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Abstract

:

The contamination of areas around solid urban waste dumps is a global challenge for the maintenance of environmental quality in large urban centres in developing countries. This study applied a geophysical method (electrical resistivity) to identify leachate contamination plumes in the subsoil and groundwater, as well as to describe their temporal dynamics (2020 and 2021) in the surroundings of the Hulene-B waste dump, Maputo, Mozambique. Eight 400 m electrical resistivity profiles were performed, four profiles in January 2020 and four profiles in May 2021 overlapped, and the data were inverted with RES2D software. The electrical resistivity models predominantly indicate an E-W movement of large contamination plumes that are successively diluted with saturated media and groundwater, creating zones of less resistive anomalies (<4.2–8.5 Ω·m) possibly contaminated at the two analysed seasons, between 2020–2021. The thickness of the contamination plumes was higher in summer (2020) for profiles 1 and 2, and we associate it with the production and migration mechanisms of leachate that are intense in the hot and rainy season. Southwest of the dump, profile 4b showed the propagation of anomalous areas on the surface and at depth, which are associated with the production of leachate resulting from the continuous decomposition of waste that is continuously deposited in a new area southwest of the dump, thus generating a slow and continuous migration of leachate at depth, mainly in winter (2021). The spatial distribution of contamination plumes during both seasons was reduced significantly farther away from the waste deposit, revealing the attenuating effect of groundwater and lithological substrate (Profile 3).
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1. Introduction


In recent decades, waste generation has increased in quantity and diversity worldwide, resulting from population explosion and economic growth [1,2]. The global annual production of municipal solid waste (MSW) in 2025 is expected to reach about 2.2 billion metric tons [3]. This fact implies many challenges in defining and managing the final disposal sites for municipal solid waste [4,5]. It is estimated that about 33% of municipal solid waste produced worldwide is disposed of improperly [3]. Thus, several studies have reported environmental problems associated with poor solid waste disposal [6]. Morita et al. [7] estimate that open dumpsites will account for 10% of global greenhouse gas emissions by 2025. Municipal solid waste, when disposed of, produces leachate, which is a highly contaminated liquid containing high amounts of inorganic ions, organic compounds, and other toxic elements such as heavy metals and ammonia [8,9]. In unplanned landfills, leachate is commonly mobilised to the surrounding environment (soils, surface, and groundwater), causing contamination [10]. Kumar et al. [11] and Khattak et al. [12] have shown that in waste dump in areas with high temperatures and precipitation, the process of waste decomposition and leachate production is higher. The greatest environmental impacts resulting from environmental contamination by waste are described in developing countries, where the planning of waste disposal sites is deficient [13]. In Mozambique, namely in Maputo city, the production of municipal solid waste has been increasing, and daily waste production is estimated to be around 1250 tonnes [14,15,16]. Of these, about 1000 tons are deposited in the largest open-air dump in Maputo city, the Hulene-B dump [15]. In this dump, all types of waste, food, electronic, construction, health and industrial are deposited without any treatment [14,17]. Studies developed by Nogueira et al. [16] and Vicente et al. [17] denounced a possible contamination of soils and groundwater in the environment around the Hulene-B dump, which suggests the need for its continuous study and monitoring of its geo-environmental context [18].



Many methods are currently used to study contamination problems in solid waste disposal areas, and geophysical methods are pointed out as effective in identifying waste-contaminated areas [19,20]. Among these methods, electrical resistivity is widely applied due to its non-invasive nature in data acquisition and processing [21,22,23]. Arifin et al. [20] and Lau et al. [21] demonstrated that electrical resistivity is effective in locating buried hazardous waste and identifying contamination plumes resulting from leachate flow.



In general, the typical resistivity of a waste mass is between 15 and 30 Ω·m in a saturated medium and between 30–70 Ω·m in an unsaturated medium [22]. However, certain materials present in a waste mass can increase or further decrease the resistivity values [24,25]. Ashes from incinerating plants, tree cuttings and textiles (when they can retain moisture), previously treated waste and chemicals give rise to low resistivities; however, plastics, rubber, certain types of building demolition rubble, rubbish preserved inside plastic bags, heavily compacted newspapers and organic chemicals have high resistivities [23,25]. The reference resistivity for sandy soils is 50–100 Ω·m [26,27].



