
Isotopic Tracing and Numerical Modelling of Saline Groundwater Discharge into  
Matola Wetlands, Mozambique 

Rezwana Binte Delwar1, 2, 3  

1IHE – Institute for Water Education, Westvest 7, 2611 AX Delft, Netherlands. 
2CERIS, Instituto Superior Técnico, Av. Rovisco Pais. Lisboa. Portugal. 

3TU Dresden, Faculty of Environmental Sciences, Dep. Hydro Sciences, Institute for Hydrology and Metereology, Dresden, Germany. 
Erasmus Mundus Groundwater and Global Change - Impacts and Adaptation (GroundwatCh). 

 

Abstract 

Population pressure, recent droughts and sea-level rise associated with climate change projections increase 
pressure on secure water resources, notably on groundwater of the coastal areas like Maputo, Mozambique. 
The Matola River, located in the west of Maputo, is a perennial river that consists of mostly brackish/salt 
water originating from groundwater seepage and salinity makes the river water unusable. The main source of 
the saline groundwater is assumed to be fossil seawater, entrapped in the silty marl and clay dominated 
aquitard. However, detailed studies about the salinity problem of coastal Maputo city, particularly of Matola 
River is very limited. This research focuses on the integration of regional hydrogeochemistry, isotopic 
analysis, and groundwater flow models to trace the source and evolution of saltwater and to improve the 
management of water resources in the Matola wetlands. The hydrogeochemical analyses of major ions reveals 
that both salinization and freshening as the prominent hydrochemical processes responsible for the 
hydrochemical evolution of groundwater. Water stable isotopes (δ2H, δ18O) results validates the notion of 
different recharge period along with high evaporation rate. entrapped fossil seawater as the sources of salinity 
and mixing processes. Using the result of 13C/14C(DIC) isotopes, the study aims to calibrate the residence time 
and flow paths of the already existing groundwater flow and salt transport models for testing the mentioned 
hypothesis. Investigating the origin and evolution of salinity and proposing measures are expected to help in 
the domestic supply and crop productivity sectors of Matola River adjacent areas. It can also assist the 
policymakers to take feasible solutions to sustainable groundwater management. 

Keywords: coastal aquifer, radiocarbon (DIC) isotopes, residence time calculation, PMPATH, hydrochemical models, 
entrapped fossil water  

1. Introduction 
Groundwater, which is found under the earth’s 
surface, holds 96% of the earth’s liquid freshwater. 
It is recognised as a critical freshwater resource for 
human survival and as well as socio-economic 
development (Shiklomanov and Rodda, 2003). 
Above 2 billion people across world are dependent 
on groundwater on daily basis (Kemper, 2004). 
However, coastal groundwater is considerably 
sensitive to many factors such as climatic 
variations (e.g. (Stigter et al., 2014, 2017); seawater 
intrusion due to intense aquifer exploitation 
(Boukhari, et al., 2015; Han, et al.,, 2014; Kim et al., 
2003; Werner & Simmons, 2009); upconing of deep 
saline paleowaters and its evolution in the coastal 
wetlands through mixing with fresh recharge 
water; water-rock interaction and evaporation 
(Han, et al., 2011; Vengosh et al., 2005; Sola, et al., 
2014); dissolution of evaporites (Cendón et al., 

2019; Mongelli et al., 2013); pollution by untreated 
wastewater (Ayadi et al., 2018), and agricultural 
return flow (Stigter et al., 1998; 2006; 2008) among 
others. Since these processes are not necessarily 
unique and often act together, thus defining the 
origin of salinisation might become highly 
complicated. As a consequence, diversified threats 
on ecology, socio-economy, and stakeholders can 
be triggered. Likewise, groundwater is the 
primary source of drinking water of the largest 
coastal suburb of Mozambique, Maputo. But the 
local aquifer is contaminated with brackish to 
saline groundwater which inhibit the potentiality 
of  the groundwater use. The sources of salinity 
observed in Matola River have been studied 
through hydrochemical analysis (Nogueira, 2017), 
numerical simulations (Trasviña, 2018), and 
environmental isotopic techniques (Cendón et al., 
2019). However, there is no published work 



linking modelled residence time with the apparent 
age of groundwater and integrating the regional 
hydrogeochemistry, particularly for Matola River. 
This combined study will give a clear and detailed 
vision of the hydrogeological and hydrochemical 
evolution of the groundwater of Matola wetlands. 
After reviewing literatures, two leading 
hypotheses have initiated the primary objective of 
this study:  

i. Matola River is gaining water from saline 
groundwater seepage flowing upwards 
from the lower semi-confined tertiary 
aquifer through the silt-marl dominated 
aquitard.  

ii. The saline groundwater has a residence 
time of thousands of years and originates 
from mixing with seawater trapped in the 
aquitard during higher sea levels in the 
past. 

