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Abstract 

Groundwater contamination from geogenic sources poses challenges to many countries, especially in the 

developing world. In Tanzania, the elevated fluoride (F
-
) concentration and related chronic fluorosis 

associated with drinking F
- 

rich water are common in the East African Rift Valley regions. In these 

regions, F
- 
 concentration is space dependence which poses much uncertainty when targeting safe source 

for drinking water. To account for the spatial effects, intergrated exploratory spatial data analysis , 

regression analysis, and geographical information systems tools were used to associate the distribution of 

F
- 

in groundwater with spatial variability in terrain slopes, volcanic deposits, recharge water/vadose 

materials contact time, groundwater resource developmentfor irrigated agriculture in the Sanya alluvial 

plain (SAP) of northern Tanzania. The F
-
 concentration increased with distance from steep slopes where 

the high scale of variation was recorded in the gentle sloping and flat grounds within the SAP. The areas 

covered with debris avalanche deposits in the gentle sloping and flat grounds correlated with the high 

spatial variability in F
-
 concentration. Furthermore, the high spatial variability in F

- 
correlated positively 

with depth to groundwater in the Sanya flood plain. In contrast, a negative correlation between F
-
 and 

borehole depth was observed. The current irrigation practices in the Sanya alluvial plain contribute to the 

high spatial variability in F
- 
concentration, particularly within the perched shallow aquifers in the volcanic 

river valleys. The findings of this study are important to the overall chain of safe water supply process in 

historically fluorotic regions. They provide new insights into the well-known F
- 
contamination through 

the use of modern geospatial methods and technologies. In Tanzania's context, the findings can improve 

the current process of drilling permits issuance by the authority and guide the local borehole drillers to be 

precise in siting safe source for drinking water. 

Keywords: Fluoride contamination, volcanic deposits, Spatial variability, Geospatial analysis, Sanya 

alluvial plain, Northern Tanzania. 
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1. Introduction 

Access to a safe and sustainable water source for various uses is a prerequisite to humankind. In 

African countries experiencing the arid and semi-arid type of climates, groundwater remains a sustainable 

source of water to meet demand from households domestic use, livestock, irrigation and, industry 

(Cobbing and Hiller, 2019; Gaye and Tindimugaya, 2019; Ligate et al., 2021; MacDonald and Calow, 

2009; Pavelic et al., 2012). However, high concentration of F

 and other potentially toxic elements of 

health concerns have rendered many groundwater sources unsuitable for drinking purpose (Fawell and 

Nieuwenhuijsen, 2003; Tomašek et al., 2021; Kimambo et al., 2019; Ligate et al., 2021; WHO, 2011). 

Despite F

 is an essential element for the proper development of human organs in the range of 0.5 to 

1.5 mg/L in drinking water (WHO, 2011), the consumption of F
 

 above or below the recommended range 

over a long period may cause dental caries, fluorosis, and other non-carcinogenic health problems 

(Dissanayake, 1991; Mohanta and Mohanty, 2018; Shivaprakash, et al., 2011; Susheela and Bhatnagar, 

M., 2002). Exposure to high levels of F
 

has effects across all age groups with increased severity on 

children as it can cause reduced intelligent quotient (Bhattacharya et al., 2020; Mridha et al., 2021; 

Shivaprakash et al., 2011). 

Dental caries, fluorosis, and other health problems emanating from consuming F
 

contaminated food 

and water have been reported in many parts of the world (Kimambo et al., 2019; Mohanta and Mohanty, 

2018). In northern development zone (NDZ) of Tanzania, low to high risk zones in terms of dental caries 

and fluorosis have been reported within the East African Rift Valley (EARV) graben and around the 

major stratovolcanoes (Ijumulana et al., 2020, 2021). Usually, both geogenic and anthropogenic sources 

trigger the flux of F
 

 leading to contamination of groundwater systems across the world. While the 

anthropogenic sources are caused by human development activities, the geogenic sources occur naturally 

through the process of water and rock/soil/sediment interactions leading to the release of F

 in substantial 

amounts through dissolution of F
 

bearing minerals (Bretzler and Johnson, 2015; Brindha and Elango, 
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2011; Chowdhury et al., 2019; Jacks et al., 2005; Kimambo et al., 2019; Maity et al., 2021; Vithanage and 

Bhattacharya, 2015). 

Groundwater contamination by F
 

 from geogenic sources in the African continent is controlled by 

natural conditions of the local geological and hydrogeological setting together with climatic conditions 

(Gaye and Tindimugaya, 2019; MacDonald and Calow, 2009). Four hydrogeological environments exist 

in the African continent hosting substantial groundwater for various purposes mainly in ruraland a 

significant portion in urban and peri-urban settings (MacDonald et al., 2012). In Tanzania, especially in 

the NDZ, which lies within the EARV, potential groundwater is hosted in the complex hydrogeological 

environments of sedimentary, metamorphic, and volcanic origin. Like in many parts of the Sub-Saharan 

African (SSA) hydrogeological settings, the shallow nature of the depth to groundwater (0-25 m below 

ground level) encourages easy and affordable access to groundwater reservoirs (MacDonald et al., 2012). 

The methods of accessibility to groundwater, include hand-dug wells, machine dug wells, boreholes, and 

springs (Water Quality Service Division, 2016). 

Although groundwater is of high socio-economic and ecological importance, and an important 

strategic resource throughout SSA, spatial data on groundwater systems are sparse or even absent 

resulting in limited insights on its current state at a local scale (Adelana and Macdonald, 2008; 

MacDonald et al., 2012; Lapworth et al., 2020). Spatial data, in the context of groundwater studies,refer 

to quantitative and qualitative information on the status of its quantity and quality for different uses. The 

absence of spatial data is a serious limitation for sustainable development and management of 

groundwater resources. However, efforts to improve the situation have been made through the publication 

of syntheses and reviews at the national, regional, and continental levels over the last decade (Braune and 

Xu, 2008; Gaye and Tindimugaya, 2019; GW·MATE, 2011; Ijumulana et al., 2020; Pavelic et al., 2012; 

MacDonald et al., 2012). Given that the geogenic contaminated groundwater in the volcanic areas of the 

EARV occurs in heterogeneous hydrogeological environments, inadequate insights about the 

geomorphology, climate, unsaturated surface materials, aquifer properties and the methods used to access 

groundwater can lead to targeting the unsafe source of drinking water (Pavelic et al., 2012). 
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This study highlights the need and application of modern geospatial methods and technologies to 

understand the distribution of F

and processes triggering its spatial variability in groundwater systems. 

Specifically, exploratory spatial data analysis (ESDA) methods, ordinary least squares (OLS) regression 

modeling, and Geographical Information Systems (GIS) were used to assess the effects of spatial 

variability in terrain slopes, depth to groundwater, borehole depth, screening depth, groundwater level and 

irrigated agricultural practices on the widespread of F

 concentration in groundwater sources used for 

drinking purpose. The case study area was the Sanya alluvial plain, which is part of the regional F

 

contamination hotspot in northern Tanzania (Ijumulana et al., 2020; 2021). 