This study applied the geophysical method (electrical resistivity) to identify the leachate contamination plumes and to describe their temporal dynamics on the surroundings of the Hulene-B Waste dump in Maputo, Mozambique (2020 and 2021).




2. Materials and Methods


2.1. Study Area


The Hulene-B dump is in the Hulene-B neighbourhood, in the northern direction of Maputo city, Mozambique (Figure 1) [17,28], a residential area with approximately 48, 717 inhabitants. The dump receives all types of waste produced in Maputo City [15,29,30,31]. The height of the waste is estimated to be about 6 to 15 m and occupies an area of 17 hectares [25]. The dump is in a former quarry with no previous preparation for waste reception [26]. These characteristics are described as conducive to contamination of the local hydrogeological system [27]. Sallwey et al. [30], Serra [31] and Vicente et al. [17] have associated the Hulene-B dump with heavy metal (Hg, As, Pb, Cu and Zn) contamination of surrounding groundwater and soils. The Hulene-B hydrogeological system is part of the Tertiary-Quaternary aquifer system [16]. The aquifer substrate is formed by the layer of clayey marl to grey clay [18,32]. In the surroundings of the Hulene-B dump, the localised presence of the semi-impermeable layer (clayey sands) between the fine to coarse sand and the sandstones causes the water circulation of these two sectors to continuously connect [33]. There are places where the coarse sands lie directly on top of the clay layer, developing semi-confined conditions [18,34]. Nogueira et al. [35] showed that the aquifer system in Maputo city is prone to contamination. Concerning regional and local geology, the Hulene-B dump is inserted into the Mesocenozoic sedimentary basin of southern Mozambique [17], and is situated in a contact zone of two lithologies, Ponta Vermelha Formation and Malhazine (Figure 1b) on a gentle dune slope with east–west orientation [36]. The Ponta Vermelha Formation (TPv) dates from the upper Pliocene to the lower Plistocene and is composed, in the upper part, of ferruginous sandstones and red silty sands, which gradually change to yellow and whitish sands [18,37]. At the surface, this unit presents a red colour, and poorly consolidated sands may appear [16]. The Malhazine Formation (QMa) dates to the upper Pleistocene and consists of coarse to fine, poorly consolidated, sands with whitish to reddish colours, fixed by vegetation because of successive consolidation processes [18,37]. The soils in the surrounding of the Hulene-B dump have been classified as sandy dune [36]. The predominant climate is of subtropical type, with two seasons: (a) hot and rainy period from December to March with more than 60% of the annual precipitation, with the highest concentration of precipitation in January (with an average of 125 mm) and (b) dry and cold season from April to September with lower temperatures in June and July, as well as a weak and irregular precipitation, whose minimum values are recorded in August (12 mm). The average annual precipitation is 789.2 mm [38,39]. The prevailing winds are SE [40].




2.2. Geophysical Studies (Electrical Resistivity)


In recent years, the awareness of the increasingly complex environmental issues has boosted the use of geophysical prospection methods, in a quite successful way, for the study of complex environments, such as urban areas [41,42]. Among the geophysical methods most employed in environmental studies, electrical resistivity has been pointed out as relevant [19,20], and it has been prominent in the study of environmental problems in soil and groundwater, mainly in the location of buried hazardous waste, contamination from different sources, and planning of safe sites for deposit of industrial and domestic waste [24,43], being widely used to identify areas of heavy metal contamination, contamination plumes [10], groundwater [20,44], and lithological variations [20]. Leachates cause, when they meet geological materials, natural electrical resistivity of the material to decrease due to the high concentration of dissolved metal ions, creating anomalous resistive zones [45,46].



The resistivity method is based on the electric current injected into the ground through a pair of electrodes (A and B-current electrodes) and the resulting potential difference between another pair of electrodes (M and N potential electrodes) [19,45]. The ground resistivity is calculated from the distances between the electrodes, applied current and measured potential difference, based on the Law of Ohm [47]. The apparent resistivity of the soil can be determined based on the known differences between the electric field potential (∆V) and the current (I), and the distance between the electrodes [21].



