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ABSTRACT
After the end of their useful life, waste landfills and their surroundings should con-
tinue to be monitored constantly. The main concern is the pollution of groundwater 
and surface water by leachate, which represents a serious risk to public health. In 
this work an index is proposed to assess the conditions of a landfill after closure. In-
sufficient data on the waste entering these areas causes uncertainty as to how long 
the material will continue to degrade. The presence of polluting elements in landfill 
leachate was evaluated by characterizing the effluent over a period of ten years. 
The leachate data were analyzed statistically to test the significance of Pearson’s 
linear correlation coefficient. Multivariate statistical analysis was used to describe 
the similarity between the samples considering the total set of variables and their 
correlations. These results showed the importance given to certain parameters that 
are not relevant for Brazilian landfills, in which the presence of organic matter is high. 
The present work contributes by generating information for a better understanding 
of the impacts caused by landfills in Brazil and in most countries of the Third World, 
in which organic waste represents at least 50% of the waste discarded in landfills. 
Through the proposed Deactivated Landfill Assessment Index (DLAI), involving 
four-parameter analysis (pH, BOD, COD and ammoniacal nitrogen), possible pollu-
tion threats can be detected, allowing prioritizing areas for remediation and better 
allocation of resources.

1. INTRODUCTION
Upon completion of their useful life, landfills and their 

surroundings should continue to be monitored. The main 
concern is contamination of water from transport of the 
leachate generated. This effluent contains hundreds of 
chemical products, and its management is recognized as 
one of the major problems associated with the operation 
of landfills, especially after their closure. Areas that were 
previously used for waste disposal often become sites of 
low-income settlements. Since these old landfills can con-
tinue to produce effluents and contaminate the environ-
ment for many years, it is important that they not simply be 
abandoned. Closed landfills should instead be monitored 
to prevent their irregular occupation (Schueler and Mahler, 
2008). More than 50% of the waste contained in landfills in 
Brazil is organic matter. The lack of public policies to prior-
itize and invest in composting, to prevent disposal of this 
waste in landfills, generates very high costs, mainly for the 
treatment of leachate. The concentrations of ammoniacal 
nitrogen, for example, tend to increase after the decommis-
sioning of the landfill, increasing the treatment costs of the 

effluent generated. Leachate from closed landfills may has 
equal or greater potential for contamination compared to 
that from active landfills, so post-closure remediation and 
monitoring actions should be continued until the leachate 
stabilizes and no longer poses a threat to the environment 
and health (Kumar and Alappat, 2005). The Leachate Pollu-
tion Index (LPI), originally proposed by Kumar and Alappat 
(2003) and later also applied in Kumar and Alappat (2005), 
Sharma et al. (2008), Rafizul et al. (2011), Bhalla et al. 
(2014), Krishnamurthy et al. (2015), Naveen et al. (2016) 
and Lothe and Sinha (2016), among others, was developed 
to enable comparing the pollution potential of leachate 
from different landfills. LPI is a single number ranging from 
5 to 100. It represents the level of leachate contamination 
potential of a determined landfill. It is obtained from sever-
al leachate pollution parameters at a given moment. 

However, the weights attributed to each of the leachate 
components do not seem to be the most suitable for appli-
cation in Brazilian landfills, mainly because they do not take 
into account the importance of organic matter, the main 
fraction found in the wastes. Given the high number of 
dumps in Brazil and the lack of resources for the manage-
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ment of municipal solid waste, the number of parameters 
to be analyzed in the leachate could be reduced (compared 
to that proposed in the LPI), at least in the control analyses. 
The concentrations of most heavy metals, phenols and cy-
anides, for example, as shown by experience in Brazilian 
landfills, tend to fall drastically over time, as the pH increas-
es and natural processes occur in this environment (Peixo-
to, 2007; Teixeira et al., 2007; Galvez et al., 2008; Queiroz et 
al., 2011). In this case, not all of the above parameters need 
to be analyzed. In this article, the main results obtained by 
monitoring a landfill for a period of 10 years are presented 
to support the method proposed, the Deactivated Landfill 
Assessment Index (DLAI). 

The aim of this study was to investigate what param-
eters are really important to evaluate the contamination 
potential of the effluent and to propose an index that could 
help efforts in developing countries regarding the monitor-
ing of closed areas and support decisions regarding the 
allocation of resources for remediation in the post-closure 
phase.

2. MATERIALS AND METHODS
2.1 Materials
2.1.1 Studied area

The Sky Hill dumpsite is located in an area of approxi-
mately 180,000 m2 in the Caramujo district of the munici-
pality of Niterói, state of Rio de Janeiro, Brazil. Niterói has 
an estimated population of 497,883 (IBGE, 2016) and pro-
duces about 700 metric tons of waste per day.

 The landfill was operated for 30 years (1983-2013), 
generally as a dump. As of 2005, on-site improvement 
works were implemented, which allowed it to be consid-
ered a controlled landfill as of 2008. This fact improved its 
aesthetic appearance and operating conditions, and over 
time its liquid and gaseous emanations declined. 

