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Abstract

:

The present study area is an alluvial plain consisting of fine clayey sand and coarse sand with mixed lithology. In September 2018, a water sampling campaign was carried out in 28 wells spread all over the plain. The interpretation of the results from the physicochemical analysis allows determination of the hydrogeochemical behaviour and quality of the groundwater sampled in this plain. The spatial distribution of physical and chemical parameters reveals a clear demarcation between the east and the west of the study area. Water samples from wells located in the western part of the plain show a high mineralisation with high electrical conductivity and total dissolved solids. Water samples from the southern and eastern parts show intermediate to low mineralisation. Graphical representations of chemical analysis in the Piper diagrams reveal that the groundwater in the study area can be classified into five families. The evaluation of water quality shows that concentration values of some ions like Na+, Ca2+, Mg2+, Cl−, HCO3− and SO42− are generally high in the western part of the plain along the Rusizi River with very high values particularly observed in the Rusizi delta.






Keywords:


physico-chemical parameters; groundwater quality; WHO standard; lower Rusizi plain; Burundi












1. Introduction


As a crucial source of freshwater on Earth, groundwater plays a vital role in supplying human demands and sustaining the ecological environment [1,2,3]. The aquifer of the lower Rusizi plain is one of the largest and most important aquifers in Burundi, providing water resources for domestic, agricultural and industrial uses [4]. This plain has known the use of groundwater since the 1950s. Drilling was carried out along transversal tracks for a supply of drinking water to the population who were installed there for the cultivation of cotton [5]. More than seventy wells were drilled in this plain between 1953 and 1960 [5,6]. Some chemical data for only three water samples were found in the bibliography [6], so the hydrogeochemical properties of the groundwater of this area were poorly known until 2018, the year in which sampling was carried out.



Another drilling campaign was started between 2007 and 2015. Thus, some samples of groundwater were collected from 28 new wells and have been analysed in the Laboratory of Hydrogeology, Geophysics and Environment, Applied Sciences Faculty, University of Liège in Belgium (HE-ULiege laboratory). The treatment of the physico-chemical results obtained after laboratory analysis of the 28 groundwater samples leads to determining the concentrations of major and minor elements in the sampled groundwater, as well as determining the reactions with the geological formations in which the water flows. These concentrations were used to determine the inorganic quality of the water sampled.



The main objective of this study is to characterise the physico-chemical properties of the groundwater in the lower Rusizi plain by determining the physical and chemical parameters, their spatial distribution using minimum standards for chemical analysis of groundwater, water facies, hydrogeochemical properties, saturation indices and the inorganic quality of the groundwater compared with the standard drinking water limits established by the World Health Organization (WHO).




2. Materials and Methods


2.1. Location and Geological Setting


The study area lies between the south latitudes of 3°03′00″ to 3°21′00″ and the east longitudes of 29°12′00″ to 29°27′00″. The Lower Rusizi Plain is bordered (Figure 1) to the west by the Rusizi River, which is the natural border between Burundi and the Democratic Republic of Congo (DRC), to the north by the Nyamitanga River, from the north-east to the south-east by the Mirwa foothills and to the south by Lake Tanganyika and the Ntahangwa River.



The geology of the Lower Rusizi Plain is largely made up of recent Cenozoic formations [7] and another less represented part is made up of Precambrian rocks [8] that border the plain to its eastern limit. The Precambrian outcrops lie on the eastern border [9] while the fluvio-lacustrine alluviums occupy the rest of the area [10,11]. The Cenozoic is constituted by recent alluvial deposits of the Rusizi River, several tributaries of Lake Tanganyika or the Rusizi and piedmont deposits from the foothills (Ho) which cover the eastern part [6]. It is also constituted by Middle Pleistocene (Pm) formations made up of fluvio-lacustrine alluvium [6,7,8,9,10,11,12]. The Precambrian outcrops consist of middle Proterozoic magmatic and metamorphic formations [9] consisting of the complexes of Zina/Randa (Zn/Ra), Bubanza (Bb) and Buhonga (Bg), the Rushubi-Muyebe formation (Rb/My) and the granitic intrusions (γ) as shown in Figure 1b. A small Archean outcrop, the Mugere complex (Mg), is represented in the southeast of the plain (Figure 1b).



Therefore, the sedimentology of the lower Rusizi plain is represented by six facies [4,5,6,7,8,9,10,11,12,13] as shown in Table 1 and Figure 1c.




2.2. Hydrogeology


Two main drilling periods (1953–1960 and 2007–2015) were observed in the study area. During drilling, the depths of the first water inflow were systematically recorded and then, generally, there is a rise of water in the casing up to 15 m at the completion of the well [4,5,6]. This phenomenon can be explained by the lenticular layers of the aquifer partially confined by low permeability formations [6,7,8,9,10,11,12,13,14]. The depth to water measured in the wells, the thicknesses of the aquifer and the layer of clay that confines this aquifer are variables [4]. The thickness of the aquifer is relatively low in fluvial deposits (1 to 6 m) but is increased in littoral barriers and lacustrine deposits (more than 12 m) [4].



