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Abstract 13 

In this study hydrochemical, isotopic and multivariate statistical tools are combined with a recharge 14 

analysis and existing geophysical data to improve understanding of major factors controlling freshwater 15 

occurrence and the origins of high salinities in the multi-layered coastal aquifer system of the Great 16 

Maputo area in Mozambique. Access to freshwater in this semi-arid area is limited by an inefficient 17 

public supply network, scarce surface waters, long droughts and an increasing population growth. 18 

Groundwater has a large potential to enhance water security, but its exploitation is threatened by both 19 

coastal and inland salinization mechanisms that are poorly understood. A GIS approach is utilized to 20 

classify potential recharge zones based on hydrogeological properties and land use/cover, whereas 21 

potential recharge rates are estimated through a root zone water balance method. In combination with 22 

water stable isotope data results reveal that extreme rainfall events provide the most relevant contributions 23 

to recharge, and interception and evaporation play an important role in the low recharge areas. 24 

Hierarchical clustering of hydrochemical and isotopic data allows the classification of six water groups, 25 

varying from fresh to brackish/salt waters. Corresponding scatter plots and PHREEQC modelling show 26 
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evaporation and mixing with seawater (up to 5%) as major processes affecting salinity in the area. The co-27 

occurrence of high alkalinity and Cl concentrations, in combination with piezometric and geo-electrical 28 

data, suggests that: 1) inland brackish/salt groundwater is caused by mixing with seawater trapped within 29 

clay layers; and 2) brackish/salt surface waters result from seepage of brackish groundwater into rivers 30 

and wetlands, followed by evaporation, hence increasing salinity and δ
18

O values. Mixing with small 31 

fractions of trapped seawater as main salinity source, rather than halite dissolution, is further corroborated 32 

by Br/Cl ratios of brackish/salt water samples near the ocean ratio. Cation exchange upon salinization is 33 

mainly observed in the semi-confined aquifer, while freshening takes place in the phreatic aquifer, 34 

particularly in areas presenting high recharge rates. 35 

 36 
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 40 

1. Introduction 41 

Rapid population growth and social-economic development increase water demand across the globe, in 42 

particular for agriculture and human consumption. However, in various places, among which poor semi-43 

arid regions, surface water resources are scarce or of undesired quality, which increases the pressure on 44 

local groundwater resources (Edmunds et al., 2006; Werner et al., 2013). Moreover, coastal groundwater 45 

resources are expected to suffer the largest impacts due to high and increasing population density, with 46 

more than one billion people currently living near shoreline areas (Ferguson and Gleeson, 2012). In 47 

addition, studies from Werner et al. (2013) and Neumann et al. (2015) show that climate change effects, 48 

such as increasing temperatures, more frequent droughts and sea level rise, amplify the risk of 49 

degradation of coastal aquifers caused by human activities. In this context, adequate knowledge of coastal 50 
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groundwater systems and the controlling physical and chemical processes is crucial for their sustainable 51 

management, which implies optimizing their use and minimizing negative side effects such as over-52 

exploitation and saltwater intrusion. Notwithstanding, salinization mechanisms in semi-arid coastal 53 

aquifers can have diverse origins, occurring alone or concomitantly, with dominant mechanisms described 54 

as: 55 

 seawater intrusion: when pumping activities are uncontrolled and/or too close to the shoreline the 56 

naturally occurring fresh/saltwater interface can migrate inland (e.g. Barlow and Reichard, 2010; 57 

Ferguson and Gleeson, 2012; Post, 2005; Vengosh et al., 2002; Werner et al., 2013) this process is 58 

well-known and widely documented as the major issue in coastal water resource management;  59 

 dissolution of evaporites (Chi and Savard, 1997; Güler and Thyne, 2004; Heston, 2015): minerals 60 

such as halite (NaCl) and gypsum (CaSO4.2H2O) are highly soluble when in contact with water and 61 

their dissolution may lead to extremely high salinities caused by the release of these ions into water 62 

(e.g. Bouchaou et al., 2008; El Yaouti et al., 2009; Han et al., 2013; Mongelli et al., 2013); 63 

 presence of connate saltwater or trapped seawater related to earlier transgression periods: usually 64 

within clay and silt formations, or at the bottom of aquifer formations, due to its higher density, 65 

although also found in shallower layers of aquifers due to poor flushing (freshening) capacity, or due 66 

to disturbance of the system by pumping activities (e.g.  Bouchaou et al., 2008; Currell et al., 2015; 67 

Hiscock and Bense, 2014; Lee et al., 2016; Mollema et al., 2013); 68 

 agricultural return flow: solutes are concentrated by strong evapotranspiration and recycling of water; 69 

in such cases nitrate (NO3
-
) is typically found in high concentrations due to flushing of fertilizers, if 70 

the environment is aerobic (e.g. Andrade and Stigter, 2009; Currell et al., 2010; Edmunds et al., 2006; 71 

Steinich et al., 1998; Stigter et al., 1998; Trabelsi et al., 2007; Zghibi et al., 2013). 72 

The diversity of potential diffuse and point sources of salinity requires a good understanding of the 73 

hydrogeological context of the area, the local recharge processes and hydrogeochemical processes, as 74 
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well as a good set of analysis tools to determine controlling salinization mechanisms. Works from 75 

Martinez et al. (2017), Güler and Thyne (2004) and Swanson et al. (2001) have shown the combined 76 

application of modelling, multivariate statistical techniques, hydrochemical indicators and isotopes to 77 

characterize fresh, brackish and saline waters, their origin and evolution. One such hydrochemical 78 

indicator is bromide (Br
-
), widely applied to help distinguish salinity origins (Alcala and Custodio, 2008; 79 

Chi and Savard, 1997; Han et al., 2013, 2011; Iverach et al., 2017; Lee et al., 2016; Mollema et al., 2013; 80 

Mongelli et al., 2013). There is still further need for comprehensive assessments of hydrochemical 81 

evolution and salinization mechanisms at the local to regional scale, for two main reasons: i) to enhance 82 

the knowledge and understanding of the heterogeneity and complexity of saltwater intrusion in different 83 

climate and hydro(geo)logical settings; ii) to correctly target specific mitigation measures (reducing 84 

salinity) and/or adaptation measures (using brackish water). Since the 1990’s the Maputo province in 85 

Mozambique is experiencing some of the highest population growth rates in the country (2.5% per year, 86 

United Nations, 2017), expanding from 2 million people in 2007 to about 2.5 million people in 2017 87 

(Rosário Dias, 2016). As surface water resources are limited and threatened by typical long drought 88 

periods, groundwater complements local water supply, which raises concerns about the water quality and 89 

possible aquifer depletion. Brackish/salt groundwater (electrical conductivity (EC) between 4000 and 90 