2. Study site 
Matola River is a 60 km long river with perennial 
wetlands to its southernmost segment and 
ephemeral nature to its northern part. It runs from 
the centre of the Greater Maputo region and 
discharges into the estuary area of Espirito Santo, 
southern Maputo, Mozambique.  

 

Figure 2-1 Geographical location and elevation of the 
study area 

The topography is predominantly flat, having 
gentle slopes of about 0–10 degrees, except the 
hilly southwestern area where maximum elevation 
is around 230 masl, Figure 2-1. Majority of the 
neighbouring areas of Matola River is covered by 
shrub-land and grassland (Nogueira, 2017). Under 
the Köppen–Geiger climate classification, the 

region has a Tropical savanna climate (Aw). The 
seasonal variation covers a cool dry season from 
April to September and a hot humid season from 
October to March. Highest rainfall generally 
occurs in the north (1,000 mm/year) and lowest 
rainfall occurs in the southeast (500 mm/year). The 
yearly average precipitation is approximately 600 
mm (NCEA, 2015). 

Geologically the study area is situated in the 
southern part of the Mozambique Basin 
constituting terrestrial and marine deposits, which 
deposited during different marine transgression 
phases from the late Palaeozoic (Muiuane, 2007). 
This sedimentary basin shares the western 
boundary with Jurassic volcanic rocks. Various 
Cretaceous rocks, mostlly coastal and shallow 
water conglomerates, marls and shales, form the 
bottom part of the basin's sedimentary structure 
(Cendón et al., 2019). Cenozoic sediments 
consisting of a broad variety of limestones, clayey 
marls and sandstones, cover the Cretaceous rock. 
Sediments formed during Mesozoic and Cenozoic 
transgression are found at more than 200m 
altitude and are overlain by Quaternary sediments 
in most of the Great Maputo Area (Siesser & 
Dingle, 1981). The Tertiary alluvial, followed by 
Quaternary aeolian sedimentation, has laid down 
after the Pliocene regression (Cendón et al., 2019). 
The Quaternary aeolian sediments, composed of 
fine sand, serve as the main surface sediment of 
the Maputo district. The Tertiary alluvial deposits 
are primarily made of carbonate units (limestones 
and calcarenites) and are well developed along the 
major rivers (Nogueira, 2017; Cendón et al., 2019). 

The hydrogeology of the study area is strongly 
related to the geology of the region. There are two 
main aquifers in the area: an unconfined (or 
phreatic) aquifer and a semi-confined aquifer. The 
unconfined one is found within the Quaternary 
aeolian sand deposits and has a thickness of 5-50 
m. The semi-confined one is within consolidated 
sands, sandstones and carbonate rocks from 
Tertiary period (lower Cenozoic period) and has a 
thickness of 50-60 m. These two aquifers are 
separated by an aquitard with irregular thickness 



(between <2 m or absent) and comprising of marls 
and siltstones (Nogueira, 2017; Smidt et al., 1990).  

Groundwater levels of the greater Maputo aquifer 
vary from 2 to 50 m above sea level. Higher 
hydraulic heads on the west and lower hydraulic 
heads on the east. The potential groundwater 
recharge ranges from 5%-15% of total annual 
precipitation. Inland high salinities were found 
near the coast and in some sections of the Western 
and Northern parts of the Greater Maputo aquifer 
(Nogueira, 2017). For previous studies it is proved 
that Matola River is groundwater-fed saline-
brackish river which makes the river water 
unusable. 