 

1.1 The study area 

1.1.1 General description 

This study was conducted within the Sanya alluvial plain (SAP) that originates at the boundary 

between the Internal and Pangani drainage basin (Fig. 1). The SAP extends southwards between the 

southeastern and southwestern slopes of Mt. Meru and Mt. Kilimanjaro, respectively, and ends at the 

flanks of Lelatema mountain ranges in the south of the study area. The SAP covers parts of Kilimanjaro, 

Arusha, and Manyara regions. In the Kilimanjaro region, it covers parts of Siha district in the upper 

section whereas the central and southern section of the plain lies within Hai district. In Arusha, the plain 

covers parts of Meru and Arusha districts in the south-east flanks of Mt. Meru whereas, in Manyara, it 

covers the northern part of the Simanjiro district. In total, the SAP covers parts of 75 wards (~8550 km
2
) 

with a total population of approximately 1 million (NBS, 2018). Some parts of the SAP are densely 

populated with settlements spatially distributed in the elevated terrain and along the major rivers, that is, 

Sanya and Kikuletwa that originate from Mt. Kilimanjaro and Mt. Meru, respectively. 

The presence of fertile volcanic soils and easy access to groundwater resources SAP has attracted 

intensive irrigated agriculture within the SAP. The staple food crops grown include maize, beans, and 

vegetables such as onions, cabbages, tomatoes, spinach, carrot, etc. The SAP further supports nomadic 
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pastoralism, especially among Maasai communities in the central and southern parts of Hai, Meru and 

Simanjiro districts. Due to relatively extreme aridity and the absence of surface water in the SAP, both 

urban and rural communities depend on groundwater as a primary source of water for various purposes 

including drinking. Usually, groundwater is accessed through hand-dug wells, machine dug shallow 

wells, boreholes, and springs. 

In terms of land cover, the SAP is dominated by the scrub, scattered trees and woodland in some parts 

of its extent. The parts in the northeast and northwest, especially near the flanks of the major 

stratovolcanoes (Mt. Kilimanjaro and Mt. Meru), are dominated by woodland, some of which are within 

the national parks. Most of the northern parts are dominated by the scattered trees while the central and 

southern parts are dominated by scrubland. Due to the availability of surface water from rivers near the 

flanks of the major stratovolcanoes, the north-eastern and north-western parts of the plain are extensively 

used for agriculture in terms of plantation. Similarly, the availability of perennial rivers and the 

development of shallow aquifers within the SAP, especially along the active Kikuletwa and Sanya river 

floodplains have attracted intensive irrigated agriculture. 

The climatic condition of the SAP is controlled by the present geological setting and topographical 

landforms. The central part of the plain is the relatively driest section due to its flat low-lying ground 

between the two major stratovolcanoes in the northeast and northwest as well as the Lelatema mountains 

in the south (Fig.1). The presence of highlands in the north and south of the plain results in a highly 

variable climatic condition in terms of rainfall and temperature. 

 

[Insert Figure 1] 

 

1.1.2 Topography and groundwater flow conceptualization 

The overall elevation of the study area lies between 650 and 5885 meters (Fig. 2). The SAP lies 

between 650 and 1600 meters while elevation between 1600 and 5885 meters is dominated by relatively 
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steep slopes of the stratovolcanoes. The major stratovolcanoes including Mt. Kilimanjaro, Mt. Meru, and 

the Lelatema mountains are primary recharge areas of the volcanic aquifers. 

Two major groundwater flow paths are present in the study area. In the first case, groundwater flows 

to the north (Ghiglieri et al., 2010) while the second one is characterized by groundwater flowing to the 

south as reflected by the the overall major river flow directions in Figure 2. In the first case, aquifers 

discharge their waters in the major rift valley lakes (Lake Manyara and Lake Natron at the foot of the 

western EARV escarpment (Fig.1). Major rivers in this flow include Engare Nairobi (South), Engare 

Nairobi (North), and Engare Rongoi that drain Mt. Kilimanjaro in the northeast of the plain while the 

other river is Ngare Nanyuki which drains Mt. Meru in the north-west. The south flow is characterized by 

aquifers discharging their waters in the Pangani river, which eventually discharges its water in the Indian 

Ocean in the southeast. Major rivers in this flow direction include Kikuletwa and Sanya , which drain Mt. 

Meru and Kilimanjaro, respectively. The SAP considered in this study overlies aquifers discharging their 

waters in the Pangani river. Two aquifer types exist in the SAP including unconfined and confined 

aquifers with varying yield estimates (Ghiglieri et al., 2010). The unconfined aquifers are shallow with a 

depth to groundwater ranging between 1 and 5 m below ground level while for confined aquifers it ranges 

between 6 and 30 m below ground level. According to the completed well drilling and unpublished 

reports, the estimated yield for all aquifers ranges between 50,000 and 175,000 liters per hour (l/hr). 

 

[Insert Figure 2] 

2. Materials and methods 

2.1 Spatial data compilation and preparation 

Spatial data used in this study were collected from four sources including completed borehole drilling 

reports, open-access archives, existing national GIS datasets, and field surveys. The description of the 

specific spatial data types and sources are summarized in Table 1. 
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[Insert Table 1] 

 

2.1.1 Field data collection 

The field data collection involved water sampling from 14 boreholes and 9 springs along the SAP. The 

water sampling was done at two epochs. The first epoch was at the end of the short dry season in March 

2018 while the other was at the end of the long dry season in December 2020. During the second epoch, 

water samples were collected from 4 boreholes since the rest of theboreholes were malfunctioning due to 

pump failure and electricity problems (personal communication with the Chairperson of the Sanya Plain 

Irrigation Scheme during fieldwork, December 2020). Furthermore, water samples from springs along the 

Sanya river channel were collected during the second epoch. The surface elevation at each borehole and 

spring was determined during epoch two by Global Navigation Satellite Systems in Real-Time Kinematic 

(GNSS RTK) method using two GNSS receivers (Hi-Target V90). 

The survey was conducted in two stages, where in stage one, the elevations for all study boreholes and 

springs were determined. The surface elevation (H) for each study location was determined by differential 

leveling using equation 1: 

𝐻 = 𝐻0 − (ℎ𝑖 + ℎ𝑡)                                                                                                                              (1) 

where H0 is the orthometric height at the base station, hi is the height of the instrument at the base station 

and ht is the height of target at rover station. The last two parameters were measured in situ using a 1 mm 

level steel tape measure at every set up during the field survey work while the first was obtained from the 

SMD (Table 1). 

In stage two, F

 concentration in groundwater was measured in situ at each study location. 

Groundwater samples were collected according to the standard operating procedures for water sampling 

(WHO, 2017), where a 1-liter clean plastic (polyethylene) bottle was used for water sampling. The 

sampling bottles were rinsed three times with distilled water before collecting the water sample. The 

measurement of F

 was carried out immediately at the sampling point using an Ion-Selective Electrode, in 
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accordance with the standard analytical methods (APHA, 1989; WHO, 2017; HACH, 2021). Fluoride Ion 

Meter (HQ440D) was calibrated using the standard fluoride solutions supplied by Hach. In a typical 

procedure, 25 mL of water sample was mixed with 1 pillow of fluoride total ionic strength adjustor buffer 

(TISAB) powder in a beaker and shaken thoroughly to ensure that the TISAB powder is completely 

dissolved and uniformly mixed with the water sample to be analyzed. The same procedures were used for 

calibration and sample testing. 

2.3 Geostatistical analysis 

Since F  in groundwater around Meru stratovolcano is highly variable in space, characterised by the 

large range in concentration (Bennett et al., 2021; Ghiglieri et al.,2010; Ijumulana et al., 2020), 

geostatistical analysis methods were used to study the spatial distribution of F

 concentration and their 

variation in space along selected sections within the SAP. The study was done in two stages, including 

spatial distribution assessment of F

 concentration around major stratovolcanoes surrounding the SAP in 

stage one and monitoring the effects of spatial variability of the geogenic sources on the F

 distribution 

within the SAP in stage two. 

