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Abstract
The main objective of the study is to evaluate the hydrogeochemical processes and potential health risk assessment for humans 
in groundwater of Maputaland coastal aquifer, South Africa. In this study, 53 and 42 groundwater samples were collected 
from bore wells during 2018 and 2019 and were analysed for major ions, minor ions, nutrients and trace metals. Na–Cl water 
type was dominant in groundwater followed by Ca–HCO3. Cross plots revealed that ion exchange, reverse ion exchange, 
silicate weathering, seawater mixing and anthropogenic inputs from agricultural activities govern the groundwater chemis-
try. GIS methods were adopted to produce spatial distribution maps of major ions through which locations of groundwater 
contamination and the intensity of hydrogeochemical processes were identified. Mean concentration of trace metals were in 
the order: Zn > Li > Al > Fe > Mn > Cu > Pb > As > Co > Cd in 2018, Fe > Zn > Mn > Sr > B > Pb > Cu > Co > Cr > Cd > Ag 
> Al > Ni in 2019. Most of the trace metals were found to be within the WHO standards for drinking water except Cd, Zn, 
Pb, Mn, Al and Fe. Health risk assessment of trace metals in groundwater via ingestion and dermal absorption pathways 
were carried out. Hazard Quotients (HQs) and Hazard Index (HI) of all trace metals were below 1, except HQingestion and HI 
for Co and Pb which were greater than 1 in children. This suggests that these metals pose adverse risks to local people, and 
children were more sensitive to risks than adults. HI values for adults and children were medium indicating high risk. This 
is the first baseline study conducted in the study area which identifies the chemical characterization and the potential health 
risk due to trace metals contamination.

Keywords  Hydrogeochemical processes · Trace metals · Multivariate statistical · Silicate weathering · Health risk 
assessment

Introduction

Contamination of coastal aquifers is a global concern. 
Coastal aquifers are mostly affected by salinization due to 
seawater intrusion (Askri et al. 2016; Bouzourra et al. 2015; 
Eissa et al. 2016; Vetrimurugan et al. 2017a). Anthropogenic 

pollution such as agricultural return flow, disposal of domes-
tic and industrial wastes, etc., also influences the quality of 
groundwater (Vhonani et al. 2018). Assessment of ground-
water chemistry is essential in determining the sources for 
the composition of ions and to determine its suitability for 
various uses. Several hydrogeochemical processes occurring 
beneath the surface can be natural (e.g. rock-water interac-
tion, evaporation, dissolution of minerals, hydrology) and/
or anthropogenic (e.g. industry, agriculture, mining, and 
urbanization) (Das et al. 2016; Di Curzio et al. 2017; Eti-
kala et al. 2019; Ghesquière et al. 2015) and influence the 
groundwater chemistry. These hydrogeochemical processes 
tend to vary temporally and spatially.

Trace metals occur naturally in groundwater in minor 
amounts and are required for human metabolism as well 
as for growth of the plants and animals. However, the con-
centration of these metals above the desired limit is known 
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to have toxic effects on human health (Jahanshahi and Zare 
2015; Tamasi and Cini 2004; Wagh et al. 2018; Yousaf 
et al. 2016). Elevated Pb concentrations are known to have 
adverse effects in children during brain development (Tay 
and Hayford 2016). Long-term intake of high concentrations 
of Fe through drinking water may cause kidney, cardiovas-
cular, and liver damage (Usman et al. 2020). Exposure to 
Cd causes acute and chronic diseases such as kidney and 
skeletal damages (Soleimani et al. 2020). Trace metals are 
reported to be one of the critical contaminants that affect 
groundwater quality and pose concern to human health as 
they are persistent, non-biodegradable, stable and toxic in 
the natural environment (Tay and Hayford 2016; Soleimani 
et al. 2020). Trace metals in groundwater are influenced by 
weathering of rocks, atmospheric deposition and anthropo-
genic activities (He and Li 2020). The solubility of trace 
metal is controlled by pH, the content of the trace metal, 
chemical composition, organic carbon content, and ion 
exchange (Di Curzio et al. 2017; McMahon and Chapelle 
2008; Palmucci et al. 2016).

Health risk assessment is a process of estimating health 
effects that may occur from exposure to non-carcinogenic 
and carcinogenic chemicals (Duggal et  al. 2017; Zhou 
et al. 2016). The U.S. Environmental Protection Agency 
(USEPA 2004) proposed a four-step method for health risk 
assessment (hazard identification, exposure assessment, 
dose–response assessment, and risk characterization). It is 
necessary to assess the risk to human health due to ground-
water contamination as there may still be possible health 
hazards, even if the chemical composition of groundwater is 
consistent with the drinking water standards (Ji et al. 2020). 
Several researchers have carried out health risk evaluations 
to determine the impact of contaminant toxicity on humans 
(Zhou et al. 2020; He et al. 2020; Egbueri 2020; Egbueri 
and Mgbenu 2020; Edokpayi et al. 2018; Wu et al. 2019, 
2020). Previous studies have reported that children are more 
exposed to non-carcinogenic risk due to ingestion of ground-
water contaminated with trace metals as compared to adults 
(Barzegar et al. 2018b; Ukah et al. 2019; Zhang et al. 2018; 
Wang et al. 2018).

South Africa receives an annual average precipitation of 
approximately 497 mm which is below the world average 
of 860 mm (Smakhtin et al. 2001). It is a semi-arid country 
with scarce water resources (Smithers et al. 2017). Rainfall 
in South Africa is spatially and temporally dynamic (Ndlovu 
and Demlie 2016, 2018). About two-thirds of the popula-
tion of South Africa rely on groundwater for water supply. 
Development on surface and groundwater management is 
still needed to compensate the shortage of water supply in 
rural areas (Du Plessis 2017). The country faces numerous 
water quality issues (e.g. salinization, eutrophication, micro-
biological contamination, sedimentation, silt migration and 
acidification) (DWAF 2002). Groundwater contamination 

by trace metals is often reported in South Africa. Verlicchi 
and Grillini (2020) reported that arsenic and lead occur in 
elevated contents in groundwater of South Africa. Demlie 
et al. (2014) stated that the high iron content in groundwater 
significantly affects the water supply in the region.

