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Abstract The objective of this research was to evaluate
the interaction of landfill leachate of urban solid waste in
clayey (CL) and sandy soils (SL) in order to determine
physical and chemical parameters that can be used as
indicators of soil contamination when there are faults in
the landfill waterproofing. In the diffusion tests,
compacted soil samples were placed in contact with
leachate (methanogenic phase). The temporal analysis
(200 days) considered the parameters pH, electrical
conductivity (EC), alkalinity, nitrogen series, chemical
oxygen demand (COD), solids and color for the leachate
and pH, ApH, EC, total nitrogen (TN), chemical ele-
ments, and cation exchange capacity (CEC) for the soils.
Correlation analysis and principal component analysis
(PCA) were performed to results. It was observed that
the studied soils have potential to attenuate chemicals
present in the leachate; this indicates the possibility of
using them as base in landfills. Correlation analysis and
PCA carried out to CL showed that in a process of CL
monitoring the pH would be the key parameter to indi-
cate contamination of this soil, due to the high correla-
tion of this parameter with the others analyzed. For the
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SL, the parameters pH, alkalinity, apparent color, and
COD (total and filtered) could be used as indicators of
contamination. In both soils, monitoring of concentra-
tions of Ca, Mg, K, SB, V, and CTC can be used to
indicate possible faults in the waterproofing system of
the landfill.
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Introduction

Disposing of urban solid waste (USW) in landfills is
considered an efficient and economical waste disposal
technique (Khattabi et al. 2002); however, it can exert
impacts. Leachate, effluent originating from the infiltration
of rainwater that percolates through solid waste carrying
biological decomposition products and dissolved minerals,
can contaminate the environment (soil, surface, and
groundwater) and cause harm to human health if landfill
management systems are not used (Longe and Enekwechi
2007; Parameswari and Mudgal 2014; Aboyeji and
Eigbokhan 2016; Han et al. 2016; Ling and Zhang 2017,
Kapelewska et al. 2017).

Soil under the landfill can be used as a secondary
protective barrier to prevent migration of contaminants
because of their low permeability and sorption properties
(Nguyen et al. 2011), and also has low-cost installation.
The recognized natural attenuation capacity of soil against
chemical species in solution is mainly dependent on its
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texture, and those with a higher fine content are more
reactive, as the particles found in the clay fraction attract
circulating ions and promote their adsorption, while those
with a higher particle size are more likely to leach (Rizzo
and Lollo 2006; Cronan 2018).

Different technologies have been developed and ap-
plied in landfills with the objective of evaluating possi-
ble soil contamination due to faults in the waterproofing
system of its base (Moreira et al. 2018; Shu et al. 2018)
or to evaluate the levels of contamination of the soil and
groundwater, due to percolation of the leachate in land-
fills without waterproofing (Xie et al. 2016; Akpan et al.
2018; Przydatek and Kanownik 2019), but up to now no
studies are found that evaluate the interaction of the
leachate with different soils, aiming to point out simpli-
fied parameters that could indicate the contamination of
these, in case there is a problem of waterproofing at the
base of the landfill.

Considering the above, the objective of this research
was to evaluate the interaction by diffusion of USW
leachate in soils of different textural classes by analyz-
ing its physical and chemical characteristics and to
indicate which of the analyzed parameters could be used
as soil contamination indicators when there are failures
in the landfill waterproofing system.

Materials and methods
Leachate and soils

The leachate used in this research was collected at the
sanitary landfill in the city of Rolandia, Parana, Brazil
(23° 18" 35" S, 51°22' 09" W, 730 m altitude; Fig. 1).
The landfill has been in operation for 12 years and
receives about 40 tonnes of household waste daily.
According to the Kdppen classification, the climate in
the region is Cfa, humid subtropical, with hot and humid
summers and cold and dry winters. The mean annual
temperature is 22.5 °C and the mean annual rainfall is
1500 mm (Lopes et al. 2012). There was no rainfall in
the 14 days prior to collection.

The soils used in the research were identified accord-
ing to their predominant textural class: clayey and sand.
Their physicochemical characterization was performed
by Gongalves et al. (2018).

