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ABSTRACT

This study used the hydrochemical properties of water to reveal the causes of water quality degradation. The results showed
that most samples located downstream of the mine tailings dam were slightly acidic with pH as low as 4.6. Samples with high
levels of Na*, CI~, SOﬁ* and NO3 could not be isotopically linked to the local geochemistry, but the anthropogenic activities and
evaporation were probably responsible for the observed water chemistry. The Piper diagram indicated cations were dominated
by Ca and Mg, while anions were dominated by bicarbonates and sulphates. Pb and Hg levels (mean 70.29 and 17.95 pg/L,
respectively) were all higher than the World Health Organization (WHO) and Tanzanian drinking water guidelines. Mining activi-
ties probably contributed to the observed low pH values and elevated concentration of cyanides, heavy metals, and metalloids.
Stable isotope results indicated a vulnerability of the water to recent contamination that could be attributed to anthropogenic
activities. Moreover, isotopic studies indicated a flow pattern from the eastern to the western side of the mine study site. Low-
land samples were more 3H-enriched than highland ones. The present study concludes that groundwater recharge from recent
local precipitation may have an impact on the sources studied.

Key words: environmental stable isotopes, groundwater pollution, heavy metals and metalloids, Lake Victoria goldfields, North
Mara gold mines, Tanzania mine pollution

HIGHLIGHTS

Slightly acidic groundwater in Tanzania.

Levels of Pb and Hg higher than Tanzanian WHO standards.
Vulnerability of groundwater to recent contamination.
Contamination could be linked to local anthropogenic activities.
Contamination increased from east to west, towards Lake Victoria.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

Pollution of community
boreholes

* Assessment of groundwater and surface water pollutant levels
and transport near the mining sites of Tanzania

INTRODUCTION

Water is increasingly being demanded for human domestic consumption and economic development, albeit its
quality and quantity have been deteriorating due to natural and anthropogenic environmental effects (Vaux
2011). In Tanzania, mining expansion is one of the recent human-related environmental impacts. Development
of large-scale mines, especially in the Lake Victoria goldfields of Tanzania that began in the late 1990s, has
brought about socio-economic changes in the country. The past two to three decades have seen village lands
turn into suburban settlements, albeit with little settlement planning. These issues make water resources
around large-scale mine operations in Tanzania to be put under pressure and make it challenging to ensure
the availability of water in both good quality and quantity (Taylor ef al. 2005). An important aspect in surface
and groundwater monitoring studies is water quality analysis. Hydrochemistry studies can reveal suitable
water quality aspects to increase the understanding of the changes due to natural or anthropogenic activities.
Groundwater and surface water often consists of seven major ions: Ca®", Mg?*, Cl, HCO;5, Na*, K*, and
SO%’, which play a significant role in classifying and assessing water quality.

In the recent past, a new pollution concern has emerged resulting from domestic effluents due to increasing
human settlement around the Tanzanian major mining operations. Few cases have been published in Tanzania
on elevated levels of heavy metals and trace elements from water sources, soil, and plants near gold mining activities
(Taylor et al. 2005; Dimitriou & Zacharias 2006; Bitala et al. 2009; Almas & Manoko 2012; Rwiza ef al. 2016).
Despite the environmental impacts caused by large-scale mining operations, studies that clearly characterize the
hydrogeochemical properties of both ground and surface water around these mining operations are limited.

Most of the previous studies addressed only trace elements and heavy metals pollution and their spatial distri-
bution in groundwater (Almas & Manoko 2012; Rwiza ef al. 2016). However, assessing the vulnerability of water
resources to contamination remains an important area of study for community livelihoods and environmental
conservation. The vulnerability of water resources, especially groundwater, to contamination can be projected
by estimating the residence time and the flow patterns of groundwater (Bowell ef al. 1995; Dimitriou & Zacharias
2006). According to Hinkle (2009), estimating the rates of groundwater movement and contaminant transport
can aid in assessing the groundwater system for potential contamination and contaminant distribution. This
can also guide in determining the susceptibility of groundwater to near surface contamination. The study of con-
taminant transport is made possible by employing environmental isotopes that help in determining the relative
groundwater age and flow pathways (Yeh ef al. 2011; Hamutoko ef al. 2017). Stable isotopes of H and 20
are usually employed in tracing the groundwater flow along its path for determination of the origin of ground-
water and how the water mixes. On the other hand, radioactive isotopes can be employed to assess the
dynamics of groundwater (Kendall & Doctor 2003). The radioactivity of tritium, measured in tritium units
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(TU), whose half-life is approximately 12.43 years, can be applied in revealing the occurrence of recent ground-
water recharge (Lucas & Unterweger 2000).

The present study aimed at determining the vulnerability of groundwater to contamination using hydrochemi-
cal characterization and isotopic signatures. The hydrochemical compositions of various water resources were
analyzed for evaluation of the spatial distribution of pollutants. The spatial distribution of groundwater isotopes
provided a basis for knowledge about the pathways and residence time. The results for stable and radioactive iso-
topes, in addition to the hydrochemical characteristics of water, also helped explain groundwater vulnerability to
contamination.

