesthetic value of water and 
render it undrinkable due to unpleasant taste, colour, and odour. 
However, a high concentration of Al has been reported to be associated 
with Alzheimer’s disease (Rango et al., 2010). Due to limited data about 
its toxicity, there is no guideline value for vanadium elements in 
drinking water standards by both WHO and TBS. Other trace elements 
such as Co, Bi, Tl, Te, Ag, Cd, Ni, Cu, Ga, Sb, Be, Zn, and Pb were well 
below the minimum allowable concentration concerning TBS and WHO 
(URT-MHSW, 2017; WHO, 2017). 

3.2.3. Groundwater evolution and distribution of trace elements 
The correlation matrix (Table 4) and PCA (Fig. 5) were observed to 

be significant at the correlation coefficient (α) greater than 0.05 and 
eigen value greater than unit. The cumulative variation of the two major 
PCs (PC1 and PC2) was explained by 61.9% of the total variation in 
groundwater chemistry from 40 water samples. The PC1 accounted for 
34.18% of the total variance. Variables with the positive loadings in the 
PC1 were B, Cd, Ba, Pb, Cr, Mn, Ni, Cu, and Zn, as explained by the factor 
loading between 0.5 and 0.9 (Table 5). On the other hand, PC2 was 
explained by 27.7% of the total variance, the parameters positive 
loadings in this component included pH, EC, As, HCO3

− , Cl− , F− , Na, Mg, 
K, Ca, and U based on the factor loading values between 0.5 and 0.9 
(Table 5). The positive loading of such parameters and the low positive 
loading of iron indicates that the enrichment of As and other TEs is 
associated with complex mechanisms such as carbonates/bicarbonate 
dissolution, ion exchange, and silicate weathering. Other parameters not 
explained by PC1 and PC2 had loading factor values < 0.5 hence fewer 
variations between them. Table 4 and Fig. 5 show the correlation be-
tween different parameters and factors, based on the rotation angle of 
vectors relative to each other the degree of association among the var-
iables is clearly explained. Arsenic was highly correlated with Na. F−

showed poor correlation with other parameters such as pH, Mn, Fe, Na 
and Ca. Considering the factor loading scores for PC1 and PC2, all 40 
samples show similar nature whereby there was a small variation of 
concentration of major element and trace element from all samples. 
About 28% and 80% of water samples from Geita and Tarime had As 
concentration above the WHO guideline value of 10 μg/L for safe 
drinking. The presence of dissolved concentrations of other redox spe-
cies such as Iron and Manganese (Fig. 6) influences the availability of As 
and other TEs in drinking water. The pH range between 3.5 and 7.5 has a 
relatively small effect on the aqueous chemistry of As hence rendering it 
available in solution. On the other hand, PO4

3− affects As binding to 
reactive sites due to its electrostatic interactions between AsO4

3− and 
PO4

3− resulting from structural similarities and hence competition on the 
available sites. The correlation between As and pH and PO4

3− is pre-
sented in Fig. 5 whereby in both cases a weak correlation is observed, 
similar observations have been reported by other literature who also 
reported the small effects of SO4

2− on the As adsorption in an aqueous 
medium (Smith et al., 2002; Verbeeck et al., 2017). 

Four factors were extracted by the factor analysis (Fig. 6) with an 
eigenvalue greater than 1, the extracted factors were explained by 
76.695% of the total hydrogeochemical variation in 38 water samples. 
As, pH, EC, DOC, Cl− , Na+, Mg2+, K+, Ca2+ and Mn show a positive 
correlation in factor loading 1. Factor 2 shows that As is negatively 
correlated with important parameters such as DOC, PO4

3− , F− and Mn2+. 
In factor 3, pH, As, DOC, and Mn shows negative loadings relative to 
other parameters. Factor 4 shows positive loading for Eh, As, DOC, 
PO4

3− , NO3
− and negative loading for pH, EC, HCO3

− , F− , Cl− , Mg2+, Ca2+, 
Mn, and Fe (Fig. 6). The percentage variance in the four extracted 
loading factors were 37.677%, 19.881%, 11.379%, and 7.758% for 
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factor 1, factor 2, factor 3, and factor 4 respectively. The correlation As 
with other parameters has also been explained in Fig. 7 whereby a 
relatively weak correlation is observed by the bivariate plots between As 
and Fe, Mn, HCO3

− , PO4
3− , and pH, these parameters were considered 

based on their importance in the adsorption and desorption reaction of 
As in the environment. Furthermore, the distribution of As, Fe, and Mn 
in samples from Geita and Tarime is presented in Fig. S1. whereby 
relatively higher concentrations of As and Fe were recorded in samples 
from Tarime, and Geita samples had a high concentration of Mn. 
Important geochemical conditions such as redox and pH were deduced 
to be responsible for the mobilization and distribution of As and other 
elements from the parent rock minerals. 