Clay soil (CS) is composed of 56% clay, 24% silt, and
20% fine sand. Other physical characteristics of this soil
are as follows: density of solids of 3.03 g cm > and
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plasticity index of 14. Its classification by the Unified Soil
Classification System (USCS) is given as MH (silt of high
compressibility), which is justified by its flocculated char-
acteristic, mainly by acid pH and presence of low sodium
content in its composition (De Melo et al. 2019). This soil
was collected manually at a depth of 2 m at the Geotech-
nical Engineering Experimental Field, State University of
Londrina (UEL), in the city of Londrina, Parana, Brazil
(23°18'37" S, 51° 09’ 46" W, 585 m altitude; Fig 1).

Sandy soil (SS), whose granulometry presents 77%
sand, with the rest of the composition being fine (10%
silt and 13% clay), is classified as SC (sand clay) by the
USCS. Among the other physical characteristics of this
soil, it has a density of solids equal to 2.69 g cm > and a
plasticity index of 16. This material was collected by
digging a slope along the PR 376 - Km 37 highway, in
the municipality of Mandaguagu, Paran4, Brazil (23° 20
50" S, 52° 05’ 3" W, 580 m altitude; Fig 1).

The two soils present quartz, iron oxide, and kaolinite
(mineral of type 1:1) in their composition, differing only
in their proportions of occurrence.

Soil contamination

Contamination of the bottom liner of a sanitary landfill
was simulated using diffusion cells (adapted from
Barone 1989). The test consists of leaving the contam-
inating solution in direct contact with a compacted and
saturated soil specimen, configuring no hydraulic flow.
These conditions favor the diffusion process to the
detriment of the other physical processes, culminating
in the best appreciation of the phenomenon (Johnson
et al., 1989; Leite et al. 2003).

Soil cylinders were compacted with normal Proctor
energy. The optimum compaction moisture for soils had
already been determined by Gongalves et al. (2018). In
order to ensure statistical similarity between the compacted
soil cylinders, the parameters for the deviation of the
moisture content were controlled (+ 1.5 % in relation to
the optimum compaction moisture) and degree of compac-
tion (£ 5.0 %).

The specimens for the diffusion test were obtained by
cutting the compacted cylinders at a height of approxi-
mately 4.5 cm, totaling 20 specimens for each soil. Each
specimen was placed in a diffusion cell (@iemar = 10
cm, mean height = 12 cm) and saturated by capillarity
using water.

After saturating the specimens, the diffusion cells
were sealed in the lower part and 500 cm® of leachate
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Fig. 1 Location of the landfill site and soil collection sites used in this research

was transferred to each cell, making a column of leach-
ate on the soil (6.4-cm blade).

Monitoring leached and contaminated soil
characteristics

On previously determined days, a diffusion cell of each
type of soil was randomly chosen to analyze the time
variation of leachate and soil characteristics throughout
the diffusion process.

Leachate samples in contact with clay soil (CL) and
leachate in contact with sandy soil (SL) were analyzed
using pH, alkalinity, electrical conductivity (EC), bio-
chemical oxygen demand (BOD), chemical oxygen de-
mand (COD—total and filtered), solids series, nitrogen
series, and color (true and apparent) parameters (Apha
2005).

After removal, soil specimens were left outdoors for
moisture reduction. The pH analysis (CaCl,, H,O, KCI),
EC, organic carbon, total nitrogen (TN), and elements

(Ca, Mg, K, Al, H + Al) were performed, whose meth-
odologies are described by Pavan et al. (1991) and
Tedesco et al. (1995). Based on these analyses, the base
saturation (V%), cation exchange capacity (CEC pH
7.0), and ApH (the difference between the pH in KCI
1 mol L™" and the pH in water) were calculated.

The experiment took 200 days, with increasing time
intervals between sample withdrawals. The leachate and
soil parameters were analyzed by temporal diffusion
interaction curves.