MATERIALS AND METHODS
Site description

The NMGM is located in Tarime district, Mara region, northwest Tanzania (1°25' 50’S, 34°33'51'E) and is within
the Lake Victoria basin. To the north it borders Kenya and to the east it is bordered by Lake Victoria (Figure 1).
The NMGM consists of the main open-pit mine and an underground mine named Nyabirama and Nyabigena,
respectively; oriented to each other in the northeast to southwest direction. This gold-rich area is within the sul-
fide ore system, characterized by numerous deposits of base metals. The underlying rock is primarily pyrite
(FeS,), while arsenopyrite (FeAsS), galena (PbS), and sphalerite ((Zn,Fe)S) form a small section (Bowell ef al.
1995). Greenstone terranes, which are dominated by metavolcanic, metasedimentary rocks, and Archean granite,
form the geology of the area and are part of the Tanzanian craton.

sample collection and analyses

A total of 19 water samples were taken from varying sources, including boreholes, shallow wells (dug wells), and
springs. The sample points considered the distance from the active mine sites, within and between the two main
aforementioned mines. Surface water samples were from the Mara River, the Tigithe River, and an unnamed

Water sampling points
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Figure 1 | Tanzania map (top right corner) showing part of the Lake Victoria greenstone zone (bottom right) and locations of the
sampling sites for the present study (left).
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small stream in the Kwinyunyu subvillage whose flow passes from near the Nyabirama open pit mine tailings
dam. Five subsamples were collected from each sampling point for statistical quality assurance, to make 95
samples in total. The field work for sample collection was conducted in April 2019 which marks the peak of
the rainy season in this area of Tanzania. Before taking a well sample, the water was pumped out for 5 min to
remove any stagnant contaminants. A handheld GPS unit was used for recording sampling point coordinates;
observed site characteristics, i.e., latitude, longitude, altitude as well as nearby landmarks were also recorded.
Water samples were collected in 3x rinsed bottles and the in-situ data, e.g., temperature, dissolved oxygen
(DO), electrical conductivity (EC), total dissolved solids (TDS) and pH, were collected immediately using a multi-
parameter device (ScichemTech SCT-THER-PEN-6).

Furthermore, a 1,000 mL polypropylene bottle was used to collect samples for analysis of cations, anions, and
nitrate. For stable isotopic analysis, 100-250 mL high density polypropylene (HDPE) bottles were used to collect
samples for stable isotopes of hydrogen and oxygen, whereas 50 mL HDPE bottles were used for collecting
samples for tritium isotope analysis. The HDPE bottles were sealed to prevent evaporation prior to laboratory
analysis. Samples for cationic analysis were filtered in situ using 0.45 um membrane filters and preserved by
adding 2 mL of nitric acid to maintain pH 2.0. Samples for nitrate analysis were preserved by sulfuric acid. All
samples were kept in ice cold chests before being transferred to a refrigerator. Upon arriving in the laboratory,
the samples were kept at 4 °C until analysis.

Analyses for cations and anions were conducted in the laboratories of the Nelson Mandela African Institution of
Science and Technology (NM-AIST) and the Ngurdoto Defluoridation Research Center, both located in Arusha,
Tanzania. Common cations and anions measured included Na, K, Mg, Ca, NO3, CO%~, HCO5, SO3~, and CI".
The method used for the analyses of Ca and Mg was ISO 6059: 1984 — EDTA (0.05 N) titration. Na and K were
analyzed using the Sodium Ion - Selective Electrode Method, while ClI~ was analyzed using the AWWA/APHA:
4500-C1-B Argentometric Method. CO%?~ and HCO; were analyzed using alkalinity in water by Titrimetric
Method (titration with 0.01N H,SOy). SO?[ and NO3 were analyzed using spectrophotometric methods.

The analysis of stable isotopes was conducted at the University of Waterloo Isotope Laboratory (Ontario,
Canada) using a ThermoScientific MAT 253 Stable Isotope Ratio Mass Spectrometer. The isotopic values
were recorded in 5-values of per mil (%o) by comparing them with the international Vienna Standards Mean
Ocean Water (V-SMOW), as defined by Equation (1):

R
5= (ﬂ) x 1,000 (o) (1)
Rstandard

where Rsample and Rgtandard represent 2H/'H and '80/%0 isotopic ratios of samples and standards, respectively
(Craig 1961).

The analytical precision was measured within +0.20%o for 6'®0 and +0.8%o for 6*H according to the
V-SMOW. Tritium quantification was performed using the liquid scintillation counting (LSC) technique.
Quantification was direct (not enriched) with a detection limit of 6.0 + 6.0 TU at 2 sigma and reported in tritium
units (TU).

Heavy metals and metalloids were analyzed using WEX-210 (Beijing Rayleigh Analytical Instrument Corpor-
ation) atomic absorption spectroscopy (AAS) after wet acid digestion with a diacid mixture 9:4 (v/v) (nitric acid:
hydrochloric acid). Cyanide analysis was performed using a revised Phenolphthalein Method. Analytical blanks
were run in the same way as the samples and concentrations were determined using standard solutions prepared
in the same acid matrix. All laboratory plastic and glassware was precleaned by soaking overnight in a 10%
HNOj5 solution and then rinsed with deionized water. All samples were collected and analyzed in triplicate,
and the average results were used to represent the data. All calculations, including correlation analysis, were per-
formed using Microsoft Excel Version 2015.