The Maputaland coastal plain is the largest primary 
aquifer in South Africa (Fig. 1). This coastal plain extends 
from Mtunzini in the south up to the Mozambique border. 
Groundwater remains the sole supplier of water for drinking, 
domestic and agricultural purposes in rural communities in 
north-eastern KwaZulu-Natal. The availability of groundwa-
ter on the Maputaland coastal plain is reduced due to various 
land use activities including agriculture, livestock farming 
and forestry plantation. Studies on the Lake Sibayi (Nsubuga 
et al. 2019; Smithers et al. 2017; Weitz and Demlie 2014) 
and the impact of land use (Grundling et al. 2013) in the 
Maputaland coastal plain has been reported. Earlier ground-
water studies in the region include identification of sources 
of iron in groundwater (Demlie et al. 2014), relation between 
sediment mineral composition and groundwater quality, and 
groundwater modelling to predict the groundwater levels 
during dry and wet periods (Kelbe et al. 2016). The hydro-
geological processes that control the groundwater chemistry 
and health risk assessment have not been studied in detail of 
the study region. Hence, the present study was carried out 
with the main objectives to (1) evaluate the hydrogeochemi-
cal processes, (2) identify the intended sources of ground-
water contamination and (3) comprehensive understanding 
of trace metal contamination and health risk assessment of 
groundwater using geostatistical and geographic informa-
tion system (GIS) methods. This study will produce the 
baseline dataset that could be useful for further systematic 
investigation and it would also be useful to the department 
of water affairs, stakeholders and policymakers involved in 
the water management sector to understand the underlying 
aquifer conditions to prevent the health hazards from ingest-
ing groundwater, and to effectively perform further develop-
ment, protection and management of groundwater resources 
in the Maputaland coastal aquifer.

Methodology

Description of the Study Area

Maputaland coastal plain is situated in north-eastern Kwa-
Zulu-Natal province, South Africa (Fig. 1). It is bounded 
in the west by the Lebombo mountain range, in the east by 
the Indian ocean, in the north by the Mozambique border 
and extends up to Mtunzini in the south. It is characterized 
by humid subtropical climate. Majority of the precipita-
tion in the area occurs during summer and is derived from 
tropical and mid-latitude weather systems (Smithers et al. 
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2017). Rainfall in the Maputaland coastal plain varies spa-
tially, it ranges from approximately 1000 mm/year in the 
coastal areas to less than 600 mm/year in inland (Porat 
and Botha 2008; Watkeys et al. 1993). Average annual 
temperature ranges from 21 °C along the Lebombo moun-
tains to 23 °C inland and to about 22 °C along the coast 
(Mkhwanazi 2010). This region is of great importance as 
it is known for its tourism and ecological diversity. Most 
of the areas are under conservation by the Isimangaliso 
wetland park.

Geological Setting

The Maputaland coastal plain is characterized by a sequence 
of sediments which overlie the consolidated volcanic rhyo-
lites of the Lebombo group. The geology of the study area 
comprises of Cretaceous to Quaternary deposits of the 
Maputaland Group that is underlain by the Zululand group. 
The Zululand group consists of conglomerates and basal-
tic rocks of the Msunduze, Mpilo and Movene formations. 
There are also alluvial, fluvial and marine sediments of the 

Fig. 1   Location of the study 
area
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Makatini formation, shallow and marine silts and sands of 
the Mzinene formation (Watkeys et al. 1993). Karst-weath-
ered calcarenites are found in the Uloa formation which is 
rich in fossiliferous sediments (Kelbe et al. 2016; Watkeys 
et al. 1993). The Zululand group are characterized by very 
low permeability with groundwater of poor quality and 
quantity. This group comprises of loosely consolidated sand, 
silts, clays and lignite beds of the Port Dunford formation 
(Demlie et al. 2014; Meyer et al. 2001; Ndlovu 2015). Grey 
unconsolidated sands are identified in the Kosi Bay and 
KwaMbonambi formations. The high coastal dune cordons 
of the Sibayi formation are highly rich in heavy minerals and 
are heavily vegetated (Nweze 2016; Watkeys et al. 1993). 
Sediments of the Maputaland group is characterized by high 
hydraulic conductivities which averages to 15.6, 0.87, and 
4.3 m/day for the Sibayi, KwaMbonambi and Port Dunford 
formations (Ndlovu and Demlie 2018).

Water Sampling and Analysis

Groundwater samples were collected from borewells within 
the Maputaland coastal plain in April 2018 (N = 53) and 
May 2019 (N = 42) (Fig. 1). Samples were collected after 
five minutes of pumping the borewells in order to remove 
stagnant water. Water from the sampling well was used to 
rinse the sample bottles thrice prior to sample collection. 
The pH and electrical conductivity (EC) of the groundwater 
samples were measured in the field using a calibrated Aqua 
Probe A-700 m. Three sets of samples were collected in each 
sampling point, raw samples were collected in 500 ml bottles 
and the other samples were collected in 200 ml high-density 
polyethylene bottles, filtered in the field using 0.45 µm Mil-
lipore membrane filter. Samples were acidified with 0.5 ml 
concentrated nitric acid to prevent precipitation of cations 
and trace metals. CO3 and HCO3 were analysed from the 
500 ml sampling bottles immediately using standard titra-
tion methods (APHA 2012). Collected groundwater sam-
ples were analysed for cations (Ca, Mg, Na and K), anions 
(Cl, SO4, F), nutrients (NO3, PO4, NH4) and SiO2 using ion 
chromatograph (Metrohm 930 IC Compact Flex). A total 
of fifteen trace metal concentrations (As, Ag, Fe, Mn, Al, 
B, Zn, Pb, Ni, Cr, Cu, Cd, Co, Li and Sr) were analysed by 
inductively coupled plasma-mass spectrometry (NexION 
2000 ICP-MS). Ten trace metals including As, Fe, Mn, Al, 
Zn, Pb, Cu, Cd, Co and Li were analysed in 2018 while 13 
metals such as Ag, Fe, Mn, Al, B, Zn, Pb, Ni, Cr, Cu, Cd, 
Co and Sr were analysed in 2019. The ion balance error was 
calculated to check data quality, is within ± 5%. To ensure 
the precision of the chemical analysis of trace metals, the 
standards and blanks were regularly applied to check the 
accuracy of the instrument and to avoid errors.

Multivariate statistical analysis has been widely used by 
various researchers and has proven to be useful in reducing 

large dataset to understand the relationships between vari-
ables and their contribution to groundwater problems which 
is to be investigated.

Health Risk Assessment

Health risk assessment estimates health effects that may 
occur from exposure to non-carcinogenic and carcinogenic 
chemicals (Duggal et al. 2017; Zhou et al. 2016, 2020; Ji 
et al. 2020). Human exposure risk of an individual to trace 
metals in the water occurs in three pathways; direct inges-
tion, inhalation and dermal absorption through exposure skin 
(Zeng et al. 2015; Duggal et al. 2017). The doses received 
through ingestion and dermal absorption pathway were com-
puted using Eqs. 1 and 2 adopted from USEPA (2004)

where ADDingestion and ADDdermal represents the average 
daily doses from ingestion and dermal absorption of water, 
given as µg/kg/day, and Cw is the concentration of the trace 
metal in water (µg/l). IR indicates the ingestion rate of water 
through drinking (l/day), EF is the exposure frequency (days/
year), in this study EF is 350 days/year; ED is the exposure 
duration (years), BW is the average body weight (kg), AT 
represents the average time for non-carcinogenic effects 
(days), SA indicates the exposed skin area (cm2), ET is the 
exposure time (h/day), and Kp is the dermal permeability 
coefficient in water (cm/h) obtained from USEPA (2004).