9000 µS/cm) has been previously documented as a limiting factor for groundwater use in the inland 91 

sectors of the semi-confined aquifer and in the north of the study area (BURGEAP, 1962; Chairuca et al., 92 

2016; DNA, 1988; Matsinhe et al., 2008; Muiuane, 2007; Smidt, 1990). Notwithstanding, the main 93 

origins of such saltwater occurrence were unclear prior to the current study. In this regard, the current 94 

study aims to demonstrate the successful application of a multi-method approach within the specific 95 

climatic and geographical setting of an African semi-arid coastal aquifer, involving (i) recharge 96 

assessment, (ii) geological and geophysical information analysis, and (iii) an in-depth hydrochemical and 97 

stable isotopic research. 98 

 99 
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 100 

2. Study area 101 

The study area is located in the south of Mozambique, in the Maputo Province (Fig. 1), covering an area 102 

of approximately 6300 km
2
. Maximum elevations are around 230 masl in the westernmost area, but 103 

overall the topography is rather flat, consisting of gentle slopes (0 - 10 degrees) with rare exceptions close 104 

to river valleys and hills (Fig S.1 in supplementary material). The climate in the area is characterized as 105 

savanna, resembling a semi-arid environment with slightly higher precipitation rates (Kottek et al., 2006; 106 

Muiuane, 2007). Mean annual precipitation ranges from 400 to 800 mm/year (average of 700 mm/year), 107 

while mean potential evapotranspiration (ETP) is much higher, between 1000-1500 mm/year (Rosário 108 

Dias, 2016). Natural herbaceous vegetation and shrublands form the main land use/cover in the region 109 

(FAO, 2015). Apart from small-scale agriculture, vast sugar-cane plantations exist in the north of the area, 110 

which are mostly fed by rain and additional irrigation from surface water (HYDROCONSEIL/WE-111 

Consult, 2011) (Fig S.1).  112 

Surface water resources are scarce in the area (Fig. 1). The Incomati River constitutes the largest source 113 

and presents mainly fresh and unpolluted waters. It is extensively exploited for small-scale agriculture 114 

and sugar-cane irrigation in its upstream areas (Adonis, 2007). The Matola River is a perennial river that 115 

consists of mostly brackish/salt water originating from groundwater seepage, as will be shown in this 116 

study. In addition, EC values up to 40 mS/cm have been recorded near the river mouth and are mainly 117 

attributed to surface seawater incursion (FIPAG et al., 2012; Rosário Dias, 2016; Smidt, 1990).  118 

At the scale of this study two main aquifers are defined in the area: an unconfined (or phreatic) aquifer 119 

and a semi-confined aquifer. The first is found within the Quaternary aeollian sand deposits, and the 120 

second within consolidated sands, sandstones and carbonate rocks (mostly calcarenites) from the lower 121 

Cenozoic (Salman and Abdula, 1995; Smidt, 1990). Previous studies suggest thicknesses of 5 to 50 m for 122 

the phreatic aquifer, and 50 to 60 m for the semi-confined aquifer (Fig. 1). The aquifers are connected 123 
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through an aquitard unit made up of silty marl and clay. In some areas this formation is very thin (< 2m 124 

thickness) or absent, so that the system can be analysed as a single unit (Chairuca et al., 2016; DNA, 125 

1988; IWACO, 1986; Juizo, 1995; Matsinhe et al., 2008; Muiuane, 2007), further revealed by a small 126 

hydraulic head difference between shallow and deep wells (< 10 cm). Basalts and rhyolites related to the 127 

Jurassic rift sequence can be observed at the Western boundary of the study area. 128 

 129 
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Fig. 1: Location map and geological context of the study area, together with sampled points, surface water EC 130 

values, and calculated groundwater head differences between the phreatic and semi-confined aquifers in May 2017. 131 

A cross section view of the area is presented on the bottom of the figure (purple line on the map) together with 132 

interpolated hydraulic heads, field EC measurements and sample depths. Note the vertical exaggeration of the 133 

profile. Mind that the cross-section view is slightly oblique to main groundwater flow. (2 column fitting image, 134 

color) 135 

The hydraulic properties of the aquifer vary depending on the local lithological setting. Currently, only 136 

transmissivity values for the unconfined aquifer near Maputo City are available, estimated between 200 - 137 

400 m
2
/day, and up to 1600 m

2
/day in wells with thick coarse sands (HYDROCONSEIL/WE-Consult, 138 

2011; IWACO, 1986). Groundwater levels range from 60 to 2 masl, with the highest hydraulic heads in 139 

the phreatic aquifer on the western hills (Fig. 1). Natural groundwater recharge ranges between 5% and 140 

30% of total annual rainfall, depending on soil type and vegetation cover, as will be discussed in this 141 

paper. In drier areas covered by low permeability soils, recharge rates can be as low as 10 mm/year 142 

(Chairuca et al., 2016; DNA, 1988).  143 

 144 

3. Materials and methods 145 

3.1  Data collection and sample analysis 146 

Hydrogeological investigation and technical reports from ARA-Sul, HYDROCONSEIL/WE-Consult 147 

(2011) and IWACO (1986) were assessed for primary data collection and current understanding of the 148 

local hydrogeology, as well as for collection of existing groundwater levels. Climate data were acquired 149 

from local meteorological stations and land use/cover data from FAO (2015). 150 

Surface water and groundwater samples were collected from streams and monitoring and pumping wells 151 

during a field campaign held in April/May 2017. The selection of sample sites was constrained by well 152 

availability and access, while aiming for the best coverage and representativeness of the area. A total of 153 

A 

A’ 
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67 groundwater samples and 5 surface water samples were collected for major cations (Na
+
, K

+
, Mg

2+
, 154 

Ca
2+

) and anions (Cl
-
, HCO3

-
, SO4

2-
, NO3

-
), and water stable isotopes (

18
O and 

2
H) analyses. Additionally, 155 

17 unfiltered samples were collected for Br
-
 analyses at locations where measured EC was higher than 156 

1500 µS/cm, and also at few locations with low EC to get an idea of background values in freshwaters. 157 

Field parameters including water level, EC, temperature and pH were measured during sampling with the 158 

Solinst 107 TLC meter, a Greisinger portable digital Conductivity meter, and a WTW pH meter, 159 

respectively. For alkalinity, unfiltered samples were titrated with the HACH Digital Titrator titration field 160 

kit. We assumed alkalinity as being the acid-neutralizing capacity of total solutes and particulates, since 161 

the expected titratable particulate matter is very low in the majority of collected samples. 162 