3. Data sources and analytical methods 
3.1 Data collection and hydrochemical analysis 
Field data collection and water sampling 
procedures in the adjacent areas of Matola River 
was conducted on April 2019. Out of 13 collected 
samples, 11 were groundwater samples, 2 were 
surface water samples from Matola River. The 
sampling locations were established for shallow 
depth, on an average 32 m, and relatively deep 
depth, between 40 and 62 m below the surface. In 
situ measurements such as water levels, EC, 
temperature, dissolved oxygen (DO), pH, silica 
and alkalinity were measured immediately after 
collecting water samples through a steel bailer. 
Water samples were collected for cations-anions, 
water stable isotopes, both 14CDIC, δ13C and 36Cl 
isotopes according to the guidelines of the 
International Atomic Energy Agency (IAEA).  

Inductively coupled plasma mass spectrometry 
(ICP-MS) and ion chromatography (IC) was used 
to measure concentrations of major cations and 
anions, respectively. The results of the 
concentration of cations and anions were reported 
as mg/L. The δ13C signatures of waters were 
analysed by Isotope-ratio Mass Spectrometry 
(IRMS) and were reported as per mil (‰) with a 
precision of ±0.15‰. The 14CDIC samples were 
analysed by Accelerator Mass Spectrometry (AMS) 
and results reported from the laboratory were in 
per cent Modern Carbon (pMC), according to 
(Mook & Plicht, 1999). The results were 

denormalised against the δ13C of the graphite with 
an average error (±1σ) of ±0.25 pMC.  PhreeqC- 
Version 3 (Parkhurst and Appelo, 2013) was used 
to calculate ion balance errors, molalities, mineral 
saturation indices, pCO2 and water types 
(according to Stufzand classification) based on 
chloride concentration, alkalinity, major ions and a 
Base Exchange index (BEX). Appelo and Postma 
(2005) recommended standard composition of 
seawater served as the reference for comparison of 
typical ion ratios. The endmembers for the creation 
of hypothetical mixing ratios/ranges with fresh 
water was taken from the previous study, 
(Nogueira, 2017).  

3.2 Tracer estimated GW residence time calculation 
For calculating the residence times of groundwater 
six models were used: Tamers' (1975) model, 
Mook’s (1972) model, Pearson's (1967) model, 
Fontes and Garnier's (1979) model, IAEA, (2013) 
model and Han and Plummer's (2013) model. The 
mathematical forms and comparison among the 
models described in Fontes and Garnier, (1979) 
and Han and Plummer, (2016) were mainly used 
to calculate the initial 14C activity. The values of 14C 
activity of the soil CO2 and solid carbonates of this 
study were taken similar to most of the literature. 
δ13C content of soil CO2 was taken as -15‰ VPDB 
according to the present-day vegetation of the 
study area. Conferring by (Fontes and Garnier, 
1979; Han, Plummer, 2012), vegetation of tropical 
regions (C4 native grass) mostly follow Hatch-
Slack photosynthesis cycle and have an average 
δ13C value close to -15‰. δ13C content of solid 
carbonates were taken from (Peché, 2012). He 
reports δ13C values of Quaternary sand dunes 
ranging from −10.8 to –3.2‰ and an average of 
−4.7‰ for the sedimentary materials of Inhaca 
Island, near the study area. Please see Table 3-1 for 
the initial parameter values taken for calculation in 
this study. Since six models resulted in a wide 
range of estimated groundwater residence times of 
the samples, the graphical analysis method of Han, 
et al., (2012) and Han and Plummer, (2016), along 
with chemical analysis, was adapted to identify 
the appropriate correction for each of the samples. 



3.3 Numerical model simulated GW residence time 
calculation 
The steady-state model and chloride transport 
model (SEAWAT) of groundwater flow in the 
coastal Maputo aquifer were developed by 
(Trasviña, 2018) based on the conceptual model 
analysed by Nogueira (2017). The further 
improved steady-state model of Ameen (2019) was 
used in this study to identify the source areas and 
to calculate residence times of the groundwater 
that discharges into Matola wetlands by backward 
tracking of particle-tracking method (PMPATH). 

Processing MODFLOW 8 (PM 8) was used for the 
calibration of MODFLOW and SEAWAT models. 
Two steady-state salt transport models (SEAWAT) 
were also developed having only the spatial 
differences in the entrapped initial chloride 
concentration. Both of the model were run for 5000 
years i) to replicate the hypothetical aquifer 
salinity distribution after the Holocene marine 
transgressions, and ii) to examine the future 
evolution of aquifer salinization based on present 
day salinity distribution respectively.  