Non-carcinogenic risk of trace metals was evaluated by 
calculating the hazard quotients (HQs). To obtain the HQs, 
the estimated ADDs for each trace metal are divided by the 
corresponding reference dose (RfD) using Eqs. 3 and 4 (Li 
et al. 2016, 2017, 2019).

where RfD is the corresponding reference dose of the ele-
ment (µg/kg/day) and ABSGI is the gastrointestinal absorp-
tion factor obtained from Wang et al. (2017), Wu et al. 
(2009), Edokpayi et al. (2018), and USEPA (2004). The 
hazard index (HI) is obtained by summing the HQs of indi-
vidual elements from the different pathways using Eq. 5. If 

(1)ADDingestion =
Cw × IR × EF × ED

BW × AT

(2)ADDdermal =
Cw × SA × Kp × ET × EF × ED × 10−3

BW × AT

(3)HQingestion/dermal =
ADDingestion/dermal

RfD

(4)RfDdermal =
RfD

ABSGI

(5)HI = HQingestion + HQdermal
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the HQ/HI is below unity or one, non-carcinogenic risk is 
not expected to occur; HQ/HI greater than one suggests that 
there may be a concern for non-carcinogenic risk or adverse 
effects on human health (Wang et al. 2017; Duggal et al. 
2017; Barzegar et al. 2017).

Results and Discussion

Analysis of Physicochemical Parameters

The statistical results of the physicochemical parameters 
in groundwater samples measured during 2018 and 2019 is 
summarized in Table 1. The measured groundwater pH val-
ues varied from 5.3 to 8.2 and from 7.9 to 8.3 with an aver-
age value of 6.5 and 8.0 during 2018 and 2019, respectively. 
Approximately 75% of the samples have pH value less than 
7 in 2018 indicating acidic nature of groundwater. In 2019, 
all the samples had pH greater than 7 suggesting alkaline 

conditions (Table 1). During 2018, about 53% of the sam-
ples had pH below the World Health Organization (WHO) 
limit of 6.5 (WHO 2011) and all the samples were within 
the WHO limit in 2019. The Department of Water Affairs 
and Forestry of South Africa (DWAF 1996) prescribed a 
limit of 6.0 to 9.0 for pH (Table 1), 26% of the samples were 
below 6.0 during 2018 and all the groundwater samples were 
within this limit during 2019.

EC ranged from 115 to 1450 µS/cm and groundwater 
samples were found to be within the WHO limit. However, 
8% and 17% of the samples exceeded the limit established 
by DWAF during 2018 and 2019 respectively. Total dis-
solved solids (TDS) computed from the EC ranged from 
74 to 764 mg/l with an average of 200 mg/l during 2018 
and from 87 to 928 mg/l with an average of 258 mg/l dur-
ing 2019. Total hardness (TH) calculated from calcium and 
magnesium varied from 25 to 464 mg/l with a mean value 
of 107 mg/l during 2018 and from 20 to 355 mg/l with a 
mean value of 79 mg/l during 2019. Bivariate plot of TDS 

Table 1   Statistical parameters 
of analysed groundwater 
samples in comparison with 
WHO and DWAF standards

BDL below detection limit

Parameters 2018 (N = 53) 2019 (N = 42) Permissible limits

Range Average Range Average WHO (2011) DWAF (1996)

pH 5.28–8.23 6.50 7.9–8.3 8.0 6.5–8.5 6.0–9.0
EC (µS/cm) 115–1194 312 136–1450 402.3 1500 < 700
Ca (mg/l) 4–154 27 5–97 21.9 200 < 32
Mg (mg/l) 1.2–56 9.8 1.8–28 6.0 50 < 30
Na (mg/l) 14–126 38 20–167 52.2 200 < 100
K (mg/l) 0.5–15.1 2.8 1.3–18 4.5 12.0 < 50
HCO3 (mg/l) 18–312 70 10–258 71.2 Not specified Not specified
Cl (mg/l) 27–289 82.64 30–297 79.8 250 < 100
SO4 (mg/l) 1.8–65 13.4 2.5–38 10.3 250 < 200
F (mg/l) BDL–1.1 0.2 – – 1.5 < 1.0
NO3 (mg/l) BDL–18 2 2–112 14.1 45 < 6
NH4 (mg/l) BDL–0.2 0.0 – – Not specified < 1.0
PO4 (mg/l) BDL–0.5 0.1 – – Not specified Not specified
As (µg/l) BDL–3.6 0.5 – – 10.0 < 10.0
Ag (µg/l) – – BDL–13.4 3.4 Not specified Not specified
Fe (µg/l) 2.7–770.8 88.9 23.1–20 843.2 1 521.9 300 < 100
Mn (µg/l) 0.4–84.3 19.8 1–1001.4 76 400 < 50
Al (µg/l) 1.6–3052.5 90.0 0–71.1 3.2 900 < 150
B (µg/l) – – BDL–245.5 53.9 2400 –
Zn (µg/l) 1.9–19 964.5 501.4 2.5–4253.5 134.1 5000 < 3000
Pb (µg/l) 0.2–22.1 1.8 0–36.5 20 10 < 10.0
Ni (µg/l) – – BDL–9.3 1.7 70 Not specified
Cr (µg/l) – – BDL–8.4 4.3 50 < 50
Cu (µg/l) BDL–279.5 19.2 0–199.6 20 2000 < 1000
Cd (µg/l) BDL–0.2 0.0 0–4.6 3.5 3  < 5
Co (µg/l) BDL–4.5 0.4 0–9 6 Not specified Not specified
Li (µg/l) 300–6400 1.2 – – Not specified Not specified
Sr (µg/l) – – 6.6–387.8 70.3 Not specified Not specified
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versus TH (Fig. 2a) (Vetrimurugan et al. 2017a; Brindha 
et al. 2017) showed that majority of the samples are fresh-
water type (i.e. TDS < 1000 mg/l) (Freeze and Cherry 1979) 
with hardness ranging from moderate to very hard (Sawyer 
and McCarty 1978). Groundwater based on TDS indicates 
that the samples are moving from fresh to brackish condi-
tions (Fig. 2a).