2.1.2 Monitoring of leachate, surface water and groundwa-
ter

The monitoring began in 2004 and was done during 10 
years. Sixty-four effluent and water samples were collect-
ed, and in relation to the leachate, a series of parameters 
were analyzed in duplicate: pH, BOD, COD, phenols, cya-
nides, heavy metals and ammoniacal nitrogen. In addition 
to the leachate, wherein the concentration of its pollutants 
were compared within the effluent discharge standards 
set forth in CONAMA Resolution 430/2011, samples of 
surface and groundwater from areas surrounding the land-
fill were also analyzed, with the results being compared 
to the limits of CONAMA Resolution 420/2009, CONAMA 
Resolution 357/2005 and Edict 2914/2011 from the Min-
istry of Health, which establish standards of water quality 
of aquifers, water sources in general and water for human 
consumption and potability, respectively. Groundwater col-
lections were carried out through a monitoring well in the 
landfill itself and the surrounding surface water samples 
were collected downstream of the disposal area. The col-
lection of groundwater in the monitoring well was carried 
out with the aid of a plastic collection tube, which had a 
collection sealing system and tips for overflow. They were 

stored in specific bottles made available by the laborato-
ry responsible for the analysis and routed under specific 
temperature conditions required by the lab. For surface 
water, 500 mL samples were collected in all campaigns on 
the river banks (river and Floralia points), at a depth of up 
to 30 cm. After collection, the samples were placed in a 
Styrofoam box and transported to the laboratory following 
the standards of ABNT NBR 9897 and NBR 9898. The same 
procedure was used to transport the slurry samples, col-
lected at all sites, from inside of a collection box inside the 
landfill. For the collection of these samples (using 500 mL 
vials), special care was required (use of masks and gloves), 
due to the toxicity of the liquid. The collection points are 
identified in Figure 1 and the methods used in the analyzes, 
carried out in certified laboratories, are summarized in Ta-
ble 1. The results of the analyses presented in this article 
were extracted from the technical reports of the project co-
ordinated by Mahler from 2004 to 2013.

In addition to the leachate, samples of surface and 
groundwater from areas close to the landfill were analyzed, 
which showed values   above the limits of CONAMA, which 
changed with time as the landfill started to be controlled.

2.2 Methods
2.2.1 Statistical analysis

The Statistica 7 program was used for statistical anal-
ysis of the results obtained from the landfill monitoring. 
Initially, descriptive statistics were used to summarize the 
data for all the compounds analyzed directly: mean, mini-
mum and maximum values, standard deviation, etc. In or-
der to verify the influence of chemical elements (effects of 
antagonism and synergism), the leachate data were treated 
and analyzed statistically to test the significance of Pear-
son's linear correlation coefficient. Multivariate statistical 
analysis (main components and clusters) was used both 
to describe the similarity between the samples considering 
the total set of variables and their correlations, and to find 
sets of variables that could be considered redundant. Prin-
cipal component analysis (PCA) enabled transformation of 
the data into two dimensions, designed to transform the 
original variables into new uncorrelated variables. Hierar-
chical cluster analysis (HCA) was used to recognize pat-
terns (similarities) of samples from a set of data obtained, 
presented in dendrograms. The results obtained from the 
statistical analysis performed with the leachate monitoring 
data from the Sky Hill dumpsite supported the choice of 
the parameters used to calculate the proposed index.

3. RESULTS AND ANALYSES
3.1 Parameters analyzed in the leachate and waters 
surrounding the Sky Hill Dumpsite
3.1.1 pH, BOD and COD

At the start of a landfill, an acidic phase is expected with 
pH values below 7, followed by gradual elevation towards 
the methanogenic phase, with pH values above 7 (Pohland 
and Harper, 1985). In the Sky Hill dumpsite, the mean value 
observed for the entire monitoring period was 7.85, and in 
the last sample collected, with the landfill deactivated four 
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years beforehand, the pH result was 8.71. Based on the 
data collected by Souto and Povinelli (2007), this range is 
within the most probable values for Brazilian landfills. Re-
garding BOD and COD, in the last analysis performed at the 
dumpsite, in 2017, the detected values were 255.9 mg/L 
and 990 mg/L, respectively. Several authors have reported 
that the leachate from young landfills is characterized by 
a very high COD, with values above 2000 mg /L, while in 
older disposal areas the COD is below 1000 mg/L. Initial-

ly, the BOD/COD ratio is typically greater than or equal to 
0.5. Values between 0.4 and 0.6 indicate that the organic 
matter is readily biodegradable. In mature landfills, this ra-
tio often varies between 0.05 and 0.2 (Ottoni, 2011). In the 
case of leachate from the Sky Hill dumpsite, the BOD/COD 
ratio found in 2017 was 0.26. In relation to surface and 
groundwater surrounding the landfill, concentrations above 
the limits established by CONAMA Resolution 357/2005 (5 
mg/L) were found for BOD. The highest values were: 790 

FIGURE 1: Collection points of leachate and water samples: well (22º 53’ 32,3” S and 43° 04’ 8,80” O), leachate (22º 53’ 27,0’’ S and 43º 03’ 
59,3” O), river (22º 53’ 31,0’’ S and 43º 04’ 87,3” O) and floralia** (22º 53’ 9,90” S and 43º 03’ 18,1” O).