 

Table 3-1 Presumed parameter values used in the hydrochemical models 

Parameter Typical literature values The value used in this study 
14C activity of the soil CO2 97-100 pMC 100 pMC 
14C activity of the solid carbonates 0-3 pMC 0 pMC 
δ13C content of soil CO2 -10 to -25‰ VPDB -15‰ VPDB 

 
δ13C content of solid carbonates  -10.8 to -3.2‰ VPDB -4.7‰ VPDB 

 

4. Results 
4.1 Hydrogeochemistry 
The electrical conductivity (EC) of groundwater 
samples ranges widely from 1100–29,300 µS/cm, 
whereas the EC of surface water samples (two 
Matola River water samples) ranges from 20,100-
25,200 µS/cm. The pH of groundwater samples 
ranges from 6.5-7.5 (mean value 7); the pH of 
surface water ranges from 7.2–7.8 (mean value 
7.5). Therefore, most of the samples are slightly 
basic. Groundwater temperature ranges from 25.4–
27.6⁰C with an average of 26.5⁰C, meanwhile 
surface water temperature ranges from 26-26.4⁰C. 
The chloride concentration is as high as 1320-8400 
mg/L (7.04-250.7 mmol/L). 

The Stiff diagram map, Figure 4-1, also shows that 
brackish-saline waters are located on the west side 
of the Matola River and the freshwater (PZ08, 
PZ15, M1 and M5) are located on the east side of 
the river. It further indicates that shallow water 
(phreatic aquifer and surface waters) have 
comparatively higher chloride and sulphate 
concentration than deep groundwater (semi-
confined aquifer samples). 

 

Figure 4-1 Stiff diagrams of the samples where red 
polygons are piezometer wells, granular polygons are 
surface water, pale green polygon is auger-hole water 
and striped polygons are domestic (private) wells. 

In this study, the twelve collected samples were 
plotted with previous data examined by Nogueira 
(2017) to check the consistency of the two studies. 
In his research, Nogueira (2017) categorised 
seventy water samples into six groups, WT-1 to 
WT-6, where WT-1, WT-2, WT-3 are freshwater 
samples and WT-4, WT-5, WT-6 are 
brackish/saltwater. 



 
(a) 

 
(b) 

 
Figure 4-2 Scatter plot of major ions a) Na/Cl-Cl, b) Cl-HCO3 

 

While plotting the samples in Na/Cl against Cl, six 
samples show an increase in Na/Cl ratio and fall 
above or on the marine ratio line, while the 
majority of the brackish samples fall below the 
marine line Figure 4-2 (a). Increasing Na/Cl ratio in 
brackish to near fresh conditions suggests possible 
cation exchange due to freshening. On the other 
hand, decreasing Na/Cl ratio with salinity 
indicates cation exchange as a result of 
salinisation, which is the case for both surface and 
deep groundwater, i.e. Matola River waters, Auger 
4, PZ14, M3 and M4 respectively.  

Persisting high alkalinity with increasing salinity, 
particularly confirmed by the new samples can be 
seen in Figure 4-2 (b) and among them, Auger 4 
have exceptionally high alkalinity. It illustrates 
that the following salinisation there was access to 
CO2 along the flow path for bicarbonate to 
dissolve, either because it happened in the 
unsaturated zone or there was fossil carbon in the 
aquifer that could be oxidised.  

4.2 Stable water isotopic analysis 
Stable isotope of water, δ 18O and Cl are treated as 
conservative parameters to identify the possible 
mixing processes between freshwater and 
seawater. Appelo and Postma (2005) constructed a 
mass-balance equation to define the mixing which 
is expressed as:  

𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑚𝑚𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠ℎ × (1 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠)   

where the end member values were taken from the 
previous study.  