Statistical analysis

As the objective of evaluating the associations among
the analyzed variables, as well as their correlation and
identifying which main parameters could be used as
indicators to evaluate soil contamination, the multivari-
ate statistical analysis—principal component analysis
(PCA) and correlation analysis (correlation matrix)—
was used to evaluate 14 out of the 18 parameters
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monitored in the leachate (pH, EC, total alkalinity, ap-
parent and true color, nitrogen series, COD, and solids
series) and 14 out of the 16 parameters monitored for
soil (pHg0), pPHxcn, ApH, EC, C, N, P, Ca, Mg, K,
SB, H + Al, V, and CEC). These analyses were per-
formed using the Statistica 10 statistical software.

Results and discussion

The physical-chemical characterization of the leachate
and soils used in this research is presented in Table 1.
The physical-chemical characteristics of the leachate
are highly variable throughout the life of the landfills
(Naveen et al. 2017). The characteristics of the deposit-
ed residues, the age of the landfill, and the climatic
conditions of the place have a significant effect on its
composition (Kawai et al. 2012; Tatataj et al. 2016;
Mishra and Tiwary 2018; VAHABIAN et al. 2019).
The leachate used in this research presented high pH
values, alkalinity, total nitrogen, NH4*-N, color, and
total fixed solids (TFS)/total solids (TS) ratio, as well

Table 1 Physical-chemical characterization of leachate and soils

as the low values for BOD/COD ratios, which is expect-
ed for a leachate from a landfill which has been in
operation for more than 10 years (methanogenic phase),
as discussed by Spagni and Marsili-Libelli (2009) and
Oliveira et al. (2017), who studied leachates that had the
same characteristics.

For both soils, the ApH is negative which indicates
the predominance of surface negative charges. Sposito
(1989) in his book, where provides insight into the
chemical behavior of pollutants in soils, indicates that
soils that have low base saturation, such as those ana-
lyzed in this research (Table 1), have a lower adsorption
of basic cations, Ca>*, Mg?*, and K*, in the soil colloids
when compared with the exchange points occupied by
the acid cations, H* and AI**, which indicates the reten-
tion potential of these compounds initially in the ana-
lyzed soils.

Figure 2 shows variations in EC and pH of the
leachate (CL and SL) and the soils (CS and SS) through-
out the diffusion test.

The EC of both CL and SL decreased (up to the 66th
day of the study) (Fig. 2A, B). Its decrease was more

Leachate Soil
Parameter Average Parameter Type of soil

Cs(l) SS(Z)
pH 7.69 pH (CaCl,) 470 3.80
Alkalinity (mg CaCO; L™ 3274 pH (H,0) 5.00 4.40
EC (uScm ") 10600 pH (KCI) 4.60 3.50
BOD 5 (mg O, L") 127 ApH® -0.40 -0.90
COD 1 (mg O, L™ 1825 EC (uS cm ) 25 14
COD (mg O, L7 1517 oC® (gdm™) 3.97 0.15
TS (mg L) 5350 OM® (g dm™) 6.83 0.26
FTS (mgL ™) 3944 TN (cmol, dm /g dm>) 0.39/0.78 0.00/0.00
TKN (mg NH,*N. L™ 786 Ca (cmol, dm /g dm ) 1.15/0.23 0.27/0.05
NH,"-N (mg NH,*-N. L") 723 Mg (cmol, dm™>/g dm™) 0.28/0.03 0.04/0.00
NO,-N (mg NO,-N. L") 0.37 K (cmol, dm /g dm ) 0.18/0.07 0.03/0.01
NO;-N (mg NOy-N. L™ ND Al (cmol, dm /g dm™>) 0.08/0.01 0.84/0.08
Ca (g dm™) 0.73 H + Al (cmol, dm /g dm) 5.34/0.53 2.94/0.29
Mg (g dm ) 0.19 SB® (cmol, dm ) 1.61 0.34
K (g dm ) 0.82 CEC (cmol, dm3) 6.95 3.28
True/apparent color (uH) 3897/4272 V® (%) 23.16 10.38

™ Clay soil—Londrina, Parana; ® Sandy soil—Mandaguacu, Parand; ® ApH = pH (KCI) — pH (H,0); “” Organic matter—corrected value
with factor 1.3 for the non-oxidized portion recognized by the method; © Organic material (estimated) = 1.724 x OC; © SB = Ca®* + Mg**