Parameters 2004 2005 2006 2010 2011 2012 2013 2017

COD Dichromate in acidic medium - FEEMA 440-R1 Method 5.220 D, 
Closed Reflux - Col-
orimetric. SMEWW, 
20th Edition

BOD Standard method FEEMA MF 439-R1 Method 5.210 B - Dilutions.
SMEWW, 20th Edition

pH Potentiometric FEEMA MF 426 Method 4500 B. - 
Potentiometric.
SMEWW, 20th 
Edition

ammoniacal 
nitrogens

Determination 
of Ammoniacal 
Nitrogen by Distil-
lation - CETESB

Potentiometric 
with selective 
ion - SMEWW / 
Phenate standard 
method FEEMA 
MF 420

Standard method phenate FEEMA MF 420 Method 4.500 NH3 F - Indophenol.
SMEWW, 20th Edition

heavy metals Atomic Absorption Spectrometry USEPA 7061-A. 1992 
(Atomic Absorption) 
/ USEPA 7062. 1994 
(Atomic Absorption) 
USEPA 6010-C. 2007; 
USEPA 7741-A.1994; 
USEPA 7742. 1994; 
USEPA 7061-A. 1992; 
USEPA 7062. 1994

Optical emission 
spectrometer with 
inductively coupled 
plasma source (ICP 
OES)/acid extraction

TABLE 1: Methods of the chemical analyses carried out over the years.
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mg/L and 585 mg/L at the Floralia and river sites respec-
tively. In 2010, the result in groundwater was 420 mg/L. In 
all other analyses, the values did not exceed 60 mg/L and 
the last result was 19.6 mg/L. As expected for the BOD val-
ues, the COD results were also quite high, particularly in 
the samples collected at the river site in 2011 and 2013. In 
both years, in periods of high rainfall (January 2013) and 
low rainfall (September 2011), COD values exceeded 500 
mg/L. For groundwater, COD exceeded 250 mg/L in Jan-
uary 2013, but three months later, the values decreased to 
81.5 mg/L.

3.1.2  Ammoniacal Nitrogen
During the entire monitoring period, the values found 

for ammoniacal nitrogen in the leachate of dumpsite were 
well above the established standards, which are 20 mg/L 
according to CONAMA Resolution 430/2011 and 5.0 mg/L 
according to INEA regulations (NT 202, revision 10). In 
general, the concentrations of ammoniacal nitrogen in the 
leachate of Brazilian landfills are very high. At the landfill 
site in Nova Iguaçu, located in the state of Rio de Janei-
ro, one of its cells was closed after 7 years of operation, 
with more than 3 million tons buried. The material received 
at the site was predominantly organic and the concentra-
tions of ammoniacal nitrogen after its deactivation ex-
ceeded 1000 mg /L (Ottoni, 2011). Teixeira et al. (2007) 
presented analyses of slurry from a garbage dump in the 
state of Minas Gerais, which operated for 6 years and re-
ceived about 800 thousand tons of disposed waste. Two 
years after its closure, the concentrations of ammoniacal 
nitrogen detected in the leachate exceeded 1,200 mg/L. 
Queiroz et al. (2011) characterized the leachate generat-
ed at the Bandeirantes and São João landfills, both in the 
state of São Paulo. The former operated for approximately 
30 years and received more than 23 million tons of waste. 
Of this total, approximately 60% was organic. It was closed 
in March 2007 and leachate concentrations between May 
2008 and February 2009 exceeded 2,390 mg/L. The São 
João landfill operated between 1992 and 2007 and re-
ceived approximately 27.9 million tons of urban waste. 
The amount of leachate generated currently exceeds 
1,800 m³/day and the concentrations of ammoniacal ni-
trogen measured in the leachate are in the range of 2,870 
mg/L. Lins et al. (2011) reported that the concentrations 
of ammoniacal nitrogen in the Muribeca landfill in Pernam-
buco state varied between 1,125 and 2,900 mg/L, which 
corresponds to the maximum range for Brazilian landfills, 
according to Souto and Povinelli (2007). In all surface 
water samples collected near the Sky Hill dumpsite, con-
centrations were above the limit established by CONAMA, 
which can vary between 1 and 2 mg/L depending on the 
pH of the medium. In order to evaluate the results of this 
parameter in groundwater samples, the criteria were used 
of the Ministry of Health, indicated in Edict 2914/2011, 
which establishes a consumption acceptance standard of 
1.5 mg/L for non-ionizable ammonia (NH3). In the case of 
samples collected from the well inside the Sky Hill dump-
site, the NH3 concentration was 10 times higher than the 
limit established by this edict in 2011.

3.1.3 Heavy Metals
Slightly higher concentrations of metals are usually 

found in young landfills due to the high degree of solubi-
lization of metals as a result of the low pH caused by the 
production of organic acids. As the age of the landfill in-
creases, pH values tend to rise, resulting in a drop in metal 
concentrations, due mainly to the precipitation of hydrox-
ides and sulfides. In the leachate of Sky Hill dumpsite, 
mean concentrations of Cd, Cu, Ni, Pb and Zn remained 
below the limits established by the legislation in force in all 
years, with a clear tendency to decrease over time. This be-
havior confirms the findings of Harmsen (1983) that there 
are low concentrations of heavy metals in landfill leachates 
in the fermentation stage due to metallic solubilization and 
complexation of volatile fatty acids. The average concen-
trations of the metals Cr (VI), Fe and Mn were above the 
established standards for effluent discharge at the begin-
ning of the monitoring, but in 2017 they were below the al-
lowable limits. The high concentrations of Fe found can be 
explained by the content of this metal present in the clay 
used as the cover layer of the Sky Hill dumpsite. The be-
havior of metals during the monitoring is shown in Figure 2.