RESULTS AND DISCUSSION
General site characteristics and water quality

Water source depths varied from surface water to shallow wells and deep groundwater boreholes (Table S1, Sup-
plementary Material). The water temperature ranged from 22.9 to 27.8 °C, a typical average annual temperature
of a shallow water table aquifer. The water sources from which the samples were collected were located at
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varying altitudes, expressed in meters above sea level (m.a.s.l). Samples were collected from highland to lowland
areas at the elevation ranging from 1,162 to 1,547 m above sea level. Other site-specific descriptions are as given
in Table S1, Supplementary Material. The general groundwater flow pattern was in the east-to-west direction
(Figure 2). As can be seen from Table S1, the present study collected data from varied groundwater and surface
water sources at different distances from the mine tailings dam. These site characteristics could have an influence
on the quality of surface and groundwater samples (Lerner & Harris 2009).

Groundwater and surface water pH

The sample’s pH, measured onsite, varied between 4.60 and 8.36, with a mean value of 6.99 (Table 1), which was
close to neutral. The standard deviation of 0.9 showed that the data were highly spread out. Most of the collected
samples had pH values above 6.3 but not more than 8.5 (Table 1). Samples from Nyaro3, Nyaro4, Nyaro5,
Nyaro7, Nyaro8, Nyaro9, Nyarol0, Nyarol4, Nyarol7, and Nyarol9 points had pH values below 7.0. Except
Nyarol4, 17, and 19, all of these samples were collected in areas close to the Nyabigena mine site, where
most sampling sites were within 1 km of the mine tailings dam. Samples whose pH > 7.0 were randomly distrib-
uted around the Nyabigena and Nyabirama mine sites.

According to TBS (2005), the lower and upper limits of pH admissible for drinking water purposes are 6.5 and
8.5, respectively (Morgenstern et al. 2010). The international standards, for example, those by WHO for surface
and groundwater systems, are also in a similar range of 6.0 to 8.5 pH values. Six water samples equivalent to 32%
had pH values below the stipulated limit in the Tanzanian guidelines (Table 1). Most of these samples were col-
lected from shallow wells and springs that were close to mining operations. These water sources were mostly used
for domestic consumption. The low pH values found in some surface water and groundwater samples may be
related to mining activities in these areas. Low pH values usually affect heavy metal’s distribution and migration
of making such water sources to be susceptible to pollution (Wang et al. 2016). The samples from the Mara River,
the Tigithe River, an unknown stream, and the groundwater from the boreholes on the eastern side were mostly
slightly alkaline (pH = 8.3-8.6), which is an indication of dominance of dissolved HCOj5 and that of CO5 (Laar
et al. 2011).

lLegend

@ Boreholes and wells Groundwater Level (MASL)

/A mines <VALUE> Kambea bl
—— Groundwater Level Contour [l 1,174 - 1,200 2

| Study areas B 1,200.1- 1,250 Area (W)
[ 1.250.1 - 1,300
[—11.300.1-1,350

1,350.1 - 1,400
1.400.1 - 1,450
Note: Groundwater level was :I

Interpolated using Kriging method - 1.450.1 - 1,500 0 2 4 8 Kilometers
| = = |
B 1.500.1- 15458

Figure 2 | Groundwater contour lines showing the groundwater flow direction of the study area. Water flow is from A towards
B as indicated by the green arrows.
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Table 1 | Isotope composition and hydrochemical composition of water samples collected from the NMGM operations