Evaluation of Hydrochemical Facies

Hydrochemical facies are crucial in understanding the 
chemical reactions which take place within the aquifer. The 
Piper trilinear diagram (Piper 1944) depicts that Na–Cl is 
the dominant groundwater type (Fig. 2b). This is common 
in the coastal areas due to seawater intrusion. The physical 

area with Na–Cl water type had increased from 64% in 2018 
to 95% in 2019 (Fig. 3a, b). Ca–HCO3 groundwater type was 
also noticed. This usually indicates freshly recharging water.

Major Ion Chemistry

Based on the mean concentration of the ions measured in 
groundwater, the dominant order of cations and anions 
was Na > Ca > Mg > K and Cl > HCO3 > SO4 during 2018 
and 2019. Sodium did not exceed the recommended limit 
by WHO (2011). About 8% (2018) and 14% (2019) of the 
samples exceeded the target water quality range established 
by DWAF (1996). Except for one location, potassium did not 
exceed the WHO limit in the study area during both sam-
pling periods (Table 1). Calcium concentration was above 

Fig. 2   a Classification of 
groundwater based on TDS and 
TH, b hydrochemical facies of 
groundwater samples
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Fig. 3   Spatial distribution map showing the hydrochemical facies of groundwater samples in a 2018, b 2019 and the sodium and salinity hazard 
of groundwater for irrigation use in c 2018 and d 2019
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the DWAF limit in 10% and 24% of the samples during 2018 
and 2019, respectively. All the samples were found to be 
within the standard limit set by WHO and DWAF for mag-
nesium during 2018 and 2019 except for one location which 
exceeded the limit during 2018. A concentration of bicar-
bonate below 200 mg/l is regarded as safe for human health 
(Bhardwaj and Singh 2011). Approximately 6% (2018) and 
7% (2019) of the samples were found to have exceeded the 
limit. About 15% (2018) and 19% (2019) of the samples had 
chloride concentrations exceeding the limit recommended 
by DWAF while 2% of the samples were above the limit 
established by WHO during 2018 and 2019, respectively. 
Sulphate is within WHO and DWAF limits throughout the 
study period.

As groundwater in the study area is used for irrigation 
purposes, sodium adsorption ratio was plotted against the 
EC and this information was used to group the irrigation 
water types. All the groundwater samples had low sodium 
hazard. Figure 3c and d reveal that 55% and 66% of the 
groundwater samples fall in the C1S1 category during 2018 
and 2019, respectively, thus implying they are suitable for 
irrigation. About 29% and 26% of the samples fall in the 

C2S1 category during 2018 and 2019, which indicates 
medium salinity and low sodium hazard. The remaining 16% 
and 8% of the samples fall in the C3S1 category, i.e. these 
samples possess high salinity and low sodium hazard and 
may only be suitable for salt-tolerant crops. Inverse distance 
weighted interpolation (IDW) method was used to prepare 
spatial distribution maps of few major ions (Fig. 4a–h). Sig-
nificant positive correlation between the spatial variation in 
sodium and chloride concentration in groundwater is seen in 
Fig. 4a and e & b and f. Similarly, calcium and bicarbonate 
concentrations were also high in the same areas (Fig. 4c and 
g & d and h). In general, calcium and bicarbonate is pre-
dominating in freshwater while seawater is dominated by 
sodium and chloride. Silicate weathering and dissolution of 
carbonate minerals increase the concentration of bicarbonate 
in groundwater (Elango et al. 2003; Umarani et al. 2019). 
High bicarbonate concentration in this study may be owed 
to the weathering of silicate rich sands of the KwaMbon-
ambi and Kosi bay formations observed in the study area 
(Demlie et al. 2014). The high values of these four major 
ions in similar locations suggest that they may be due to 
seawater intrusion and weathering processes. Western and 

Fig. 4   Spatial distribution maps for concentrations of major ions in groundwater during 2018 (a–d) and 2019 (e–h)
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southern parts of the area usually had higher concentration 
of all the ions. Temporally, the salinity had increased during 
2018 and 2019.

Geochemical Processes

Groundwater chemistry data were used to identify the geo-
chemical processes and mechanisms in the aquifer.

Rock Weathering

Weathering and dissolution processes were identified 
through various bivariate plots. Figure 5a and b indicates 
that groundwater chemistry is largely controlled by silicate 
weathering and evaporation dissolution. The scatter plot of 
Ca + Mg vs total cations (TC) (Fig. 5c) shows that all the 
samples are plotted below the 1:1 equiline with a strong 
positive correlation of 0.89 and 0.91 during 2018 and 2019 

Fig. 5   Plot of a Mg/Na vs Ca/Na, b HCO3/Na vs Ca/Na, c Ca + Mg vs TC, d Na + K vs TC, e Mg vs Ca and f Ca + Mg vs Cl
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suggesting that these ions in groundwater are due to the 
silicate weathering process. Plot of Na + K vs TC (Fig. 5d) 
shows that most samples fall below and/or closer to 1:0.5 
equiline with linear trend of 0.76 and 0.94 during 2018 and 
2019, respectively. This infers that silicate weathering con-
tributes to the occurrence of Na and K ions in groundwa-
ter of this area (Stallard and Edmond 1983; Vhonani et al. 
2018).

Ion Exchange

The molar ratio of Ca/Mg is useful in explaining the dis-
solution of dolomite and calcite. Ca/Mg molar ratio equal 
to 1 is indicative of dissolution of dolomite (Barzegar et al. 
2018a). Molar ratio between 1 and 2 reflects calcite dissolu-
tion whereas a molar ratio above 2 suggests dissolution of 
silicate minerals (Paul et al. 2019). In this study, the molar 
ratio of Ca/Mg varied from 0.6 to 12.1 during 2018 and from 
0.8 to 5.7 during 2019. Few samples had a molar ratio equal 
to 1 implying dolomite dissolution. About 42% and 40% of 
the samples were between 1 and 2 during 2018 and 2019 
indicating calcite dissolution. In total, 95% of the samples 
were greater than 2 suggesting dissolution of silicate miner-
als. Figure 5e also shows that most of the samples are plotted 
between 1:1 and 1:2 line indicating the dissolution of silicate 
minerals and dissolution of calcite.