The concentrations of heavy metals in surface and 
groundwater in the vicinity of Sky Hill dumpsite were mon-
itored in order to evaluate the influence of the leachate in 
these media. At the beginning of the monitoring, with the 
exception of barium, all other elements were above the 
maximum limits determined by the regulations in force at 
the river site. Over the years, the metal concentrations fell 
and the Ag, Ba, Cr and Ni levels were below the limits estab-
lished from 2010 onward. The same happened with Pb and 
Zn. Of all the heavy metals monitored in the groundwater 
well inside the landfill, the only ones that still were above 
the limits recommended by CONAMA Resolution 420/2009 
and Health Ministry Edict 2914/2011 in 2013 were Fe and 
Mn, which can be explained by the natural composition of 
the soils of the region.

3.2 Selection of the parameters to obtain the Deacti-
vated Landfill Assessment Index (DLAI)

In order for the proposed index to be applied in Bra-
zil, the first step was to identify the type of waste that ar-
rives in the largest quantity in landfills. Due to the lack of 
consolidated initiatives to exploit and recover the organic 
fraction, at least 70 million tons of this material was bur-
ied in 2016 (ABRELPE, 2017). The aggravating factor is 
that much of this waste goes to landfills that do not have 
any kind of soil waterproofing, drainage or leachate treat-
ment, causing damage to the health of residents in these 
areas. For the proposed index, we therefore tried to eval-
uate the impact caused by the leachate discharge in the 
water bodies. For the quality of the water supply, for ex-
ample, high levels of mineral salts, particularly sulfate and 
chloride, are associated with a tendency for corrosion of 
distribution systems, in addition to imparting a disagree-
able flavor to the water. In order to classify and protect 
water bodies and to prevent health problems, CONAMA, 
in Resolutions 357/2005 and 420/2009, establishes max-
imum permissible values for total dissolved solids (TDS): 
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500 mg/L for surface water (class 1, 2 and 3) and 1000 
mg/L for groundwater. Edict 2914/2011 from the Minis-
try of Health establishes a maximum value of 1000 mg/L 
of TDS for water for human consumption. Like for TDS, 
there are recommendations on the maximum limit of 
chloride in surface water as well as drinking water (both 
250 mg/L). The fact is that the dilutive effect of chloride 
in water bodies generates concentrations normally below 
250 mg/L, leading to the belief that it is not a pollutant 
that can cause long-term problems, and because of this, 

it should not be considered as an important parameter 
for assessing the potential contamination from leachate. 
In addition, chloride and TDS are not even cited in CONA-
MA Resolution 430/2011, which provides effluent release 
standards. The same occurs with the coliform and total 
Kjeldahl nitrogen (TKN) parameters. This means there is 
no restriction on the release of these compounds, based 
on the belief that their concentrations will not significant-
ly influence the quality of the water surrounding landfills. 
Christensen et al. (2001) stated that metals such as As, 

FIGURE 2: Results of metals in the Sky Hill Dumpsite leachate: (A) cadmium, (B) copper, (C) nickel, (D) lead, (E) zinc, (F) chromium, (G) 
iron, (H) manganese.
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Cd, Ni, Zn, Cu, Hg and Pb do not constitute a frequent 
problem in landfills containing domestic solid waste. It is 
therefore believed that for the composition of the pollut-
ant potential of the leachate of deactivated landfill, the pa-
rameters related to heavy metals should not be included 
in the calculation, since their influence on the surround-
ings of the waste disposal area can be considered low. 
However, Kumar and Alappat (2003) suggested that met-
als such as iron (wi = 0.045), copper (wi = 0.050), nickel 
(wi = 0.052), zinc (wi = 0.052), lead (wi = 0.064), mercury 
(wi = 0.062) and arsenic (wi = 0.061) had higher weights 
and importance than pH (wi = 0.055), ammoniacal nitro-
gen (wi = 0.051), and in some cases equal to or greater 
than BOD (wi = 0.061) and COD (wi = 0.062). The LPI has 
been applied to several landfills in India, a country where, 
like in Brazil, organic matter is the main fraction of waste 
generated. We believe, therefore, that the weights for met-
als are overestimated, whereas the parameters that have 
direct relation with the potential pollutant of the organic 
matter do not receive proper importance in this index. 
The analysis of the main components of the leachate for 
predicting the behavior of the organic fraction is a funda-
mental condition for the creation of an index that can be 
applied to Brazilian landfills. The data from monitoring the 
Sky Hill dumpsite and research carried out in other Brazil-
ian landfills indicate that concentrations of heavy metals, 
phenols, cyanides and chlorides in the leachate tend to 
fall over time (Teixeira et al. 2007; Ottoni, 2011; Lins et al, 
2011; Queiroz et al., 2011). In addition, there is no great 
influence of these compounds in the water around these 
disposal areas. On the basis of this finding, we believe it 
is not necessary for the pollutants mentioned above to be 
present in the calculation of a leachate pollutant poten-
tial assessment index. Among other issues, the excessive 
number of components to be analyzed to verify polluting 
potential becomes unnecessary from a technical point of 
view, in addition to substantially complicating the moni-
toring. In the case of leachate from Brazilian landfills, we 
found that the analysis of the concentrations of four com-
ponents (pH, BOD, COD and ammoniacal nitrogen) would 
be enough to evaluate a possible threat of pollution, al-
lowing better allocation of resources for remediation pro-
cesses. Next, the importance and justification for choos-
ing each of these parameters are highlighted.