sampling site code®® %o °H *H pH EC °TDS °Na* °K* cca®* ccl- °co; "HCO; °s02" °NO; ‘Mgt
Nyarol —3.02 —-10.22 N.M 7.26 712 356 73 4.4 43.4 7 0.55 324.4 11 11.4 16.6
Nyaro2 -337 -1450 <50 818 676 338 120 52 103 21 453 3184 6 2.7 5.1
Nyaro3 —2.69 -7.35 <5.0 6.68 164 82 19 7.9 10.1 18 0.02 45.0 1 24.1 6.6
Nyaro4 -276 -8.03 NM 641 151 76 18 6.4 9.7 16 0.01  55.0 0 7.3 2.8
Nyaro5 -242  -7.33 NM 633 142 71 20 6.7 15.6 8 0.01 57.0 1 147 49
Nyaro6 —0.96 —0.30 N.M 8.36 349 175 28 6.5 16.6 11 2.00 92.9 28 1.5 8.1
Nyaro7 -1.79 —-2.96 9.0 4.60 1,388 698 210 19 94.5 190 0.00 0.0 136 10.6 47.7
Nyaro8 -1.14 -0.38 NM  6.70 430 216 37 8.2 37.2 22 0.04 77.0 62 101 6.0
Nyaro9 —2.00 -3.27 11.5 6.20 226 114 19 55 10.8 9 0.01 52.0 15 19.1 54
Nyarol0 —2.60 -9.01 7.0 6.39 179 90 21 54 7.9 10 0.01 63.0 7 7 6.2
Nyaroll -3.00 -1155 <50 7.00 837 418 44 11 43.8 32 025 2647 9 9.3 24.3
Nyarol12 -1.78 -1.57 <5.0 7.76 1,030 515 99 32 113.4 88 1.14 209.8 100 34.6 1.51
Nyarol3 —-221 —4.22 <5.0 7.12 773 387 74 1.9 455 56 0.22 174.8 65 154 115
Nyarol4 -237 555 <50 654 595 298 36 7.8 424 14 0.03  80.0 140 198 6.6
Nyarol15 —2.70 —-11.74 N.M 7.31 992 496 71 1.8 55.97 22 0.55 286.4 12 214 4.33
Nyarol6 1.51 15.33 N.M 8.36 540 270 57 9.8 29.9 54 3.16 146.7 31 7.3 16.3
Nyarol7 0.98 9.94 NM 681 3,456 1,736 310 54 558 53 0.11 1749 103 8.9 160
Nyarol8 4.73 31.09 N.M 8.30 4,200 2,120 430 85 306.8 60 2.85 152.0 82 2 88.9
Nyaro19 1.25 14.24 8.3 6.48 3,988 1,996 6.3 1.6 10.7 7 0.00 5.0 1900 509 85
Mean -139 144 - 7.00 1,096.2  550.1 89.1 14.7 77.0 36.7 0.8 134.7 142.6 248 227
+ SD — - - 0.9 1,290.9 649.1 111.8 21.1 135.2 43.7 1.3 103.9 428.1 47.4 39.2
WHO standard limits 6-8.5 500-1,500  500-2,000 10-12  75-200  250-600 300-600  200-600 50 30-150

SD = standard deviation. N.M = not measured.

aThe precision for §°H and 5'®0 were within +0.8%o, and +0.2%. respectively (VSMOW).
“The direct Tritium +8 TU.

“Chemical concentrations were measured in mg/L. EC was measured in uS/cm.
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TDS and EC levels

EC values varied between 142 and 3,988 uS/cm (mean = 1,096.2 + 1,290.9 uS/cm), while TDS ranged between
71 to 1,996 mg/L (mean = 550.1 4+ 649.1 mg/L) (Table 1). Both values indicated a very high dispersion from the
mean. The general indication of the EC values showed that deeper wells were more mineralized compared to
shallow wells and springs whose EC values ranged from 540 to 3,988 uS/cm and 143 to 773 uS/cm, respectively
(Table 1). A similar trend was indicated by the TDS, which was higher in deeper wells than in shallow wells and
springs. A trend in the variation of the EC and TDS with depth could be established such that as one moves from
the north-east to south-west direction (from side A upstream to side B downstream, Figure 2) of the study site, the
values of the EC and TDS increase. Thus, a general observation may be made that EC and TDS increased from
upstream downward.

TDS of up to 500 mg/L is classified as desirable for drinking; while 500-1,000 mg/L TDS levels are classified as
permissible for drinking; 3,000 mg/L TDS level acceptable for agricultural purposes, although not fit for drinking;
while TDS levels greater than 3,000 mg/L in water may only be useful for irrigation (Singh ef al. 2015). Of the 19
sampling sites (Table 1), samples collected from 15 sites fell in the ‘desirable for drinking’ category and only one
was within the ‘permissible limit’ category. Analysis results also indicated that all water sources were suitable for
irrigation purposes.

Raju et al. (2009) suggested that the variation in the concentrations of TDS, EC, and other ions could be partly
attributed to variations in the geochemical processes of groundwater and mostly as a result of anthropogenic
activities. Activities such as agriculture, industrial discharge, domestic waste discharge, and geological weather-
ing may contribute to high levels of EC and TDS in natural waters (Dinka ef al. 2015). Therefore, the high
concentrations of TDS observed on the western side of the Nyabirama open pit mine can be directly related
to the effluents from the mine tailings dam located within <200 m of the sampling area.

Major ion geochemistry

For the measured cations, the dominant ion was Na* with concentrations ranging from 16.3 to 430.0 mg/L (mean
=89.1 mg/L) (Table 1). Values for Ca®", Mg?*, and K" followed, respectively, with ranges of 7.9-306.8 mg/L
(mean = 77.0 mg/L), 1.5-160 mg/L (mean =22.7 mg/L), and 1.6-85 mg/L (mean = 14.7 mg/L) (Table 1). Ca*"
and Mg?" had a much higher standard deviation of 135.2 and 39.2 compared to their means of 77.0 and 22.7,
respectively. Cation chemistry was dominated by Na* with about 44% followed by Ca®" and Mg?* with 38
and 11%, respectively, while K™ had a minor contribution of 7%. Thus, the chemistry of the cations, for 68%
of the analyzed samples, followed the following trend: Na* > Ca?" > Mg®"/K*, while 21% of the samples fol-
lowed the order: Ca®t > Na*t > Mg?"/K*.