All samples were stored at 4 °C until they were analysed in the lab. Samples for cation analysis were 163 

stored in pre-acidified polyethylene bottles (HNO3 10%). Major cations and anions were analysed at the 164 

laboratory of IHE Delft following standard procedures, through Inductively Coupled Plasma Mass 165 

Spectrometry (ICP-MS) and Ion Chromatography System (ICS), respectively. Lab results were checked 166 

through ion error balance (Appelo and Postma, 2005; Hiscock and Bense, 2014) and samples presenting 167 

absolute ionic error (IE) above 10% were excluded from analysis. Stable isotope analyses were also 168 

performed at the laboratory of IHE Delft using a liquid-water isotope analyser (LGR) (accuracy of ±0.2 169 

‰ for δ
18

O and ±0.6 ‰ for δ
2
H). Results are reported as parts per thousand (‰) with respect to Vienna 170 

Standard Mean Ocean Water (VSMOW) using the standard δ notation (Mook, 2001; Rozanski et al., 171 

2001). Br
-
 was analysed through a high-resolution Ion Chromatography (IC) at ActLabs (Toronto, 172 

Canada). Mineral saturation indices (SI) were calculated in PHREEQC, which was also used for specific 173 

hydrochemical modelling. 174 

 175 

 176 

 177 
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3.2  HCA and hydrochemical analysis 178 

Water types were classified according to the Stuyfzand system (Stuyfzand, 1989), considering Cl
-
 179 

concentration, alkalinity as HCO3
-
, and the major cation and anion. It is a well-known classification 180 

system and widely applied in hydrochemical studies in coastal and semi-arid regions (e.g. de Louw et al., 181 

2010; Giménez et al., 2010; Giménez and Morell, 1997; Marconi et al., 2011; Mollema et al., 2013; 182 

Vandenbohede and Lebbe, 2012).  183 

Samples were divided in water groups with support of Hierarchical Cluster Analysis (HCA), a 184 

multivariate statistical technique for grouping large data sets into subgroups (or clusters). HCA depicts 185 

correlation patterns among the water samples and thus allows a swifter identification of the main 186 

hydrochemical processes than when only descriptive statistics are used (Andrade and Stigter, 2011; Güler 187 

and Thyne, 2004). For HCA, the cluster analysis module from the software “IBM SPSS Statistics 20” was 188 

used considering 13 variables (EC, pH, Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl

-
, HCO3

-
, SO4

2-
, NO3

-
, Na/Cl, SO4/Cl, 189 

δ
18

O), following a number of trials and based on previous experiences. Parameters presenting a skewed 190 

distribution were log-transformed and standardized prior to HCA. Ward’s method (Ward, 1963) for 191 

linkage was applied in accordance with other authors (e.g. Andrade and Stigter, 2011; Ghesquière et al., 192 

2015; Güler and Thyne, 2004), while a City Block Distance (CDB) was chosen instead of Euclidean 193 

distance for similarity measurement. According to Krause (1987) large variable differences are dampened 194 

with CDB, so other parameters play a bigger role in the clustering, avoiding excessive relevance of a 195 

parameter and deriving results similar to those using the Euclidean distance. Clustering can be further 196 

supported by statistics and graphical analyses, leaving it to the researcher’s judgement to decide what the 197 

best position of the so-called phenon line is to separate the groups, depending on the research goals and 198 

related uncertainties (Kovács and Erőss, 2017). 199 
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The obtained water groups were interpreted in relation to hydrogeological, climate and land use 200 

characteristics. Identification of geochemical processes was further complemented with the help of scatter 201 

plots of relevant physicochemical parameters and conservative mixing models. 202 

 203 

3.3 Recharge assessment 204 

Groundwater recharge was assessed using a two-step approach (Nogueira, 2017). First a ‘Geographical 205 

Information System Multi Criteria Decision Analysis’ (GIS-MCDA) was used to delineate recharge zones 206 

based on four parameters: lithology, land use/cover, slope and drainage frequency (Fig. S1 in 207 

supplemental material). The parameters were weighted using a multi-influence-factor (Magesh et al., 208 

2012), giving different weights to each parameter according to their interrelation and their influence on 209 

groundwater recharge. Further, different parameter classes (e.g. soil types, land use/cover) were scored 210 

according to their influence on recharge, with greater positive contribution resulting in higher scores. The 211 

scores were normalized (between 1 and 0) to avoid overestimation. The methodology is similar to other 212 

studies applying GIS techniques for recharge assessment and detailed descriptions can be found in Bonilla 213 

Valverde et al. (2016), Cherkauer (2003) and Shaban et al. (2006). Subsequently, the root zone water 214 

budget method (Haberle and Svoboda, 2015; Healy, 2010) was applied to each of the units defined with 215 

GIS-MCDA, considering soil parameters (specific yield, wilting point, extinction depth and runoff 216 

threshold), crop characteristics (crop factor and rooting depth), groundwater depth and climate data 217 

(precipitation and potential ETP), to compute groundwater recharge (in addition to actual 218 

evapotranspiration, runoff and change in soil storage) at a daily time-step for 10 years (2000-2010). The 219 

procedure is described in detail in Nogueira (2017). 220 

 221 

 222 
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4. Results 223 

4.1  Delineation of recharge zones 224 

The combination of the four selected criteria influencing groundwater recharge resulted in five categories 225 

of recharge potential (RP), from very high to very low (Fig. 2). Nearly 27% of the study area’s surface 226 

presents a very high RP and 46% reveals a high RP. As expected, sand dunes covered by open shrublands 227 

have the highest RP, whereas the lowest RP is found within agricultural fields and clayey valleys. As 228 

stated by Bonilla Valverde et al. (2016) RP maps serve as a tool in supporting managed aquifer recharge 229 

site selection, depicting optimum places with higher potential for mitigation measures to increase 230 

groundwater recharge, while giving additional insights into natural recharge processes and their spatial 231 

distribution. 232 

Recharge rates show great variation in the area, between 5% and 30% of monthly precipitation, with 233 

higher rates found within higher RP zones (Table S.1 in supplementary material). The results are in line 234 

with previous assessed values of around 20% (DNA, 1988; IWACO, 1986). A general pattern of high 235 

recharge between November and March is observed, coinciding with wet season in the area (Nogueira, 236 

2017) (see also Fig. S.1 in supplementary material). To a certain extent shallow groundwater samples 237 

collected in areas with lower RP (Incomati River valley, urban areas in the south) present higher EC and 238 

an enriched isotopic composition in comparison to samples collected in high RP areas (Fig. 2). 239 
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 240 