The results of the pumping tests were used to determine locally the hydrodynamic parameters, such as hydraulic conductivity values [15]. The lithological heterogeneity of the aquifer indicates that the hydrodynamic parameters calculated from interpretation of pumping tests (steady state without piezometers) are localised around the corresponding wells and cannot be generalised over the whole plain [15].



In general, hydraulic conductivity values decrease from south to north and from west to east, and are generally low near the Precambrian foothills [16]. However, this rule is not generalised in the alluvial cones investigated by the wells near the Kajeke and Mpanda rivers, where hydraulic conductivity values range up to 10−3 m/s [16]. The lowest values are found towards the eastern limit of the plain, while the highest values are found towards the south-west. The drillings realised in the Precambrian basement present low hydraulic conductivity values (10−6 m/s) [16].



The reference piezometric map [4] reveals a general groundwater flow in the aquifer from the Precambrian basement located to the north-east and east of the plain, towards the south-west (Figure 2). The aquifer–river interactions change from one river to another and from one area to another [4]. In the Kajeke River basin, the orientation of the potentiometric curves reflects a drainage of this river by the aquifer, while in the Mpanda River basin, the concavity of the potentiometric curves reflects a drainage of the aquifer by this river. In other rivers, the potentiometric line orientation confirms that those rivers are drained by the aquifer. The concavity of the potentiometric lines oriented towards the east and the north-east, except in the Mpanda River basin, also reflects a lateral recharge of the aquifer from the altered or fractured Precambrian basement. On the contrary, at its western limit, this aquifer is drained by the Rusizi River and, in the south, Lake Tanganyika constitutes its southern outlet.




2.3. Methodology


Sampling was carried out in September 2018, which is the end of the dry season in Burundi, which normally covers four months (June–September). The sampling methodology adopted was first to identify all the operational wells before starting the water sampling work. Twenty-eight samples were selected from these operational wells. This choice was justified by the easy access to the wells (for example, hand-pumped wells that serve the populations of rural villages are easier to access than private wells, where permission from the owners was a condition for sampling), the possibility of pumping the water for at least thirty minutes to obtain representative water from the aquifer with the aim of having a more or less balanced distribution throughout the study area. The sampling point was taken as representative of the aquifer formation. Field measurements are often carried out for parameters such as pH, electrical conductivity (EC), redox potential (Eh), dissolved oxygen (O2) and temperature, which are measured by electrodes [17]. In this study, only three parameters (pH, temperature and EC) were measured in situ using a multiparameter (HQ 1110 model manufactured by Hach Lange GmbH, USA) probe in the sampling bucket after rinsing the electrodes with distilled water. In situ EC and pH measures were later compared with those measured in the analysis laboratory. The samples to be analysed in the laboratory were placed in 250 mL plastic bottles. These bottles were then hermetically sealed and placed in sample boxes, which were kept refrigerated until the day of analysis. Table 1 describes the geological formation of the aquifer where the samples were taken, while Figure 1c shows the spatial distribution of samples in different geological formations of the aquifer.



A routine analysis involves measuring the concentration of a standard set of constituents [17]. A standard groundwater chemical analysis as a minimum comprises eleven variables [18] for temperature, electrical conductivity (EC), pH, the four major cations (Na+, K+, Mg2+, Ca2+) and four major anions (Cl−, HCO3−, SO42−, NO3−). The routine analysis typically includes the major constituents with the exception of SiO2 and carbonic acid, and the minor constituents with the exception of boron and strontium [17]. Major constituents are considered to be those with a volume of concentration higher than 5 mg/L in groundwater, while minor constituents have concentrations between 0.1 and 5 mg/L and the concentrations of all trace elements are lower than 0.1 mg/L [19]. One simple check on the quality of a routine analysis is to compare the sum of concentrations of cations and anions in milli-equivalent per litre [17]. The average electrical balance of groundwater analyses of the lower Rusizi plain is 0.24% with values between 2.6 and 5.9%. These are considered as good quality analyses. Analyses of the four major cations (Ca2+, Mg2+, Na+, K+) and anions like Cl−, NO3− and SO42− were realized using a capillary ion analysis (C.I.A) technique. Silica (SiO2) was analysed by a flame atomic absorption technique, while carbonate (CO32−) and bicarbonate (HCO3−) ions were obtained after determination of pH and the complete alkalimetric title.



The total dissolved solids (TDS) value in mg/L is defined as the mass of the residues divided by the initial volume of water [20]. In this study, TDS was obtained by summing the concentrations of major cations and anions. EC, which is an indirect measure of TDS, reflects the salinity or the mineralisation of groundwater [20]. High values of EC indicate mature waters with long residence times and which have, thus, dissolved the maximum of rock-forming materials [20].



The hydrogeochemistry of major ions is a powerful tool for determining solute sources and for describing the evolution of groundwater after water–rock interaction leading to the dissolution of carbonate minerals, the alteration of silicates and ion exchange processes [21,22]. A high concentration of Na+ relative to Cl+ or a decrease in Na+ relative to Cl− are clear signs of cation exchange reactions [21]. A Na/Cl ratio approximately equal to and/or less than 1 is generally attributed to halite dissolution [23], whereas a ratio greater than 1 is generally interpreted as reflecting Na released by silicate weathering reactions [23,24]. The chemical data of the groundwater samples were also plotted in Gibbs’s diagrams [25].