2.3.1 Spatial distribution analysis 

Since water quality parameters were determined at the existing irregularly spaced and clustered 

groundwater sources, the ordinary kriging (OK) spatial interpolation method was used to systemize the 

sampling locations. The OK is one of the geostatistical methods commonly used for characterizing spatial 

variability and interpolating between sampled points (Yasrebi et al., 2009). It is used to account for spatial 

dependence in the observed events where the expectation is unknown creating immense complexities 

which cannot fully be accounted for by classical statistical models (Chiles and Delfiner, 2009). For this 

study, F

 concentration was spatially interpolated at 0.5 by 0.5-kilometer grid, which was the minimum 

separation distance between two nearest pairs of groundwater sampling locations. The validation of the 

interpolation map was done using field resampling at selected groundwater sources. 
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2.3.2 Analysis of the effects of terrain slopes on fluoride distribution in the Sanya alluvial plain  

The effects of the variability of terrain slopes on the spatial distribution of F

 concentration in the SAP 

was studied at three sections. The first and third sections were cross-sectional studies along the 

groundwater divide in the north where the SAP starts (Sanya Juu) and along Kikuletwa river where the 

SAP ends (Sanya Chini), respectively. Section A-B comprised the two major stratovolcanoes, Mt. Meru 

in the west and Mt. Kilimanjaro in the east. The selection of this section was guided by the orientation of 

the debris avalanches due to the collapse of the eastern side of the Meru stratovolcano (Delcamp et al., 

2017). The second section was a longitudinal profile along the Sanya river valley. The three study 

sections are represented in Figure 3 as sections A-B, C-D, and E-F for sections 1, 2, and 3, respectively. 

The elevation in the study sections varied between 900 and 5885 m, 800-1650 m, and 680-1100 m for 

sections 1, 2, and 3, respectively. The selection of these sections was based on the recently published 

work by Ijumulana et al. (2020) and was part of the identified regional fluoride contamination hotspot in 

groundwater sources. In all sections, the study span was 10 kilometers selected based on the spatial 

distribution of drinking water sources in the national fluoride database (Water Quality Service Division, 

2016; Ijumulana et al., 2020). Furthermore, the distribution of F

 concentration along each section was 

interpreted based on the generalized terrain slopes calculated as: 

𝑚 =
∆Η𝑖

𝑑𝑖
,                                                                                                                                              (2) 

with  

ΔΗ𝑖 = 𝐻𝑢 − Η𝑙                                                                                                                                   (3) 

and  

𝑑𝑖 = √(Ε𝑢 − Ε𝑙)
2 + (𝑁𝑢 − 𝑁𝑙)2                                                                                                  (4) 

where, m is the terrain slope between two consecutive contour intervals at an interval of 20 m, which is 

the national mapping standard contour interval in Tanzania, Hi is the difference in elevation between 

the upper (Hu) and lower (Hl) contours at section i; di is a horizontal equivalent, which is the distance 

between two consecutive contours, (E, N)u and (E, N)l represent easting (E) and northing (N), respectively 
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defining the position of a point at the location i along the study section. During the terrain slope 

estimation, the constant variation at an interval of 20 m in elevation was assumed and the  contours were 

generated from a 30 m resolution GDEM (Table 1) using the contour function in the spatial analyst 

toolbox of ArcGIS 10.6.1 software. 

During the analysis, exploratory spatial data analysis (ESDA) tools were used. The ESDA tools 

contain graphical and analytical methods to visualize relationships between multiple variables (Haining et 

al, 1998; Symanzik, 2014). The spatial variation in F

 concentration was interpreted graphically based on 

the distances (chainages) and the generalized terrain slopes along each study section. 

 

[Insert Figure 3] 

 

2.2 Analysis of the effects of spatial variability of other geogenic sources on the distribution of fluoride 

concentration in the Sanya alluvial plain 

The other geogenic sources studied in this research were depth to groundwater (depth to water table), 

borehole depth, screening depth, and irrigated agricultural practices in the SAP. The selection of the SAP 

was based on the data availability and its economic importance in terms of intensive irrigated agricultural 

practices which solely depend on groundwater as a primary source for irrigation. Both ESDA and 

regression analysis using ordinary least squares (OLS) estimation methods were used to explore the 

association between the distribution of F

 concentration and the spatial variability of depth to 

groundwater, borehole depth, screening depth, groundwater level, and surface elevation. The effects of 

depth on groundwater, borehole depth, and screening depth to the spatial distribution of F

 concentration 

were studied at 11 borehole locations while that of groundwater level and irrigation practices were studied 

at 9 springs along the Sanya river channel. 
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2.3 Regression analysis 

The regression analysis by OLS estimation method is a classical method widely used to explore the 

relationship between two or more variables in which one is a response or dependent variable while others 

are explanatory or independent variables. The working principle of the method is based on standard 

regularity conditions (Anselin, 2001). The selection of this (OLS) was based on exploratory spatial data 

analysis (Haining et al., 1998), which indicated an absence of significant violation of standard regularity 

conditions in the observed F
 

concentration.
 
The OLS regression model used is represented in equation 5 

(Hoch, 2012): 

𝑌𝑖 = 𝛽0 + 𝛽1𝑋𝑖 + 𝜀𝑖                                                                                                                          (5) 

where Yi is an n x 1 vector of observations on the dependent variable (F

 concentration), 0 is a regression 

constant, 1 is a k x 1 vector of coefficients representing the relationship between response and predictor 

variable X (depth to groundwater, borehole depth, screening depth, groundwater level, and surface 

elevation), Xi is an n x k matrix whose elements are observations on predictor/explanatory variable, and i 

is an n x 1 vector of errors at every observation i. 

The data on depth to groundwater, borehole depth, and screening depth were obtained from drilling 

borehole reports while that on surface elevation were estimated using equation 1. Groundwater level was 

calculated as: 

𝐺𝑊𝐿 = 𝐻 − 𝑆𝑊𝐿                                                                                                                                   (6) 

𝑆𝐷 = 3𝑛                                                                                                                                                     (7) 

where H is surface elevation and SWL is the depth to groundwater obtained directly from the drilling 

borehole reports in Table A1. The constant 3 in equation 7 is the screening interval while n is the total 

number of screens counted arithmetically from the borehole logs. 

2.3.1 OLS regression model fit 
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The model fit was evaluated at two scenarios. In the first scenario, the overall model fit was evaluated 

using calculated adjusted R
2
 and the F-test statistic at a 0.05 significance level. In the second scenario, the 

significance of individual coefficients 𝛽1̂ was evaluated using a t-statistical test at 0.05 significance level. 

2.3.2 OLS regression model robustness 

The model robustness was evaluated based on the model diagnostics. These included spatial and non-

spatial diagnostics. The non-spatial diagnostics included assessing the presence of multicollinearity 

problem in F
 

 concentration and among the explanatory variables, test on the normality of the regression 

residuals (i), and test on the heteroskedasticity (constant error variance). For the multicollinearity 

problem, the multicollinearity condition number was calculated and used to infer the dependence between 

observed values on F

 concentration and among the explanatory variables. As a rule of thumb, the non-

existence of multicollinearity problem is when the calculated number lies within or below the range of 30 

and 50 (Belsley, et al., 2005). The statistical test on the normality in the error terms was done using the 

Jarque-Bera test (Jarque and Bera, 1980) while the heteroskedasticity problem was assessed using the 

Breusch-Pagan test (Breusch and Pagan, 1979). In addition, the robustified version of the latter test, i.e, 

the Koenker-Bassett test (Koenker and Bassett, 1982) was used. All the statistical tests were done at a 

0.05 significance level. The spatial diagnostics included testing the presence of spatial autocorrelation in 

the regression residuals. The Moran’s I statistic was used in this regard (Moran, 1950). Likewise, this test 

was done at a 0.05 significance level. 