The resistivity is given by the equation:


  ρ a = k   ∆ V  I   



(1)




where: ρa—resistivity of a bedrock, I—intensity of current applied to the soil by electrodes AB (mA), ∆V—differential potential between electrodes MN (mV), k—geometrical coefficient of electrode positioning (m).



The geometrical factor k is dependent on the distribution geometry of the electrodes, as follows:


  K =   2 π    1  A M   −  1  B M   −  1  A N   +  1  B N      



(2)




where AM, BM, AN and BN represent the geometrical distance between the electrodes A and M, B and M, A and N, and B and N, respectively [1,48].



The electrical resistivity of the terrains is a characteristic closely linked to the type, nature, and state of alteration of the geological formations [22,49]. Thus, the method allows for: (1) the identification of the lithology of landfill subsoil; (2) the determination of the groundwater table depth; (3) the determination of the distribution of the contamination zones and the direction of the pollutant migration; (4) the evaluation of waste thickness disposed at a landfill site [21,28,50].



In this research, 8 electrical resistivity profiles were performed in two different seasons (Figure 1a): 4 profiles in January 2020, corresponding to the hot and rainy period, and in May 2021, 4 more profiles were executed overlapping those of the first campaign on the western edge of the dump.



For the data acquisition, a resistor ABEM SAS 4000 was used, including 4 rollers of 100 m cables with 21 outlets that connect to the same number of electrodes. The layout produced by this sequence of cables (100 m and 21 outputs) corresponds to the standard of the reading program hosted by the resistivimeter LUND Imaging System. For data acquisition, it employed a 50 Hz current frequency, using a multigradient protocol (GRAD4LX8 and GRAD4SX8); the GRAD4LX8 was selected because it provides dense coverage on the nearby surface and adopts the Wenner–Schlumberger protocol [51,52]. The electrode spacing for data acquisition was 5 m. All the electrode take-outs were connected in the GRAD4S8 protocol (Figure S1). The resistivimeter automatically switches the electrodes to serve as current or potential pairs. After the readings, the data were transferred to the resistivimeter, after storing a minimum of 3 and a maximum of 6 readings, to obtain the lowest average error between readings. The inversion of the electrical resistivity data obtained in the 8 lines was performed based on the standards defined in the software RES2DINV3.59.106, namely, application of the smoothness constraint method in the resistivity values of the final model, calculation of the Jacobian matrix in each iteration, and Gauss–Newton optimization method [19,42,49]. The interpretation of the profiles was based on the direction of each profile and the length of the profiles (400 m). The analysis zones were delimited as Zone 1 from 0–200 m (Z1) and Zone 2 from 200–400 m (Z2).





3. Results and Discussion


3.1. Geophysical Studies—Electrical Resistivity


The interpretation of the electrical resistivity models allowed for the understanding of the leachate formation areas, dynamics, and dispersion of contamination plumes in the groundwater as well as for comparing the variations of the resistive anomalies (2020–2021). The following anomalous areas were distinguished: (I) areas of possible leachate formation and enrichment; (II) contamination plumes in subsurface and groundwater.



3.1.1. Profile 1: 2020 (a) and 2021 (b)


The two profiles (a) and (b) extend in the S–N direction and are parallel to the western boundary of the dump (Figure 2).