The equilibrium state of water with respect to a mineral phase can be determined by calculating a saturation index (SI) from analytical data [21,22]. An SI < 0 indicates that the groundwater is unsaturated with respect to the mineral considered, while an SI > 0 specifies that the groundwater is oversaturated with respect to the mineral phase considered and therefore leading to precipitation of the concerned mineral [21]. If IS = 0, the water–rock interaction has reached equilibrium [23,24].





3. Results and Discussion


Table 2 summarizes the major and minor physical and chemical compositions of the groundwater samples while Table 3 shows some chemical reactions between major ions and saturation indices of principal minerals. The sampling point was taken as representative of the aquifer formation.



3.1. Physico-Chemical Characteristics of Groundwater


3.1.1. Physical Characteristics


Temperature (Table 2) values range from 25 to 31 °C. In most of the wells sampled (except for samples 6 and 7), the temperature values are higher than the maximum value of the WHO standard (25 °C). The pH values in situ are slightly lower than the pH values measured in the laboratory with the exception of the water in sample 10 (Table 2). The pH values in situ range from 6.26 to 8.05 while pH values measured in the laboratory range from 6.49 to 8.17. Most of the samples analysed present an alkaline characteristic (pH > 7). In the study area, EC varies between 210.3 and 7060.8 µS/cm (EC laboratory) and between 201 and 5960 µS/cm (EC in situ). TDS varies from a minimum of 176.75 mg/L to a maximum of 5918.05 mg/L. Note that for almost of all samples, the EC measured in the field is slightly lower than that measured in the laboratory. According to the EC values, the water sampled in the western part of the study area can be classified as mature water and can reflect the contribution of evaporative concentration, the dissolution of evaporitic salts and anthropogenic pollution.



The high mineralisation observed in the wells drilled in the western part of the plain near the Rusizi River and in the Delta (Figure 3) would be influenced by the infiltration of water from the Rusizi River which is a river with high salinity, as the Rusizi is an outlet of Lake Kivu from the north between DRC and Rwanda, which is a saline lake. For the drillings located in the north-west along the Kajeke River, the high mineralisation observed in the groundwater samples could be a result of the contribution of seepage water from this river with its excess of dolomites [6]. The physico-chemical parameters in the water samples that were collected over the whole extent of the plain show an evolution in water mineralisation from east to west and more particularly in the Rusizi Delta. The different methods used in this work lead us to distinguish three zones: the Rusizi Delta (more mineralised), the western part (intermediate mineralisation) and the less mineralised part from the north-east to the south-east (Figure 3).




3.1.2. Major Elements


As the TDS in this study area was obtained by summing the concentrations of major cations and anions, the spatial distribution of major cations and anions shows (Figure 3) an increasing trend from the north-east (basement) towards the south-west (Delta). In the Delta and the western part of the Kajeke River, except for well n°16 (Figure 3), Na+ is the most dominant cation. The concentration of Na+ in the groundwater samples varies from a minimum of 22.24 to a maximum of 1543.4 mg/L. The highest concentration of Na+ occurs in the water samples collected in the Delta (1543.4 mg/L), whereas the lowest concentration is found in the water samples collected in the Precambrian basement (22.24 mg/L). Concentrations of Ca2+ and Mg2+ are relatively high compared to Na+ in the south near Lake Tanganyika and the Ntahangwa River. Concentrations of K+ are absolutely lower, except in the water sample from well n°3 (290.90 mg/L), compared to the concentrations of other major cations.



Except in the groundwater sample from well n°17, HCO3− is the most dominant anion. The increase in the spatial distribution of this anion trends from east to the south-west in the Delta, where the highest concentration measured is 2515.83 mg/L in the water samples from well n°3. The concentration of Cl− varies from a minimum of 2.43 (well n°9) to a maximum of 441.35 mg/L (well n°3). Of the twenty-eight groundwater samples studied, only two samples (n°1 and 3) show Cl− concentrations exceeding the taste-based limit of 250 mg/L [26]. The spatial distribution of this element shows that there is a general increasing trend from east to south-west (Delta). The spatial distribution of SO42− shows an increasing trend from east to west with particularly high concentrations in wells n°1, 2 and 17.



NO3−/CO3− and SiO2 are, overall, characterised by low concentrations, except in sample n°3 (515.93 mg/L) for NO3−. On the contrary, the concentration of SiO2 decreases from the east to the west of the plain with the minimum observed in the water sampled from well n°3 (22.99 mg/L).



The overall lowest concentration values of K+ and Mg2+ in the different groundwater samples compared to Na+ values explain the smaller contribution of K- and Mg-bearing aluminosilicates to the hydrogeochemical evolution of groundwater. In the groundwater samples from the wells in the south of the plain, the highest concentrations of Ca2+ denote that the higher contribution of Ca-bearing minerals is significant compared to the other sources of cations. The clear demarcation in concentration values of HCO3− between the north-east and south-west parts of the study area confirms that the concentration of HCO3− progressively increases along the flow path (Figure 2) as the results of the dissociation of H2CO3 in groundwater [19]. The spatial distribution of SiO2 displays a random variation which does not correspond to the increasing trend from the Precambrian basement towards the Rusizi Delta. Water samples with high mineralisation such as those sampled from wells located in the west part of the plain (TDS > 1000 mg/L) present low concentrations of SiO2. The relatively high concentrations of silica in the water sampled in wells drilled in the Precambrian basement and alluvial cones confirm the metamorphic origin of this element.




