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Abstract: In many parts of the world, the impact of open landfills on soils, biosphere, and groundwa-
ter has become a major concern. These landfills frequently generate pollution plumes, the contours of
which can be delineated by non-intrusive geophysical measurements, but in arid environments, the
high soils resistivity is usually an obstacle, which results in the low number of studies that have been
carried out there. In addition, such prospecting using geophysical techniques do not provide infor-
mation on the intensity of the processes occurring in the water table. This study was carried out on
an uncontrolled landfill in the arid Tadla plain, Morocco’s main agricultural region. A survey based
on geo-referenced spontaneous potential measurements was combined with measurements of anoxic
conditions (Eh-pH and O, equilibrating partial pressure) in the groundwater and leachates, in order
to highlight a pollution plume and its geometry. The range of spontaneous potential measurement
is wide, reaching 155 mV. Ponds of leachate with high electrical conductivity (20 to 40 mS cm™1)
form within the landfill, and present very reducing conditions down to sulphate reduction and
methanisation. The plume is slowly but continuously supplied with these highly reducing and
organic carbon-rich leachates from the landfill. Its direction is towards N-NW, stable throughout the
season, and consistent with local knowledge of groundwater flow. The fast flow of the water table
suggests pollution over long distances that should be monitored in the future. The results obtained
are spatially contrasting and stable, and show that such techniques can be used on a resistive medium
of arid environments.

Keywords: self-potential; redox potential; leachate plume; landfill; Tadla; Morocco

1. Introduction

Discharging into open, uncontrolled or semi-controlled landfills is one of the cheap-
est procedures for the disposal of solid waste. It is therefore a widespread municipal
practice in many parts of the world [1-5]. They constitute potential sources of various
kinds of pollutant as fermentation in these landfills generates leachate that contain a broad
spectrum of xenobiotic organic or inorganic pollutants that can contaminate surround-
ing groundwater, often a scarce water resource [6], and sometime over long distances
(usually several hundreds of metres) [7]. Water flows within the waste and soil facilitate
the redistribution of chemicals, microorganisms and nutrients, and the flow of pollutants
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into groundwater forms a contaminant plume in the aquifer system [8]. Water is thus the
main vector of contamination, but it is also necessary for hydrolysis, the first step in the
anaerobic degradation process. Given the invisibility and complexity of the groundwater
environment, delineating the extent of a pollution plume is generally difficult and costly,
as is access to the characteristics of polluted groundwater [9]. Geophysical tools using
non-intrusive techniques are the most suitable tools for delineating the contour of a plume.
Among all the relevant geophysical techniques, spontaneous potential (or self-potential, SP)
measurements have been used for some thirty years in contamination studies of household
waste landfills. More specifically, contamination studies have recently multiplied due to the
high sensitivity of SP to redox conditions in shallow aquifers [10-12]. Indeed, spontaneous
potential detectable at the soil surface, is sensitive to spatial variations in charge flow within
the matrix, oxidation-reduction gradients, temperature variations, microorganism signals
or other activities accompanied by contaminant migration [13-19]. The delimitation of a
plume also makes it possible to locate groundwater access points more precisely for the
characterisation or monitoring of the microbiological and chemical status of the ground-
water [20,21]. However, in the literature, the application of these geophysical methods
mainly concerns industrialised countries, and they are rarely applied to African countries
in general, and Morocco in particular. This study, carried out in the agricultural region of
Moroccan Tadla, aims to delimit the extension of the plume of pollution of the water table
generated by an open and uncontrolled dumpsite, as well as the direction of propagation
and its stability following the seasonal irrigation of the surrounding plots. Measurements of
spontaneous potential are associated with a physico-chemical characterisation of irrigation
water, drainage water, landfill leachate, and groundwater in order to identify the intensity
the processes involved and accompanying the genesis of the plume.