Rajmohan and Elango (2004) conveyed that salinity 
increases with an increase in Ca + Mg and with a decline 
in Na/Cl ratio as a result of the reverse ion exchange pro-
cess in the clay or weathered layer. The relationship between 
Ca + Mg vs Cl (Fig. 5f) shows that Ca + Mg increases with 
an increase in salinity (Zaidi et al. 2015) which is attributed 
to the reverse ion exchange process that is explained by the 
following reaction:

In a plot of sodium vs chloride, the source of sodium 
and chloride is explained by halite dissolution if sample 
points fall along the 1:1 equiline (Iqbal et al. 2018; Zaidi 
et al. 2015). A Na/Cl ratio above one is indicative of the 
silicate weathering process (Mayback 1987). In this study, 
the sodium vs chloride scatter plot revealed that majority of 
the samples fall above the 1:1 equiline (Fig. 6a). The excess 
chloride in groundwater is owed to the cation exchange pro-
cess. The relationship between sodium vs calcium showed 
an enrichment of sodium over calcium (Fig. 6b) explaining 
the ion exchange processes (Karroum et al. 2017). Reduction 
of sodium with respect to chloride and depletion of calcium 
with respect to sodium suggests that cation exchange pro-
cess controls the groundwater chemistry (Abdoul Aziz et al. 
2017). The scatter diagram of Na/Cl vs Cl in Fig. 6c shows 
that in majority of the groundwater samples, the Na/Cl ratio 

(6)2Na+ + Ca(Mg) Clay ↔ Na − Clay + Ca2+
(

Mg2+
)

increases with a decrease in chloride concentration and vice 
versa. This implies that the sodium and chloride concentra-
tions in groundwater of this area are governed by cation 
exchange processes (Vetrimurugan et al. 2019). Ca/SO4 ratio 
closer to the 1:1 line suggests that gypsum dissolution is 
the source of calcium and sulphate in groundwater (Kuldip 
et al. 2011). Figure 6d shows a scatter plot of calcium vs 
sulphate which revealed that majority of the samples fall 
below the 1:1 equiline. This excess of calcium over sulphate 
in groundwater suggests that calcium is derived from dis-
solution of gypsum.

The plot of Ca + Mg vs HCO3 + SO4 (Fig. 6e) is used 
to determine the ion exchange process. The 1:1 equiline 
indicates the dissolution of gypsum, calcite and dolomite 
(Paul et al. 2019). If sample points are plotted below the 
1:1 line (excess HCO3 + SO4), it means that ion exchange 
is the dominant process controlling groundwater chemis-
try, and samples falling towards Ca + Mg are indicative of 
the reverse ion exchange. It is depicted that majority of the 
samples are plotted along and above the 1:1 line indicating 
that the enrichment of Ca + Mg is owed to the reverse ion 
exchange process (Fig. 6e). The 1:2 ratios between calcium 
and bicarbonate suggest that calcium and bicarbonate are 
derived from calcite weathering whereas a 1:4 ratios are 
indicative of dolomite weathering. The scatter plot of cal-
cium vs bicarbonate revealed that majority of the samples 
fall below and closer to the 1:2 line during 2018 and 2019 
suggesting contribution of calcite weathering on groundwa-
ter chemistry (Fig. 6f).

Schoeller (1965) proposed chloro-alkaline indices (CAI 
1 and CAI 2) to identify base ion exchange processes gov-
erning groundwater chemistry. The CAIs were computed 
by equations:

A positive CAI is indicative of reverse ion exchange 
between sodium and potassium in groundwater with cal-
cium and magnesium in the aquifer material. Ion exchange 
is shown by negative index which suggests an exchange of 
sodium and potassium in the aquifer matrix and calcium 
and magnesium in groundwater. CAIs can also be used to 
determine the origin of bicarbonate in groundwater. Posi-
tive values of CAIs suggest the weathering and dissolution 
of silicate minerals and negative values represent dissolu-
tion of carbonate minerals. In this study, approximately 
94% (2018) and 48% (2019) of the samples were positive 
for both CAI 1 and CAI 2. Figure 7a shows that reverse 
ion exchange is the major process governing groundwater 

(7)CAI1 =

[

Cl − (Na + K)

ClCl

]

(8)CAI2 =
[Cl − (Na + K)]

[

Cl + HCO3 + SO4 + NO3

]
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chemistry during 2018 while ion exchange is dominant 
during 2019. Bicarbonate in groundwater results from 
the weathering and dissolution of silicate minerals during 
2018 and by dissolution of carbonate minerals in 2019.

Chadha diagram (Chadda 1999) was used to com-
prehend the geochemical processes that influence the 
chemistry of groundwater. It is expressed as the differ-
ence between alkaline earths (Ca + Mg) and alkali metals 
(Na + K) and difference between weak acids (CO3 + HCO3) 
and strong acids (Cl + SO4) in milliequivalent percentage. 
Figure 7b, it is depicted that majority of the samples fall 
in the field of reverse ion exchange and the seawater type 
during 2018 and 2019, respectively. This further support 

that reverse ion exchange and seawater intrusion are the 
dominant processes in the study area.

Impact of Seawater Intrusion

The Na/Cl molar ratio vs Cl is commonly used to evaluate 
the influence of seawater into groundwater (Abu-alnaeem 
et al. 2018; Seddique et al. 2019; Telahigue et al. 2018; 
Tiwari et al. 2019). Values closer to the seawater ratio (0.86) 
suggest that groundwater is contaminated by seawater. In 
this study, the Na/Cl ratio varied from 0.3 to 1.6 with an 
average of 0.7 during 2018 and from 0.7 to 2 with an aver-
age value of 1 during 2019. Approximately 6% (2018) and 

Fig. 6   Plot of a Na vs Cl, b Ca vs Na, c Na/Cl vs Cl, d Ca vs SO4, e HCO3 + SO4 vs Ca + Mg and f Ca vs HCO3
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10% (2019) of the samples fall closer to the seawater ratio 
due to saline water mixing (Fig. 8a). The remaining sam-
ples are plotted below and above the seawater ratio sug-
gesting that groundwater is influenced by saline water and 
anthropogenic activities. The Cl/HCO3 ratio is widely used 

to examine groundwater salinization due to mixing with 
seawater (Yohana et al. 2013; Kanagaraj et al. 2018). The 
Cl/HCO3 ratio can be classified into three categories; unaf-
fected (< 0.5), slightly or moderately affected (0.6–6.6), and 
strongly affected (> 6.6) by salinization process (Revelle 

Fig. 7   a CAIs indicating base ion exchange processes in groundwater, b Chadha diagram showing hydrogeochemical processes in groundwater
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1941). In this study, the Cl/HCO3 ratio varied from 0.7 to 
8.3 with an average of 3.02 during 2018 and from 0.6 to 10.7 
with an average value of 3.1 (Fig. 8b).