3.1.3. Minor Constituents


Ammonium (NH4+) is the most toxic form of nitrogen. Its presence in water is related either to urban and industrial wastes, or the reduction of nitrogenous forms (nitrates and nitrites) under reduced conditions [27]. In the laboratory, NH4+ was analysed for only 11 water samples. All these analysed samples were collected in the south of the plain, in the Delta, near Lake Tanganyika and along the Ntahangwa River (Figure 3). High NH4+ concentrations were found in the water samples from the wells located in the south-west of the plain, with a maximum of 102.6 mg/L in well n°2. Wells n°1 and 2 are located very close to a former breeding site while wells 4 and 5 are located in the south of the breeding areas. It can be seen that wells with a TDS greater than 1000 mg/L present high NH4+ concentrations, such as wells n°1, 2 and 4. The remaining samples analysed were collected in the urban parts of Bujumbura (towards the east) and show low NH4+ concentration values. Combining the location of the samples showing high values of NH4+ and the farming activities that were carried out near or upstream of the sampling sites, these high NH4+ concentrations would be caused by organic origins.



Fluoride (F−) concentration values in the groundwater samples of the lower Rusizi plain range from a minimum of 0.13 to a maximum of 2.54 mg/L. A high F− concentration is found in well n°3 located in the Rusizi Delta.



Strontium (Sr+) is an alkaline earth metal. Sr+ ion concentrations are high in the south-western part of the plain, particularly in the Rusizi Delta, with values ranging from 0.6 to 3.22 mg/L. Most of the wells present concentration values less than 0.5 mg/L of Sr+. There is evidence for high Sr+ concentrations in the Rusizi Delta by correlating the facies illustrated by the Piper diagram related to the presence of evaporate formations with high concentrations of Sr+ (Figure 4).





3.2. Water Facies


Figure 4 shows the projection of different water samples in the Piper diagram. This diagram allows distinguishing five water families of which CaMgHCO3 and CaHCO3 are the most abundant ones, with respective abundances of 54% and 21%, while NaKHCO3, NaCaClSO4 and NaKClSO4 represent 10, 7%; 10, 7% and 3, 6%, respectively. A visual analysis of the anion and cation triangles of the Piper diagram shows that most of the water samples plot in the bicarbonate type (lower left) and in the no-dominant type (middle), respectively, thereby confirming that HCO3− is the most abundant anion, while for cations, we observe the exception for only five samples, of which three plot in the Na+K corner and two in the Mg corner.



The water families illustrated by the Piper diagram are spatially distributed in the study area based on their TDS (Figure 5). Therefore, all samples collected in the western part and in the Delta were plotted in CaMgClSO4, NaKHCO3 and NaKClSO4 with a TDS exceeding 1000 mg/L. In addition to the high mineralisation, these water samples are also characterised by high concentrations of Na+ (220.94–1534.4 mg/L), Mg2+ (26.35–103.24 mg/L), HCO3− (542.87–2515.83 mg/L), Cl− (6.84–441.35 mg/L) and SO42− (164.29–985.04 mg/L). Samples collected from wells drilled near Lake Tanganyika in the lacustrine formations were plotted in CaHCO3 with a TDS between 500 and 1000 mg/L. The majority of the samples with low mineralisation that were collected from the north-east to the south-east and in the littoral barriers were plotted in CaMgHCO3.



The Piper diagram allows confirming that most of the groundwater samples have a predominance of MgCaHCO3 facies, that explains that this water flows in fluvio-lacustrine (clayey sand) media. A total of 21% (CaHCO3) flows in a lacustrine environment, while 10, 7% (NaKHCO3) flows in a sand environment. CaMgClSO4 and NaKClSO4 water types explain that the water flows through an alluvial environment with high evaporites.




3.3. Hydrochemical Evaluation


In this study, the results of chemical analysis are used to identify the geochemical processes and mechanisms in groundwater aquifer systems. The results show that most of the samples present a Na/Cl ratio around or below 1 (Figure 6a). A Na/Cl ratio approximately equal to and/or below one is usually attributed to halite dissolution [23], whereas a ratio greater than one is typically interpreted as reflecting Na released from silicate weathering reactions [23,24,25,26,27]. Considering the results shown in Figure 6a, it can be deduced that rain or infiltration/irrigation water is the most likely source of Na and Cl in the study area. Figure 6b shows ion exchange reactions, where Na is plotted against Ca and shows that most of the samples are far below the theoretical line (1:1), indicating the participation of those cations in the ion exchange reaction [21].



Groundwater sample concentrations are plotted for Ca + Mg and Na + K vs. total cations (Figure 6c,d). Figure 6c shows that all samples are plotted below the theoretical line (1:1), indicating that the supply of cations via ion exchange, silicate weathering and/or soil salts is more significant [21]. On the contrary, Figure 6d shows that most of the samples are plotted far above the theoretical line (1:1), indicating the supply of cations via soil salt dissolution.