The cations such as Na*, K*, and Ca?" are usually associated with Cl~ and are usually found in natural waters
in the range between 1 and 100 mg/L. The adjusted values of Na* were well correlated with Cl~ (Figure 3). The
measured values were generally higher than those found in natural waters. However, depending on the bedrock
type, variations in the concentrations of Ca and Mg in natural waters ranging from 1 to 400 mg/L are not uncom-
mon (Cotruvo & Bartram 2009). Because Ca and Mg are essential elements for human, soil, and plant health, the
WHO does not impose strict regulations on the concentrations of these elements in drinking water. Numerical
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Figure 3 | A scatter plot of chloride concentrations vs. sodium concentrations from field data collected at the NMGM oper-
ations. 75% of the samples were used in plotting this graph as 5 sampling sites were found to be outliers.
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limits for Ca and Mg in the WHO documents are given as a precaution related to the acceptability of water by
consumers in terms of taste and scale deposition (WHO 1993, 2011). Furthermore, the total hardness of the
water is mainly contributed by sedimentary rocks that contain Mg and Ca ions. Additionally, other elements
such as Ba, Mn, Al, Sr, Zn, and Fe are usually found in surface and groundwater systems at varying concen-
trations (WHO 2011). Cation exchange could be the main process controlling the mobility and chemistry of
these major cations in the groundwater and surface water systems in and around the NMGM (Hamutoko
et al. 2017). Ca®* and Mg?" levels were higher than 100 mg/L in shallow water sources that were, therefore, sub-
ject to evaporation. This suggests that the effects of evaporation processes could have resulted in reduced dilution
effects for shallow water sources.

For the anionic concentrations (Table 1), SOi‘ dominated the rest of the anions ranging from none to
1,900 mg/L (mean = 142.6 + 428.1), followed by a HCO5 range of none to 324.4 mg/L (mean = 134.7 mg/L),
then CI” that ranged from none to 190 mg/L (mean=36.7 mg/L) and finally NO; with a range of 1.5-
214 mg/L (mean =24.8 mg/L) (Table 1). The salinity and hardness showed that about 42% of the samples
equally belonged to HCO; > Cl- > S0 and HCO; >SO3 > Cl~ series. The Cl- >SO3 > HCOs;,
SO3” > Cl~ > HCOj5 and SO;~ > HCOj; > Cl~ series represented a mere 5% of the total samples. Generally,
the anionic chemistry of the total samples was dominated by SOF~ (41%) and closely followed by HCO; dom-
inance (39%), while a minor contribution of 10 and 7% was for CI~ and NO3 ions, respectively. Except Nyaro19,
the other sampling points had SO%’ concentrations below the WHO secondary maximum contaminant level
(SMCL) for water quality (250 mg/L) designated for drinking (WHO 2011). In accordance to WHO (2011), natu-
rally, SO2~ occurs in groundwater at high levels due to the abundance of sulphate-containing materials in the
natural environment. This might not be the case for sampling points that had a concentration of 1,900 mg/L
downstream of the mine tailings dams. In this case SO; levels could be an indication of the occurrence of
recharge in groundwater with acidic water directly linked to the effluent discharged from the mine tailings
dam, as well as associated atmospheric depositions.

NOj3 concentrations ranged from 1.5 to 214 mg/L (mean =24.8 mg/L) (Table 1), in which higher concen-
trations were measured from the surface waters of the Mara River (Nyarol5) and groundwater that was
collected from some springs. The NOj; concentration showed a spatial distribution with considerably high
NOj in both the northern part (highland areas) and the western part (lowland areas of the studied area). The
Tanzania Bureau of Standards (TBS) regulates NO5 in drinking at a lower level of 10 mg/L and an upper
level of 75 mg/L. Ten samples, equivalent to 52% of all samples, had nitrate concentrations within the Tanzanian
permissible limits, while 48% of the samples had nitrate concentrations above the permissible upper limit. NOy
contamination in water resources is usually linked to some activities like agriculture, human and animal waste,
and lawns wastewater by 90, 9 and 1%, respectively (Bryan & Loscalzo 2011). Being highly soluble in water, NO5
can easily seep unfiltered into the soil, especially during rainy periods, irrigation, and crop watering activities.
These processes make its occurrence to be high in both surface water and groundwater. The samples with
high concentrations of NO3, especially surface water from Mara and Tigithe rivers, was probably an indication
of the impacts of anthropogenic activities.

Hydrochemical classification

Some major ions analyzed in water samples were plotted on the Piper trilinear diagram (Figure 4). The results are
hereby compared to those reported in the literature in order to classify water types (Ravikumar & Somashekar
2010). The results indicated that the water cations were dominated by Ca and Mg. The anions were dominated by
SO32~ and HCOj. This could mean that most of the water samples could be classified to contain the bicarbonates
and sulphates of Ca and Mg.