2.5 Software used in this study 

The GIS, statistical and spatial statistical software were used in this study. The GIS software included 

ESRI ArcGIS 10.6.1 and QGIS 2.18.23. These software were used for spatial data compilation, 

preparation, and mapping purpose. The statistical software used was RStudio 1.2.5042. The software was 

used for classical exploratory analysis and visualization of some results in this study. The spatial 

statistical software used was GeoDa 1.14.0. It was used for spatial analysis of F

 concentration in space. 
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3. Results and discussion 

3.1 The statistical and spatial distribution of fluoride  concentration around the Sanya plain  

The statistical distribution of F

 concentration generated from 517 groundwater sources with 0.08, 

0.64, 2.10, 6.57, and 74.00 mg/L as a minimum, 1
st
, 2

nd,
 and 3

rd
 quartiles, and maximum value, 

respectively is presented in Figure 4a. The interquartile range (IQR), mean, and standard deviation (s.d) 

were estimated as 5.93, 5.49, and 8.44 mg/L, respectively. 

According to Dissanayake (1991) health risk classification system, 22.1 (114), 20.3 (105), 19.5 (101), 

21.9 (113) and 16.2 (84)% of groundwater sources had F

 concentration <0.5, 0.5-1.5, 1.5-4.0, 4.0-10.0 

and > 10.0 mg/L, respectively. Approximately 97% of groundwater sources with F

 concentration <0.5 

mg/L were spatially distributed around the flanks of Mt. Kilimanjaro where approximately 1 million 

people are at high dental caries risk (Ijumulana et al., 2021). Other groundwater sources in this category 

were distributed in the southern flanks of Mt. Meru. 

For groundwater sources with F

 concentration between 0.5 and 1.5 mg/L, the safe range (WHO, 

2011; 2017), approximately 84% were spatially distributed in the south flanks of Mt. Meru while 11% 

and the rest were distributed in the south-western flanks of Mt. Kilimanjaro and within the SAP, 

respectively (Fig.4a). The high frequency of safe drinking water sources in the southern flanks of Mt. 

Meru correlates with the high density of volcanic domes (Fig.4b) suggesting that the spatial variability of 

F

 concentration in this setting may be caused by the mixing of water with high concentration from the 

primary recharge area, the Arusha National Park, and that from secondary recharge areas, which are the 

volcanic domes. This is also the case for groundwater sources in the south-western flanks of Mt. 

Kilimanjaro. For groundwater sources in the SAP, most of them were shallow wells and appeared at 

relatively steeper slopes in the upper section while others were located within the Kikuletwa flood plain 

whose water is a mixture of recharge water from Mt. Meru in the north and Lelatema mountains in the 

south. 
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Groundwater sources with F

 concentration > 1.5 mg/L (57.6%) were spatially distributed around the 

flanks of Mt. Meru and those with higher concentration (above 10.0 mg/L) dominated the lower slopes of 

Mt.Meru and the central part of the SAP. Places with higher concentration consisted of fewer or no 

stratovolcanoes which provide secondary recharge to aquifers in the alluvial plains in the low lands of 

major stratovolcanoes. Thus, there is no natural dilution of the primary recharge water, and due to the 

longer contact time between water and fluoride-bearing rocks, the dissolution processes result in the 

release of fluoride ions into groundwater. On the other hand, many groundwater sources with extreme F

 

concentration were distributed in the leeward side, west of Mt. Kilimanjaro, which is part of the semi-arid 

northern Tanzania (Solomon et al., 2000) that receives little annual rainfall suggesting that inadequate 

recharge of aquifers in these settings resulting into high F

 concentration. 

The spatial distribution of F

 concentration around the SAP is presented in Figure 4b. The F


 

concentration varied in space with the highest concentration forming patterns in the northern, and all over 

the south-eastern parts of Mt. Meru. In these parts, the predicted F

 concentration ranged between 5 and 

20 mg/L with the highest values between 10 and 20 mg/L clustered within the SAP. The shape formed by 

the highest predicted F

 values correlated with the structure of the debris avalanche deposits formed by 

the collapsed eastern side of Mt. Meru. The collapse of Mt. Meru is amongst the largest debris avalanches 

in the world with deposits reaching the foothills of Mt. Kilimanjaro (Wilkinson et al., 1986; Delcamp et 

al, 2017, Kisaka et al., 2021). The north to the south-east extent of the spatial pattern formed by the 

predicted highest F

 values along the SAP suggests that the spatial variability of F


 is highly controlled by 

the presence and water interactions with debris-avalanche deposits rich in fluorine-bearing mineral phases 

such as titanites, amphiboles, hornblende and pyroxenes (Ijumulana et al., 2020; Kisaka et al., 2021). 

The predicted lowest concentration existed around Mt. Kilimanjaro and formed a northwest to 

southeast stretch. Similarly, the lowest F

 concentration were found  around Arusha city located at the the 

south flanks of Mt. Meru (Fig. 4b). The predicted F

 concentration in this zone ranged between 0.10 and 

2.50 mg/L. Places with F

 concentration above 1.5 mg/L around the flanks of the major stratovolcanoes 
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may be related to the mixing of water with low and high concentration originating from aquifers in the 

primary recharge areas (Kilimanjaro and Arusha National Parks) and those in the SAP, respectively. 

Similarly, the presence of low concentration in the neighborhood of high concentration, particularly in the 

southern flanks of Mt. Meru dominated by minor stratovolcanoes, can be explained as the mixing water 

originating from the primary recharge area (Arusha National Park) and that from secondary recharge 

areas around the minor stratovolcanoes (Fig.4b). In comparison, the largest extent of the zone with the 

highest predicted F

 concentration existed within the central part of the SAP presenting a high-risk level 

to the communities which solely depend on groundwater for various purposes in general and drinking in 

particular within the Pangani drainage basin (Ijumulana et al., 2021). The presence of elevated F

 

concentration within the central part of the plain can be explained in two incidences. In the first incidence, 

the plain consists of few or no minor stratovolcanoes which act as secondary recharge areas in the flanks 

of the major stratovolcanoes leading to little or no natural dilution of groundwater from the latter aquifers. 

In the second incidence, secondary mobilization of F

 is possible through the dynamics of the debris 

avalanche deposits dominated by volcanic ashes (Kisaka et al., 2021), which are naturally rich in fluoride 

content (Brindha and Elango, 2011). Wind and surface water run-off erosion and deposition processes 

during dry and wet seasons, respectively cause dynamics of the debris avalanche deposits, creating a large 

scale of variation in F

 in the lowlands of the SAP (Fig.4a). Other causes to the dynamics of the debris 

avalanche deposits include human activities, especially irrigated agriculture and nomadic pastoralism 

within the plain. These activitiescould be affecting the physical charecteristics of the deposits, thus 

accerelating their erosion and deposition processes leading to the widespread flushing of F

 in the 

groundwater of the SAP, especially at the shallow depths. In addition, the larger vadose materials 

thickness made of the debris avalanche deposits could be enhancing the contact time between 

groundwater and fluoride-bearing volcanic rocks/soils/sediments during the recharge periods. This 

phenomenon is considered as among the secondary causes of the high spatial variability of F

 

concentration in groundwater(Ghiglieri et al., 2010; Ali et al., 2021). 
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[Insert Figure 4] 

 

3.2 Spatial variability of terrain slopes and distribution of fluoride concentration in the Sanya alluvial 

plain 

The spatial variability of the generalized terrain slopes and spatial distribution F

 concentration along 

the three sections is summarized in Figure 5a-c. In each section the predicted F

 concentration are 

indicated at the left, central and right sections (detailed in  section 2.3.2). In addition, the raw data within 

10-kilometer coverage along each profile are represented as blue dots in each section. 