 

Figure 4-3 δ18O vs Cl plot 

In Figure 4-3, with the substantial escalation of 
δ18O with enhancing Cl concentrations; Matola 
River water and groundwater (Auger 4) samples 
show enriched isotopic composition like WT-5, 
showing evaporation, after mixing with seawater. 
Matola 2 shows the most enriched isotopic 
composition (δ2H = +8.8‰ and δ18O = +0.93‰), 
suggestive of high evaporation that can further 
increase the salinity which is already high. 7 out of 
13 samples fall within the freshwater-seawater 
mixing zone and PZ15 SC plots close to the mixing 
line range (1.2% mixing ratio), indicating the 
contribution of mixing with seawater in these 
areas. On the other hand, for PZ14 SC and PZ16 
SC it is difficult to distinguish between halite 
dissolution and mixing with older seawater 
because of their depleted isotopic composition 
with increasing Cl concentration.  

 



4.3 Radiocarbon isotopic analysis 
Different models resulted in a wide range of the 
initial 14C activity (14C0). Each model considers 
various processes that could have affected the 14C 
data. To determine the possible reactions and the 
best approach for each model, the graphical 
analysis method was applied based on the 
chemical and isotopic data from the studied 
groundwater samples. The graph of Figure 4-4 
displays a mixing effect by plotting δ13C vs 14C 
content. The graph is called a Han and Plummer 
plot, and the summarised steps for plotting the 
graph are described in Han and Plummer, (2016).  

In Figure 4-4, A and A1 represent CO2 (g) and CO2 
(aq) respectively; A2 represents points where only 
HCO3 of sample is in equilibrium with CO2 (g); A3 
represents the stage where both CO2 (aq) and 
HCO3 are in equilibrium with CO2 (g). The point 
M serves as solid carbonate; M′ represents only 
HCO3 is in balance with solid carbonate and the 
point M″ denotes a mixed sample where both CO2 
(aq) and HCO3 of waters are in balance with solid 
carbonate. Point “O” is denoted as Tamers point 
which represents the initial carbon isotopic 
composition of the system prior to carbon 
exchange with solid carbonate. 

A, O and M points are the end members in the 
groundwater system. The 14C activity of soil CO2 

was considered as 100 pMC in this study. 
Therefore, the area above 100 pMC line is 
considered as open system (unsaturated zone) and 
so water samples incorporates only CO2 (aq) 
equilibrated with soil CO2 at the point “A”. The 
area below the 100 pMC of 14C is considered as the 
beginning of the closed system or saturated zone. 
At the intersection point of X-Y (“O”), the 
infiltrated water has reacted totally with soil CO2 
and partially with carbonates in a closed system 
but the isotopic exchange have not taken place yet. 
Thus, water samples plotting near point O are 

often comparatively “juvenile” water in the closed 
system. At “M” point, the DIC in water has 
enriched δ13C or very low 14C compared to that of 
point “O” because of complete reaction with solid 
carbonates and carbon exchange. 

Considering Han and Plummer (2016), all the 
samples plot under the Pearson area, except PZ08 
SC and Matola 1, which are number 1 and 5 
respectively on Figure 4-4. Therefore, Pearson 
proposed correction would not be applicable for 
these samples. PZ08 SC (“1” in Figure 4-4) plots 
above the zero-age area. Similarly, Matola 1 (“5” in 
Figure 4-4), plotting above 100 pMC 14C line is 
considered as contaminated water.  

 

Figure 4-4 Graphical presentation of data from 
Matola catchment. Sample numbers are 
according to Table 4-1.  

Considering the geochemistry and different 
models assumptions, Pearson model and Han-
Plummer model were considered for apparent 
ages of the sample waters. The negative age values 
of the water samples in Table 4-1 indicates either 
modern water or mixtures of closed-system waters 
with open-system water. Underestimation of the 
initial 14C content might arise from this mixing, 
and ultimately, the age values are overcorrected. 

 

 

Table 4-1 Transit times of water samples (in years BP) calculated using six hydrochemical models 

 Number in Figure 4-4 Tamers Mook Pearson  F&G IAEA Han & Plummer 

PZ08 SC 1 -2994 382 --- -274 -10178 --- 
PZ14 SC 2 -1651 3036 1584 142 8011 3459 
PZ15 SC 3 -688 4637 4418 1346 10664 6183 



PZ16 F 4 -3299 2036 -1556 -1570 5621 1148 
Matola 1 5 -5620 -199 -4074 -3515 3290 -1264 
M1 6 -2856 2196 1532 -1055 7650 3385 
M2 7 -2479 2366 1591 -647 7829 3370 
M3 8 1337 6276 5730 3065 12054 7448 
M5 9 -2607 2582 462 -411 7220 2666 