Fig. 2: Distribution of δ
18

O and computed Deuterium excess (D-excess) of collected samples for both aquifers, 241 

together with RP map resulting from integration of four thematic layers (lithology, land use/cover, drainage 242 

frequency, slope). (2 columns fitting image, color) 243 

 244 

4.2  General hydrochemistry 245 

Descriptive statistics of main physico-chemical parameters of collected samples are presented in Table 1. 246 

A total of 66 samples, among surface and groundwater samples, were further analysed, as their absolute 247 

ionic error (IE) was below 10% (13 samples presenting IE between 5% and 10% were included but 248 

analysed with caution). Salinity, represented by EC, shows a large range in values (53.7 - 17,680 µS/cm; 249 

σ = 2,983 µS/cm). This large range is further reflected in the large standard deviations of major ions and 250 

anions. Values of pH are between 4.7 and 9.3, but for most samples between 6 and 8, indicating a near-251 

neutral environment, but with significant differences between sampled groundwater environments. NO3
-
 252 

concentrations are generally low, with a few exceptions below the urban area of Maputo; all values are 253 

below the 50 mg/l drinking water guideline threshold for human consumption (WHO, 2011). 254 
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 255 

Table 1: Descriptive statistics of main physico-chemical parameters of collected water samples from the Great 256 

Maputo area. Solutes are presented in meq/l. Values below detection limit are expressed as <d.l. 257 

 258 

The correlation among physico-chemical parameters is presented according to Spearman’s rank as 259 

supplementary material in Table S.2. Very high correlations (≥ 0.80) are observed between Cl
- 
and Na

+
, 260 

Cl
-
 and Br

-
, Na

+
 and Mg

2+
, Sr

-
 and Br

-
, and Sr

-
 and Cl

-
, suggesting these elements have similar origins. 261 

Na
+
 (0.78) and Ca

2+
 (0.71) also show significant correlation to HCO3

-
.  262 

 263 

4.3  Water sample grouping (HCA) 264 

HCA resulted in six main water groups (WT), presented in the dendogram of Fig. 3 together with a Stiff 265 

diagram of the average composition of each group. The clusters vary from fresh (WT-1, WT-2 and WT-3) 266 

to brackish/salt waters (WT-4, WT-5 and WT-6). The positioning of the phenon line in the dendrogram 267 

initially resulted in five groups. In an additional step WT-2 and WT-3 were “declustered” one order 268 

below the original position of the phenon-line, due to the relevant differences in salinity between the 269 

samples of these two groups, as well as the underlying hydrochemical processes. The characteristics and 270 

main physico-chemical parameters for each WT are presented in Table 2.  271 
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 272 

Fig. 3: Dendogram resulting from HCA and Stiff diagrams (meq/l) based on mean values of each water group. 273 

Number of samples for each WT is presented in brackets. Two major groups are defined according to TDS (mg/l) as 274 

freshwaters and brackish/salt waters. Note the different scales of the Stiff diagrams. The spider chart on the top 275 

presents mean concentrations of major ions and anions for each WT in meq/l. (2 columns fitting image, color) 276 

 277 

Table 2: Main physico-chemical parameters and characteristics of water groups. Mean values are presented in 278 

brackets. 279 

 280 

Most samples fall within freshwater water groups WT-1, WT-2 and WT-3 (57 out of 66 samples). These 281 

present low Cl
-
 concentrations and high Na/Cl ratios, both increasing from WT-1 to WT-3. On the 282 

contrary, brackish/salt water samples (WT-4, WT-5 and WT-6) present high EC and high Cl
-
 283 

concentrations, with Na/Cl ratios generally below the ocean water ratio of 0.86. WT5 representing surface 284 
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water samples from the Matola River has the highest EC. Alkalinity shows an increasing trend from WT-285 

1 to WT-6, but also has large variations within each WT; the saturation index (SI) with respect to calcite 286 

is mostly undersaturated in WT-1 and WT-2.  287 

The water stable isotope distribution of the samples is shown in Fig. 4 together with the Global Meteoric 288 

Water Line (GMWL) from Craig (1961), and a Local Meteoric Water Line (LMWL) from Steinbruch and 289 

Weise (2016), computed as δ
2
H=8.7*δ

18
O+15.5 and based on rainwater samples taken in Mozambique, 290 

though quite far away from the study area. Four additional rainfall samples collected during field 291 

campaign are also included in the plot. 292 

 293 

Fig. 4: Plots of δ
2
H (D) vs. δ

18
O (large plot) and D-excess versus δ

18
O (small plot, both in ‰ in relation to 294 

VSMOW); groundwater samples are labelled as WT and rainfall samples are shown as blue triangles; also shown 295 

are the GMWL (dashed black line) from Craig (1961), the LMWL (dashed purple line) from Steinbruch and Weise 296 

(2016), the conservative mixing between VSMOW and freshwater end members (dashed grey line, each mark 297 

represents a 10% increase in seawater contribution) and the groundwater samples regression line (orange line, 298 

R
2
=0.74). (1.5 column fitting image, color) 299 

 300 

Isotopic values show a wide range: δ
2
H between -26.5‰ and +4.4‰ and δ

18
O between -4.6‰ and +0.2, 301 

although the majority of groundwater samples is more isotopically depleted, plotting near or slightly 302 

above both LMWL and GMWL. Values of δ
2
H excess, more commonly known as deuterium (D) excess 303 
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(and calculated as δ
2
H-8*δ

18
O) are high for most groundwater and rainwater samples (up to +19.8‰, 304 

mean of +12.8‰) when compared to the GMWL (+10 ‰), whereas a few samples plot below the GMWL 305 

line. Groundwater samples seem to plot along a line with slope of 5.4, much lower than the slope of 8.7 of 306 

the LMWL. Regarding the spatial distribution, the more enriched samples originate from shallow 307 

groundwater from areas of lower recharge around the Incomati valley and in the southwest, whereas the 308 

highest D excess values are found in groundwater below the urban areas (Fig. 2). 309 

The main hydrochemical characteristics of the collected samples are exposed for individual WT’s below. 310 

Ion ratios and concentrations plotted vs. Cl
-
 concentrations, as well as Ca

2+
 vs. SO4

2-
 concentrations, and 311 

[Ca+Mg] vs. HCO3
-
 concentrations are presented in Fig. 5 for assessing the evolution and relation of 312 

major ions in the aquifer from fresh to brackish/salt waters. Mixing trajectories presented in the plots 313 

were calculated considering a conservative mixing model
 
for freshwater (mean WT-1 composition) and 314 

seawater (VSMOW) end-members according to Eq. 1: 315 

mi,mix = fsea . mi,sea + mi,fresh .(1 - fsea)        Eq. 1 316 

where mi is the concentration of ion i in mmol/l; fsea represents the fraction of seawater in the mixture; and 317 

mix, sea, and fresh subscripts indicate conservative mixture, seawater and freshwater ion concentrations, 318 

respectively (Appelo and Postma, 2005). The distribution of samples for both aquifers is further presented 319 

in Fig. 6. 320 

WT-1 321 

WT-1 represents the largest group of samples in the area, mainly located in dune areas in both the 322 

phreatic and semi-confined aquifers (Fig. 6). These samples represent freshwaters with the lowest EC 323 

values (53-545 µS/cm) and Cl
- 
concentrations (<4 meq/l). Mean Na/Cl ratio is 1.08, ranging from 0.7 to 324 