Zone 1—Along the first 200 m of both profiles, no significant changes are noted near the surface, and in general, the resistivity is higher and associated with the rubble and debris of old houses that were built in this space until 2018 [49]. At depth, slight differences in resistive layers are noted, which may be associated with the effect of variation in rainfall and moisture, more abundant in (a) and less in (b). The zone of resistivity <19.2 Ω·m in (a) and <15.4 Ω·m (b), which we consider as the leachate concentration zone, resulting from the vertical migration of leachate from the surface washing of the dump by precipitation being channelled in the unprotected ditch and parallel to these profiles (Figure 3b). Wu et al. [50] and Ololade et al. [51] showed that leachate flow in non-isolated areas can cause migration to great depths and groundwater contamination. The leachate accumulation zones, <19.2 Ω·m (a) and <15.4 Ω·m (b), show variable thicknesses, which may be associated with the effect of the relatively saturated lower layers, <16.1 to 11.7 Ω·m (a), being more extensive in summer, which causes slow vertical migration at depth and the production of thick plumes at great depth, <8.46 Ω·m in profile (a) and <8.56 Ω·m in profile (b). The leachate migration layers can be considered as contaminated, <16.1–11.7 Ω·m (a) and <13.2–10.7 Ω·m (b). At great depth, at the southern end of both profiles, there is a localised anomalous zone that we interpret as being influenced by groundwater contamination by plumes resulting from vertical leachate migration.



Zone 2—In both profiles, anomalous zones are evident near the surface at 280 m onwards, which are more extensive in profile (b), representing residues humidified by surface water (leachate producer) <15.4 Ω·m, which are more visible in the north of both profiles and more extensive in profile (b). The clearly visible plumes in both profiles, in the surface water, correspond to the contamination in the natural receiving basin by surface leachates and plumes mobilizing at depth in the E–W direction, described in profile 2.




3.1.2. Profile 2 2020 (a) and 2021(b)


Profile 2, with a west–east orientation, and northern boundary of the dump (Figure 4).



Zone 1—From 0 to 80 m surface, in profile (a) we can notice a marked variation of resistivities. The zones of low resistivity (<24.5 Ω·m), we interpret as a wet and leached waste production zone, given the new solid waste depositions recorded at this point to the west of the basin. The same profile section (b) show high resistivities, given the scarcity of precipitation and low ambient temperature. The high temperatures, humidity and age of the dump are primary factors in decomposition and leachate production [17,44,53]. From 8.35 m depth downwards, in profile (a), we note an extensive saturated zone that extends in the northern direction and connects to an extensive subsurface flow system. In turn, in profile (b), this saturated zone appears more confined and with an expressive concentration of anomalous values <4.96 Ω·m (b), which we interpret as a plume migrating horizontally in summer in the east–west direction and being confined at this point. Cendón et al. [16] described the aquifer system of this region as semi-confined that seasonally binds continuously, a fact that is visualized in these bands of the two profiles and that are associated with the transfer of possible plumes at depth. From 80 to 200 m, superficial in profile (a), we verify the alternation of high and low resistivities. The high resistivities, we interpret as compact material on the surface, which alternates between debris, rubble, and old house debris. From 160 to 200 m (a), we observe surface waters of the natural leachate reception basin, which are constantly enriched by the surface leachates. In this section at a depth of 8.35 to 47.7 m (a), there is an extensive plume of contamination arising from the large mass of wet waste and producing leachates <24.5 Ω·m (a) that migrate horizontally in an east–west direction. Complex mechanisms of leachate movement from the surface and at depth are also observed. The vertical and horizontal movement of the leachate produces an extensive plume migrating E–W, <6.21 Ω·m (a). In profile (b), from 80 to 140 m, the resistivity is higher along a larger area than in (a), given the significant reduction in the extent of surface water responsible for the decomposition of the waste mass and consequent decrease in resistivity. At the depth of the same section, confined groundwater receives leachate, which moves horizontally from E–W < 16.8 Ω·m (b) and a vertical migration between 142.5 to 147.5 m. The contamination plume <7.9 Ω·m (b) at this point is quite pronounced and may indicate a high level of contamination, given the reduced dilution and migration environment.



Zone 2—In (a) between 200 m to 315 m, it shows alternating resistivities between the less moist waste mass <20.7 Ω·m to saturated zones <10.6 Ω·m (b) which represent pits and small surface depressions enriched by surface water, and the same characteristics are noted in (b), but with lower moisture extent. From 320 m onwards, in profile (a), an increase in resistivity >30.8 Ω·m is noted which corresponds to waste mass mixed with less moist soils and resistivity >52.8 Ω·m which represents compacted dry waste. In profile (b), to the same extent, the increase in resistivity is much more noticeable, which indicates dry waste and soil (<33.4 Ω·m) and compacted waste (>33.4 Ω·m). At depth, in both profiles, the large mass of waste, <30.94 Ω·m (a) and <20.74 Ω·m (b), gains successive moisture in (a), establishing an extensive area of leachate production <24.5 Ω·m (a), whereas in (b), it is confined (<16.8 Ω·m). These differences are the result of the variation in precipitation and temperature in the two seasons studied, which are responsible for the variation in waste mass decomposition, production, and migration of leachate [54,55].