A plot of SO4/Cl vs Cl with values above 0.1 implies that 
groundwater is not affected by seawater and samples with 
values below 0.1 are affected by seawater intrusion (Kanaga-
raj et al. 2018). About 23% (2018) and 10% (2019) of the 
samples had SO4/Cl values greater than 0.1 suggesting that 
they are not contaminated by seawater while 77% (2018) 
and 90% (2019) of the samples were below 0.1 indicating 
the influence of seawater intrusion (Fig. 8c). Most of the 
groundwater samples were slightly or moderately affected 
by seawater intrusion. The scatter diagram of EC vs chloride 
indicates that majority of the samples fall in the mixed and 
few in the seawater zone during 2018 and 2019 (Fig. 8d).

Seawater Mixing Index

The seawater mixing index (SMI) which was established by 
Park et al. (2005) is widely employed to identify seawater 
mixing based on four major ions such as Na, Mg, Cl and 

SO4 (Vetrimurugan et al. 2017a; Seddique et al. 2019). It is 
computed using the following equation:

where the constants a, b, c and d represent the relative con-
centration proportions of the four major ions in seawater 
with Na (a = 0.31), Mg (b = 0.04), Cl (c = 0.57) and SO4 
(d = 0.08). C is the measured concentration of ions in mg/l 
and T is the regional threshold value. Cumulative probability 
curves plotted against log concentration of ions is used to 
estimate the regional threshold values of the ions. Regional 
threshold values estimated in this study are indicated by 
inflection points in Fig. 9a–d. Regional threshold values 
such as Na = 53 mg/l, Mg = 20 mg/l, Cl = 97 mg/l and two 
inflection points were identified as 3 and 19 mg/l for SO4 
during 2018 and Na = 80 mg/l, Mg = 14 mg/l, Cl = 121 mg/l 
and SO4 was 4 and 23 mg/l during 2019. In this study, the 
highest value of the inflection point was chosen for SO4, 
i.e. 19 and 23 mg/l for 2018 and 2019. A SMI value greater 
than one suggests the impact of seawater mixing with fresh 

(9)SMI = a ×
CNa

TNa

+ b ×
CMg

TMg

+ c ×
CCl

TCl

+ d ×
CSO4

TSO4

Fig. 8   Plots explaining the seawater intrusion a Na/Cl vs Cl, b Cl/HCO3 vs Cl, c SO4/Cl vs Cl and d Cl vs EC
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water. In this study, the SMI varied from 0.3 to 2.5 during 
2018 and from 0.3 to 2.3 during 2019. About 15% and 14% 
of groundwater has a SMI above one during 2018 and 2019, 
respectively. This suggests that groundwater chemistry is 
influenced by mixing with saline water.

Nutrients

Nitrate occurs naturally at very low concentrations in 
groundwater and is regarded as an important plant nutri-
ent. Common sources of nitrate in groundwater are from 

Fig. 9   a–d Cumulative probability distribution during 2018 and 2019
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inorganic fertilizers and manures, wastewater disposal on 
land for irrigation and oxidation of nitrogenous waste prod-
ucts in human or animal excreta (Vetrimurugan et al. 2017c; 
He et al. 2020). In this study, nitrate ranged up to 112 mg/l 
with an average of 2 and 14 mg/l during 2018 and 2019 
(Table 1), respectively. The nitrate concentration in ground-
water has increased in 2019 at two locations which is due to 
anthropogenic sources like application of agricultural ferti-
lizers. This led to nitrate concentrations exceeding the WHO 
limit in 5% of the locations. Nitrate contamination is usually 
associated with shallow groundwater (He et al. 2020). Still 
and Nash (2002) reported that pit latrines and public water 
points are observed to influence nitrate concentrations in 
groundwater of Maputaland. This may also be another rea-
son for an increase in nitrate concentration in groundwater 
of the study area.

Natural levels of ammonia in groundwater are usually 
below 0.2 mg/l (WHO 1996). However, elevated concen-
trations are indicative of bacterial, sewage and animal 
waste pollution. In this study, ammonia ranged from 0 to 
0.2 mg/l. Phosphate is another essential element for plant 
life. In the study area, it ranged up to 0.5 mg/l with an aver-
age of 0.1 mg/l. Both ammonia and phosphate were in low 
concentrations and were not a threat to groundwater quality 
(Table 1). Sources of phosphate include decomposition of 
rocks and minerals, agricultural runoff, sewage, industrial 
runoff, aquaculture activities, etc. (Vetrimurugan et al. 2013, 
2017c; Sharma and Bhattacharya 2017).

Trace Metals in Groundwater

The concentrations of analysed trace metals is summarized 
in Table 1. A total of ten and thirteen trace metals were ana-
lysed during 2018 and 2019, respectively. Trace metals such 
as As, Ag, B, Ni, Cr, Cu, Cd and Co recorded minimum val-
ues below the detection limits in some sampling locations. 
The mean concentrations of the trace metals in groundwater 
were found in the following order during 2018: Zn > Li > 
Al > Fe > Mn > Cu > Pb > As > Co > Cd and the following 
descending order during 2019: Fe > Zn > Mn > Sr > B > Pb 
> Cu > Co > Cr > Cd > Ag > Al > Ni. Iron in groundwater of 
this area was found to have exceeded the DWAF limit in 19% 
and 48% of the samples during 2018 and 2019, respectively. 
Likewise, 9% and 24% of the samples were found to have 
exceeded the WHO limit during 2018 and 2019, high iron 
content resulting from the leaching of iron-rich sediments 
(Ahmed et al. 2019). Concentrations of manganese were 
found to be above the standard limit proposed by DWAF in 
13% and 26% of the samples during 2018 and 2019. Like-
wise, manganese concentration exceeded the WHO standard 
limit in 7% of the samples during 2019. About 6% and 2% of 
the samples had aluminium concentrations above the limit 
established by DWAF and WHO for drinking water during 

2018 while all the samples were within the limit during 
2019. The concentration of zinc in groundwater was found 
to have exceeded the DWAF and WHO standard limit in 
4% and 2% of the samples during 2018. Approximately 2% 
of the samples had zinc in groundwater above the DWAF 
limit during 2019. Lead in groundwater of this area was 
above the limit of DWAF and WHO in 2% and 86% of the 
samples during 2018 and 2019, respectively. The concentra-
tion of cadmium in groundwater of this area was found to 
be within the DWAF/ WHO limits during 2018. However, 
86% of the samples had cadmium concentration above the 
limit of 3 µg/l proposed by WHO during 2019. Contents of 
copper, arsenic, boron, chromium and nickel were found to 
be below the established WHO and DWAF standard values. 
The Mbazwana landfill lying within the study area is used 
for the disposal of domestic wastes and garden refuse. Land-
fill, agricultural activities and seawater intrusion might be 
the source of high concentrations of iron, manganese, zinc 
and lead in groundwater of this area (Asma et al. 2013; Vet-
rimurugan et al. 2017b; Ahmed et al. 2019).