1.138 (Fig. 5a). The samples present generally low HCO3
-
, Ca

2+
 and SO4

2-
 concentrations, albeit with high 325 

standard deviations. 326 
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WT-2 327 

Groundwater samples from WT-2 are mainly located around peri-urban areas of Maputo and Matola cities 328 

(Fig. 6). Most samples are classified as shallow freshwater, presenting a small range of EC (636 - 824 329 

µS/cm) and Cl
-
 concentrations (1 - 4.6 meq/l), bhough values are higher than WT-1. Mean Na/Cl ratio is 330 

very high (1.48) with few samples below the ocean ratio and decreasing ratio with increasing Cl
- 

331 

concentration (Fig. 5a). As in WT-1, the range in HCO3
-
 concentrations is large, but overall values are 332 

higher, increasing from the coast towards inland and with higher values in the semi-confined aquifer. 333 

Mg
2+

 and Ca
2+

 concentrations are higher and with a narrower range than in WT-1 (Fig. 5e). SO4/Cl ratios 334 

are high and Ca/SO4 ratios range from 0.3 to 2 (average slightly above 1, Fig. 5b and 5d).  335 

WT-3 336 

WT-3 is characterized by the upper range of freshwater, more mineralized than WT-1 and WT-2, with EC 337 

930-1460 µS/cm and Cl
- 
2.8-7.5 meq/l. Samples are taken from both the unconfined and semi-confined 338 

aquifers and located along the Matola River and near the Maputo city coastline (Fig. 6). Na/Cl ratios are 339 

generally above the oceanic ratio (mean value of 1.37 meq/l, Fig 5a). Mg
2+

, SO4
2+

 and HCO3
-
 340 

concentrations are significantly higher than in WT-1 and WT-2. The SI for calcite is around 0. 341 

Furthermore, these samples exhibit a higher correlation between [Ca+Mg] and HCO3
-
 in comparison to 342 

other water groups (Fig 5e). The Br/Cl ratios show a range from 1E-03 (below the ocean ratio) to 2E-03 343 

(above the oceanic ratio). As in the previous two water type groups, there is a large spread in the δ
2
H and 344 

δ
18

O values. 345 

WT-4 346 

WT-4 represents a group of six brackish/salt water samples, two collected in the unconfined aquifer near 347 

the western border in the North and near the Matola River in the South, and four in the semi-confined 348 

aquifer, to the West of the Matola River (Fig. 6). With a much higher salinity in comparison with 349 

previous water groups, EC ranges between 2600 and 5250 µS/cm and the Cl
-
 concentration between 18 350 
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and 35 meq/l. Na/Cl ratios are usually below the oceanic ratio (mean value of 0.73 meq/l, Fig. 5a). 351 

Alkalinity is moderate to high (between 1.1 and 6.1 meq/l). Br/Cl ratios are only slightly below the 352 

oceanic ratio. Remarkable are the low SO4/Cl ratios and high concentrations of Mg
2+

, and particularly 353 

Ca
2+

, with very high Ca/HCO3 and Ca/SO4 ratios, shifting towards a CaCl2 water type. WT-4 has a 354 

relatively narrow range in δ
2
H and δ

18
O values, between -11.3‰ and -20.7‰, and between -4.5‰ and -355 

3.4‰, respectively. 356 

WT-5 357 

WT-5 consists of two surface water samples from the Matola River (Fig. 6). EC and Cl
-
 concentrations 358 

are the highest among samples (respectively 14700-17680 µS/cm and 150-185 meq/l). Samples show 359 

moderate to high alkalinity (around 6 meq/l), low Na/Cl ratios (mean value of 0.51) and a Br/Cl ratio of 360 

0.0012, near the oceanic ratio. SO4/Cl ratios are high compared to the other brackish samples, plotting 361 

slightly above the oceanic ratio, Fig. 5b. WT-5 further shows an enriched isotopic composition, ranging 362 

from +3.1‰ to +4.4‰ for δ
2
H, and from -1.0‰ to +0.2‰ for δ

18
O. 363 

WT-6 364 

WT-6 is represented by only one water sample, showing singular characteristics, therefore, being in a 365 

separate group. EC is 9200 µS/cm and Cl
-
 concentration equals 59 meq/l. The Na/Cl, SO4/Cl and Br/Cl 366 

ratios are near oceanic values, while Mg
2+

 concentrations are rather high. The sample was collected from 367 

the semi-confined aquifer near Matola River on the southwest of study area (Fig. 6). 368 
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 369 

Fig. 5: Hydrochemical relationships between selected ions in meq/l. Water samples labelled according to WT 370 

groups, with mean composition of WTs presented in different symbols. Open symbols represent shallow 371 

groundwater (and surface water) samples, while filled symbols represent deep groundwater samples. Conservative 372 

mixing lines showed with % of seawater contribution to final solution. Ocean ratios are showed in dashed blue lines. 373 

Red circles in Fig. 5e highlight samples with a surplus of [Ca+Mg] compared to HCO3
-
, while blue circle demarks 374 
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samples with a surplus of HCO3
-
. Reference values in Fig. 5f according to Alcala and Custodio (2008) and Han et al. 375 

(2013). (2 columns fitting image, color) 376 

 377 

The spatial distribution of water samples for both phreatic and semi-confined aquifers is presented in Fig. 378 

6 together with interpolated EC contours. Other than the abundant presence of freshwaters in both 379 

aquifers under the recent and old dune areas, hydrochemical water types do not show a very strong 380 

zonation in the area. Notwithstanding, all but one brackish/salt water samples are located in the west and 381 

in the semi-confined aquifer, to the west of the Matola River (which itself is also saline, WT-5), forming a 382 

near to parallel line to the actual coast line. Samples of WT-3 occur in the transition between the fresh and 383 

brackish water types, both in vertical direction (wells in unconfined aquifer, e.g. SGW 4, 9, 11, 37, 51, 61 384 

and horizontal direction (e.g. DGW17 and DGW38). Samples collected from downstream areas of the 385 

Incomati River are fresh, but high EC was measured in small tributaries in the North (4500 µS/cm, Fig. 386 