 

4.4 PMPATH simulated groundwater residence times 
The transit time of most of the locations was barely 
sensitive to effective porosity and hydraulic 
conductivities, whereas, it was undoubtedly 
sensitive towards the number of particles defined 
for the analogous cell in PMPATH. In the model, 
each cell (500 m * 500 m) was considered as one 
parcel of water incorporating 48 (phreatic and 
surface water) or 96 (semi-confined aquifer) 
particles. Again, each particle was considered a 
separate water molecule having a different travel 
time. Thus, one water parcel contained 48 or 96 
different transit times. Transit times changed with 
the number of particles within their respective 
range at a great extent and the distribution of 
travel times of each water particle was highly 
skewed. Therefore, the mean transit times taken as 
the simulated transit time of the locations were not 
so representative. Instead of mean; median transit 
time was more representative as simulated transit 
time.  

 

Figure 4-5 Comparison of residence times after model 
simulation and hydrochemical model calculation 

From the position of mean and median transit 
time, shown in Figure 4-5, it can be seen that the 
simulated mean values for PZ15 SC and Matola 1 
have the highest difference with the respective 
median values. And mean transit time is not 
representing most of the transit times for these two 
locations. Therefore, the median values were 

regarded as modelled groundwater residence 
times for the ease of understanding. 

5. Discussion 
5.1 Hydrogeochemical evolution of groundwater 
According to the conceptual model developed by 
Nogueira, 2017 and modified by Trasviña, 2018 , 
the hydrochemical evolution of groundwater starts 
with rainwater which is the primary source of 
recharge. Rainwater dissolves the atmospheric 
CO2 (g) prior to reaching the ground and after that 
rainwater permeates through the soil and reacts 
with the CO2 (g) produced by the root respiration 
and oxidation of organic matter in the soil (Appelo 
and Postma, 2005). As the recharging water 
permeates through the unsaturated zone and then 
the phreatic aquifer, the acidic water first 
encounters with the aeolian Quaternary sand 
layers. With the presence of excess H+, silicate 
weathering plays a role in the solute concentration 
of the water. The production of CO2 enhances the 
weathering of silicate minerals and increases Na+ 
concentration. Besides these processes, the ion 
concentrations in the unsaturated zone increases 
by evapotranspiration. 

Flowing further down towards the semi-confined 
aquifer and with the presence of carbonate in the 
semi-confined aquifer, dissolution of calcite and 
gypsum take place. Ca2+, HCO3- and SO42- 
concentrations increases in the water. Later on, the 
water encounters the marl-clay layer (aquitard) 
where Ca2+ rich water from calcite dissolution 
might get exchanged with Mg2+ enriched clay 
surface. Furthermore, due to the presence of 
organic matter in some places of the anoxic 
aquifer, the reduction of SO42- may take place, 
which produces H2S, observed on the field (Auger 
2) by the smell of rotten egg.  

But the most crucial factor of the fourth layer is the 
presence of entrapped fossil seawater, where the 



recharged freshwater gets in contact with saline 
water, mixing and freshening together act as the 
dominant processes, as shown in the ratio plot of 
Na/Cl vs Cl. Five samples show an increase in 
Na/Cl ratio in brackish conditions and fall above 
or on the marine ratio line which suggests possible 
cation exchange due to freshening. Silicate 
weathering could also be the reason for Na 
enrichment in these samples. On the other hand, 
decreasing Na/Cl ratio with salinity indicates 
cation exchange as a result of salinization for both 
surface and deep groundwater. 

From HCO3 vs Cl plot, it can be seen that alkalinity 
remains high with increasing salinity, particularly 
confirmed by the new samples, which is 
contradictory to the general notion of salinization. 
It illustrates that after salinisation there was access 
to CO2 along the flow path for bicarbonate to 
dissolve, either because it happened in the 
unsaturated zone or there was fossil carbon in the 
aquifer that could be oxidised.  