3.3. CCME-WQI computation 

The CCME WQI calculated was 87,6,978,395, which according to 
Table 1 falls within the range of 80–95 showing that the drinking water 
was good based on the measured samples and parameters considered in 
the calculation, it can further be described that there is a small deviation 
from the natural condition. The raw measured data show that EC and As 
concentrations were higher than the WHO standards of 300 μS/cm and 
10 μg/L respectively. The observed high values of EC and As could be Ta

bl
e 

4 
PC

 C
or

re
la

tio
n 

am
on

g 
23

 h
yd

ro
ge

oc
he

m
ic

al
 p

ar
am

et
er

s 
(n

 =
40

, α
 =

0.
05

). 
  

pH
 

EC
 

Eh
 

A
s 

D
O

C 
H

CO
3−

PO
43-

 
F−

Cl
−

N
O

3−
SO

42-
 

N
a+

M
g2+

K+
Ca

2+
B 

Si
 

U
 

A
l 

M
n 

Cu
 

Zn
 

Fe
 

pH
 

1.
00

   
   

   
   

   
   

   
  

EC
 

0.
43

 
1.

00
   

   
   

   
   

   
   

 
Eh

 
−

0.
37

 
−

0.
46

 
1.

00
   

   
   

   
   

   
   

A
s 

0.
51

 
0.

47
 

−
0.

23
 

1.
00

   
   

   
   

   
   

  
D

O
C 

0.
57

 
0.

23
 

−
0.

16
 

0.
36

 
1.

00
   

   
   

   
   

   
 

H
CO

3−
0.

46
 

0.
47

 
−

0.
40

 
0.

00
 

−
0.

05
 

1.
00

   
   

   
   

   
   

PO
43−

0.
17

 
−

0.
13

 
0.

10
 

0.
11

 
0.

33
 

−
0.

13
 

1.
00

   
   

   
   

   
  

F 
0.

54
 

0.
40

 
−

0.
35

 
0.

39
 

0.
50

 
0.

36
 

0.
04

 
1.

00
   

   
   

   
   

 
Cl

−
0.

01
 

0.
42

 
−

0.
30

 
0.

03
 

−
0.

01
 

0.
20

 
0.

03
 

0.
21

 
1.

00
   

   
   

   
   

N
O

3−
−

0.
22

 
0.

08
 

−
0.

06
 

−
0.

13
 

−
0.

22
 

0.
02

 
−

0.
05

 
0.

11
 

0.
67

 
1.

00
   

   
   

   
  

SO
42−

0.
30

 
0.

29
 

−
0.

34
 

0.
18

 
0.

14
 

0.
04

 
−

0.
07

 
0.

11
 

0.
06

 
−

0.
05

 
1.

00
   

   
   

   
 

N
a+

0.
39

 
0.

94
 

−
0.

44
 

0.
53

 
0.

37
 

0.
26

 
−

0.
08

 
0.

43
 

0.
29

 
−

0.
05

 
0.

31
 

1.
00

   
   

   
   

M
g2+

0.
49

 
0.

82
 

−
0.

37
 

0.
24

 
0.

02
 

0.
76

 
−

0.
17

 
0.

28
 

0.
40

 
0.

13
 

0.
20

 
0.

62
 

1.
00

   
   

   
  

K+
0.

31
 

0.
82

 
−

0.
22

 
0.

59
 

0.
39

 
0.

03
 

−
0.

02
 

0.
33

 
0.

26
 

−
0.

01
 

0.
03

 
0.

88
 

0.
48

 
1.

00
   

   
   

 
Ca

2+
0.

37
 

0.
98

 
−

0.
40

 
0.

46
 

0.
18

 
0.

44
 

−
0.

09
 

0.
33

 
0.

38
 

0.
06

 
0.

16
 

0.
91

 
0.

78
 

0.
84

 
1.