By Gibbs diagram, the results show that most of the groundwater samples plot in rock–water interaction and mixing rock–water interaction/evaporation (Figure 7) which indicates that the chemical weathering of rock-forming minerals and evaporation are influencing the groundwater chemical process.




3.4. Saturation Index


Table 3 shows the SI of calcite, dolomite, aragonite and gypsum. In this study, the SI of major minerals such as calcite, dolomite, aragonite and gypsum were evaluated (Figure 8). The analysis of the groundwater–aquifer interaction by SI also shows the heterogeneity of the aquifer in the Lower Rusizi Plain. The SI calcite, dolomite and aragonite values are less than 0 for most of the samples collected in lacustrine formations and the Precambrian basement, which means that those minerals could be easily dissolved along the flow path of groundwater. For the samples collected generally in the western part, the SI of calcite, dolomite and aragonite is greater than 0, indicating that the groundwater in this part of the plain is supersaturated with respect to calcite, dolomite and aragonite and is able to form precipitations of these minerals. For gypsum, the SI of gypsum is below zero for all samples, indicating that this mineral could be easily dissolved along the flow path of groundwater.




3.5. Groundwater Quality


Due to the non-existence of national standards for water quality, reference will be specifically made to WHO standards [26]. Referring to Table 2, only one sample shows a pH slightly lower than the standard limits of the WHO (6.5). Of the twenty-eight samples, twenty-one of them show an alkaline character (pH > 7) and the rest have a slightly acidic pH. Among the twenty-eight water samples, twenty-seven of them show pH values within the WHO standards (6.5–8.5) for drinking water.



One basic measure of water quality is the TDS (Table 4) [28]. Groundwater chemistry has been used in this study to assess water quality for drinking, agricultural and industrial purposes.



There is no exact health-based guideline for TDS, but the WHO fixes an upper limit of 1000 mg/L for drinking water; this value has been set based on taste considerations [21]. Of the twenty-eight samples, nine of them (32%) show TDS values exceeding the taste-based limit and have TDS values between 1070 and 5918.05 mg/L. All these water samples were collected in the western part of the lower Rusizi plain with high values found in the Rusizi Delta samples. The remaining samples are characterised by TDS values lower than 1000 mg/L. According to the classification of groundwater based on TDS, 32% samples are classified in the brackish water category and the remaining samples (68%) are classified as fresh water. From this classification based on TDS, it can be deduced that the north-eastern, central and southern part, respectively in the Precambrian formations, alluvial cones, lacustrine deposits and littoral barriers, contain samples classified as fresh water, while the water sampled in the fluvial formations of the Rusizi and the fluvio-lacustrine formations located in the western part of the study area is classified as brackish water.



Of the twenty-eight water samples studied, six samples present Na+ levels exceeding the taste-based limit of 200 mg/L. These six samples were collected from wells located in the western part of the study area with a maximum concentration value observed in the Rusizi Delta. The remaining samples show Na+ levels within the WHO standard limits with low concentration values in the water sampled in the Precambrian basement. For Ca2+, only six samples show concentrations higher than the normal of 75 mg/L with the maximum observed in the west (well 17) and in the Rusizi Delta in wells n°1 and 2. Mg2+ concentration values exceed the standard of 50 mg/L in seven samples collected in the western part of the plain, with high values observed in samples collected in the Rusizi Delta. Concentrations values of K+ are within the recommended limit of 200 mg/L except for the water sample from well n°3 in the Rusizi Delta.



For the Cl− anion, only two samples (wells n°1 and 3) present Cl− levels exceeding the taste-based limit of 250 mg/L. Apart from the two samples collected in the Rusizi Delta, which have concentration values significantly exceeding the WHO drinking water limit, the remaining samples analysed present low chloride concentrations, ranging up to concentration values of 5 mg/L. The lowest concentration values were found in the eastern part of the plain in the water sampled in the wells drilled in the Precambrian basement. Concentration values of SO42− show an increasing trend from east to the south-west in the Delta with particularly high concentration values observed in wells where high concentrations of Cl− (wells n° 1 and 3) and NO3- (well n°3) are equally found. Of the twenty-eight water samples studied, only three samples (wells n°1, 3 and 17) show concentrations exceeding the WHO taste-based guideline of 250 mg/L. The localised high concentrations of SO42−, which are associated with high concentrations of Cl− and NO3−, are indicative of anthropogenic pollution [22]. HCO3− is the most dominant anion with fifteen samples (53.3%) which present concentration values exceeding the taste-based guideline of 400 mg/L. The spatial distribution of HCO3− concentration shows a clear contrast between the eastern part of the plain where low concentrations are analysed and the western part, particularly in the Rusizi Delta, where very high concentration values (1581.20–2515.83 mg/L) of this anion occur. NO3− and SiO2 are, overall, characterised by relatively low concentrations except in the water sample n°3 for NO3−.



For NH4+, the high concentrations are found in the wells located in the south–west with values approximately 100 times higher than the standard of drinking water which is 0.5 mg/L. For the F- ion, only the water sample from borehole n°3 also shows a value exceeding the WHO recommended limit of 1.5 mg/L.