Correlation analysis

The coefficient of correlation (r) values are mostly used as a measure of dependence between two parameters of
water and exhibit how well one variable predicts the other (Howladar et al. 2014). pH was negatively correlated
with Cl-, Mg, SO3~, Hg, Pb, and Cd and it had a positive correlation with Na*, EC, K", Ca®*, As, NO5, HCOj,
and CN™ (Table 2). The relationship shown in Table 2 indicated how groundwater chemistry was influenced by
CO?Z and mineral dissolution of SO?{ (Li & Jiang 2016). EC correlated positively with all other parameters
except HCO3 and Cd (Table 2). The EC is mostly used to indicate salinity in water and the highly significant cor-
relation between it and major cations may be indicative of the contribution of major cations to the dissolved salts
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Figure 4 | Piper trilinear diagram illustrating the hydrochemical regimes of the studied waters (as modified by Ravikumar &
Somashekar (2010)). The concentrations entered in the source data file were in units of milligrams per litre.

in the studied water. The correlation values also reflected well what was portrayed by the hydrochemical regimes
in Figure 4. In the present study, cyanide correlated significantly only with EC, Na, and Pb. This could mean that
sodium cyanide and cyanide complexed with Pb were the major cyanide species in the water analyzed (Hummel
2004; Nsimba 2009). Interestingly, there was no significant correlation between heavy metals and metalloids in
the water samples studied.

Concentration of cyanides, metals, and metalloids

A summary of the concentrations of heavy metals/metalloids and cyanide in groundwater and surface water
samples collected from the NMGM has been given (Table 3). For free cyanide (CN™), high concentrations
were found in samples collected from a stream in Kwinyunyu village near Nyabirama tailings dam (Nyaro18)
with approximately 20 ug CN~/L and in samples collected from the Mara River (Nyarol5) with approximately
15 ug CN~ /L. Cyanides usually occur in environmental waters in relatively low concentrations and mining oper-
ations are among the leading anthropogenic sources of CN~ (Mousavi ef al. 2013). The WHO has set a health-
based rounded value of 500 ug/L as a limit on the level of cyanide in drinking water. In this study, the levels of
CN™~ were below the WHO threshold and were in agreement with cyanide levels found in the surface water of
other countries such as Korea, Brazil, and Italy (Jaszczak et al. 2017). However, the fact that the highest concen-
trations of cyanide were found at a site close to the mine tailings dam (see Supplementary Material, Table S1 and
Table 3) may raise some concerns about the influence of the tailings on the levels of cyanide in surface water.
The highest concentrations of Pb were found in samples collected from a community borehole (Nyaro7) near a
mine tailings dam of Nyabigena mine site. Other high Pb values were also mostly from surface water and springs
near the mine tailings dam. Nyaro4 and Nyarol7 were springs whose Pb concentrations were the highest with
>130 and >120 ug Pb/L, respectively. Surface water samples collected from the Tigithe river (Nyaro6), and
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Table 2 | Correlation coefficient matrix of groundwater and surface water quality parameters (n = 19)

pH EC Na K ca mg cl- HCO; so2 NO; CN™ HE As
pH 1
EC 0.095 1
Na 0.163 0.71% 1
K 0.244 0.69% 0.92% 1
Ca 0.092 0.68% 0.83* 0.82%* 1
Mg —0.002 0.69% 0.83* 0.78* 0.97* 1
Cl~ -0.32 0.22 0.51%* 0.36 0.29 0.34 1
HCO3 0.58% —0.01 0.19 0.07 0.15 0.08 -0.11 1
SO;~ -0.16 0.59% —-0.12 —0.09 —0.06 —0.04 —-0.09 —-0.32 1
NO3 0.017 0.047 —0.12 -0.19 —0.08 -0.17 —0.09 0.27 0.12 1
CN™ 0.058 0.54% 0.49% 0.35 0.26 0.32 0.12 —0.01 0.22 0.27 1
Hg —-0.061 0.016 —-0.12 -0.12 -0.26 -0.16 0.02 —-0.07 0.14 0.09 0.23 1
As 0.164 0.072 0.02 0.13 -0.17 -0.14 —0.04 0.08 0.09 -0.34 -0.19 0.41 1
Pb —0.26 0.53%* 0.35 0.3 0.31 043 0.29 —0.49% 041 -0.17 0.59% 0.31 —0.06
Cd —0.15 —0.08 —0.22 -0.21 —-0.04 —0.01 —0.12 -0.17 0.09 0.26 —0.09 -0.19 -0.1

*Indicates significant correlation at p-value = 0.05.
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Table 3 | Levels of cyanide and selected heavy metal/metalloid ions in water samples collected from the NMGM of Tanzania