3.2.1 pH
Farquar and Rovers (1973) found that pH equal to or 

lower than 5.5 caused the total inhibition of the production 
of all gases, which thus corresponds to the total inhibition 
of the biological activity of the landfill. The concentration of 
a chemical species found in the leachate can vary depend-
ing on the pH of the sample. For values lower than 7, there 
may be buffering by volatile acids, which increases the 
solubility of some heavy metals. The opposite also occurs, 
since in alkaline media, and especially in environments 
with high content of organic matter, there may be reduced 
sulfate levels - since it can precipitate as hydroxides and/
or sulfides, causing the metals to have low solubility. pH 
assessment is important, since this parameter affects the 
activity of enzymes and the toxicity of many compounds. 

The most typical example is ammonia. In alkaline media, 
for example, it is possible to increase its concentration in 
the non-ionized form (NH3), which is toxic.

3.2.2 Ammoniacal Nitrogen
Waste landfills, because they are predominantly anaer-

obic environments, produce effluents with very low con-
centrations of nitrites and nitrates. On the other hand, the 
strong biological activity present in both the residue mass 
and the drainage system causes almost all of the organic 
nitrogen to be converted into ammoniacal nitrogen inside 
the landfill itself, and it is not used in significant quantities 
by any microbial group. Thus, there are high concentra-
tions of ammonia in the leachate, considered an important 
tracer in the contamination of the water bodies (Souto 
and Povinelli, 2007). The oldest landfill leachate is typical-
ly rich in ammoniacal nitrogen due to the hydrolysis and 
fermentation of the nitrogenous fractions of biodegradable 
substrates. Free ammonia (NH3) is a very restrictive toxic 
substance to fish, and many species cannot withstand con-
centrations above 5 mg/L. For these reasons, the concen-
tration of ammoniacal nitrogen is an important parameter 
for the classification of natural water bodies and is usually 
used in the constitution of water quality indexes (CETESB, 
2009). Clément and Merlin (1995) argued that alkalinity and 
ammonia may be the main contributors to the toxicity at-
tributed to leachate. In addition to compromising the qual-
ity of drinking water, in the short term human exposure to 
ammonia can cause severe burns to the skin, eyes, throat, 
lungs, mouth and stomach. In case of prolonged exposure, 
liver diseases, chronic respiratory problems and glaucoma 
are some of the maladies caused by this pollutant. In the 
case of enclosed landfills, and those with heightened risks 
because they are near rivers or important aquifers, the at-
tention paid to this pollutant must be greater than for any 
other.

In the LPI, an index proposed by Kumar and Alappat 
(2003), the weight given to ammoniacal nitrogen is very low 
(wi = 0.051) compared to its importance in Brazilian or even 
Indian landfills, studied by Bhalla et al. (2014), Krishnamur-
thy et al. (2015) and Naveen et al. (2016). The organic mat-
ter is the predominant material in the mass of garbage, so 
ammoniacal nitrogen, whose concentration rises with the 
passage of time, should receive greater weight when calcu-
lating the index of polluting potential of Brazilian leachate. 
This means that, based on all the information presented on 
the impacts not only on the environment but also health, 
this parameter should be seen as the most important when 
assessing the need for remediation of an area.

3.2.3 BOD and COD
The high organic matter load present in leachate, due 

to the indiscriminate disposal of organic residues in land-
fills, can cause water pollution due to the consumption of 
dissolved oxygen by the microorganisms in their metabolic 
processes of using and stabilizing organic matter. In the 
choice of the parameters for composition of a new index 
for the classification of leachate from depleted landfills, 
in addition to ammoniacal nitrogen and pH, BOD and COD 
should also be considered, since the quantification of or-
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ganic matter and its pollutant potential is traditionally eval-
uated through these methods. In addition, the BOD/COD ra-
tio is considered a good indicator of the level of biological 
degradation of the effluent. Depending on the magnitude 
of this ratio, one can draw conclusions about the biodeg-
radability of the waste, and from this forecast the neces-
sary monitoring time. A high BOD/COD ratio signals the 
presence of a biodegradable fraction whereas a ratio less 
than 0.1 has been suggested as an indicator of stable lea-
chate (Reinhart and Townsend, 1997; Barlaz et al., 2002). 
It is important to note that, like ammoniacal nitrogen, the 
parameters BOD and COD have important weights because 
the proposed index is tailored for application to Brazilian 
landfills. In addition, pH should also be considered when 
calculating the index, since depending on the alkalinity of 
the environment, the predominance of heavy metals can 
be evaluated.