2. Materials and Methods
2.1. Study Area

The study was carried out on the Souk-Sebt landfill, an uncontrolled landfill of about
8 ha in the Tadla plain, the main agricultural production region of Morocco (Figure 1).
On a regional scale, the Tadla plain, characterised by an arid climate, is supplied with
water by the Atlas Mountains in the south. In addition to this natural supply, there is a
powerful irrigation network coming from the Bin El Ouidane dam, located about 100 km
upstream from the area. This network, set up at the end of the 90s, is already old and
has numerous leaks contributing locally to the recharge of the water table. The climate is
continental semi-arid to arid, with a dry season from April to October and a wet season
from November to March. The inter-annual average temperature is about of 20 °C and
the annual average rainfall about 430 mm [22]. The plain is drained by the river Oum Er
Rbia that crosses it in its centre from east to west. The study site is on the left bank, and
the water table at a depth of 5 to 6 m under an indurated limestone crust flows regionally
towards the north-northwest [23]. Regionally, it fluctuates due to recharge during irrigation
periods. On the surface, the soils have a fine texture and moderate permeability. Land use
is intense and the population, in scattered settlements [24], also uses water from wells for
washing, drinking and cooking. There are numerous unauthorised landfills [25], and the
delimitation of pollution plumes from these landfills is therefore of major health interest.
The Souk-Sebt landfill is surrounded by agricultural plots that are generally irrigated from
the end of April to the end of June. This landfill mainly receives household and agricultural
waste, but more recently, organic residues from a beet sugar production plant are regularly
dumped there. The soil of the landfill, compacted by the weight of the trucks unloading
the waste, is not very permeable and the leachate only infiltrates very slowly. During the
winter period, the rains, although not very abundant, are sufficient to generate pools of
leachate, the local depth of which can reach 1 metre and the extension of which can be
several tens of square metres each.
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Figure 1. Geographical framework and location of the Souk-Sebt landfill in the Tadla plain. UTM
coordinates in metre using Lambert conical conformal projection (Morocco zone 1).

2.2. Spontaneous Potential Measurement

The material used consists of two impolarisable electrodes PMS9000, Pb/PcCl2,
NaCl [26]. These electrodes are sealed with porous wood and an electrolytic solution
of NaCl ensures electrical continuity between the inside of the electrode and the soil. The
voltage measurement was carried out using a Widewing Multimeter UNI-T UT71A volt-
meter (Petiau type, SDEC, Rousset, France) with an input impedance of 10 M(Q). This high
impedance value ensures good measurement quality. One of the electrodes is fixed, used
as a reference potential, and the second is mobile. The latter is moved successively over the
different points of the studied terrain. The cable used is a flexible cable made up of two
copper strands with a cross-section of 0.75 mm?. To ensure good electrical contact between
the ground and the electrode, the electrode is inserted in a superficial auger hole (10 cm)
filled with a mud made with the earth taken with an auger mixed with slightly mineralised
water. The measurement is noted when the measured potential is stabilised, i.e., when the
voltage fluctuations do not exceed 2 mV. The GPS coordinates are recorded for each mea-
suring point. The measurements were carried out in 3 campaigns, to ensure that the results
do not reflect an ephemeral situation. The first campaign was carried out in April 2020
before the irrigation period, and the two others in June and July 2020 corresponding to the
period of groundwater recharge through irrigation. During each campaign, measurements
of spontaneous potential were carried out all around the landfill to compare the upstream
and downstream situations according to regional groundwater flows.

2.3. Redox Potential and Physicochemical Measurements

Measurements of temperature, electrical conductivity, pH and redox potential were
carried out in the field, in situ in the leachate, and on samples taken from the water table
from wells and boreholes located around the landfill, as well as from plot drains and
irrigation water. The equipment used is a Hanna Instrument HI98150 pH-meter (Hanna
Instrument, Lingolsheim, France). The redox electrode is a platinum electrode with a
KCl/AgCl2 half electrode. The potential of the half electrode, which is temperature-
dependent, has been added to the voltmeter reading to obtain the redox potential Eh. The
redox measurements were carried out on site, taking care not to cause oxygenation of
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the medium during measurements and sampling. In order to reduce the time needed
to stabilise the measurements when changing redox environments, the measurement
campaigns were grouped together, i.e., all the measurements in the leachate were grouped
together on the same day, then the measurements in the groundwater or irrigation water
were carried out the next day, for each campaign (April, June and July 2020). The 9 wells
closest to the landfill, and located both upstream (South and East sectors) and downstream
(West and North sectors) were characterised in situ and sampled, and 11 measurement
points were defined for monitoring the characteristics of the irrigation and drainage water
in the plots. Finally, 27 measurement points on seasonal leachate ponds were characterised
inside the landfill. All the characterisation points are grouped together in Figure 2.
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Figure 2. Location map of water characterisations measurement points (irrigation, drainage, groundwater and leachate

water). Note that the waste is grouped in windrows within the landfill. UTM coordinates in metre using Lambert conical

conformal projection (Morocco zone 1).