+KY P T=CECryu=SB+H+ AL ®V (%) =(SB T)x 100
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Fig. 2 Variations in (A, B) EC and in (C, D) pH of the leachate and the soils throughout the experiment

significant for the clay soil, indicating that the cations of
the solution (Ca*?, Mg?*, K*, Na* among others) were
adsorbed to the soil more significantly. After that, the
trend reversed, culminating in the increase in EC. The
retention takes place over a period that corresponds to
the saturation potential of soil salts. From this point on,
the complexity and variety of elements present in the
medium can influence desorption of soil surface ele-
ments (Sposito 1989; Cronan 2018).

For the soils, the EC increased throughout the experi-
ment (Fig. 2A, B) and reached values 10 to 15 times higher
than the values obtained in the characterization. This oc-
currence can be correlated with the contribution of ions by
the soil-leachate contact. Leite et al. (2003), when evalu-
ating the diffusion of specific substances in soil, also
observed an increase in EC over time, indicating that ions
were being released either by precipitation processes or by
the ion addition of the soil contamination.

Koda et al. (2017) used the electrical resistivity meth-
od to investigate the possible migration pathways of

pollutants in landfills. The objective of this study was
to analyze the spatial migration of pollution for further
design of the reclamation and restoration plans. These
authors point out in their methodology that there is a
positive correlation between soil EC and the amount of
dissolved elements in their solution, i.e., the higher the
contribution of polluting solution ions, the higher the
soil EC. This characteristic, when properly evaluated
and based on analytical determinations, can be used as
important information for the evaluation of soil
contamination.

Considering the pH, it can be seen from Fig. 2C and
D that there was a variation in the values of this param-
eter for both the leachate and the soils analyzed. These
variations can be explained by observing other parame-
ters, such as the alkalinity and the nitrogen series of the
leachate during the experiment (Fig. 3) and the variation
of the evaluated elements in the soil (Fig. 7).

The conditions of the diffusion test (presence of
traces of oxygen in the medium, average temperature

@ Springer
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alkalinity, (C) TKN, (D) ammonia nitrogen, (E) nitrite, and (F)
nitrate of the leachate throughout the experiment. The line in the

of 21 + 30 °C) and the high concentration of nitrogen
present in the leachate could have interfered in the
variation of the pH values, initially at 7.7 and at the
end of the 200 days at 4.6 for CL and 6.1 for SL.

The primary nitrogen transformations in the soil, such
as nitrogen immobilization, ammonification, nitrification,
denitrification, and biological fixation, are important pro-
cesses for maintaining nitrogen supplementation in the
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medium (Levy-Booth et al. 2014; Wan et al. 2015) and it
is difficult to find a soil that does not contain nitrifying
microorganisms. As there was a decrease in the concentra-
tion of NH4*-N and the presence of NO, -N and NO; -N
(Fig. 3C—F) in the leachate in contact with both soils, the
nitrification process was observed in both.

In the conventional process of nitrification in the soil,
the NH,™-N is oxidized to NO, -N by the action of
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ammonia-oxidizing bacteria (AOB; Nitrosomonas sp.)
or archaea (ammonia-oxidizing archaea (AOA)), and
NO, -N can be oxidized to NO3z -N by the action of
nitrite-oxidizing bacteria (NOB; Nitrobacter sp.)
(Norton et al. 2002; Prosser and Nicol 2008; Yin et al.
2017). In the NH,*-N oxidation, about 7.1 mg CaCOs is
consumed every 1 mg ammonia nitrogen oxidized, due
to the release process of H' ions in the medium (EPA
1993). Considering the above, the decrease in pH for
both soils may be partially explained by the alkalinity
consumption.

Almost all of the alkalinity present in the leachate
was due to bicarbonates and carbonates (Fig. 3A). Its
decrease was quite significant in the first 30 days and
less significant after this period, regardless of the type of
soil analyzed. At the end of the experiment, more than
99 and 95% of the total alkalinity of the CL and SL
assays were removed, respectively.