Based on the chemical reactions between the major elements and the Gibbs diagram, it can be seen that different components result from the dissolution of salt soils and that the different minerals are dissolved in the groundwater along the path of the groundwater flow (SI less than 0) and precipitates are generated towards the western outlet of the groundwater. It can also be seen that water quality in the study area is controlled by water–rock interaction, infiltration and evaporation.





4. Conclusions


This hydrogeochemical study of groundwater in the alluvial environment of the lower Rusizi plain was carried out based on the analytical results of twenty-eight water samples. The spatial distribution of physical and chemical parameters reveals a clear demarcation between the east and the west of the study area. Water samples from wells located in the western part of the plain show a high to intermediate mineralisation with high EC and TDS values. Water samples from the southern part near Lake Tanganyika and from the eastern part of the plain show in general a low mineralisation.



Graphical representations of chemical analysis in a Piper diagram reveals that the groundwater in the study area can be classified into five families. The predominance type of MgCaHCO3 reveals that a majority of water samples were collected in wells drilled in fluvio-lacustrine formations (clayey sand).



This study made it possible to establish a spatial distribution of the physico-chemical elements analysed over the entire plain and to identify the types of groundwater that can be found in the wells located in the study area. It also made it possible to assess the quality of groundwater that the population of this area consumes every day. It can be seen that the groundwater of the Rusizi Delta and most of the wells located to the north-west of the plain are highly mineralised in major cations and anions. According to the presence of the different components in the sampled water and their spatial distribution, we can conclude that the western part of the lower Rusizi plain presents groundwater that does not satisfy the standards of drinking water set by the WHO, especially the Rusizi Delta. Samples collected in the Precambrian basement, in the central part and in the south of the plain, show that their concentrations in different ions are lower than the WHO standard limits for drinking water.



For drinking water supply and for various other uses such as animal farming, agriculture and industry, the groundwater of the western part of the plain and particularly the Rusizi Delta is not recommended because of the different concentrations of dissolved ions, which are far higher than the standard limits of the WHO. The remaining part of the plain can be used for groundwater supply, although other analyses not presented in this paper are necessary.
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Figure 1. (a) Location map of the study area in Burundi; (b) geology of the study area: modified from the geological map of Burundi, Bujumbura sheet [4,5,6,7,8,9]; (c) lithostratigraphic description of the aquifer layer of the sampled wells. 
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Figure 2. Reference piezometric map of the lower Rusizi plain [4]. 
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Figure 3. Spatial distribution of TDS with a clear increase from the east towards the west of the lower Rusizi plain. 
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Figure 4. Piper diagram for classifying groundwater of the lower Rusizi plain and defining different chemical types. 
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Figure 5. Map showing spatial distribution of water families, major cations and anions, and TDS limit with an increase towards the south-west of the study area. 
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Figure 6. Graphs indicating different parameter chemical processes in groundwater of the study area. 
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Figure 7. Mechanisms controlling groundwater chemistry in a Gibbs diagram. 
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Figure 8. Plots of SI versus TDS. 
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Table 1. Sedimentological description of the Lower Rusizi Plain [4].
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	Facies
	General Lithology





	Lacustrine deposits
	Fine to medium sand and mineralogical composition made of quartz, feldspar and black minerals.



	Coastal barriers
	Grey heterometric sands (quartz, feldspar, few micas, without black minerals), related to the combined action of lacustrine currents, waves and wind. They are locally superimposed on lacustrine formations.



	Fluvial deposits
	Silty clay located along the Rusizi and its delta. To the east, they mix with lacustrine sediments, which are partly eroded by the rivers.



	Fluvial deposits
	Predominantly clayey, which develop to the northeast and east of the plain, in depressions with flat bottoms, limited on the western edge by slopes controlling the direction of the rivers.



	Undifferentiated lacustrine and fluvial facies
	Fine clayey sand, located between fluvial and lacustrine deposits.



	Alluvial cone facies
	Blocks and coarse sand to gravel, recognizable on the eastern side of the plain.










 





Table 2. Physico-chemical composition of the groundwater sampled.
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	Sample ID
	EC (µS/cm) 2
	EC (µS/cm) 1
	pH 2
	pH 1
	T
	Na+ (mg/L)
	K+ (mg/L)
	Ca2+ (mg/L)
	Mg2+ (mg/L)
	Cl− (mg/L)
	HCO3− (mg/L)
	SO42− (mg/L)
	CO3− (mg/L)
	NO3− (mg/L)
	SiO2 (mg/L)
	TDS (mg/L)
	NH4+ (mg/L)
	Sr2+ (mg/L)
	F− (mg/L)





	1
	4656.8
	4200
	7.30
	6.94
	29.9
	909.62
	48.08
	93.50
	103.24
	281.56
	2422.37
	453.68
	2.67
	0.09
	52.83
	4364.87
	50.04
	3.22
	0.70



	2
	2487.9
	2280
	6.81
	6.56
	29
	268.66
	30.46
	93.07
	76.53
	91.66
	1581.20
	6.85
	0.56
	-
	59.65
	2208.08
	102.69
	1.29
	0.34



	3
	7060.8
	5960
	8.03
	7.87
	29.4
	1543.4
	290.90
	26.50
	92.03
	441.35
	2515.83
	985.04
	14.88
	515.93
	22.99
	5918.05
	-
	0.92
	2.54