1). 387 

 388 
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Fig. 6: Distribution of water types in the (a) phreatic, and (b) semi-confined aquifers together with contours of field 389 

EC measurements (µS/cm). Surface water samples are presented with blue labels together with samples from the 390 

phreatic aquifer. (2 columns fitting image, color) 391 

 392 

5. Discussion 393 

5.1  Origin of groundwater 394 

Two main hypotheses can be provided for the origin of groundwater isotopically depleted in δ
18

O and 395 

δ
2
H, as is observed in most WT groups and at both shallow and deep levels, with the exception of WT-5, 396 

a few samples from open hand-dug wells and from areas near the coastline and of the Incomati valley 397 

(Fig. 2):   398 

1) Groundwater is predominantly derived from recharge during heavy storm events, which are often 399 

isotopically depleted. Recent work from Andreetta (2018) has found recharge rates in the area to be 400 

largely affected by rainfall intensity (particularly significant above 25 mm/day), runoff threshold and 401 

canopy interception. These results are in agreement with Taylor et al. (2012), who show that extreme 402 

daily precipitation events can be critical for groundwater recharge in semi-arid regions, and is equally 403 

observed by Thomas et al. (2016).  404 

2) Groundwater has a strong component of recharge from land-derived re-evaporated rainwater that is 405 

isotopically depleted, with a stronger depletion in 
18

O and with high deuterium (D) excess values 406 

(Adelana et al., 2015; Appelo and Postma, 2005; Mook, 2001). Even though one might not expect a 407 

significant re-evaporated rainwater component near the coast, strong evaporation from rainwater can be 408 

promoted by dense canopies and consequently strong interception, found to be very relevant in the study 409 

area (Andreetta, 2018). The hypothesis is reinforced by the low slope of the groundwater sample 410 

regression line (5.4), significantly lower than that of the LMWL (8.7). In fact, evaporation itself becomes 411 

particularly evident for a number of samples from freshwater type groups WT-1, WT-2 and WT-3 near 412 
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the coast and in the Incomati valley, and for the Matola brackish/salt water samples (WT-5), all of which 413 

are more enriched in the heavier isotopes (for example, groundwater samples SGW26, DPW27, SGW30, 414 

SGW47, DGW48 located in areas classified with limited recharge potential, Fig. 2). This is further 415 

revealed by looking at the conservative mixing model in the scatter plot of δ
18

O vs. Cl
-
 (Fig.7). In the plot, 416 

several freshwater samples plot well above the conservative mixing line, showing a stronger enrichment 417 

of δ
18

O than Cl
-
 concentration increase. As opposed to transpiration, which does not cause fractionation, 418 

this further indicates the important role of direct evaporation from land and vegetation canopy (i.e. 419 

interception) as a concentration mechanism of recharge water (e.g., Currell et al, 2015; Han et al., 2013; 420 

Mongelli et al., 2013). The deviation from the conservative mixing line is further particularly large for the 421 

samples from WT-5, suggesting the wetland experiences strong evaporation of groundwater seepage. 422 

 423 

 424 

Fig. 7: δ
18

O vs. Cl
-
 plot along with conservative mixing line between freshwater and seawater (VSMOW) end-425 

members. Mixing trajectory and proportions were calculated through conservative mixing mass balance equation 426 

(Eq. 1). Theoretical trajectories of mixing and evaporation processes are presented in thicker dashed arrows. (1.5 427 

column fitting image, color) 428 

 429 
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5.2  Salinization and freshening 430 

For the brackish/saltwater groups WT-4, WT-5 and WT-6 the Br/Cl ratio was used in combination with 431 

major ion and stable isotope analysis to assess the source of salinity. Br
-
 behaves conservatively during 432 

evaporation processes, being concentrated in the brine. Its ratio with Cl
-
 remains equal until halite 433 

saturation, after which Br
-
 starts to be incorporated in small amounts within halite crystals (Cendón et al., 434 

2004; McCaffrey et al., 1987). Therefore, residual brines and waters originating from mixing with paleo-435 

seawater present Br/Cl ratios above or near the ocean value of 1.5x10
-3

. In contrast, groundwater 436 

dissolving evaporites shows a much lower ratio, around 1.0x10
-4

 (Alcala and Custodio, 2008; Edmunds, 437 

1996; Han et al., 2015; Liu et al., 2015; Mollema et al., 2013; Siemann and Schramm, 2000).  438 

Water samples of the study area present Br/Cl ratios ranging from 9.7x10
-4

 to 2.0x10
-3

 (Fig. 5f). No 439 

significant differences are observed in Br/Cl ratios among brackish/saline surface water and shallow and 440 

deep groundwater. Freshwater samples plot around the ocean ratio and within the domain of coastal arid 441 

climate waters, indicating strong influence from sea moisture as expected for coastal freshwaters (Alcala 442 

and Custodio, 2008). Brackish/saltwater samples plot close and slightly below the ocean ratio, within the 443 

seawater intrusion domain, suggesting their origin is related to mixing with seawater and/or 444 

evapotranspiration, rather than halite dissolution. Among the former two, the δ
18

O vs. Cl
-
 plot strongly 445 

supports mixing with seawater for all brackish water groups, and additional evaporation for WT-5 (Fig. 446 

7). However, all but one of these samples are located far inland, predominantly in the semi-confined 447 

aquifer, with a hydraulic head tens of meters above sea level (Fig. 6). From this information it is inferred 448 

that the local salinity source must be derived from mixing with old seawater that intruded into the 449 

subsurface in periods of high sea level, and that is currently trapped in the aquitards. As described in the 450 

literature, the Mozambican coast experienced numerous transgressions and regressions between the 451 

Cretaceous and the Quaternary, with some of the paleo-coastlines located more than 50 km inland from 452 

the actual shoreline (Förster, 1975; Salman and Abdula, 1995). The same authors discuss the absence of 453 

evaporites near the Great Maputo area, although they are observed in the north of the province, 454 
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corroborating our findings. Lee et al. (2016), Narany et al. (2014) and Vengosh et al. (1999), among 455 

others, also discuss how trapped seawater was distinguished from other processes to constitute an 456 

important salinization mechanism in coastal semi-arid regions.  457 

The co-existence of high Cl
-
 and HCO3

-
 concentrations in WT-4, WT-5 and WT-6 (Fig. 5c) provides an 458 

indication of mixing between fresh and saline water having occurred prior to, or together with, mineral 459 

dissolution in a CO2-rich environment. This could either indicate vertical saltwater intrusion in times of 460 

high sea level and linked to storm surges, or reveal mixing with freshwater rich in CO2 but with low 461 

alkalinity, followed by mineral dissolution. The latter seems quite possible as the unconfined aquifer is 462 

poor in carbonate minerals, so that recharge water can infiltrate and maintain a high dissolved CO2 463 

content. Mixing with old seawater then either occurs in the carbonate-richer semi-confined aquifer 464 

together with (closed system) calcite dissolution, or in the silicate mineral unconfined aquifer (and 465 

aquitard) with sufficient time for silicate weathering to take place (depending on the reactivity of the 466 

minerals) (Kenoyer and Bowser, 1992).  467 

If on the one hand Cl
-
 concentrations of WT-4, WT-5 and WT-6 below that of seawater most likely result 468 

from mixing/dilution with infiltrating freshwaters (e.g., Mollema et al., 2013), on the other hand the 469 

maximum Cl
-
 concentrations observed in WT-5 are related to evaporation, which does not affect Br/Cl 470 

ratios but results in high δ
18

O values, as seen in Fig. 7 and successfully modelled in PHREEQC. 471 

Hydrochemical modelling in combination with the observation of CaCl2 water subtypes, low Na/Cl ratios 472 