Thirty days after the experiment, it can be observed
in Fig. 3C and D that 89 and 67% of NH,"-N were
consumed from CL and SL, respectively. Considering
the amount of alkalinity consumed in the leachate dur-
ing this period, it would be possible to nitrify about
555 mg NH,*-N/L of the CL and about 406 mg NH,"*-
N/L of the SL, which would correspond to a removal
percentage of NH4*-N/L of 76% in the CL and 56% in
the SL. From the balance between the oxidized NH,*-N
concentration and the NO, -N and NOs -N values,
there is a deficit in the concentrations of the components
of the nitrogen series, which indicates the occurrence of
other processes, such as volatilization of ammonia, soil
adsorption, or even denitrification (reduction to N5).

3% N,
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a 078_ L4 %TNremoved
0,7 . o W,
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In the soil, the NH4"-N adsorption process is usually
faster than the adsorption of the oxidized nitrogen
compounds and the adsorption rates of these
compounds are affected by the pH of the medium.
Lijklema (1972) sought to develop a simulation model
that allowed the calculation of the pH in an activated
sludge reactor operating under dynamic conditions. In
his research, the author explains that in acidic and neu-
tral environmental conditions, ammonia is found in the
form of ammonium ion NH,4"-N, while in alkaline con-
ditions, with pH above 8.5, some of the ammonia can be
released into the atmosphere. Thus, CS, which main-
tained the pH of the CL between the neutral and acidic
range for a longer time due to its buffering power and
greater number of active adsorption sites, was able to
retain more ammonium ions, whereas SL the volatiliza-
tion loss was probably higher.

Figure 4 shows the variation of the total nitrogen
concentration removed (TN;¢moveq) from the leachate
and the nitrogen adsorbed (TN,gsorbeq) i the soil during
the diffusion test. The TN ¢moveq from the leachate were
obtained based on the difference between the initial total
nitrogen (TN) (total Kjeldahl nitrogen (TKN) and oxi-
dized nitrogen) in the leachate and its variation over the
days. The TN, gsorbeq in the soil were obtained based on
the difference between the initial concentration of TN
present in the soil and its concentrations obtained over
time.

As can be seen in Fig. 4, throughout the assay, there
were variations in the TN concentration in both soils. In
the CS, there was an increase in the TNygsorped With
subsequent decrease in the adsorption potential of this
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Fig. 4 Variation of total nitrogen (TN) concentration of the leachate and adsorbed on the clay and sandy soils throughout the experiment
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compound, leaving a final NT concentration in the soil
practically equal to initial. For the SS, TN concentration
increased less significantly with subsequent stabiliza-
tion. Considering Figs. 3 and 4 simultaneously, it can
be confirmed that the process of TN removal of leachate
by routes such as nitrification and denitrification was
more intense in CL than in SL (TN¢onverted)-

Figure 5 shows the variation of COD, color, and
solids series of the leachate throughout the diffusion
test. From this figure (Fig. 5A), it is observed that there
was practically no difference between the concentra-
tions of CODrand CODr in each of the days of analysis,
which is explained by the low concentration of particu-
late organic matter present in the leachate, as discussed
by Oliveira et al. (2017) who used leachate collected in
the same site as the one used in this study. The COD
decreased, reaching approximately 200 and 900 mg L™
in the CL and SL, respectively, at the end of 200 days,
respectively, with 90% and 50% reductions.

The apparent (and true) color removal tendency of
the leachate (Fig. 5SB) can also be seen in Fig. 6. On the
first day, the apparent color reduction for both soils was
close to 20%. The true color reduction was more signif-
icant for the CL, approximately 35%, in detriment of a
reduction of just over 25% for SL. Reductions of appar-
ent color of 95 and 82% and true color of 97 and 83%
were achieved for clay and sandy soils, respectively, at
the end of the 200 days of study.