3.1.3. Profile 3 2020 (a) and 2021 (b)


Profile 3, with an S–N orientation northwest of the dump (Figure 5).



The execution area of this profile corresponds to the strip that temporarily floods with run-off water from the dump. It was executed to understand the spatial dynamics of possible contamination plumes in the northern direction of the surroundings of the dump (reception basin). At 40 m, in both profiles, the influence of moisture in a localized band, at depth, is noted, evidenced by resistivity <23.5 Ω·m in profile (a) and 21.6 Ω·m (b). In the first profile, the strip occupies a relatively larger area due to the abundant precipitation in this period that infiltrates to the deeper layers. At 140 m depth, there is an anomalous zone in both profiles, which we interpret as a plume of contamination, <7.18 (a) and <7.34 Ω·m (b). We consider that this anomaly corresponds to the northern limit of the large plume described in profile 2. From 160 m onwards, in both profiles at all depths, the resistivity tends to be equal, and we consider as typical of local strata and anomalous (positively) zones, >38.2 Ω·m (a) and >33.7 (b), corresponding to compacted soils or rubble, given the strong movement of cars at these points. The similarity of the data in both profiles and the absence of low depth anomalous zones show the decreasing effect of the contamination plumes on the subsoil and the subsurface environment, as one move away from the dump to the North, due to the natural process of attenuation by dilution and dispersion of the plumes in the natural receiving basin. Similar situations have been described in areas around several dumpsites in Africa, Morocco by El Mouine et al. [56] and Touzani et al. [39], Nigeria by Fatoba et al. [53] and Burkina Faso by Barry et al. [54].




3.1.4. Profile 4 in 2020 (a) and 2021 (b)


Profile 4 has SW–NE orientation (a), and the NE–SW (b) profile both overlap (Figure 6).



Zone 1—Profile 4 (a) from the beginning to 120 m shallow shows zones with anomalous resistivities. The resistivity < 13.7 Ω·m was interpreted as a zone of leachate production and dispersion, resulting from new waste deposits in the southwest of the natural basin. These leachates migrate horizontally in the NE–SW direction and vertically until they mix with groundwater. In profile 4 (b), these anomalies occupy a large area in the dry period and extend over an area of about 240 m surface as well as at depth, <16.3 Ω·m. The extensive anomalous area at depth in profile 4 (b) (< 16.3Ω·m) may be associated with a vertical and continuous migration of leachate accumulated at the end of the rainy season in the southeast of natural reception basin.



Zone 2—In profile 4 (a) from 200 to 400 m, the surface resistivities are generally higher and we interpret them as plastic waste, rubble, and debris from old, buried houses. The same occurs in profile 4b, from 140 m to the end of the profile. The resistivity corresponding to possible contamination plumes were interpreted as <6.42 Ω·m in (a), <8.9 Ω·m in (b), which at great depth, did not show great changes in the two seasons of the years studied. This reality can be associated with the local aquifer system, which is described as semi-confined in clay layers [16].