CN™ Hg As Pb cd

sample name pg/L

Nyarol 12.48 16.64 0.03 43.50 0.72
Nyaro2 7.49 11.46 0.09 3.79 0.21
Nyaro3 12.48 27.23 0.08 65.03 0.55
Nyaro4 12.48 17.82 0.02 131.48 0.80
Nyaro5 4.99 8.79 0.06 50.14 271
Nyaro6 9.98 18.68 0.06 134.40 1.95
Nyaro7 12.48 20.77 0.04 153.75 1.04
Nyaro8 7.49 9.21 0.02 0.30 0.03
Nyaro9 7.49 7.56 0.06 28.24 1.36
Nyaro10 4.99 33.59 0.08 72.30 0.54
Nyaroll 4.99 29.44 0.13 37.64 0.92
Nyaro12 2.50 11.69 0.08 3.97 0.61
Nyarol3 12.48 21.71 0.05 86.14 0.44
Nyarol4 5.99 15.64 0.02 49.43 0.12
Nyarol5 14.98 20.56 BDL? 31.29 1.61
Nyarol6 7.49 17.96 0.02 40.32 0.90
Nyarol7 9.98 7.86 0.01 120.36 1.29
Nyarol8 19.97 21.49 0.09 130.60 0.10
Nyarol9 13.62 22.88 0.07 152.75 1.25
Overall mean 9.70 17.95 0.05 70.29 0.90

2BDL = below detection limit.

samples collected from a stream in the Kwinyunyu subvillage (Nyaro18) had Pb levels >134 and 130 pg Pb/L,
respectively. A total of 16 samples equivalent to 84% were found to contain Pb levels above the WHO rec-
ommended value of 10 ug/L, while six samples contained Pb levels above the 100 ug/L value recommended
by TBS (TBS 2005; WHO 2011). Pb is defined by the United States Environmental Protection Agency
(USEPA) as a hazardous substance to most forms of life and is considered toxic and relatively accessible to
aquatic organisms even at low concentrations (USEPA 1986 in Adesiyan ef al. (2018)). Pb is a known neurotoxin
that negatively affects the cognitive abilities of under-five children (Rwiza ef al. 2018). Therefore, the levels of Pb
found in surface and groundwater sources in the present study are quite alarming.

For As, the concentrations ranged from ‘no detection’ at Nyaro15 to 0.13 pg As/L at Nyarol1l. Generally, for
As, the concentrations for all 19 sampling sites were negligible and fell within both the WHO and the TBS stan-
dards. According to (Ritter et al. 2002), As has the average concentration of 2 ug/L in the earth’s crust. It may
normally be available in enriched quantity in areas such as the NMGM sites that have small sections of As-con-
taining ores, e.g., arsenopyrite (FeAsS) and pyrite (FeS,). Arsenic sources include natural weathering of geological
material mostly found near such gold-rich areas.

For Cd, the highest level of 2.71 pg/L was detected in samples collected from Nyaro5, a shallow natural spring
water source close to the Nyabigena mine tailings dam. However, the recorded Cd concentrations were all below
both the WHO maximum allowed limits for drinking water of 3 ug Cd/L (WHO 2011) and 100 ug Cd/L rec-
ommended by TBS (TBS 2005). Usually, unpolluted water contains less than 1 ug Cd/L. Cd is a highly toxic
metal and can dissolve in water easily. Despite being a chief pollutant in aquatic environments, Cd is a nonessen-
tial metal with adverse effects on living organisms (Adesiyan et al. 2018). The two sampling sites (Nyaro5 and
Nyaro6) that had the highest Cd levels were surface water sources, an indication that the concentration of Cd
in those samples were probably attributable to atmospheric deposition. However, Nyaro5, a spring water
source, posed some concern because the Cd level of 2.71 ug/L was close to the limit set by WHO.

For Hg, the samples collected at Nyaro9 had the lowest concentration of 7.56 ug/L and the samples collected at
Nyaro10 had the highest concentration of 33.6 ug/L. The WHO drinking water quality guideline for Hg is 6 pg/L.
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As a pollutant, Hg is known for its toxicity and tendency to bioaccumulate and persist in the environment. Metal
(e.g., gold-Au) refinery is a major source of Hg in most mining areas of sub-Saharan Africa. All samples in the
present study had Hg levels well above the recommended WHO guideline (Table 3). In most raw and treated
water, the Hg concentrations are expected to be low except for areas that are severely contaminated (Ritter
et al. 2014). The observed values in the present study give an indication that Hg was probably being intensively
used for Au extraction in the study area and is leached into the aquatic environment in appreciable quantities.

Hydrogen (62H) and oxygen (5'80) isotope composition

The analytical results for the isotopic signatures of ?H and 0 compared to the standards (Table 1) showed that
the water samples had means of —1.39 80 and —1.44 *H, while the ranges were —3.37 to 4.73 ‘80 and —14.5 to
31.09 2H. Stable isotopic compositions of surface and groundwater were plotted together with a Global Meteoric
Water Line (GMWL) (Figure 5). For the plotted isotopic values in water samples, regression analysis was applied
accordingly followed by insertion of the GMWL. The GMWL relationship is given by Equation (2):

PH=284e3%0+10 )

where § is the parameter for isotopic enrichment, *0 and ?H are heavy oxygen and hydrogen isotopes, respect-
ively (Craig 1961). The obtained regression equation and the Local Meteoric Water Line (LMWL) are indicated
by Equation (3), representing both surface water and groundwater samples.