In terms of raw data, F

 concentration varied between 0.10-32.00, 0.20-75.00, and 0.80-63.00 mg/L 

along the groundwater divide, where the SAP starts (Fig.5a-1), along Sanya river valley (Fig. 5c-1) and 

across Sanya floodplain, along Kikuletwa river where the SAP ends (Fig. 5b-1), respectively. Both the 

minimum and maximum concentration values in the Sanya river valley and across the floodplain were 

greater than those along the groundwater divide. Considering the minimum and maximum values in all 

sections, a trend of increasing concentration of F
-
 is observed downstream which is related to the 

increased contact time between groundwater and fluoride-bearing aquifers sediments predominantly 

comprising volcanic soils and sediments. The groundwater-and its interaction with the aquifer sediments 

is therefore an important factor triggering the high variability of F

 concentration in groundwater systems 

within the SAP (Ghiglieri et al., 2010). The highest F

 concentration along the groundwater divide 

appeared close to the collapsed side of Mt. Meru which is dominated by the vitric andosols, the volcanic 

soils that develop on top of volcanic ashes which are well-known sources of elevated F

 concentration in 

the environment (Cronin et al., 2003; Brindha and Elango, 2011; Vithanage and Bhattacharya, 2015). 

In terms of predicted F

 concentration, the predicted minimum, and maximum values indicated 

increasing trends along the three sections. The minimum increased from 0.16, 1.00 to 2.22 mg/L and 0.15, 

2.79 to 3.06 mg/L for the left and central profile of Figure 5(a-1,b-1 and c-1), respectively. No observed 
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trend in the variation of the predicted minimum value for the right profile. However, the highest value 

(7.93 mg/L) was observed along the Sanya river valley (Fig. 5b). Comparing the predictions in the 

upstream of the Sanya plain along the groundwater divide and downstream across the Sanya floodplain, 

the minimum increased from 0.13 to 2.26 mg/L, respectively. For the predicted maximum value, no trend 

was observed for the left profile although it increased from 13.15 to 17.69 mg/L along the groundwater 

divide and across the Sanya floodplain, respectively (Fig. 5(a-1 and c-1)). The predicted maximum value 

was 8.52 mg/L along the Sanya river valley (Fig. 5b-1). The predicted low value in the maximum along 

this profile could be the result of high spatial variability and few raw data points in the upper and central 

section of the Sanya plain. 

In comparison with the maximum recommended value of 1.5 mg/L for drinking water (WHO, 2011), 

few samples in all sections had less than 1.5 mg/L as represented by the red line in Fig. 5. In Fig. 5a-1, 

groundwater sources with F

 concentration less than 1.5 mg/L existed in the southeast flanks of Mt. 

Kilimanjaro at an elevation between 1000 and 1500 meters. Groundwater sources with F

 concentration 

close to 1.5 mg/L existed around the southern flanks of Mt. Meru while others were in the southwest 

flanks of Mt. Kilimanjaro. The groundwater sources with slightly high F

 concentration existed close to 

the eastern boundary of the Sanya plain. In Fig. 5b-1, three groundwater sources had F

 concentration 

below 1.5 mg/L and existed at an elevation between 800 and 850 meters within volcanic valleys at the 

south-western flanks of Mt. Kilimanjaro upstream of the Sanya plain. This is in line with the predicted F

 

concentration in left profile which is relatively flat indicating potential sources for safe drinking water. On 

the other hand, the highest F

 concentration with a large scale of variation downstream, which is 

dominated by the Sanya floodplain, was observed. The presence of high values of F

 concentration in the 

Sanya floodplain can be associated with the high rate of debris avalanches deposition (Fig.4a) determined 

by the flat sloping terrain that enhances the contact time between groundwater and fluoride-bearing 

volcanic rocks and soils during the recharge period and groundwater flow process. 
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In Figure 5c-1, most groundwater sources are concentrated in the Sanya floodplain. However, few of 

them are of acceptable quality for drinking purposes and existed in the western part of the floodplain at an 

elevation between 600 and 620 meters. The spatial variability in F

 concentration may be originating from 

the mixing of surface water along the Kikuletwa river and aquifers with a primary recharge in Mt. Meru 

and other minor stratovolcanoes in the south flanks of Mt. Meru (Fig.4b). The largest variation was 

observed at the Kikuletwa and Sanya river confluence. 

 

[Insert Figure 5] 

 

In terms of terrain slopes along the three sections, predicted F

 concentration were inversely 

proportional to the generalized terrain slopes. While the terrain slopes varied between -15 and 117% with 

an average slope of 11±29% along the groundwater divide (Fig.5a-2), they ranged between -2 and 15%, 

and between -0.03 and 4% along the Sanya river valley and Kikuletwa river, respectively. Average slopes 

along the three sections were 11±29%, 0±2%, and 0±1% along the groundwater divide, Sanya river 

valley, and Kikuletwa river, respectively. Along the three sections, F

 concentration increased with 

distance from highlands (relatively steep slopes) and demonstrated the high spatial variability in the 

central SAP. 

Furthermore, an increasing trend in F

 concentration along the groundwater divide up to 5 kilometers 

at an elevation of ~1600 meters, which defines the foot of Mt. Meru and the beginning of the SAP 

(Fig.5a-2) was observed. Despite no trend was visible between 5 and 15 kilometers along the same 

section, the spatial variability was high and correlated with the variability in terrain slopes, which may 

suggest the mixing of recharge water from minor stratovolcanoes along the groundwater divide with that 

from Mt. Meru aquifers. The section between 15 and 23 kilometers was approximately flat and F

 

concentration increased explaining the effect of contact time between the debris avalanche deposits and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

20 
 

groundwater. A decreasing trend in F

 concentration beyond the 23-kilometer section, dominated by the 

Sanya river valley and the foot of Mt. Kilimanjaro at an elevation of ~1380 meters, is an indication of the 

natural dilution through the mixing of high and low F

 water from Mt. Meru and Mt. Kilimanjaro 

aquifers, respectively. 

Similarly, an increasing trend in F

 concentration along the Sanya and Kikuletwa river valleys up to 20 

and 29 km, respectively (Fig.5b-2 and c-2) was observed. In both sections, there was a general decrease in 

terrain slope although the rate of change was relatively lower along the Kikuletwa river valley (Fig.5c-2) 

compared to that of the Sanya river valley (Fig.5b-2). For the section between 20 and 33 km along the 

Sanya river valley, no trend was observed despite F

 concentration indicated multivariate variation. Part 

of this section is dominated by the Sanya floodplain, which starts at around 1000 meters elevation and is 

dominated by irrigated agriculture. The multivariate nature of F

 concentration in the Sanya flood plain 

can be associated with the mixing of shallow and deep water, especially during the dry season when the 

latter with high content of F

 mixes with the former having less F


 concentration. The section beyond 33 

km of Figure 5b-2 was characterized by a decreasing trend in F

 concentration where the lowest 

concentration were close to the Kikuletwa river channel. The presence of relatively low F

 concentration 

may be due to the mixing of water from aquifers in the Lelatema mountains (LM) and that from shallow 

aquifers in the Kikuletwa river valley. The large scale of variation in F

 concentration between 20 and 30 

km section along the Kikuletwa river valley (Fig.5c-2) can be associated with irrigated agricultural 

activities within the Sanya floodplain. The decreasing trend in F

 concentration beyond 30 km along the 

Kikuletwa river valley can be explained by the mixing of low F

 water from Mt. Kilimanjaro aquifers and 

high fluoridated water from Mt. Meru aquifers. 