3.3 Statistical analysis of results
The Statistica 7 program was used for statistical anal-

ysis of the results obtained from the landfill monitoring. 
Initially, descriptive statistics were used to summarize the 
data relating to all compounds analyzed in the leachate in 
a direct manner: mean, minimum and maximum values, 
standard deviation, etc. From the normalization of the data 
obtained through the annual averages of monitoring the 
leachate at the Sky Hill dumpsite, Pearson correlation coef-
ficients were calculated, as presented in Table 2.

When analyzing the matrix, it is possible to see that al-
though the pH had a negative correlation with most of the 

variables, this parameter was not the only one that directly 
influenced the availability of metals. All metals varied in-
versely in relation to pH (negative values, as expected), but 
the correlations were low. Probably the greater variation of 
the metals is related to the presence of organic matter. In 
the same matrix, it is possible to note a high positive cor-
relation between the metals, which may indicate they are 
associated with the same source. In the case of the Sky 
Hill dumpsite, we believe that metals come from industrial 
waste, since at the beginning of the operation there was no 
control over the material that came to the site. The statis-
tics also show that BOD and COD, as expected, presented 
high positive correlation. 

Multivariate statistical analysis (main components 
and cluster) was used both to describe the similarity be-
tween the samples considering the total set of variables 
and their correlations, and to find sets of variables that can 
be considered redundant. Principal component analysis 
(PCA) made it possible to transform the data into two di-
mensions. Factor 1 involved the elements Pb, Cu, Fe, Ni, Zn, 
phenols, cyanides and BOD and COD, influencing 48.69% of 
the sample as a whole. Although pH is not present in fac-
tors 1 and 2, it has an important influence on the other var-
iables, since factor 3, which includes pH, influences 11% of 
the sample as a whole. In Figure 3 it is possible to visualize 
the table with the main factors and also the projection of 
the variables in the plane. Figure 4 shows the importance 
of each factor in the sample as a whole.

Through the dendrograms presented below, it is pos-
sible to recognize patterns (similarities) between samples 
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NH4 1.00 0.19 0.60 0.72 0.67 0.48 0.38 0.51 0.53 0.61 0.33 0.26 0.32 0.09 0.49 0.61 -0.11 -0.18

Ba 0.19 1.00 0.16 0.28 0.38 0.50 0.26 -0.26 0.62 -0.07 -0.48 -0.42 -0.03 0.18 -0.55 0.04 0.83 -0.52

Cd 0.60 0.16 1.00 0.70 0.77 0.38 0.42 0.54 0.31 0.51 0.50 0.64 0.39 -0.10 0.39 0.37 0.16 -0.31

Pb 0.72 0.28 0.70 1.00 0.89 0.84 0.68 0.81 0.79 0.88 0.62 0.42 0.68 -0.37 0.58 0.73 0.06 -0.16

Cu 0.67 0.38 0.77 0.89 1.00 0.75 0.55 0.70 0.78 0.67 0.48 0.55 0.62 -0.21 0.40 0.55 0.00 -0.28

Fe 0.48 0.50 0.38 0.84 0.75 1.00 0.82 0.62 0.93 0.71 0.37 0.13 0.69 -0.40 0.20 0.47 -0.24 -0.13

Mn 0.38 0.26 0.42 0.68 0.55 0.82 1.00 0.54 0.67 0.56 0.46 0.11 0.80 -0.39 0.19 0.42 -0.19 -0.09

Ni 0.51 -0.26 0.54 0.81 0.70 0.62 0.54 1.00 0.47 0.93 0.88 0.74 0.68 -0.43 0.83 0.70 0.46 0.08

Ag 0.53 0.62 0.31 0.79 0.78 0.93 0.67 0.47 1.00 0.55 0.18 -0.01 0.62 -0.31 0.13 0.49 -0.33 -0.15

Zn 0.61 -0.07 0.51 0.88 0.67 0.61 0.56 0.93 0.55 1.00 0.81 0.55 0.63 -0.35 0.78 0.75 0.29 -0.05

phenols 0.33 -0.48 0.50 0.62 0.48 0.37 0.46 0.88 0.18 0.81 1.00 0.74 0.73 -0.34 0.85 0.63 0.53 0.04

CrVI 0.26 -0.42 0.64 0.42 0.55 0.13 0.11 0.74 0.01 0.55 0.74 1.00 0.34 -0.11 0.63 0.30 0.57 -0.07

cyanides 0.38 -0.03 0.39 0.68 0.62 0.69 0.80 0.68 0.62 0.63 0.73 0.34 1.00 -0.38 0.49 0.58 0.10 -0.02

fluorides 0.09 0.18 -0.10 -0.37 -0.21 -0.40 -0.39 -0.43 -0.31 -0.35 -0.34 -0.11 -0.38 1.00 -0.28 0.09 -0.45 -0.72

BOD 0.49 -0.55 0.39 0.58 0.40 0.20 0.19 0.83 0.13 0.78 0.85 0.63 0.49 -0.28 1.00 0.80 0.64 0.14

COD 0.61 -0.04 0.37 0.73 0.55 0.47 0.42 0.70 0.49 0.75 0.63 0.30 0.58 -0.09 0.80 1.00 0.07 -0.25

BOD/COD 0.11 -0.83 0.16 0.06 0.00 -0.24 -0.19 0.46 -0.33 0.29 0.53 0.57 0.10 -0.45 0.64 0.07 1.00 0.69

pH -0.18 -0.52 -0.31 -0.16 -0.28 -0.13 -0.09 0.08 -0.15 -0.05 0.04 -0.07 -0.02 -0.72 0.14 0.25 0.69 1.00

TABLE 2: Correlation Matrix (leachate variables).
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from a set of data, allowing the grouping of samples among 
them. The smaller the distance is between the points, the 
greater the similarity between the samples is.