00
   

   
   

B 
0.

08
 

0.
09

 
0.

05
 

0.
02

 
0.

10
 

0.
10

 
0.

32
 

0.
12

 
0.

09
 

0.
11

 
−

0.
05

 
0.

07
 

0.
11

 
0.

13
 

0.
09

 
1.

00
   

   
  

Si
 

−
0.

20
 

−
0.

06
 

0.
08

 
−

0.
23

 
−

0.
20

 
0.

20
 

0.
24

 
−

0.
04

 
0.

29
 

0.
26

 
−

0.
26

 
−

0.
13

 
0.

02
 

−
0.

14
 

−
0.

05
 

0.
00

 
1.

00
   

   
 

U
 

0.
26

 
0.

32
 

−
0.

49
 

0.
10

 
0.

00
 

0.
65

 
−

0.
11

 
0.

58
 

0.
27

 
0.

13
 

0.
01

 
0.

22
 

0.
41

 
0.

08
 

0.
27

 
0.

14
 

0.
11

 
1.

00
   

   
A

l 
0.

28
 

−
0.

08
 

0.
05

 
0.

15
 

0.
68

 
−

0.
07

 
0.

53
 

0.
26

 
−

0.
04

 
−

0.
13

 
−

0.
06

 
0.

02
 

−
0.

18
 

0.
08

 
−

0.
10

 
0.

08
 

0.
14

 
−

0.
03

 
1.

00
   

  
M

n 
0.

22
 

0.
01

 
−

0.
06

 
0.

11
 

0.
56

 
−

0.
04

 
0.

82
 

0.
11

 
0.

06
 

−
0.

18
 

0.
01

 
0.

08
 

−
0.

09
 

0.
08

 
0.

03
 

0.
33

 
0.

19
 

−
0.

07
 

0.
73

 
1.

00
   

 
Cu

 
0.

06
 

−
0.

09
 

0.
04

 
0.

04
 

0.
15

 
−

0.
10

 
0.

71
 

−
0.

06
 

0.
00

 
−

0.
11

 
−

0.
07

 
−

0.
05

 
−

0.
09

 
−

0.
04

 
−

0.
04

 
0.

53
 

0.
07

 
−

0.
06

 
0.

14
 

0.
64

 
1.

00
   

Zn
 

0.
06

 
−

0.
08

 
0.

02
 

0.
05

 
0.

12
 

−
0.

10
 

0.
68

 
−

0.
07

 
0.

00
 

−
0.

10
 

−
0.

06
 

−
0.

05
 

−
0.

08
 

−
0.

04
 

−
0.

04
 

0.
51

 
0.

05
 

−
0.

04
 

0.
08

 
0.

60
 

1.
00

 
1.

00
  

Fe
 

0.
25

 
−

0.
08

 
−

0.
03

 
0.

06
 

0.
64

 
−

0.
02

 
0.

57
 

0.
21

 
−

0.
02

 
−

0.
15

 
−

0.
07

 
0.

00
 

−
0.

16
 

0.
04

 
−

0.
07

 
0.

08
 

0.
16

 
−

0.
03

 
0.

94
 

0.
80

 
0.

15
 

0.
09

 
1.

00
  

Fig. 5. PCA plot for PC1 and PC2, explaining the 34.2% and 27.7% respectively 
of the total variance of parameters in the analysed samples. The correlation 
among different variables is shown. 

Table 5 
Factor loading of PCA for drinking water samples (n = 40) for the two main 
components explaining 64.4% of the cumulative variance. The bolded values 
represent the dominant parameters based on the factor loadings ≥0.5  

Parameter PC1 PC2 

pH 0.21 0.674 
EC − 0.040 0.953 
Na+ 0.003 0.904 
K+ 0.024 0.796 
Mg2+ − 0.056 0.909 
Ca2+ − 0.004 0.932 
HCO3

− − 0.086 0.588 
NO3

− − 0.163 0.165 
Cl− 0.016 0.554 
F− 0.006 0.621 
As 0.115 0.674 
B 0.597 0.074 
Cd 0.997 − 0.052 
Pb 0.963 − 0.067 
U − 0.058 0.505 
Cr 0.992 − 0.032 
Mn 0.783 0.125 
Ni 0.979 − 0.046 
Cu 0.983 0.053 
Zn 0.975 − 0.053 
Fe 0.311 0.096 
Eigenvalue 7.862 6.375 
Variance (%) 34.182 27.719 
Cumulative variance (%) 34.182 61.901  
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attributed to the mining activities carried out in the study area that 
enhance the dissolution of As and other minerals from the parent rocks 
into groundwater. 