	4
	1191.5
	1015
	6.86
	6.62
	27.8
	28.77
	10.32
	86.01
	55.69
	6.05
	803.33
	7.20
	0.32
	-
	73.13
	1070.50
	54.35
	0.60
	0.22



	5
	549.2
	523
	7.05
	6.95
	28.5
	45.42
	3.07
	35.24
	17.04
	4.41
	355.79
	105.70
	0.22
	-
	61.64
	628.31
	14.66
	0.25
	0.13



	6
	640.5
	644
	7.00
	6.91
	25
	66.34
	5.27
	43.71
	22.48
	4.35
	288.82
	105.53
	0.16
	0.12
	36.24
	572.74
	0.61
	0.32
	0.35



	7
	492.0
	530
	7.30
	7.06
	25
	43.77
	1.87
	45.97
	14.83
	3.78
	318.92
	6.26
	0.35
	-
	58.70
	494.09
	2.08
	0.29
	0.27



	8
	570.7
	591
	7.19
	6.77
	28.1
	43.06
	3.18
	65.58
	14.23
	7.02
	354.40
	16.56
	0.30
	-
	47.00
	551.02
	0.50
	0.28
	0.29



	9
	289.6
	283
	6.87
	6.65
	27.9
	36.76
	7.61
	10.86
	8.35
	2.43
	146.28
	26.68
	0.06
	-
	57.71
	296.68
	-
	0.17
	0.58



	10
	693.0
	651
	7.41
	7.51
	28.7
	84.90
	16.19
	32.83
	26.29
	2.77
	445.22
	15.49
	0.63
	5.50
	50.54
	674.23
	-
	0.28
	0.96



	11
	850.3
	801
	7.32
	7.13
	26.8
	126.15
	7.40
	27.39
	33.30
	9.49
	508.76
	49.25
	0.59
	1.22
	52.76
	814.48
	-
	0.31
	0.97



	12
	210.3
	201
	6.57
	6.26
	27.9
	22.24
	5.36
	11.97
	7.42
	2.87
	119.52
	6.39
	0.02
	0.96
	56.49
	232.26
	-
	0.20
	0.44



	13
	738.2
	663
	7.29
	6.87
	29.4
	56.65
	19.47
	65.60
	24.22
	10.83
	410.23
	26.53
	0.44
	32.07
	64.51
	678.04
	-
	0.53
	0.77



	14
	792.1
	791
	7.37
	6.91
	28.2
	55.58
	6.36
	72.16
	36.34
	8.53
	474.54
	32.05
	0.61
	18.78
	52.75
	738.32
	-
	0.41
	0.68



	15
	1436.0
	1326
	7.36
	6.92
	27.2
	185.64
	3.99
	83.79
	58.22
	40.21
	856.67
	66.65
	1.08
	20.07
	58.64
	1353.81
	-
	0.45
	1.00



	16
	723.8
	796
	7.51
	7.12
	30.9
	78.18
	7.61
	51.47
	26.35
	9.08
	438.81
	30.08
	0.78
	4.70
	37.39
	678.97
	-
	0.34
	0.62



	17
	1879.4
	1740
	7.31
	7.05
	31
	220.94
	8.20
	112.19
	85.93
	39.06
	542.87
	579.85
	0.61
	0.57
	38.71
	1627.73
	-
	0.62
	0.69



	18
	1585.9
	1574
	8.17
	8.05
	28.4
	338.25
	7.32
	27.91
	26.82
	6.84
	818.37
	194.80
	6.68
	23.92
	58.35
	1478.65
	-
	0.59
	1.59



	19
	1579.5
	1353
	7.82
	7.4
	29.3
	326.15
	4.54
	34.37
	31.26
	17.40
	859.79
	164.29
	3.13
	17.60
	69.56
	1507.35
	-
	0.35
	0.99



	20
	1185.0
	1065
	7.52
	7.18
	29
	108.15
	1.27
	80.30
	66.77
	8.97
	627.17
	173.47
	1.15
	1.52
	72.16
	1138.26
	-
	0.63
	0.71



	21
	714.0
	660
	7.51
	7.19
	29.3
	83.38
	2.28
	59.32
	18.26
	6.36
	412.07
	54.55
	0.74
	-
	79.22
	715.43
	1.03
	0.31
	0.40



	22
	606.4
	577
	7.54
	7.24
	28.4
	31.73
	2.63
	72.17
	20.83
	16.85
	369.42
	8.47
	0.71
	-
	60.67
	582.76
	1.34
	0.37
	0.34



	23
	477.7
	506
	7.21
	7.04
	28.4
	34.16
	2.15
	51.71
	14.91
	2.55
	303.22
	11.15
	0.27
	-
	57.20
	477.05
	0.48
	0.29
	0.47



	24
	763.4
	709
	7.67
	7.42
	29.1
	50.85
	11.45
	72.70
	26.86
	40.57
	383.48
	13.49
	0.99
	28.53
	82.41
	681.82
	-
	0.48
	0.92



	25
	623.0
	520
	7.10
	6.4
	27.6
	56.36
	11.18
	42.26
	19.36
	45.88
	260.71
	11.05
	0.18
	36.98
	79.65
	526.44
	-
	0.38
	0.62