Anthropogenic Activities

Subsistence farming and commercial forestry plantations are 
widely practised in the study area. The plot of HCO3 vs TC 
is used to evaluate the influence of anthropogenic activities 
on groundwater quality. Samples plotting on the 1:1 line 
are indicative of the dominance of dissolution of silicates 
and carbonates. Sample points plotted below the 1:1 line 
suggest the influence of anthropogenic activities. Figure 10a 
reveals that all the samples are plotted below the 1:1 line. 
This indicates the influence of anthropogenic activities likes 
waste disposal and agricultural activities. The plot of TDS vs 
NO3 + Cl + SO4/HCO3 was also employed to further evalu-
ate the contribution of anthropogenic activities (especially 
from agricultural activities) on groundwater chemistry. A 
high correlation between NO3 + Cl + SO4/HCO3 and TDS is 
attributed to the use of agricultural fertilizers (Barzegar et al. 
2018a). Figure 10b shows a strong correlation of R2 = 0.96 
(2018) and R2 = 0.99 (2019). It further reveals that ground-
water chemistry in the study area is impacted by agricultural 
activities which mainly results from excessive application of 
fertilizers. This could also be the source for the presence of 
trace metals in groundwater due to use of agrochemicals in 
the farming land.

Correlation Matrix

Correlation matrix was used to evaluate the interrelationship 
between parameters. Values > 0.7 indicate strong positive 
correlation, values between 0.5 and 0.7 indicate moderate 
correlation and values between 0.5 and 0.3 indicate weak 
correlation. Correlation matrix of measured variables is 
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outlined in Table 2. Strong and moderate correlations per-
sist between EC and most major ions. The strong positive 
correlation of EC with the other major ions suggests that 
the major processes controlling the groundwater chemistry 
of this area are ion exchange and seawater intrusion. Hence, 
these ions contribute to groundwater salinity. The strong cor-
relation between sodium and chloride is indicative of a com-
mon source of origin which is from excessive evaporation 
process, dissolution of halite rock and anthropogenic activi-
ties. Calcium strongly correlates with chloride and bicarbo-
nate during 2018 and showed strong correlation with mag-
nesium (r = 0.9), chloride (r = 0.9), bicarbonate (r = 0.9) and 
sulphate (r = 0.8) during 2019. Strong correlation between 
calcium and bicarbonate indicates that calcite dissolution 
could be the possible sources of calcium in groundwater 
of this area (Barzegar et al. 2017). The good correlation 
between calcium and magnesium is owed to the dissolution 
of calcium–agnesium-bearing minerals such as calcite, arag-
onite, dolomite and clays (Papazotos et al. 2019). The strong 
correlation between calcium and sulphate suggests contribu-
tion from sulphate minerals such as gypsum (Soltani et al. 
2017; Esmaeili et al. 2018) and correlation between calcium 
and chloride is indicative of the reverse ion exchange pro-
cess. Chloride shows strong positive correlation with bicar-
bonate (r = 0.81) during 2018 and a strong correlation with 
bicarbonate (r = 0.78) and sulphate (r = 0.79) during 2019. 
The high chloride concentration when compared to sulphate 
suggests sulphate reduction (Elango et al. 2003; Vhonani 
et al. 2018) (Table 2).

Health Risk Assessment

Health risk assessment was used to evaluate the health risk 
that trace metals may pose on humans through oral inges-
tion and dermal absorption. Tables 3 and 4 show the values 

of parameters used for health risk assessment in this study. 
Health-related risk associated with exposure to trace metals 
was determined using the concentration of a total of eleven 
trace metals including As, Cu, Pb, Co, Cd, Mn, Fe, Al and 
Zn during 2018 and Cu, Pb, Co, Cd, Mn, Fe, Zn, Cr and Ni 
for 2019, respectively. The average HQs and HI values of the 
trace metals via ingestion and dermal absorption pathways 
are presented in Table 5, respectively. The calculated mean 
values of HQingestion and HQdermal in the study area decreased 
in the order of Zn > As > Co > Pb > Mn > Cu > Fe > Al > Cd 
and Mn > Zn > Co > Cu > As > Cd > Fe > Al > Pb, for both 
adults and children during 2018, respectively. The HQingestion 
and HQdermal was in the order of Co > Pb > Cd > Mn > Fe > Cr  
> Zn > Cu > Ni and Cd > Mn > Cr > Co > Fe > Pb > Cu > Zn 
> Ni, for both adults and children during 2019. This suggests 
that arsenic, cobalt, lead, and zinc are major contributors 
to the ingestion exposure for both age groups in the study 
area. Regarding the dermal exposure, manganese, cadmium, 
and zinc were observed to have more potential non-carcino-
genic concerns for both age groups. The HQingestion values 
for both adults and children were less than one for all trace 
metals during 2018 (Fig. 11a), indicating that they pose lit-
tle hazard. The mean HQingestion values for lead and cobalt 
were greater than one for children during 2019 (Fig. 11b). 
This implies that these metals pose serious to adverse health 
effects on children and are major contributors to ingestion 
exposure. The HQdermal values for both adults and children 
in all trace metals were below one during 2018 and 2019, 
respectively. This suggests that the concentration of these 
metals pose a minimum hazard to people through dermal 
exposure pathway. For children, the total hazard index (HI) 
values ranged from 8.9E−2 to 8.35E+0 and from 1.2E−2 
to 1.3E+1 with average values of 9.3E−1 and 6.0E+0 dur-
ing 2018 and 2019, respectively. The HI average values 
for the study area were higher than the acceptable limit of 

Fig. 10   Plot of a HCO3 vs TC and b TDS vs NO3 + Cl + SO4/HCO3
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one during 2019, indicating that trace metal concentrations 
may pose non-carcinogenic health risks for children. The 
HI values for adults ranged from 2.3E−2 to 2.2E+0 and 
from 3.1E−3 to 3.3E+0 with average values of 2.4E−1 and 
1.6E+0, during 2018 and 2019, respectively. The HI average 
values exceeded the acceptable limit during 2019, implying 

that the concentration of trace metals in groundwater may 
cause serious to adverse health effects on adults. Similarly, 
Fig. 11c shows that average HI of all the trace metals were 
below unity in both adults and children in 2018 whereas 
the average HI values for lead and cobalt exceeded unity in 
children during 2019 (Fig. 11d). Figure 12a–d shows the 
spatial distribution of HI values for children and adults dur-
ing 2018 and 2019. The HI values for adults during 2018 
and 2019 were classified into two levels of chronic risk com-
prising low (96% and 14% samples during 2018 and 2019) 
and medium (4% and 86% samples during 2018 and 2019, 
respectively) (Table 6). HI values for children were classi-
fied in terms of three levels including low (84% and 12% of 
samples), medium (14% and 2% of samples), and high (2% 
and 86% of samples) during 2018 and 2019, respectively. 
This implies that chronic risk level is high in children as 
compared to adults. This also concludes that children and 
adults face higher non-carcinogenic health risk during 2019 
as compared to 2018. This is due to the rise in concentra-
tions of trace metals found in 2019.