3.3.1 Dendrogram (years)

In the first dendrogram (Figure 5a), two large groups of 
similarity are formed. The first, formed by the initial years 
2004, 2005, 2006 and 2007, jibes with the history of the 
area, since the site was operated as a dump during this 

period. The second group, formed by the years 2008, 2010, 
2011, 2012, 2013 and 2017, indicates that with the begin-
ning of control of the landfill, the area began to present sim-
ilar behavior in 2008.

3.3.2 Dendrogram (variables)

In the second dendrogram, two large groups of similari-
ty are formed (Figure 5b). The first is formed by the metals 
Mn, Ag, Fe, Cu, Pb and Cd, along with cyanides, fluorides 

FIGURE 3: (A) Factor 1 and Factor 2 (ACP); Projection of the variables in the plane (detail for BOD and COD - Factor 1 and pH - Factor 3).

(A) (B)

FIGURE 4: Factors 1, 2 and 3 of principal component analysis.
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and ammoniacal nitrogen. These results indicate greater 
similarity in the behavior of metals, cyanide and ammonia-
cal nitrogen, as well as greater similarity in the behavior of 
fluorides with barium, indicating they probably come from 
the same source. The second group is formed by BOD, 
COD, Zn, Ni, phenols, Cr (VI), BOD/COD ratio and pH. There 
is strong similarity between the pH and the BOD/COD.

D ratio, indicating that the behavior of the sample as 
a whole was directly influenced by the associated action 
of these two parameters. The phenols are associated, as 
expected, with BOD, COD, Zn and Ni. As in the correlation 
matrix, there is a high positive correlation between the ele-
ments Zn and Ni, which suggests they come from the same 
source.

3.4 Distribution of weights of the parameters cho-
sen for DLAI calculation

For the four parameters cited, weights were assigned 
according to the potential impacts of these components 
on the environment and human health, in addition to treat-
ment costs, as in the case of ammoniacal nitrogen. There-
fore, we believe this parameter should receive the great-
est weight among the four chosen to compose the index. 
Regarding pH, BOD and COD, we decided to distribute the 
same weights for the three parameters, all smaller than 
the one suggested for ammoniacal nitrogen, which is the 
greatest concern when analyzing deactivated waste dis-
posal areas. Its presence at high concentrations through-
out the life of the landfill makes it one of the main pollut-

ants in leachate. According to Chu et al. (1994), after a 
period of 3 to 8 years, the concentration of ammoniacal 
nitrogen reaches values between 500 and 1500 mg/L, re-
maining at this level for at least 50 years. We believe that 
for a first analysis, shortly after the closure of a landfill, it 
is important to assess a wider range of pollutants present 
in the leachate, just to verify that the behavior of the area 
is in line with what is expected (low concentrations of met-
als, for example) and within the limits established in the 
standards with respect to leachate release. If the levels are 
below the limits, the monitoring can be continued only with 
the evaluation of the most relevant parameters, presented 
in Table 3, which were weighted for the calculation of the 
Deactivated Landfill Assessment Index (DLAI).

Despite the need to create a new index, where the 
weights and the individual importance of each parame-
ter were changed to fit the reality of Brazilian landfills, the 
curves presented by Kumar and Alappat (2005) (Figure 6) 
are useful for determining the sub-index components ana-
lyzed.

Thus, the DLAI can be calculated using equation 1:

(1)

where: DLAI - Deactivated Landfill Assessment Index;
wi - weight of the parameter evaluated;
pi - score of the sub-index of the parameter evaluated;
n - number of pollutant variables of the leachate used in 
calculating the DLAI.

The procedure for calculating the DLAI for the leachate 
must follow the three steps below:

1.  Analysis of the 4 parameters (pH, BOD, COD and ammo-
niacal nitrogen).

2.  Determination of the 'pi' subscript values from the 
curves presented by Kumar and Alappat (2005), based 
on the concentration of leachate pollutants (Figure 7).

3.  Aggregation of 'pi' subscript values obtained for the 
parameters, multiplied by the respective 'wi' weights 
assigned to each parameter. The weighted sum of all 
parameters gives the DLAI.

Pollutant Weight (wi)

pH 0,15

BOD 0,15

COD 0,15

Ammoniacal nitrogen 0,55

Total 1

TABLE 3: Weights of pollutants in the Deactivated Landfill Assess-
ment Index (DLAI).

FIGURE 5: (a) Dendrogram of the years of operation, (b) Dendrogram of the variables.
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Like the LPI, the DLAI is represented by a number rang-
ing from 5 to 100 (as a score), expressing the overall con-
tamination potential of the leachate from a landfill based 
on the defined parameters. It is an increasing scale index, 
where a higher value indicates greater potential for con-
tamination by the leachate.