The analysis of the solids series for CL and SL
showed a tendency to reduce solid concentration, which
is more expressive for CL (Fig. 5C). Cronan (2018)
reviewing the physical and chemical characteristics of
the soils, together with the main biogeochemical pro-
cesses that influence the underground cycle of the ele-
ments in the ecosystems of the hydrographic basins,
points out that cations and anions are chemical sub-
stances that can be retained and conserved in the soil
under different conditions. The retention mechanism
usually involves a dynamic electromagnetic attraction
between a charged ion and a colloidal surface with an
opposite electrical charge. The soils used in this exper-
iment had a predominance of negative charges (shown
by the initial ApH), which favors their affinity with
positive charge chemical elements, such as NH,*-N_
Ca**, Mg**, K* H*, and AP*. The selectivity for ad-
sorption of these exchangeable cations to clay minerals
is described by the Lyotropic series and ranges from the
weak binding of some monovalent cations to the stron-
gest binding of cations, such as H" and AI**.

@ Springer

According to the Lyotropic series, NH,"-N is a cation
that has high affinity with the clay soil. This feature may
explain why TN concentration increased more rapidly in
CS than in SS (Fig. 4). Kr¢mar et al. (2018) performed
assessment of the municipal landfill pollution impact on
soil and shallow groundwater in Serbia during the peri-
od from 2014 to 2016. These authors indicate that some
substances migrate more easily from the leachate to the
soil, such as chlorides, TN, and COD. This fact is
mainly related to the chemical characteristics of these
compounds and also to their high concentration in the
leachate, which makes them possible indicators of soil
contamination in landfills.

Considering the temporal analysis of the other ele-
ments (Fig. 7), a gradual increase of K™ was observed.
This was due to the fact that this cation has the same
adsorption potential as the ammonium ion, causing
competition for active adsorption sites between them.
This relationship is also clear when it is observed that
only with the occurrence of other processes such as
nitrification, K* can be assimilated. Concerning the
other elements, a significant increase in Ca** and
Mg?* cations was observed already on the first day of
analysis. It should be noted that the highest apparent
assimilation of Ca®* over Mg** is due to the higher
initial concentration of this element in the leachate at
the moment of contamination (Table 1).

The hydrogen-aluminum sum followed a tendency
contrary to the other elements analyzed, for both types
of'soils, with a significant reduction in the concentration
over time, especially in the first days. This occurrence is
probably due to the increase of pH in the soil. The
availability of aluminum decreases when the pH of the
medium increases. Tedesco et al. (1995) explains that
when the soil starts to have a neutral to alkaline reaction,
the greater fraction of the pH-dependent loads become
available for cation exchange, starting to be occupied by
bases, which, in this research, led to the observation of a
significant contribution of soil solution bases to the soil
in the early days.

Acid soils with base saturation (V) below 50%, as
they were initially CS and SS, have their surface charges
dominated by hydrogen or aluminum ions. On the other
hand, they demonstrate a deficiency of adsorbed metal-
lic cations. Corroborating with the observation in the
decrease of the H + Al sum, an increase in elements
from the leachate and an increase in the pH of the soil,
the Vof'the two soils, reached approximately 70% at the
end of the 200 days of study.
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Fig. 5 Variation of the COD, color, and solids series present in the leachate during the experiment

Regarding monitoring the soil CEC, shown in Fig. 8,
this parameter increased for both soils over time. Sposito
(1989) explains that the increase in the pH of the soils
directly implies the increase in their CEC due to their
dependent character loads. It is known that the pH of the
SS increased significantly more than that of CS (Fig.
2B). However, it should be emphasized that the more
granula nature, together with the lower retention of

cations, makes SS more susceptible to nutrient losses
due to leaching. Thus, even with the fine fraction of the
two soils being similar, its smaller proportional amount
of fine grains allowed for a less significant variation of
its CEC.