8H = 5.47 o 580 +6.137, R?> = 0.984 3)

where R? is the coefficient of determination.
Most of the samples when plotted on a §'®0 vs. 6°H plane clustered around the GMWL with a gradient of 5.5,
indicating the influence of precipitation. Analysis of 2H and 20 isotopic signatures relative to standards found

¢ NYAROI1 A NYARO2 X NYARO 3 X NYARO4 @ NYAROS
+ NYARO 6 - NYARO7 - NYAROS8 ¢ NYARO?Y B NYARO 10
4 NYARO11 X NYARO 12 X NYARO 13 > NYARO 14 + NYARO 15
- NYARO 16 = NYARO 17 ¢ NYARO 18 2 NYARO 19
=———=NMGM LMWL
76.00
SH =85'%0+10
26.00 1 /L/
/ﬁ.d
5H =5.475'%0+ 6.1374
0] R*=0.9839
2]
-74.00 -
-124.00 -
-174.00 : . ‘ :
-23.00 -18.00 -13.00 -8.00 -3.00 2.00 7.00
3130
Figure 5 | A plot of stable isotopes of oxygen and hydrogen for some groundwater samples. The regression line is in peach/
coral color.
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that water resources located on the eastern part of the NMGM (side A - highland) were much isotopically
depleted than samples from the western part (side B - lowland) of Figure 2. This is an indication that the flow
of groundwater in the study area was from the east to the west side of the study area, making the generalization
that pollutants flow following the east-west direction. Therefore, the groundwater 6'0 values indicated a prefer-
ential trend in their spatial distribution. Lighter 6'®0-bearing water was located mainly at higher elevations and
the heavier 6'80-bearing water was located mainly at lower elevations. The 5’80 enrichment could also be repre-
sentative of the effects of evaporation from mixed groundwater and surface water. Therefore, evaporation was
probably among the main processes influencing groundwater chemistry in the study area.

Tritium activity

Ten samples were analyzed for °H activity. The minimum value had direct tritium less than 5.0 while the maxi-
mum value was 11.5 TU based on + 8.0 TU. Looking at tritium activity solely may not give conclusive data on the
groundwater relative age. However, it can provide a general overview on whether the water is young (<50 years)
or premodern (>50 years) (Clarke ef al. 1976; Zouari et al. 2002). The relative age indicated by the decay of tri-
tium radioisotopes in the present study helps to conclude the time dependence of the vulnerability of water
resources to recent water contamination. In the present study, 40% (equivalent to 4 out of 10) of groundwater
samples represented recent water — with 5 to 15 TU, while 60% represented a mixture of modern and old
water — with <5 TU (Ako et al. 2012; Abiye & Shaduka 2017). Modern groundwater is generally more susceptible
to contamination than old groundwater. This is due to the introduction of many anthropogenic contaminants.
Therefore, the sites with depleted *H values belong to old groundwater, and those with high *H values represent
recharge from recent precipitation events. The spatial distribution of tritium in the present study indicated that
lower tritium activity was generally found at higher elevations. Likewise, in the present study, tritium activity
increased along the direction of groundwater flow characterized by upstream depletion and downstream
enrichment.

CONCLUSION

The present study examined the hydrochemical and isotopic composition of groundwater and surface water near
the NMGM in Tanzania. The combination of major elements, geochemistry, and stable isotopes (620, §°H) have
provided some understanding of the flow pattern and the processes leading to the deterioration of water quality.
The isotopic analysis showed that the water chemistry was, to some extent, controlled by evaporation and altitu-
dinal effects. Tritium (°H) radioactivity indicated that groundwater was vulnerable to recent near-surface
contamination as it received recharge from a modern local precipitation rather than recharge from a paleocli-
matic age.

It is worth mentioning that most of the major ions were high in the shallow depths of the groundwater.
Spatially, as one moves along the water flow pattern, the water quality deteriorated. The sources of the major
ions in surface and shallow groundwater may be partly attributed to lithogenic and mostly to anthropogenic
activities such as domestic effluents, agriculture, and mining activities. Most samples had low pH values (mini.
=4.6) and were enriched with heavy metals, e.g., Hg (max.=33.6 ug/L), Pb (max.=153.8 ug/L), and Cd
(max.=2.7 ug/L) as well as cyanide (max.=20 ug/L) that could be linked to anthropogenic activities. 84% of
water samples contained Pb levels above the levels recommended in the Tanzanian standards. At two sites,
Cd levels (2.7 and 2 pg/L) were close to the limit set by WHO. The general flow pattern of pollutant-carrying
water was on the west side, where the Mara River and Lake Victoria are located. This may have some impli-
cations for the loading of pollutants into the two aquatic ecosystems of high economic importance in the East
African region.

A recommendation is thus made that the uses of shallow boreholes and dug wells in the study area need to be
avoided to minimize exposure risk to pollutants. Furthermore, community boreholes should be located in the
highland areas where the levels of pollutants were found to be relatively low. More studies that utilize stable
and radioactive isotopes in this region of East Africa are needed. The region is one of the fastest growing regions
in sub-Saharan Africa in terms of human population, industrial activities, mining activities, and agricultural activi-
ties. Therefore, more studies to examine the impacts of human pressure on water resources are of paramount
importance.
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