(< 0.7) and high Ca/HCO3 ratios (ranging from 1-6) also revealed the process of cation exchange in the 473 

brackish/salt water groups. Upon salinization, Ca
2+

 on the exchanger complex is replaced by Na
2+

 (or 474 

Mg
2+

) from the intruding seawater, as expressed by Eq. 2 (Appelo and Postma, 2005): 475 

2Na
+
 + Ca-X ↔ 2Na-X + Ca

2+ 
         Eq. 2 476 

where X represents the complex exchanger (aquifer material). 477 
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The reverse reaction (freshening) can occur in Eq. 2 (from right to left) when freshwater flows into a 478 

saltwater aquifer and Na
+
 from the complex is replaced by Ca

2+
, leading to a NaHCO3 water types 479 

(Appelo and Postma, 2005). Freshening can be observed in WT-3 and WT-2 water samples located in the 480 

area directly east of the Matola River. This process results in secondary calcite dissolution, increasing 481 

alkalinity and Na/Cl ratios, while strongly decreasing Ca/HCO3 ratios, as observed in samples from the 482 

referred sector of the area (Fig. 5e). In other words, there seem to be two distinct neighbouring zones in 483 

the south separated by the Matola River, west of the river showing salinization and east of the river 484 

revealing flushing. A similar but less widespread occurrence of such neighbouring zones is found in the 485 

north near a tributary of the Incomati River (Fig. 6). 486 

Mean water compositions of groups WT-4 and WT-5 could also be adequately simulated in PHREEQC 487 

through mixing with seawater and cation exchange. Following simulations, both the conservative ion Cl
-
 488 

and non-conservative ions such as Ca
2+

, Na
+
 and Mg

2+
, as well as the Br/Cl ratio were near the observed 489 

values (Table S.4, supplementary material), with seawater contributions to WT-4 and WT-5 compositions 490 

between 4% and 5%. 491 

5.3 Other relevant hydrochemical processes  492 

Rock weathering/dissolution increases groundwater mineralization, mainly reflected in the increase in 493 

HCO3
-
 concentrations together with major cations. This is either due to presence of highly soluble 494 

carbonate minerals (e.g. calcite, dolomite), or due to the slower weathering of silicate minerals such as 495 

Ca-bearing plagioclase. In the latter case alkalinity can be an indicator of travel time in younger 496 

groundwater (Kenoyer and Bowser, 1992). Conceptually, the most evolved groundwater is expected at 497 

larger depths and in the discharge area of the aquifer near the coast, related to deeper and more regional 498 

groundwater flow lines. Interestingly this is where WT-1 dominates, with very low alkalinity and EC, 499 

revealing that it is predominantly young water derived from local recharge (with very little interaction 500 

with the aquifer material - silicate mineral bearing sands), even at larger depths. Indeed it appears that the 501 
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aquifer system can be interpreted as a single (unconfined) unit here, since samples show similar isotopic 502 

and hydrochemical characteristics. This hypothesis is further supported by borehole descriptions and by 503 

the small hydraulic head differences between shallow and deep wells.  504 

EC and alkalinity increase consistently from WT-1 through WT-2 towards WT-3, the latter two located in 505 

the centre and in the south of the study area. Many samples are defined as CaHCO3 water subtypes and 506 

show a good fit around the 1:1 line on the plot [Ca+Mg] vs. HCO3 (Fig. 5e), indicating that Ca-bearing 507 

plagioclase dissolution in the phreatic aquifer and calcite/dolomite dissolution in the semi-confined 508 

aquifer are most likely responsible for controlling local hydrochemistry. Samples of WT-2 and WT-3 that 509 

plot below the 1:1 line are most likely affected by: 1) Na-silicate weathering, and/or 2) cation exchange 510 

linked to freshening of aquifer sectors previously presenting saltwater. Both processes can be similarly 511 

inferred from the high Na/Cl ratios (≥ 1.0) observed in many samples (Fig. 5a). 512 

The high correlation observed between Ca
2+

 and SO4
2+

 (Fig. 5d) could also suggest some gypsum 513 

dissolution in the system. However, for brackish/salt waters (WT-4, WT-5 and WT-6) this correlation 514 

seems indirect, as SO4/Cl ratios are rather close to the oceanic ratio (Fig. 5b), and the surplus of Ca
2+

 515 

(with regard to both SO4
2-

 and HCO3
-
)

 
in these samples is most probably linked to cation exchange. Minor 516 

gypsum dissolution could explain the high SO4/Cl ratios in freshwaters (WT-1, WT-2 and WT-3), 517 

although high SO4
2-

 concentrations from samples below the urban area are more likely related to 518 

contamination from domestic and industrial activities (Zghibi et al., 2013). On the contrary, very low 519 

SO4
2-

 concentrations found in WT-1, with SO4/Cl ratios below the oceanic ratio are related to sulphate 520 

reduction (e.g., Andrade and Stigter, 2011), which is supported by the higher CO2 pressures in these 521 

samples (Table S.3, supplementary material). 522 

 523 

 524 

 525 
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5.4 Hydrochemical evolution of groundwater 526 

Local available geophysical and borehole information from previous surveys was combined with the 527 

current hydrochemical results for a more accurate discussion of salinity origin and its relationship with 528 

the hydrogeological context of the area. The cross-section of Fig. 8 was chosen for its representativeness, 529 

comprising most water groups and surface water samples from Matola River. Geological delineation was 530 

based on available borehole descriptions and previous geophysical surveys – Vertical Electric Sounding 531 