 

3.3 Spatial variability of the sources and distribution of F concentration in the Sanya flood plain  

Table A2 presents the data used to study the spatial variation of the sources and distribution of F

 

concentration in the Sanya floodplain Although it was not one of the objectives of this study, several 
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boreholes were not operational till 2020 due to malfunctioning of water pumps and electricity problems 

leading to missing groundwater samples during the second sampling campaign in December 2020. 

Likewise, springs along the Sanya river channel were not sampled during the first epoch in March 2018 

due to inaccessibility problems. In Table A2, n.d and n.m stand for value not determined and not 

measured, respectively. 

3.3.1 Spatial variability of depth to groundwater and distribution of fluoride concentration 

Figure 6 shows ESDA results for F

 concentration in groundwater and variability in depth to 

groundwater.concentration. At the springs, F

 concentration varied between 4.00 and 7.00 mg/L, 

exclusive while they varied between 4.00 and 32.00 mg/L, exclusive in boreholes (Fig.6a-1). In other 

words, all groundwater sources were not suitable for drinking purposes (WHO, 2011). Fluoride 

concentration in the boreholes demonstrated the highest scale of variation as represented by the large 

interquartile range. In both cases, the highest F

 concentration values were located upstream of the Sanya 

river channel. The relatively low F

 concentration downstream are possibly due to the natural dilution 

from the mixing process of groundwater water from aquifers in the Lelatema mountains, south of the 

floodplain, and that from the south flanks of Mt. Kilimanjaro as also indicated by the relatively flat right 

profile in Figure 5c-1. Alternatively, the relatively low F

 concentration in the springs may be an 

indication of the presence of perched shallow aquifers developed in the fluvial deposits, with a limited 

spatial extent (Ghiglieri et al., 2010), discharging their waters in the Sanya river channel. Most of these 

springs dry up during the hot and dry season where the agricultural activities in the Sanya floodplain are 

supported by the highly F

 contaminated water from the drilled boreholes close to the irrigation furrow. 

Figure 6a-2 shows the distribution of F

 concentration with depth to groundwater according to 

MacDonald et al. (2012) classification scheme. Two boreholes (~18%) were in the very shallow (<7 m) 

category while eight (~73%) were in the shallow (7-25 m) category. One borehole (~9%) was in the 

shallow to medium (25-50 m) category. None of the borehole locations existed in the medium (50-100 

m), deep (100-250 m), and very deep (>250 m) categories. In both categories, the aquifer yield was 
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approximately equal to 20 l/s, which corresponds to the high aquifer productivity in the aquifer 

productivity classification system by MacDonald et al. (2012). The presence of multiple categories of 

depth to groundwater is a typical characteristic of complex hydrogeological environments in volcanic 

areas. Ghiglieri et al. (2010) in their study to locate a safe groundwater source in Ngarenanyuki and 

Oldonyosambu wards, in the north of Mt. Meru, identified four hydrogeological complexes that occurred 

within different volcanic formations, either alone or superimposed upon one another. They further 

reported that no aquifer was determined at a depth of 300 m while the depth to groundwater was shallow 

and shallow to medium at one and three locations, respectively. 

Although the shallow to medium category had one sample, F

 concentration increased significantly 

with depth to groundwater and ~95%  (adjusted R
2
=0.95, p< 0.05) of the variation in F


 concentration 

was explained by a linear increase in depth to groundwater level. This implies that the spatial variability 

in the type of vadose materials, contact time between them and recharge water, permeability, and porosity 

of the unsaturated subsurface materials contribute significantly to the occurrence and spatial distribution 

in F

 concentration. Figure.8b shows the spatial variability of unsaturated subsurface materials as 

summarized from the national borehole drilling reports. 

For the boreholes in the very shallow category, the dominating unsaturated subsurface materials 

included fine sand, fine to medium sand, silt, and gravel whose permeability is relatively high resulting in 

less contact time during the recharge period. For this reason, very shallow aquifers contain relatively low 

F

 concentration. However, this will depend on the type of the parent materials from which the materials 

were derived and the hydraulic gradient in the area of interest. In the shallow category, the unsaturated 

subsurface materials were dominated by both consolidated and unconsolidated sediments of volcanic 

origin. The unconsolidated sediments were clay, silt, sand, gravel, and pebbles whereas the consolidated 

materials included pyroclastics and basalts. 

For the shallow to medium category, the unsaturated subsurface materials were dominated by fine to 

coarse sand and gravel with relatively enhanced permeability compared to the nearby borehole (BH548 at 
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1+760 m chainage) in the upstream which was dominated by fine to medium and fine to coarse sand with 

high F

 concentration. In general terms, F


 concentration varied in space with depth to groundwater as 

suggested by Figure 6b. It decreased significantly with a decrease in depth to groundwater, especially in 

the Neogene-Quaternary volcanic formations dominated by pyroclastics with alkaline volcanic lavas 

(Between BH548 and BH556). In contrast, F

 concentration increased downstream within the 

Mozambique belt (between BH556 and BH522) despite no significant change in depth to groundwater 

was observed. The relatively low concentration at BH510 may be due to less dominance in 

unconsolidated materials compared to the rest of the borehole locations. Furthermore, a slight increase in 

F

 concentration was observed between chainage 33+400 and 37+900 (Fig.6b). The boreholes in this 

section were located along the Kikuletwa river (Fig.7a). The increase in F

 concentration upstream of the 

Kikuletwa river corresponded with an increase in depth to groundwater. The upstream of the river is 

dominated by volcanic gravel and pebbles that have been transported from the highlands of Mt. Meru and 

deposited within the flooding plain of the river. 

 

[Insert Figure 6] 

 

3.3.2 Spatial variability of borehole depth, screen depth, and the distribution of fluoride concentration 

Figure 7a shows the spatial variability of borehole depth and the distribution of F

 concentration. 

Generally, F

 concentration decreased with depth suggesting low concentration in the deeper aquifer. The 

largest change rate was observed in the Neogene-Quaternary volcanic formations dominated by 

pyroclastics with alkaline volcanic lavas (vpN-Q) section where F

 concentration decreased from 22.5 to 

4.29 mg/L at a distance of around 7 kilometers from .borehole number. BH548. In contrast, F

 

concentration increased with a decrease in depth from 4.29 to 12.5 mg/L at BH556 and BH522, 

respectively within a separation distance of ~4 kilometers within the Mozambique belt dominated by 
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Migmatite - granite - meta-sediment (marble, quartzite) complex (miNP). Similarly, a negative correlation 

between F

 concentration and depth was observed between BH524 and BH537 where F


 concentration 

increased from 4.51 to 7.60 mg/L at a separation distance of ~4.5 kilometers. 

The large scale of variation between BH548 and BH556 correlated with the percentage of dominance 

by unconsolidated sediments within the screening depth (Fig.7b). The percentage of dominance was 53, 

64, 49, and 23 at BH548, BH553, BH165, and BH556, respectively. Therefore, this suggests that 

unconsolidated sediments, particularly volcanic sediments comprising of fluoride-bearing fine, medium, 

and coarse sand together with gravel, clay, silt, and boulders contribute significantly to the spatial 

variability in F

 concentration within the Neogene-Quaternary volcanic formations. For the case of 

boreholes in the Mozambique belt, along the Sanya river valley (BH510, BH518, BH511, and BH522) in 

Figure 7a, an increase in F

 concentration correlated negatively with depth suggesting that shallow 

aquifers contain highly contaminated water unsafe for drinking purpose in this setting. The large scale of 

variation in the shallow aquifers also correlated positively with the percentage of dominance by the 

volcanic deposits suggesting that elevated concentration of F

 is mobilized from the tertiary-quaternary 

unconsolidated sediments, derived from the debris avalanche deposits dominating the eastern flanks of 

Mt. Meru (Ghiglieri et al., 2010; Kisaka et al., 2021). For boreholes along the Kikuletwa river valley (i.e, 

BH524, BH526, and BH537), the presence of relatively low F

 concentration at BH524 and high at 

BH526 and BH537 suggests that F

 is mobilized from volcanic deposits that are continuously transported 

and deposited within the river valley. The percentage of dominance for unconsolidated sediments was 100 

and 67% at BH526 and BH537, respectively while it was 30% at BH524. The latter borehole was located 

outside while the former two were near within the river valley under intensive irrigated agriculture. 