2.4. Field Data Treatments

The redox potential values obtained are presented on the Pourbaix diagrams for the
various chemical elements (N, Fe, S and C). The equilibrium oxygen pressure pO, has been
calculated from thermodynamic data from the dissociation equilibrium of water:

2H,0 <+ 4H+ + 4e— + Oy (g), €))

This reaction has slow kinetics leading to thermodynamic non-equilibrium [27]. The
calculation of the equilibrating O, partial pressure offers the advantage of combining pH
and Eh measurements in order to estimate a global parameter of anoxia, i.e., log(pOy).

2.5. Mapping Tools

The mapping of the results was carried out with the Surfer software (Golden Software,
LLC, 809 14th Street, Golden, CO, USA). As the number of measurement points during
each campaign was insufficient for a geostatistical study, extrapolation between the mea-
surement points was carried out by default on the basis of an unbounded linear variogram.

3. Results
3.1. Self Potential Survey

A total of 165 spontaneous potential measurement points were carried out over the
3 campaigns inside and outside the landfill. The range of values is wide, from +90 mV
observed to the south east, outside the landfill to —65 mV observed inside the landfill.
Mean values and standard deviation are presented in Table 1. The SP measurements carried
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out outside the landfill show a relative stability over time, from one campaign to another.
Some rare differences appear on the western edge of the landfill with values alternately
shifting from negative to positive and then negative again depending on the 3 campaigns.
Due to this stability over time, the results of the three campaigns have been grouped
together and are presented in Figure 3, where the negative values, likely associated to low
redox conditions, indicate the position and direction of the pollution plume towards the
north-northwest of the landfill (Figure 3). The measurement points that differed between
the campaigns were found to be located at the very edge of the plume. On the other
hand, inside the landfill the observed values were always negative, but there was a greater
variation between measurement campaigns. These variations accompany the restructuring
of the waste swaths as trucks pass by, the dumping of newer waste and the relocation of
low points and leachate ponds.

Table 1. Mean SP Values and standard deviation inside and outside the landfill.

Self Potential mV Mean Standard Deviation

Inside the Landfill —6.37 5.62

Outside the landfill Inside plume -7.3 441
Outside plume +16.08 13.27

Self Potential (mv)

116

108
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60
52
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28
20
12
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Figure 3. Survey regrouping of self-potential results obtained during the 3 measurement campaigns in and around the
landfill. UTM coordinates in metre using Lambert conical conformal projection (Morocco zone 1).

3.2. Redox Potential, pH and Electrical Conductivity

Within the landfill, several types of leachate of different colours and fluidity could be
distinguished. The dominant colour was black, characterising leachates rich in dissolved
and particulate organic carbon. A distinction was made according to the depth of the
measurement, i.e., on the surface or at the bottom of the leachate pond. Some leachates
showed a green to red colour, reflecting photosynthetic activity, while others were white.
The electrical conductivity values of the leachate were high, between 20 and 40 mS cm ™!
(Table 2).
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Table 2. Mean electrical conductivity and standard deviation for leachates, irrigation water, drain
water and watertable around the landfill.