3.5 Calculation of the DLAI for the Sky Hill dumpsite
The LPI value was calculated for the leachate at the 

Sky Hill dumpsite using the method proposed by Kumar 
and Alappat (2005), with weights distributed in 12 param-
eters (Table 4). Then, the calculations were redone with 
the weights proportional to the importance of the organic 
fraction in Brazilian landfills, taking into account pH, BOD, 
COD and ammoniacal nitrogen. In this new calculation, 
therefore, the contributions of heavy metals, chlorides, TDS 
and others were not considered, because they did not di-
rectly influence the contamination of the water around the 
landfill. In analyzing Table 5, it is possible to verify that the 
calculation of the DLAI for the leachate through the appli-
cation of the method proposed for Brazilian landfills pro-
vides values with relevant changes. The pollutant potential 
of Sky Hill dumpsite, calculated with new parameters and 
weights, comes close to that in 2004 (LPI = 17.68, DLAI = 
62.70) and 2006 (LPI = 17.94, DLAI = 64.55), quadrupled 
when compared to the LPI in the same year. If the DLAI 
were also applied in the deactivated landfills studied by Ku-
mar and Alappat (2005) in Hong Kong and by Umar et al. 
(2010) in Malaysia, the results of these indexes would also 

be quite different. In the case of the first study cited, the LPI 
values were 45.01 for the Ma Tso Lung (MTL) landfill and 
15.97 for the Nagu Chi Wan (NCW). If the DLAI were ap-
plied to these landfills, the values would rise to 81.25 and 
52.90, respectively. In the landfill evaluated by Umar et al. 
(2010), the value of the index would increase 46% if it were 
calculated from the parameters and weights suggested for 
the DLAI. The results found for the DLAI suggest that the 
pollutant potential of the leachate is much higher when one 
considers the parameters that really contribute most rele-
vantly to the prolonged activity of the landfills. Calculation 
of the DLAI can assist in the first phase of low-cost landfill 
closure and recovery projects. The application of this in-
dex in waste disposal areas in Brazil can serve as a tool to 
prioritize remediation processes, by assessing which areas 
should undergo immediate intervention.

4. CONCLUSIONS
Organic matter is mainly responsible for the prolonga-

tion of the activity of a landfill, which means that pH, BOD, 
COD and ammoniacal nitrogen are the main parameters 
for the composition of a landfill closure assessment index. 
From the application of the LPI in Brazilian landfills, it was 
verified that the importance given to leachate components 
was not adequate. The DLAI was proposed to consider the 
conditions in the country and the garbage produced and 
buried, by assigning weights to each parameter according 
to the verification of the potential impacts of these com-
ponents on the environment, human health and treatment 

FIGURE 6: Subscript curves of (a) pH, (b), BOD, COD and ammoniacal nitrogen (Kumar and Alappat, 2005).
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Parameters 2004 2005 2006 2007 2008 2010 2011 2012 2013 2017

1 pH 7.960 7.960 7.830 7.680 7.610 7.670 7.720 7.790 7.680 8.710

2 BOD (mg/L) 568,940 428,080 382,440 210,530 296,600 195,000 182,000 163,900 350,250 255,900

3 COD (mg/L) 2,101,630 1,876,250 2,166,330 1,684,080 1,580,000 1,020,000 1,276,100 969,270 2,051,500 990,000

4 NH4 (mg/L) 855,440 795,500 975,330 846,220 927,000 723,100 492,870 788,090 841,600 706,200

TABLE 4: Average values of the analyzed parameters in the Sky Hill leachate during the monitoring.

Parameters Weight (wi)
2004 2005 2006 2007 2008 2010 2011 2012 2013 2017

Pi pi*wi Pi pi*wi pi pi*wi pi pi*wi pi pi*wi pi pi*wi pi pi*wi pi pi*wi pi pi*wi pi pi*wi

pH 0.15 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75

BOD 0.15 20 3.00 15 2.25 13 1.95 10 1.50 10 1.50 9 1.35 9 1.35 9 1.35 12 1.80 10 1.50

COD 0.15 52 7.80 46 6.90 53 7.95 45 6.75 41 6.15 35 5.25 37 5.55 35 5.25 51 7.65 35 5.25

NH4 0.55 93 51.15 89 48.95 98 53.90 93 51.15 97 53.35 83 45.65 49 26.95 88 48.40 92 50.60 79 43.45

LPI 12 parame-
ters * 17.68 17.24 17.94 16.39 16.07 14.29 11.64 14.4 16.45 15.62

DLAI 4 parame-
ters 62.70 58.85 64.55 60.15 61.75 53.00 34.60 55.75 60.80 50.95

* Weights proposed by Kumar and Alappat, 2005
** New weights

TABLE 5: Comparison between LPI and DLAI values for each year of monitoring.

expenses. It was possible to conclude from the statistical 
analysis that the parameters BOD, COD and pH are impor-
tant variables, with strong influence on the dataset, thus 
justifying their presence in the index. As expected, in the 
principal component analysis (PCA), the elements Pb, Cu, 
Fe, Ni, Zn, phenols, cyanides and BOD and COD, influence 
the sample as a whole. pH it has an important influence 
of the sample as a whole. Taking into account the lack of 
criteria to support decisions regarding the allocation of re-
sources for remediation processes, the application of the 
DLAI can technically support the formulation of municipal 
actions for management and control of landfills, especially 
in the post-closure phase.
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