The existing steady-state model shows coherence 
with the conceptualisation of groundwater 
salinisation. Matola wetlands have three zones of 
recharge based on land cover, studied by 
(Andreetta, 2018). The west side of Matola River 
has dense shrub lands which prevent the 
rainwater from infiltrating and therefore, has a 
low recharge rate (44 mm/y) on the model. On the 
contrary, the east side has grassland with sparse 
trees and henceforth have higher recharge rates on 
the model than the west side of Matola River. 
Since the discharge of saltwater intrudes the 
freshwater aquifer, fed by the recharge water, 
areas where recharge is more significant, 
freshening occurs, and where saline water 
diffusion and discharge is prominent and recharge 
is limited; salinisation takes place. From the Stiff 
Diagram plot, Figure 4-1, it is also visible that the 
Eastside of the Matola River is fresher than the 
Westside. This freshening seems to be linked to the 
recharge rate and thickness and permeability of 
the aquitard.  

5.2 Residence times of groundwater 
The apparent ages calculated by two 
hydrochemical models are more correlated with 

the simulated median residence time than the 
simulated mean residence time, Figure 4-5. Among 
Pearson model and Han and Plummer model, the 
latter one showed considerable correlation (R2= 
0.5) with the simulated median residence time. 

Some of the apparent ages of the hydrochemical 
models showed a shift beyond the maximum 
range. The flow path analysis (PMPATH) does not 
take into consideration the dispersion and 
diffusion of solute transportation. Whilst 14C can 
get affected by dissolution-fractionation processes 
from external sources. Hence 14C can be retarded, 
degraded or even some case have slightly different 
net transport direction than groundwater 
(Suckow, 2014). Thus, the complicated evolution of 
14C in water could lead the deviation of tracer 
travel time beyond the modelled travel time 
boundary of idealised groundwater.  
Though the absolute values of tracer modelled 
(both mean and median) and hydrochemical 
modelled residence times are different, they are in 
the same order of magnitude. Besides, the 
discrepancy between tracer residence time and 
modelled residence time are quite acceptable and 
explainable. Therefore, 14C tracer data affirms the 
uncertainties in the steady-state model parameters 
are within a considerable limit. And lastly, 
keeping the difficulties of 14C calculation in mind, 
it can be asserted that 14C the tracer age somewhat 
reflects the actual groundwater travel times of 
Matola wetlands. 

5.3 Evolution of groundwater 
The hydrochemistry and residence time of 
groundwater indicate the older seawater mixing 
with modern recharge water and freshening 
process. Therefore, a salt transport model 
SEAWAT, “Paleo” SEAWAT, was developed to 
evaluate the flushing of seawater from the 
aquitards on a geologic timescale of 5000 years. It 
was assumed that in some parts of layer 2, 3 and 
the whole bottom aquitard contain entrapped 
fossil seawater with Cl concentration of 19000 
mg/L. This model was run for 5000 years and at 
around 3000-4000 years after the initial condition 
the model achieved present day salinity 
distribution. Another SEAWAT model, “Modern” 
SEAWAT, was run where the initial salinity 
concentration and distribution was alike present-



day distribution. This model was run to predict 
the future condition of the aquifer system. The 
model predicts that after 1000-1500 years from 
now, the aquifer will gain freshwater system by 
flushing all the saltwater entrapped in different 
layers. 

Over 5000 years, the variations in chloride 
concentration for two extreme cases of effective 
porosity was not more than 1000 mg/L in “Paleo” 
SEAWAT Figure 5-2 (a). For “Modern” SEAWAT, 
the range was even shorter, approximately 200 
mg/L for 5000 years, Figure 5-2 (b).  

 

 
(a) 

 
(b) 

Figure 5-1 (a) Paleo SEAWAT model results of the phreatic aquifer (top) and the semi-confined aquifer (bottom) (b) 
Present SEAWAT model results of the phreatic aquifer (top) and the semi-confined aquifer (bottom) 

 

5.4 Sources of groundwater 
The result of the Paleo SEAWAT model and 
residence times calculated before helped us to 
assume that mid-Holocene marine transgression 
and regression phases are responsible for the 
entrapped saltwater. So, an attempt was taken to 
evaluate this perception. In the mid-Holocene 
period max. sea level rise was +4m above present 
mean sea level. Considering the constant coastline 
from mid-Holocene and with present elevation 
data, it was found that past sea level doesn’t reach 
the locations where we took samples. It needs 

more than 60 m sea level rise to inundate those 
locations which is unreasonable. Therefore, we 
looked for other alternate sources of salinity. 