EC (mS cm™ 1) Mean Standard Deviation
leachate 33.35 5.44
irrigation water 0.52 0.01
watertable 0.83 0.19
Drain water 0.51 0.01

The redox potential ranged from —0.16 to +0.1 Volts, with a pH range of 6 to 8.35.
The combination of these values is shown in the Pourbaix diagrams of nitrogen, iron,
sulphur and carbon (Figure 4a—d). The equilibrating partial pressure according to the type
of leachate is presented in Figure 5. The range was from 10-63 to 10-50 atm. The leachate
typology observed and mentioned above seemed to correspond to different degrees of
reduction, with red or green leachates showing the least reducing values. Similarly, there
was a difference between the redox characteristics of surface (slightly less reducing) and
depth for black leachate. In addition, during each field campaign, we have always observed
a certain amount of waste burning in the landfill.
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Figure 4. Pourbaix diagram showing the species stability domains for irrigation water, ground water and leachates for
(@) N, (b) Fe, (¢) S, and (d) C.
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Figure 5. Bulk and mean value of calculated oxygen-equilibrating partial pressure for irrigation-,
drainage-, ground-water and leachates.

Outside the landfill, the electrical conductivity of irrigation and drainage water was
of the same order of magnitude, with averages of 0.52 and 0.51 mS cm ™!, respectively.
Ground water, on the other hand, was slightly more mineralised, with an average value of
0.83 mS cm~!. Among the few data collected, no trend of higher minerality was observed
downstream of the landfill (Figure 6), but the sampled wells are only the existing wells
closest to the landfill and appear to be outside the pollution plume. The lowest values
found (about 0.6 mS cm ™) were immediately north of the landfill, but close to the irrigation
canal. On the whole, groundwater was rather oxidising with an equilibrating O, partial
pressure in the order of 10-33 atm (Figure 5). The redox potential ranged from 0.18 to
0.27 V, and the pH from 7.8 to 8.6 (Figure 4).

Electrical Conductivity
mS cm '

" ) ]
378,000 378,500 379,000 375,500 378,400 378,600 378,800 379,000

UTM Coordinates in m UTM Coordinates in m
(a) (b)

Figure 6. Distribution of electrical conductivity (a) in the watertable, and (b) in the leachates.

4. Discussion
4.1. Plume Detection and Stability throughout the Season

The measurement of spontaneous potential appears to be suitable for the detection
of the pollution plume in this arid region. The difference between the outside and inside
of the plume (mean values of +16.1 mV and —7.4 mV respectively, Table 1) illustrates
the reliability and representativeness of the spontaneous potential measurements. This
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difference is high compared to the variability within each area (standard deviations of 4.4
and 13.3 mV) and the values measured in the landfill are consistent with those collected
in the plume outside the landfill. Low and/or negative spontaneous potential values are
organised similarly during each field campaign. Very slight differences were detected on
the western edge of the landfill that can be attributed to a slight change in groundwater flow
due to the strong increase in irrigation in the summer period, with a resulting increase in
groundwater recharge. This change remains minimal and reflects a slight shift in the plume
edge. Overall, irrigation and local groundwater recharge do not appear to significantly
alter the orientation of the pollution plume. The plume appears clearly on the mapping
at the hydrogeological downstream of the landfill, and confirms a contamination of the
groundwater table by leachate. It seems relatively narrow and do not exceed the width of
the landfill. Two mechanisms are likely to be at the origin of the SP field. The electrical
conductivity of the watertable being slightly more charged, the displacement of these
charged ions within the porous matrix generates an electrokinetic potential. On the other
hand, the gradients of redox conditions within the plume are probably at the origin of
an electrochemical potential. The response obtained and shown in Figure 3 is probably a
combination of these two effects, electrokinetic and electrochemical. An hydrochemical
study of well waters further downstream of the landfill is planned to specify the various
mechanisms involved in the self potential field.