Conclusion

In this study, groundwater samples were collected from the 
Maputaland coastal plain, South Africa, and were analysed. 
Geostatistical and GIS methods were applied to identify the 

Table 3   Human exposure 
parameter values

IR (l/day) ED (years) BW (kg) AT (days) SA (cm2) ET (h/day)

Adults 2.2 70 70 25,550 18,000 0.58
Children 1.8 6 15 2190 6600 1

Table 4   Kp and RfD for the analysed trace metals

a Wu et al. (2009)
b Wang et al. (2017)
c USEPA (2004)

Trace metal Kp
c (cm/h) RfDingestion (µg/

kg/day)
RfD-
dermal (µg/
kg/day)

Asa 1 × 10−3 0.3 0.285
Cub 1 × 10−3 40 8
Pbb 1 × 10−4 1.4 0.42
Nib 2 × 10−4 20 0.8
Cob 4 × 10−4 0.3 0.06
Crb 1 × 10−3 3 0.075
Cdb 1 × 10−3 0.5 0.025
Mnb 1 × 10−3 24 0.96
Feb 1 × 10−3 700 140
Alb 1 × 10−3 1000 200
Znb 6 × 10−4 300 60

Table 5   Non-carcinogenic health risk of trace metals by ingestion and dermal absorption pathway

Values shown in bold letters are with HQ/HI > 1

Trace metal HQingestion (µg/kg/day) HQdermal (µg/kg/day) HI

2018 2019 2018 2019 2018 2019

Adult Children Adult Children Adult Children Adult Children Adult Children Adult Children

As 4.98E−2 1.90E−1 – – 2.49E−4 7.34E−4 – – 5.00E−2 1.91E−1 – –
Cu 1.51E−2 5.77E−2 9.82E−3 3.75E−2 3.58E−4 1.06E−3 2.33E−4 6.87E−4 1.55E−2 5.87E−2 1.01E−2 3.82E−2
Pb 3.96E−2 1.51E−1 4.48E−1 1.71E+0 6.27E−5 1.85E−4 7.09E−4 2.09E−3 3.97E−2 1.51E−1 4.49E−1 1.71E+0
Ni – – 2.60E−3 9.92E−3 – – 6.17E−5 1.82E−4 – – 2.66E−3 1.01E−2
Co 4.64E−2 1.77E−1 6.31E−1 2.41E+0 4.41E−4 1.30E−3 5.99E−3 1.77E−2 4.69E−2 1.79E−1 6.37E−1 2.43E+0
Cr – – 4.54E−2 1.73E−1 – – 8.61E−3 2.54E−2 – – 5.40E−2 1.99E−1
Cd 2.39E−3 9.11E−3 2.19E−1 8.35E−1 2.26E−4 6.68E−4 2.08E−2 6.12E−2 2.61E−3 9.77E−3 2.39E−1 8.96E−1
Mn 2.59E−2 9.90E−2 9.95E−2 3.80E−1 3.07E−3 9.07E−3 1.18E−2 3.48E−2 2.90E−2 1.08E−1 1.11E−1 4.15E−1
Fe 3.99E−3 1.52E−2 6.83E−2 2.61E−1 9.47E−5 2.79E−4 1.62E−3 4.78E−3 4.09E−3 1.55E−2 7.00E−2 2.66E−1
Al 2.83E−3 1.08E−2 – – 6.71E−5 1.98E−4 – – 2.90E−3 1.10E−2 – –
Zn 5.25E−2 2.01E−1 1.41E−2 5.37E−2 7.48E−4 2.21E−3 2.00E−4 5.90E−4 5.33E−2 2.03E−1 1.43E−2 5.42E−2



421Hydrogeochemical Processes and Trace Metal Contamination in Groundwater: Impact on Human…

1 3

hydrogeochemical processes that control the groundwater 
chemistry of the study area. The potential non-carcinogenic 
health risk of trace metals through ingestion and dermal 
absorption pathways was assessed. The following conclu-
sions are summarized:

•	 Groundwater was acidic to alkaline in nature. Based on 
TDS and TH classification, groundwater belongs to soft 
and hard freshwater type. In general, groundwater quality 
is suitable for drinking purposes except in a few loca-
tions at which some groundwater quality parameters such 
as Na, Cl, Ca and Mg exceeded the DWAF and WHO 
drinking water limits. All trace metals were within WHO 
standards for drinking water except Cd, Zn, Pb, Mn, Al 
and Fe. Na–Cl water type is the dominant groundwater 
type followed by Ca–HCO3.

•	 Hydrogeochemical processes controlling groundwater 
chemistry were rock-water interaction, silicate weath-
ering, reverse ion exchange, seawater intrusion and 
anthropogenic activities. Increased concentration of 
some major ions with increase in salinity owes to the 
reverse ion exchange process. The SMI ranges from 0.3 
to 2.5 and from 0.3 to 2.3 during 2018 and 2019, respec-
tively. Approximately, 29% of groundwater had high SMI 
values, suggesting contamination by seawater intrusion. 

Statistical analysis also confirmed the geochemical pro-
cesses identified.

•	 Trace metal analysis showed that arsenic, cobalt, cad-
mium, lead, manganese and zinc were the main con-
tributors to non-carcinogenic risk through oral ingestion 
pathway. The mean value of HQingestion and HI value for 
cobalt and lead had the highest contribution to the total 
non-carcinogenic risk in the study area. The HQdermal was 
less than unity implying that trace metal pose less sig-
nificant health risk to adults and children through dermal 
absorption pathway. According to the classification of 
chronic risk, adults in the study area fall into two levels 
of risk including low and medium; children fall into three 
levels of risk including low, medium and high risk. This 
concludes that chronic risk level is high in children than 
compared to adults.

•	 Long-term monitoring and assessment of trace metals 
is necessary to minimize health effects from consum-
ing groundwater on local people. These findings have 
produced a baseline dataset for further systematic inves-
tigation and other involved water management sectors 
to consider the study findings and to utilize it in further 
improvement, development and protection of groundwa-
ter resources and health of the human population residing 
in the study area.

Fig. 11   Human health risk based on HQingestion (a, b) and hazard index (c, d) during 2018 and 2019
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Fig. 12   Spatial variation of hazard index of trace metals in groundwater during 2018 and 2019
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