(VES) from technical reports (HYDROCONSEIL/WE-Consult, 2011). Differences in groundwater level 532 

displayed on the map were interpolated from measurements during the field campaign (Table S.5, 533 

supplementary material). 534 

The VES measurements from PZ-14 and PZ-17 reveal low resistivity for the bottom part of the phreatic 535 

aquifer and for the aquitard units (~ 15 Ohm.m and between 4 – 8 Ohm.m, respectively). Following 536 

Archie’s law (Ω = F x Ωwater, (Archie, 1942)) and assigning a formation factor of 2-3 for the aquitard unit 537 

(silty marl and clay), porewater EC can be calculated as 3000 – 8000 µS/cm), revealing up to 10% mixing 538 

with seawater. This indication, together with the Br/Cl ratios and hydrochemical models suggest that the 539 

aquitard unit in the area still contains trapped seawater, probably already diluted in some locations. These 540 

findings support mixing as being one of main local salinization mechanisms and summarized as follows: 541 

trapped saltwater flows up or down from the aquitard unit led by local head differences, mixes with 542 

freshwater, and results in observed brackish/salt waters. Mixing triggers cation exchange and, as 543 

previously expressed, results in CaCl2 water subtypes as observed in WT-4 samples. 544 

Furthermore, around the Matola River it can be observed that hydraulic heads of the semi-confined 545 

aquifer are (slightly) higher than those of the phreatic aquifer, resulting in an upward flow (Fig. 8). This 546 

can explain the occurrence of brackish/salt waters in the river since trapped saltwater is brought to 547 

shallower levels of the aquifer, subsequently discharging into the river. Upon seepage and consecutive 548 

evaporation, both salinity and δ
18

O increase, as stressed in previous sections. This dynamic salinization 549 
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mechanism is most likely seasonally controlled and linked to recharge rates and hydraulic head 550 

fluctuations, since the river may act as a natural hydraulic gradient driver on the system, allowing a 551 

greater upward flux of saltwater during dry seasons and low river flow. So that, the pictured hydraulic 552 

heads distribution can be somewhat different during rainy seasons, resulting in different flow patterns. 553 

Also, surface seawater incursion and its subsequent streambed entrapment cannot be disregarded as a 554 

potential salinization mechanism in the river, especially when considering sea level rise. The brackish/salt 555 

water sample from PZ02 (far right on cross section, Fig. 8) is most likely linked to mixing with modern 556 

seawater. While corresponding to group WT-4, the sample is located near the coast at shallow depth, plots 557 

somewhat closer to the mixing line in the plot δ
18

O vs. Cl
-
 and shows a slightly enriched isotopic 558 

signature that resembles modern intruded seawater mixing with freshwater. 559 

Slightly higher salinities in brackish/salt waters samples in the north in comparison to samples in the 560 

south can be linked to different recharge patterns in the area. Computed recharge potentials and rates 561 

indicate that higher rates in the south can lead to a faster dilution of salt waters, while low infiltration 562 

rates and high ETP values in the north result in smaller dilution rates and a prevalence of more saline 563 

waters. The previous existence of saltwater in areas with high recharge potential and rates, such as the 564 

dune belts near the coast, cannot be excluded, as saltwater will have been flushed out to a larger extent by 565 

freshwater inflow. Sampling at a higher spatial resolution and combining it with numerical modelling 566 

could help further detail the spatial distribution and expected temporal evolution of saltwater occurrence, 567 

supporting water management in the area.  568 
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 569 

Fig. 8: (top) Map of water level (WL) differences derived from field measurements (April, 2017) (blue areas = 570 

downward flow expected; orange areas = upward flow expected); borelogs of PZ14 and PZ17 are shown together 571 

with previous VES/EC measurements, collected groundwater samples labelled according to defined WT groups and 572 

field EC and water level measurements in the wells (April, 2017); porewater resistivity values were calculated 573 

through Archie’s law; (bottom) cross section view of the area with water samples and respective δ
18

O values; orange 574 

arrow in the cross section indicates location of possible groundwater upward flow; the location of the cross section 575 

is represented by the dashed yellow line on the map; mind the vertical exaggeration of the profile. (2 columns 576 

fitting image, color) 577 

 578 

 579 
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6. Conclusions 580 

The present study provides a detailed assessment of the possible origins of freshwater and saltwater in 581 

surface and groundwater of the semi-arid region of Great Maputo, by employing a combination of 582 

multivariate statistical, hydrochemical, isotopic, geophysical and recharge assessment tools. Six different 583 

water groups have been classified using HCA, from fresh to brackish/salt waters. Mixing with relic 584 

saltwater as main salinization mechanism is simultaneously supported by location, piezometry, physico-585 

chemical parameters, a conservative mixing model (Cl
-
 and δ

18
O) and the Br

-
 signature of brackish/salt 586 

waters. Geophysical and piezometer data suggest that the local aquitard unit is a main source of inland 587 

saltwater in the area, which contains relic saltwater probably trapped during the last transgression period 588 

and remaining as lenses within the unit due to its low permeability. Trapped saltwater migrates up or 589 

down from the unit according to local hydraulic gradients, resulting in observed brackish/salt 590 

groundwater. Following seepage into surface water, evapoconcentration further increases salinity and 591 

δ
18

O values of the rivers in the western sector (Matola) and northern sector (tributary of Incomati). 592 

Mixing with surface water from upstream and drainage from the sand dunes gives the Incomati River 593 

mostly a freshwater signature. Fresh groundwater originates from rainfall and evapotranspiration, with 594 

higher direct evaporation rates observed in the stable isotope signature in the lower recharge areas; it is 595 

further influenced by rock weathering, with silicate minerals dominating in the phreatic aquifer and more 596 

carbonate rich material in the semi-confined aquifer. 597 

The present results are of great relevance for water management in the area, elucidating crucial points 598 

concerning the aquifer system and its potential for exploitation, within a context of salinization but also 599 

freshening in important recharge areas. The research emphasizes the successful application of 600 

complementary set of tools and approaches for assessing hydrochemistry and distinguishing salinity 601 

origins in semi-arid coastal areas. The available chemical and isotope data presented do not allow 602 

determination of groundwater ages for an enhanced understanding of entrapment or mixing processes, and 603 

groundwater travel times. The use of numerical models and a more comprehensive isotopic study 604 
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involving radioactive isotopes such as 
14

C and 
3
H should be considered for an accurate assessment of sea 605 

level changes and periods of transgression and subsequent saltwater entrapment. A comparison of 
36

Cl/Cl 606 

in the phreatic and semi-confined aquifers, as well as at selected locations along the Matola River and 607 

coastline would be also interesting for confirming and distinguishing different sources of salinity in what 608 

concerns age and source. The methodology here presented can be transferred to other sites and may 609 

provide a reliable base for the development of effective mitigation and adaptation strategies for saltwater 610 

occurrence. 611 
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