Moreover, a correlation can be made between the
CEC of the soils, leachate color removals, and the
presence of humic substances (mainly humic and fulvic

@ Springer



577 Page 10 of 16 Environ Monit Assess (2019) 191: 577

CL

(@ ) (© @
SL

(@ ) (© (@

Fig. 6 Visual analysis of the color variation of the leachate in contact with the two types of soil throughout the experiment. Days of
study—(a) prior to contamination; (b) day 24; (c) day 59; (d) day 87; (e) day 115; (f) day 200
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acids) and the pH of both of them. Humic substances Canellas et al. 2005). The humic colloids present in

can be found in soils, wastewater, and sediments with the soil have high CEC and have pH-dependent solubil-
stable organic matter (Mendonga and Rowell 1996; ity. For the leachate, it is known that in the
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Fig. 7 Variation of the evaluated elements for the two types of soil throughout the experiment: in (A) CS and in (B) SS
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methanogenic phase there is an accumulation of humic
and fulvic acids of difficult biological degradation,
which contributes to its dark coloration (Fig. 6(a))
(Yong et al. 1992). Although the fractions were not
differentiated in this study, maintaining pH above 4 for
both soils, the CEC of its humic fraction was main-
tained. The tendency of this parameter to increase
throughout the experiment allowed the soil surface ex-
change sites to progressively ionize, favoring the con-
tinuous interaction between soil and leachate (Cronan
2018). Corroborating with this tendency for the CEC of
the two soils, at the end of the 200 days of study, the CS
showed (Fig. 6(f)) a greater removal of color than SS.
This fact, in addition to the other parameters analyzed,
shows that in the clay soil there was a more significant
interaction of the leachate with the soil, differently to the
sandy soil.

In general, it can be pointed out that there was inter-
action between the both soils and the leachate over time,
however in different intensities. Even though the CS has
a higher potential for interaction, the SS used in this
research also presented attenuation potential. Possibly
this result is related to mineralogy of the fine fraction of
both soils, which is similar, differing only in the propor-
tion of occurrence. It should also be noted that, in
addition to the presumed differences in the interaction
of leachate with different textured soils, the physico-
chemical complexity of the leachate generated in land-
fills (Christensen et al. 2001; Kjeldsen et al. 2003;
Arunbabu et al. 2017) shows the difficulty of working
with such a heterogeneous environment.

Based on the analysis of the interaction by diffusion
of the leachate into the soils, some parameters could be
indicated to evaluate the quality of the medium in the
occurrence of some failures in the landfill waterproofing
system. Figure 9 shows the correlation circles of the
analyzed parameters in the leachate in contact with the
soils: CL (Fig. 9A) and SL (Fig. 9B).

The PCA performed on the parameters for CL
showed that the first two principal components (PC)
explain about 79.00% of the data and 60.60% of the
total variability explained by PC1 and 18.41% by PC2
(Fig. 9A). All the analyzed parameters, except for EC,
TS, TFS, and TVS, exerted a strong influence on the
constitution of PC1. The total alkalinity, color (apparent
and true), TKN, NH,"-N, NO, -N, and COD (total and
filtered) marked the negative quadrant of this PC, and
they were positively correlated and anticorrelated to pH
and NO3; -N (Table 2). In relation to PC2, the

parameters that most influenced its constitution were
EC, TS, and TVS, both of which were present in the
negative quadrant.

For SL (Fig. 9B), the first two PCs were able to
describe 79.00% of the data and 49.89% of the total
variability explained by PC1 and 17.53% by PC2. The
parameters that most influenced the construction of PC1
were as follows: pH, total alkalinity, true color, TKN,
NH,"-N, NO, -N, TS, TVS, and TFS. Regarding PC2,
the parameters that exerted most influence in its con-
struction were EC, NO,-N, and COD (total and fil-
tered). In general, the parameters that most influenced
the constitution of PC1 were as follows: pH, total alka-
linity, true color, TKN, NH4"-N, and NO, -N. In the
case of PC2, EC it was the main parameter for both
media analyzed.

From PCA and correlation analysis (Tables 2 and 3)
applied to the evaluated parameters, it is possible to
indicate that for the CL the most important parameter
in the monitoring of a possible contamination of the soil
would be the pH, due to its high correlation with the
evaluated parameters, which indicates that its alteration
could signal some problem in the system of waterproof-
ing of the landfill and possible contamination of the soil
with the leachate. For SL, pH, total alkalinity, apparent
color, and COD (total and filtered) could be used as the
key parameters to indicate the contamination of this type
of soil with the studied effluent.