3.4. Geochemical modelling of arsenic 

The following parameters and species were the input to visual 
MINTEQ; pH Alkalinity, Temperature, major cations (Na+, K+, Ca2+, 
and Mg2+), major anions (Cl− , F− , NO3

− , SO4
2− , HCO3

− and PO4
3− ), and the 

elements Fe, Si, As. The results show that all As-containing minerals are 

Fig. 6. Factor loadings for different hydrogeochemical parameters for 38 water samples, loading value ≥ 0.5 indicates a significant influence of the corresponding 
parameters to the characteristics of water. 

Fig. 7. Bivariate plots showing the correlation between As and other redox-sensitive elements (Fe and Mn) and anions HCO3
− and PO4

3− poor correlation suggest the 
complex mechanism of arsenic and other TEs enrichment in water samples from Geita and Tarime. 
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highly undersaturated, except for scorodite, which is near equilibrium. 
Scorodite is a common weathering product of arsenopyrite and its 
persistence in nature has been shown to control As concentrations in 
water (Rimstidt and Vaughan, 2003). Negative SI values (− 3) (Fig. S2.) 
therefore indicate dissolution of this mineral, giving goethite and 
aqueous arsenate. Once As is released into the water, it tends to be 
readily adsorbed on other solid phases, such as Fe, Al, Mn oxide/hydr-
oxides, and clay minerals. The positive SI for Fe (III) oxide/hydroxides 
(ferrihydrite, and goethite) and Al oxide-hydroxides (gibbsite, 
boehmite, and diaspore) reveals that water is supersaturated with 
respect to these solid phases, suggesting their tendency to precipitate. 
Co-precipitation of As with Fe and Al oxide/hydroxides suggests that 
under favorable conditions, As may be resealed from the complexes and 
contaminated drinking water. The water samples are also over-saturated 
with respect to clay minerals like kaolinite, montmorillonite, and illite, 
which all show strong sorption behaviour towards As (V) (Manning and 
Goldberg, 1997). 

4. Conclusion 

In the present investigation, the potential water quality anomalies 
caused by unacceptable concentration levels of major ions and trace 
elements were assessed through a comparison of the measured con-
centrations with the existing drinking water standards recommended by 
the Tanzania Bureau of Standards (TBS) and World Health Organization 
(WHO). The concentration of trace elements in drinking water sources in 
the study area is highly heterogeneous and it depends on the local ge-
ology and proximity to gold mining activities. Approximately 48% of the 
water samples analysed did not comply with the WHO and TBS 
maximum allowable limit (10 μgL− 1) for As in drinking water. The re-
ported high concentration of As suggests that proper monitoring and 
management of human activities that may result in contamination of 
drinking water sources is required. Low concentration levels of major 
ions (Na+, K+, Ca2+, Mg2+, SO4

2− , HCO3
− and Cl− ) and trace elements 

(Co, Bi, Tl, Te, Ag, Cd, Ni, Cu, Ga, Sb, Be, Zn, Pb, Cr, Pb, Cd, and V), in 
water withdrawn from drilled boreholes suggest that deep groundwater 
(>40 m) represents a source of safe drinking water. Periodic health risk 
assessment studies concerning both geogenic and anthropogenic con-
taminants in drinking water should be conducted in the area. Further-
more, regular, and continuous monitoring of groundwater in terms of 
hydrochemistry and hydrology is also recommended. 
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Figure S1: Distribution of redox-sensitive elements in water samples from Geita (GT) and 
Tarime (TM). While the higher concentration of As and Fe were measured in Tarime samples, 
the concentration of Mn was observed to be higher in samples from Geita.  
 
Figure S2: Saturation indices for selected minerals, most of the water samples are 
oversaturated with respect to important minerals such as ferrihydrites and clays. 
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Tarime (TM). While the higher concentration of As and Fe were measured in Tarime samples, 
the concentration of Mn was observed to be higher in samples from Geita.  
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Figure S2: Saturation indices for selected minerals, most of the water samples are 
oversaturated with respect to important minerals such as ferrihydrites and clays. 
 