 

[Insert Figure 7] 
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In addition, Table 2 shows summary of regression analysis using OLS estimation method used to 

explain the relationships between depth to groundwater, borehole depth, and screen depth. Overall, 

approximately 78% (Adjusted R
2 

=0.782) of the variation in observed F

 concentration was explained by 

a significant model at a significant level of 0.05 (F-statistic=11.730, p-value=0.006). At individual 

variables, a significant positive correlation between F

 concentration and depth to groundwater were 

observed as indicated by a large t-Statistic and p-value <0.05. Although not significant, a positive 

relationship between F

 concentration and screen depth was observed. In contrast, a significant negative 

correlation between F

 concentration and borehole depth was observed as evidenced by a large t-Statistic 

and p-value <0.05. Furthermore, Table 3 presents the OLS regression diagnostics mainly the test for 

normality in the regression residuals and  test for heteroskedasticity using Jarque-Bera test (Jarque, and 

Bera, 1980), and Breusch-Pagan/ Koenker-Bassett tests (Breusch and Pagan, 1979; Koenker and Bassett, 

1982), respectively. All the tests were not statistically significant at 0.05 significant level indicating that 

the regression errors/residuals were normally distributed and the error variance was constant. Likewise, 

there was no potential multicollinearity problem in the observations on the variables used in the model as 

indicated by the multicollinearity condition number <30 (20), which is a rule of thumb (Belsley et al., 

2005) 

 

[Insert Table 2] 

 

[Insert Table 3] 

 

The positive correlation between F

 concentration and depth to the water table is an indication that F


 

could be mobilized from the vadose section overlying the aquifer. This was substantiated by most of the 

boreholes with high F

 concentration being clustered in the upstream of the Sanya river floodplain which 

is dominated by Vitric Andosols and pyroclastics with alkaline volcanic lavas. The depth to the water 
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table in this zone ranged between 14 and 24 m. An increased depth to the water table implies that 

recharge water from precipitation and any surface water body takes a longer time to reach the aquifer. The 

prolonged time may be an important factor in the mobilization of elevated F

 content in groundwater 

systems within the Sanya floodplain. The negative correlation between borehole depth and F

 

concentration is an indication of the potential safe water in deep aquifers within the SAP. However, this is 

true for fractured basement aquifers where groundwater flow is high minimizing the contact time between 

groundwater and F

-bearing rocks. 

3.3.3 Spatial variability of groundwater level and the effects of irrigated agriculture on the 

distribution of fluoride in groundwater 

The effects of spatial variability of groundwater level and irrigated agricultural practices on the 

distribution of F

 concentration in groundwater are visualized on Figure 8. Fluoride concentration 

increased linearly with an increase in groundwater elevation at 0.05 significance level (Fig.8a) The 

occurrence of relatively high F

 concentration in the upper section of the flood plain, which is 

characterized by longer depth to groundwater, justifies that F

 is mobilized from the unsaturated 

subsurface materials during recharge periods from rainwater and irrigation water infiltration. The 

irrigation water from boreholes contains relatively high F

 concentration and this could be contaminating 

the perched aquifers existing in river valleys of the volcanic lowlands around the stratovolcanoes, which 

are primary recharge zones in volcanic regions of northern Tanzania (Ghiglieri et al., 2010). Furthermore, 

the high F

 concentration in the upper section of the flood plain can be associated with the existence of 

the Vitric Andosols, the volcanic soils developing on top of volcanic ashes, the debris avalanche deposits 

in this study,  could be influencing the high concentration of F

 in groundwater. Naturally, volcanic soils 

contain high content of F

 (Brindha and Elango, 2011; Chowdhury et al., 2019). The deep soil profile, 

rapid hydraulic conductivity, and water holding capacity of most Andosols (Arnalds, 2015) are favorable 

conditions for the high rate of F

 mobilization in groundwater systems in volcanic regions of the world. 

Due to these conditions, the contact time between the Vitric Andosols, other unsaturated subsurface 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

27 
 

materials (Fig.6b) and recharge water increases as recharge water percolates through them. Therefore, the 

longer depth to groundwater in the upstream increases the contact time between recharge water and 

fluoride-bearing volcanic materials thus enhancing dissolution processes of the fluoride-bearing mineral 

phases, particularly titanite, amphibole, hornblende, and biotite that are prevalent in the volcanic regions 

of northern Tanzania (Ijumulana et al., 2020). 

In terms of lithological setting, the four intakes (NF, MzF, PlF, and CF) were in the pyroclastics with 

alkaline volcanic lavas (vpN-Q) while the rest (HF, MgF, PSF, KKF, and MrF) were located in the 

weathered/fractured Migmatite - granite - meta-sediment (marble, quartzite) complex (miNP). Intakes in 

the vpN-Q demonstrated relatively high F

 concentration suggesting the mobilization of F


 from 

weathering of fluorine-bearing alkaline volcanic rocks and dissolution of fluoride-bearing mineral phases 

within the pyroclastics and alkaline volcanic rock formations (Brindha and Elango, 2011; Vithanage and 

Bhattacharya, 2015). The relatively low fluoride concentration in the miNP setting may be due to the 

reduced contact time as most of the metamorphic rocks in the miNP complex are highly fractured leading 

to reduced contact time between recharge water and rocks probably due to high groundwater flow rate. 

Figure 8b visualizes the possible effects of irrigated agricultural practices on the distribution of F

 

concentration along the Ngomeni irrigation furrow (NF). Although not significant at 0.05 significance 

level, approximately 44% of the variation in the measured F

 concentration was explained by the OLS 

regression model. The insignificant model outcome might have resulted from a multicollinearity problem 

caused by the closeness of observed surface elevations (H), which is a typical topographic characteristic 

of the Sanya floodplain. At the intake (NF), F

 concentration varied between 6.22 and 6.29 mg/L while it 

increased to around 6.55 mg/L downstream. The difference in surface elevation at the intake and the last 

sample downstream along the furrow was 12 m at a separation distance of approximately 2 kilometers 

resulting in a slope of approximately 0.6%. Due to this relatively flat ground, F

 concentration could be 

mobilized from Vitric Andosols in the earthed irrigation furrows during farming practice as the contact 

time between groundwater and soils increases. In this regard, the irrigated agricultural practices using 
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highly F

 contaminated water from deep aquifers could be a potential source of high-scale variation in 

hand-dug wells and shallow wells within the Sanya flood plain. 