Among alternative sources, the first one is the 
leaching of evaporitic strata. The regression of sea-
level and subsequent evaporation might form a 
discontinuous layer of salt deposits within the 
sedimentary layers. The saturation index of halite 
also showed us a clear trend of approaching to 
saturation with increasing salinities. And we have 
already seen some of the samples on O2 isotope 



and Cl mixing plot lie marginally on the boundary 
of mixing range and halite dissolution. Thus 
leaching of halite strata as a source of salinity 
cannot be neglected totally.  

The detailed study of the geological history of 
Mozambique coast done by (Förster, 1975; Salman 
& Abdula, 1995) revealed that the sedimentation 
sequence is related to the initial phase of the 
Gondwana break-up and a gradual penetration of 
the sea along Africa's south-eastern coast. 
Moreover, during the marine transgression phases 
from the Cretaceous throughout the Quaternary 
period, some of paleo-coastlines reached more 
than 50 km inland from the present-day shoreline. 
Thus, there is a possibility of trapped formation 
water in the bottom aquitard which might be 
coming up with a very slow diffusion rate and 
mixing with comparatively modern water. 

6. Conclusions 
An integrated study of regional 
hydrogeochemistry, environmental isotopic 
analysis, and groundwater flow models have been 
undertaken to trace the saltwater residence time 
and origin together with the groundwater 
evolution of Matola wetlands to address the 
research objectives. In short the findings of the 
research are:  

 The hydrochemistry of the water samples 
reveals that mixing between salinisation 
and freshwater followed by cation 
exchange is the prominent mechanism in 
the groundwater. The Stuyfzand water 
classification shows that water samples 
vary from fresh to brackish-salt, though 
the majority of the samples have saltwater 
composition.  

 The spatial distribution of salinities admits 
the chemical evolution of GW through the 
Stiff diagram plot. The salinities decrease 
from the Westside of the Matola River to 
the eastside which appears to be related to 
groundwater freshening potential. The 
latter is linked to land cover and different 
hydraulic conductivities which has also 
been confirmed by numerical modelling.  

 Evaporation of shallow groundwater and 
surface water seems quite intense, as these 
waters are enriched in water stable 
isotopes (18O vs 2H analysis). The Stiff plot 
further proves that shallow water has 

comparatively more chloride 
concentration than the deep GW. In the 
semi-confined aquifer the stable isotopes 
with more depleted values indicate a 
paleo water or a different climate 
condition during recharge.  

 The transit time distributions (TTDs) were 
generated with the help of a steady-state 
particle-tracking MODFLOW-PMPATH 
model. Later on, six hydrochemical 
models were used to consider all the 
possible hydrochemical reactions of 14C 
(DIC) tracer and to calculate and compare 
the groundwater travel time as close as 
possible. Among six hydrochemical 
models, Pearson and Han-Plummer 
models had a considerable correlation 
with the numerical model simulated 
groundwater transit time.  

 The result of Paleo SEAWAT model 
coincides with the hydrochemical analysis 
indicating the trapped seawater in the 
aquitard units during the-Holocene 
repeated marine transgressions as the 
probable source of the salinity. Both the 
numercial and hydrochemical models 
calculated the residence time of GW to be 
on average 3000-4000 years BP, with a 
maximum of 6000 years (approx.) BP. 

 Again, the result of Present SEAWAT 
model predicts the brackish-saline Matola 
wetlands to be a freshwater environment 
within next 1000-1500 years. However, if 
the slow diffusion of formation water is 
responsible for the salinity, it will take 
much more time than this expected time. 

 Despite several uncertainties involved in 
constraining the tracer age as well as the 
numerical model residence time 
calculations, the two residence times were 
in the same order of magnitude. Therefore, 
the numerical model seems to be a close 
approximation of the present-time Matola 
wetland condition. 

 Notwithstanding the fact that the results 
of the hydrochemical analysis, the 14C 
results and the Paleo SEAWAT model 
agree about the presence of ancient 
entrapped seawater, the ambiguity of the 
paleo-coastlines puts uncertainty of the 
origin of the saltwater in the aquifer 
system. So, in addition to the mid-
Holocene marine transgressions, two other 
sources of saltwater are also considerable: 
leaching of evaporitic strata and slow 
diffusion of formation water from the 
aquitards.  
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