4.2. A Real but Fairly Moderate Contamination

Groundwater is slightly more mineralised than irrigation water, partly due to evapora-
tion in irrigated plots. On the other hand, leachates have a dissolved ionic charge between
20 and 80 times higher than that of groundwater or irrigation water. However, there is
no clear increase in the minerality of the groundwater to the north-west of the landfill,
possibly due to (1) the lack of access to the groundwater inside the pollution plume during
field campaigns, (2) probable dilution of these wells by irrigation water from the canal in
the vicinity, but also (3) the fact that the leachate flow reaching the groundwater is low com-
pared to the groundwater flow. This result can be explained by the low permeability of the
fine-textured soils that are compacted by the passage of loaded trucks that come to deposit
the waste in the landfill. The low permeability under the landfill also explains the presence
of leachate ponds that remain throughout the season despite the low rainfall. The redox
conditions observed in the field vary considerably between irrigation water, drainage water,
groundwater and the different types of leachate. In general, the groundwater presents
oxidizing redox conditions close to those of the irrigation water, but the measurements
made on the wells near and north of the landfill show conditions that exceed an anoxia
favourable for denitrification (Figure 4a) and approaching the Felll/Fell equilibrium limit
(Figure 4b). Thus, despite a fairly low electrical conductivity, it reflects a fairly high level
of contamination. The punctual EC measurement remains moderate, which reinforces
the interest of a survey using spontaneous potential method. It allows a higher density
of information, and is sensitive both the spatial modification of the ion flux (EC) and the
gradient of redox conditions. Two spontaneous potential measurement lines were carried
out downstream of the landfill and during two different periods. The stability of the results
obtained suggests permanent contamination and propagation over long distances due to
the high flow of the water table. The impact on groundwater quality is all the more alarm-
ing as the rural populations of this region are directly pumping from the aquifer for their
water supply due to the isolation of the dwellings. Uncontrolled landfills are numerous,
and water quality should therefore be monitored within dwellings located in the direction
of the spread of pollution plumes [22]. In addition, recent surveys of farmers (unpublished)
suggest agricultural land degradation along the plume axis, resulting in many problems
of olive tree growth or degradation. Geophysical measurements are planned in order to
better understand the context that may explain such degradation. For many contaminants,
the attenuation processes provide significant natural remediation, limiting the effects of the
leachate on the groundwater to an area usually not exceeding 1000 m from the landfill [7].
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A future field campaign will also have to focus on wells several hundred metres away from
the discharge, in the axis of the detected pollution plume.

4.3. Ongoing Processes in the Leachate

Within the landfill, a strong spatial and temporal heterogeneity of SP values was
observed from one campaign to the next. This heterogeneity contrasts with the regular
and progressive evolutions observed outside the landfill. Such spatial variability reflects
the presence of hot spots, punctual zones of intense fermentation of recent organic waste.
Such hot spots are common and have been observed in other landfills [17,28-30]. The
constant re-shuffling of waste by trucks and the constant influx of new waste means that
these hot spots are quite transient and differ from one campaign to another. The redox
conditions found in the leachates are very reductive, approaching conditions favourable to
the sulphate-reduction (Figure 4c) and methanisation (Figure 4d) processes, with very low
equilibrating oxygen partial pressures. The permanent combustion of the waste must be
attributed to the production of methane. These conditions are not spatially homogenous,
as the distinction between the types of leachate according to their colour reflects different
degrees of reduction. Even for the black leachates, the most reducing, it can be seen
that on the surface of the ponds an adsorption of oxygen from the air allows a slight
oxidation, a phenomenon which is nevertheless insufficient to oxidise the leachate. The
biological activity, abundantly nourished by the high organic carbon content, maintains
very reducing conditions.

5. Conclusions

Our study of a landfill site in the Moroccan Tadla Plain confirms the presence of a
plume of water table contamination by leachates, a plume that extends in the regional
direction of groundwater flow. Due to the easily fermentable organic carbon-rich composi-
tion, the fermentation processes within the landfill are extreme and leachates production
is high. Given the population density and land use, the study raises a worrying health
problem, directly due to the use of groundwater loaded with organic pollutants, metals,
bacteria and other toxic elements from the landfill, or indirectly due to the recycling of these
pollutants through irrigated agricultural activity. On the surface, the low permeability of
the soil, due to its fine texture and the compaction by trucks, leads to the formation of
leachate ponds. In this context, leachate infiltration is slow but continuous. The low flow
of leachate that reaches the water table does not cause a significant change in electrical
conductivity, but the input of highly biodegradable dissolved organic carbon leads to a
plume marked by reducing processes that contrast with the oxidising conditions upstream
of the landfill. This plume and its propagation towards the north-north-west are clearly
shown by spontaneous potential survey, and measurements taken over several periods
show the permanence and directional stability of the plume, which are little impacted
by the irrigation of the surrounding plots. The high groundwater flow probably favours
long-distance contamination, a point that will have to be confirmed in the future.
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