3.2. Spatial Distribution of Possible Leachate Plumes (2020–2021)


The spatial distribution of the plumes in the study period (2020–2021) (Figure 7), shows predominantly an east–west movement of the deep contamination plumes and surface leachates in profiles 1 and 2, which mix with the surface waters of the natural basin to the west and migrate vertically to the groundwater, causing resistive anomalies at a larger scale in winter (1). The same flow direction was described by Bernardo et al. [18]. The flow is conditioned by the arrangement of the local topography (soft dune E–W), which collects all the leachate from the subsurface compression of the waste, since it is at a higher altitude than the local surface. Another relevant factor in this direction of contaminant flow is the recent construction of leachate drainage channels, which create natural leachate flows in the E–W direction (Figure 4b). However, the dilution process of leachate plumes shows a varied dispersion in the natural reception basin and groundwater (Figure 7. <4.26–<8.5 Ω·m), suggesting that contamination migrates in several directions. Similar anomalous values were interpreted as plumes in groundwater by Harjito et al. [55] 3–9 Ω·m near a Bantul waste dump in Indonesia, Bichet et al. [22] refer between 5–12 Ω·m at a landfill in Belfort (France), and Ugbor et al. [43] registered values of 3.12–8.7 Ω·m in the surroundings of the Onitsha waste dump in southeast Nigeria. To the southwest of the natural basin reception, there is a subplume of contamination resulting from new depositions producing leachate that migrates to the southwest during the wet season and in all directions during the dry season (profile 4). The spatialization of the plumes shows that as one moves away from the dump, the anomalies tend to disappear (profile 3), suggesting the attenuation of the contamination by the local lithology. The role of lithology and groundwater in the attenuation of contamination by leachate plumes in the surrounding of waste dumps has been described in many studies, for example by Fatoba et al. [53] and Biosca et al. [57].





4. Conclusions


The application of the electrical resistivity method to the study of the dynamics of contamination plumes around the Hulene-B waste dump has proven to be efficient in identifying anomalous areas of low resistivity that we consider as leachate production and contamination plume migration zones in lithological substrates and surface and groundwater.



The analysis of the dynamics of the possible contamination plumes showed that summer (2020) occupies an extensive area and with strong horizontal and vertical migration, which may be associated with the greater production of leachates by the greater decomposition of waste in the hot and rainy period (Profiles 1a, 2a). Conversely, in winter (2021), the contamination plumes were thick with a predominantly vertical movement, which allows for a large vertical migration to great depths, causing extensive subsurface anomalies in the lithologies above the groundwater (Profiles 1b and 4b). Unusually, Profile 3 showed that the southern part is partially affected by the large plume described in profile 2, without significant variations in both analysed seasons.



The contamination plumes in the two study seasons (2020–2021) show predominantly an E–W movement (profiles 1 and 2). In profile 3, the movement was in the S–N direction and was influenced by the diffusion of the large plume described in profile 2. In profile 4, the plume assumes a NE–SW movement, and its enrichment is associated with the new deposition at the SW limit of the natural leachate reception basin. The four overlapping profiles show that leachate enrichment zones play a relevant role in the direction of flow and migration of contamination plumes in lithologies, groundwater and surface water.



The spatialized electrical resistivity models at the studied stations show that the anomalies in the subsurface environment decrease as one moves away from the dump to the north (profile 3), which reveals the attenuating effect of groundwater and lithological substrates. Thus, the resistivity models have proven to be efficient in assisting in the adoption of structural measures for monitoring the possible leachate contamination flows in the lithologies, surface and groundwater around the Hulene-B waste dump, Maputo, Mozambique. Studies are ongoing to quantify the chemical contamination of groundwater and surface water.
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Figure 1. (a) Location, geophysical survey lines and environment context (b) geology and topography. Adapted by Oliveira et al. [36]. 






Figure 1. (a) Location, geophysical survey lines and environment context (b) geology and topography. Adapted by Oliveira et al. [36].



[image: Environments 09 00019 g001]







[image: Environments 09 00019 g002 550] 





Figure 2. Electrical resistivity model of profile 1, 2020, (a) and 2021 (b). 
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Figure 3. Geophysical surveys: (a) profile 1 in 2020—the arrow indicates the surface leachate concentration ditch parallel to the profile 1; (b) drainage ditch with uninsulated surface leachate 2021; (c) southern section of profile 1 in 2021. 
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Figure 4. Electrical resistivity model of profile 2, 2020 (a) and 2021 (b). 
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Figure 5. Electrical resistivity model of profile 3 in 2020 (a) and 2021 (b). 
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Figure 6. Electrical resistivity model of profile 4 in 2020 (a) and 2021 (b). 
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Figure 7. Possible flow directions of contamination plumes 2020–2021, modified from Bernardo et al. [18]. 
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