 

[Insert Figure 8] 

 

4. Conclusions 

In this research, the spatial variability of the sources and distribution of F

 and the potential 

mechanisms of the mobilization of F

 in groundwater resources of the SAP were studied. Most of the 

groundwater sources with the highest F

 concentration above WHO recommended guideline for drinking 

water are concentrated in the central part of the SAP posing a high fluorosis risk to the population in this 

setting. The orientation of the main F

 pattern with high concentration above 8 mg/L in the upper section 

of the SAP correlates with that of the collapsed side of the Meru stratovolcano suggesting that the debris 

avalanche deposits are the primary sources of F

 in most of the tertiary-quaternary unconsolidated and 

volcanic aquifers. The favorable conditions, particularly the water holding capacity of vitric andosols in 

the SAP furthermore enhance the dissolution processes of F

 bearing minerals due to the increased 

contact time in the vadose zone of the local aquifers. 

The distribution of F

 concentration in groundwater systems of the SAP was found to be controlled by 

spatial variability in terrain slope with potential safe groundwater sources close to the flanks of the 

stratovolcanoes.concentration. Despite depth to groundwater is of economical importance in groundwater 

access and supply, it has an impact on the quality of drinking water in the geogenically contaminated 

aquifers as it determines the contact time between unsaturated subsurface materials and recharge water.  

The current practice to access groundwater in the SAP contributes to the exposure to F

 related 

hazards of the population. The deeper aquifers contain low F

 concentration and are characterized by 

weathered and fractured basalts, pyroclastics, and phyllites. Most of these aquifers likely experience 
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regional recharge from the volcanic highlands and are confined in nature. However, the decision on the 

screening depth during borehole development could be contributing to the contermination of the deep 

aquifer waters. Though not statistically significant, the boreholes where the screening depth was 

dominated by unconsolidated aquifer materials such assand, gravel, volcanic soils and pebbles, etc had 

relatively higher F

 concentration. The current irrigated agricultural practices using F


 contaminated water 

from the deep water table in the SAP contribute to the high spatial variability in F

 concentration in the 

perched shallow aquifers within the Sanya floodplain. 

The findings of this study are important to the overall chain of safe water supply process in historically 

fluorotic regions of the world. In Tanzania, these findings can improve the current process of drilling 

permits issuance at the basin level. To the local drillers, the findings bridge the spatial uncertainty when 

deciding the location of the safe source, screen depth as well as depth to avoid targeting unsafe 

hydrogeological layers. 
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Figure 8: Variation of fluoride concentrations along Sanya river. Water samples collected from Ngomeni 

furrow (NF), Mzegazega furrow (MzF), Palestina furrow (PlF), Hemed furrow (HF), Migungani furrow 

(MgF), Cement furrow (CF), Mrinji furrow (MrF), Peter Sechu furrow (PSF) and Kitivo Kati furrow 
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Figure 1: Location map of Sanya alluvial plain in the northern development zone of Tanzania within 

the East African Rift Valley graben (The spatial extent of the Sanya plain was estimated from standard 

Topographical maps at 1: 50,000 scale obtained from the Survey and Mapping Department (Table 1)). 
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Figure 2: General relief map of Sanya alluvial plain in the graben between Mt. Meru, Mt. Kilimanjaro 

in the northwest and northeast, respectively, and the Lelatema mountains in the south. 
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Figure 3: Conceptual hydrogeological study sections of the sources and mobilization of fluoride in the 

Sanya alluvial plain (a) along the groundwater divide in the north (Section A-B), (b) along Sanya river 

valley (Section C-D), and (c) across Sanya plain in the south (Section E-F). 
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Figure 4:(a)Statistical and (b) spatial distribution of fluoride concentration in groundwater sources 

around Sanya alluvial plain. 
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Figure 5: The variation of fluoride concentrations within Sanya plain (a) across the Sanya plain at the 

start of the plain between Mt. Meru and Kilimanjaro-Section A-B, (b) along Sanya river valley from 

the groundwater divide (GWD) in the north to the south in the floodplain-Section C-D and (c) across 

Sanya floodplain along Kikuletwa river which acts as the regional boundary between Manyara and 

Arusha region-Section E-F. 
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Figure 6: (a) Statistical distribution of fluoride concentrations in groundwater sources and (b) spatial 

variability of depth to groundwater and unsaturated subsurface sediments in the Sanya/Kikuletwa 

flood plain. 
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Figure 7: Spatial variability of fluoride concentrations with (a) depth in different soil and rock 

formations and (b) screening depth with different degrees of aquifer materials along Sanya and 

Kikuletwa rivers within the Sanya alluvial flood plain in northern Tanzania. 
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Figure 8: Variation of fluoride concentrations along Sanya river. Water samples collected from 

Ngomeni furrow (NF), Mzegazega furrow (MzF), Palestina furrow (PlF), Hemed furrow (HF), 

Migungani furrow (MgF), Cement furrow (CF), Mrinji furrow (MrF), Peter Sechu furrow (PSF) and 

Kitivo Kati furrow (KKF). 
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Table 1: Spatial data sources and types used in this study 

Table 2: OLS estimates 

Table 3: OLS regression model diagnostics 

 

Table 1: Spatial data sources and types used in this study. 

Spatial data source Spatial data type description 

Pangani Basin Water Office 

(PBWO) 

 Completed drilling reports of 14 boreholes in the Sanya 

floodplain. The boreholes were drilled in the year 2011 to 

support irrigation activities in the Sanya floodplain during 

the dry season. 

 Major drainage basin boundaries (Pangani and Internal 

drainage basin). 

National Bureau of Statistics 

(NBS) of the United Republic of 

Tanzania (URT) 

 Regional, district, and ward boundaries as well as 

population data based on 2012 census reports.  

Global digital elevation model 

(GDEM) 

 Free open-source elevation data (30 m resolution) 

downloaded from https://gisdata.mn.gov/dataset/elev-30m-

digital-elevation-model. 

Survey and Mapping Division of 

the Ministry of Lands, Housing and 

Human Settlements Development 

(SMD MLHHSD) 

 Coordinates for national control points, particularly, T305, 

T311, and T312. 

 Standard topographical maps at 1:50,000 scale: Sanya 

Chini (Sheet no. 56/3), West Hai (Sheet no.56/1, Ngare 

Nanyuki (Sheet no.55/2), Ngasurai (Sheet no.41/4), Usa 

River (Sheet no.55/4), Mbuguni (Sheet no. 71/2), Lossoito 

(Sheet no. 72/1), and Arusha Chini (Sheet no. 72/2). 

Open source DivaGIS portal  Shapefiles for African country boundary downloaded at 

Free Spatial Data | DIVA-GIS (diva-gis.org). 

Field surveys in northern Tanzania  F

 concentrations from 14 boreholes and 9 springs during 

fieldwork campaign between 2018 and 2020. 

 Surface elevations for the 14 boreholes and 9 springs along 

the Sanya river channel. 
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Table 2: OLS estimates 

Variable Coefficient Std. Error t-Statistic Probability 

Constant 25.828 7.96606 3.24226 0.01764 

Depth to groundwater 1.38238 0.242201 5.70756 0.00125 

Borehole depth -0.39389 0.117776 -3.34441 0.01553 

Screen depth 0.0371908 0.145018 0.256456 0.80617 

 

Table 3: OLS regression model diagnostics 

Test # Test name Degrees of freedom (df) Value Probability 

1 Jarque-Bera 3 0.2770 0.87066 

2 Breusch-Pagan 2 4.5854 0.20480 

3 Koenker-Bassett 2 4.3974 0.22163 
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Highlights 

 Debris-avalanche deposits dynamics trigger the widespread of fluoride in groundwater. 

 Depth to groundwater enhances the variability of fluoride in volcanic aquifers. 

 Safe groundwater for drinking purposes exists at steep slopes of stratovolcanoes. 

 Deep fractured aquifers are potential sources of safe fluoride water. 

 Irrigation agriculture enhances the variability of fluoride in shallow aquifers. 
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