Shu et al. (2018) sought to investigate the transport
behavior of pollutants commonly found in leachate gen-
erated in landfills (Cd (II), DQO, and dichlorodiphenyl-
trichloroethane (DDT)) through typical landfill barrier
systems, using a geotechnical centrifuge and numerical
modeling. The authors indicated that, independently of
the studied condition, COD can be used as a key param-
eter to indicate that the containment barrier of the land-
fill has been violated, being this result attributed mainly
to the displacement velocity of the same in relation to
the evaluated compounds.

Using the PCA and the correlation analysis ap-
plied to the analyzed parameters in the soils, it could
be observed that all the parameters exerted a strong
influence on the constitution of the PC1, and was
mostly located in the negative quadrant of this PC
obtained for both soils. The Ca, Mg, K, SB, V, and
CEC parameters were the ones that most influenced
the construction of PC1 and presented the highest
values of correlation, which is due to the depen-
dence among them. If it was possible to made a
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prospection process to monitor the soils, for the
studied condition, the analysis of the mentioned
parameters could be used to evaluate the contamina-
tion. It is also worth mentioning that in the case of
CS, 4 other parameters could also be used in isola-
tion: pHyaerr PHrer, ApH, and H + Al

Samadder et al. (2017) evaluated soil samples con-
taminated with leachate, collected at different depths in
the periphery of a landfill that does not have any coating
of its base and leachate treatment system. From the
correlation analysis applied to the parameters analyzed
in the soil, these also indicated positive correlation

05 y

PC2:1841%
)

-05

PC2:17,53%

values among the parameters Ca, Mg, and K, which
confirms that the monitoring of any of these parameters
in the soil can indicate the contamination of the same
with leachate, and consequent failure of the waterproof-
ing barrier. Mouhoun-Chouaki et al. (2019) evaluating
the effects of solid waste discharge on soil quality in a
landfill located in Algeria indicated an increase in or-
ganic matter and heavy metals (Cu, Zn, Cd, Pb, Ni, and
Cr) in contaminated soil, which shows, as in the case of
leachate, the possibility of using the organic matter
concentration as a possible parameter to indicate soil
contamination.
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Fig.9 Correlation circle obtained from the variables analyzed for CL (A) and SL (B). Total alkalinity (TA); electric conductivity (EC); true
color (TC); apparent color (AC); total solids (TS); total fixed solids (TFS); and total volatile solid (TVS)
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Conclusion

From the temporal analysis of the interaction by diffusion of
the leachate in the soils of different textural classes and
through the multivariate statistical analysis, PCA and corre-
lation analysis, it was verified that there was interaction of
the chemical compounds evaluated with both soils analyzed
(sandy and clayey), being the intensity of this interaction
dependent on the intrinsic characteristics of each one.

The clay soil (CS) was the one that showed the
greatest potential of interaction, mainly due to its com-
position (soil with high fine content and greater Fe and
Al oxides portions—more reactive with the environ-
ment), but the studied sandy soil (SS) also presented
attenuation potential of contaminants, which indicates
the possibility of using it in landfill bases.

It was also noted that some substances migrated more
easily from the leachate to the soil, such as N-NH," and
organic matter (COD). This fact is mainly related to the
chemical characteristics of these compounds and also to
their high concentration in the leachate.

From the correlation analysis and PCA of the 14
parameters evaluated in the leachate and soil, the fol-
lowing conclusions can be reached: for the monitoring
of'the leachate, when it is in contact with clay soils (CL),
as the one used in this research, the most important
parameter to be monitored would be pH, due to its high
correlation with the evaluated parameters. For the leach-
ate in contact with the sandy soil (SL), pH, alkalinity,
apparent color, and COD (total and filtered) could be
used as the key parameters to indicate the contamination
of this type of soil with the studied effluent.

For soils, the statistical analysis indicates that the
monitoring of the concentration of Ca, Mg, K, SB, base
saturation (V), and CEC could be used to evaluate the
contamination of these. It should also be noted that in
the case of clay soil (CS), four other parameters could
also be used in isolation to investigate the contamination
of this soil: pHyater, PHrc1, ApH, and H + Al
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