	26
	560.1
	510
	6.94
	6.68
	27.1
	35.24
	5.92
	45.43
	19.09
	55.22
	156.01
	20.64
	0.07
	56.04
	64.08
	401.61
	-
	0.36
	0.50



	27
	564.0
	709
	6.49
	6.6
	27.7
	34.96
	14.35
	33.96
	14.11
	72.70
	200.03
	3.18
	0.03
	6.98
	62.11
	435.39
	3.04
	0.38
	0.36



	28
	450.1
	414
	7.04
	6.77
	29.1
	28.92
	3.55
	44.21
	18.18
	2.83
	280.25
	9.19
	0.17
	2.65
	70.32
	457.45
	-
	0.33
	0.45







Note: 1 Field measurements; 2 Laboratory analysis.













 





Table 3. Chemical reactions and saturation index.
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	Sample ID
	TDS (mg/L)
	Ca (meq/L)
	Na (meq/L)
	Cl (meq/L)
	Na+K/Na+K+Ca
	Cl/Cl+HCO3
	SI Calcite
	SI Aragonite
	SI Dolomite
	SI Gypsum





	1
	4469
	4.66
	39.55
	7.93
	0.90
	0.17
	0.91
	0.76
	2.16
	−0.96



	2
	2359
	4.64
	11.68
	2.58
	0.73
	0.09
	0.33
	0.18
	0.88
	−2.67



	3
	6473
	1.32
	67.11
	12.43
	0.98
	0.23
	1.06
	0.92
	2.98
	−1.23



	4
	1163
	4.29
	1.25
	0.17
	0.26
	0.01
	0.14
	0
	0.41
	



	5
	575
	1.76
	1.97
	0.12
	0.54
	0.02
	−0.32
	−0.47
	−0.65
	



	6
	597
	2.18
	2.88
	0.12
	0.58
	0.03
	−0.4
	−0.54
	−0.77
	−1.65



	7
	533
	2.29
	1.90
	0.11
	0.46
	0.02
	0
	−0.15
	−0.18
	−2.81



	8
	581
	3.27
	1.87
	0.20
	0.37
	0.03
	0.08
	−0.07
	−0.2
	−2.26



	9
	333
	0.54
	1.60
	0.07
	0.77
	0.03
	−1.35
	−1.49
	−2.5
	−2.75



	10
	712
	1.64
	3.69
	0.08
	0.71
	0.01
	0.09
	−0.06
	0.39
	−2.6



	11
	849
	1.37
	5.48
	0.27
	0.81
	0.03
	−0.04
	−0.19
	0.32
	−2.2



	12
	268
	0.60
	0.97
	0.08
	0.65
	0.04
	−1.67
	−1.82
	−3.23
	−3.3



	13
	751
	3.27
	2.46
	0.30
	0.48
	0.04
	0.23
	0.08
	0.34
	−2.08



	14
	791
	3.60
	2.42
	0.24
	0.42
	0.03
	0.4
	0.26
	0.83
	−1.97



	15
	1412
	4.18
	8.07
	1.13
	0.66
	0.07
	0.66
	0.51
	1.48
	−1.66



	16
	708
	2.57
	3.40
	0.26
	0.58
	0.03
	0.38
	0.24
	0.8
	−2.13



	17
	1654
	5.60
	9.61
	1.10
	0.64
	0.11
	0.49
	0.34
	1.19
	−0.66



	18
	1547
	1.39
	14.71
	0.19
	0.91
	0.01
	0.98
	0.83
	2.27
	−1.67



	19
	1571
	1.71
	14.18
	0.49
	0.89
	0.03
	0.74
	0.6
	1.78
	−1.65



	20
	1186
	4.00
	4.70
	0.25
	0.54
	0.02
	0.69
	0.54
	1.63
	−1.25



	21
	765
	2.96
	3.63
	0.18
	0.55
	0.03
	0.43
	0.28
	0.68
	−1.8



	22
	622
	3.60
	1.38
	0.47
	0.29
	0.07
	0.51
	0.36
	0.82
	−2.51



	23
	513
	2.58
	1.49
	0.07
	0.37
	0.01
	−0.03
	−0.17
	−0.26
	−2.51



	24
	762
	3.63
	2.21
	1.14
	0.41
	0.15
	0.64
	0.5
	1.2
	−2.33



	25
	612
	2.11
	2.45
	1.29
	0.56
	0.23
	−0.3
	−0.44
	−0.6
	−2.61



	26
	497
	2.27
	1.53
	1.56
	0.43
	0.38
	−0.65
	−0.79
	−1.33
	−2.3



	27
	484
	1.69
	1.52
	2.05
	0.53
	0.38
	−1.1
	−1.25
	−2.25
	−3.23



	28
	503
	2.20
	1.26
	0.08
	0.38
	0.02
	−0.3
	−0.44
	−0.64
	−2.65










 





Table 4. Classification of water based on TDS [28].
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	Class
	TDS (mg/L)
	Class
	TDS (mg/L)





	Fresh
	0–1000
	Saline
	10,000–100,000



	Brackish
	1000–10,000
	Brine
	>100,000
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