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ABSTRACT

In Mexico, municipal governments have material, economic, and human resource 
limitations, as well as a lack of cooperation with state authorities, causing the solid 
waste management system to neglect environmental protection. This circumstance has 
adverse environmental impacts that must be addressed. This project shows two impact 
assessments, before and after the implementation of an environmental management plan 
(EMP) in two final waste disposal sites in Cuauhtémoc, Zacatecas, Mexico, following 
the specifications of the Mexican Official Standard NOM-083-SEMARNAT-2003. The 
results from the first environmental impact assessment (before the EMP) showed that 
non-compliance with the control, together with the lack of compaction and coverage of 
waste in the two final disposal sites and the inappropriate closure, were the issues with 
the highest impact in the study area. The second assessment (after the EMP) showed 
an increase in positive impacts and a decrease in the magnitude and importance of the 
negatives, considering the implementation of prevention and mitigation measures. The 
new conformation and final use of the closed site, entry control, and compaction of 
waste, along with proceedings for waterproofing the soil during the construction of a 
new cell in the active site, were the activities with beneficial impacts. The results proved 
that with the EMP, the final disposal sites could be improved and restored, bringing 
positive impacts within the municipality through the actions performed.

Palabras clave:	 gestión integral de residuos, Norma Oficial Mexicana, plan de manejo ambiental, rellenos 
sanitarios.

RESUMEN

En México, los gobiernos municipales sufren limitaciones de recursos materiales, 
económicos, y humanos, así como la falta de colaboración con autoridades estatales, lo 
que repercute en que el sistema de manejo de residuos sólidos no garantice la protec-
ción del ambiente. Esta situación genera impactos ambientales adversos que deben ser 
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atendidos. Este proyecto muestra dos estudios de impacto ambiental, antes y después de 
la implementación de un plan de manejo ambiental (PMA) de dos sitios de disposición 
final de residuos en Cuauhtémoc, Zacatecas, México, siguiendo las especificaciones de 
la Norma Oficial Mexicana NOM-083-SEMARNAT-2003. Los resultados de la primera 
evaluación de impacto ambiental (antes del PMA) mostraron que el incumplimiento 
del control, la falta de compactación y cobertura de los residuos en los dos sitios de 
disposición final, y el cierre inadecuado fueron los impactos con mayor incidencia en 
el área de estudio. La segunda evaluación (después del PMA) mostró un aumento de 
los impactos positivos y una disminución de la magnitud e importancia de los impactos 
negativos, considerando la implementación de medidas de prevención y mitigación. 
La nueva conformación y uso final del sitio clausurado, el control de ingreso y com-
pactación de los residuos y las acciones de impermeabilización del suelo durante la 
construcción de una nueva celda en el sitio activo fueron las acciones con impactos 
benéficos. Los resultados demostraron que con el PMA se podrían mejorar y restaurar 
los sitios de disposición final, generando impactos positivos dentro del municipio a 
través de las acciones realizadas.

INTRODUCTION

The rapid increase in population, economic 
growth, urbanization, and industrialization encour-
ages solid waste generation at the global level and 
boosts environmental contamination when it is not 
disposed of appropriately. Inadequate waste manage-
ment promotes illegal dumping, waste burning, and 
uncontrolled disposal (Ferronato and Torreta 2019).

Environmental impacts from this uncontrolled 
disposal are mostly related to the migration of con-
taminants in the form of gases or leachates (Zaı¨ri 
et al. 2004). However, final waste disposal sites are 
more dangerous when waste burning occurs, caus-
ing the environment to be directly impacted by the 
contaminants present in burn ashes in the surface 
soil (Pérez et al. 2013). In addition, waste picking in 
open dump sites poses serious health risks to people 
working in these areas (Gutberlet and Baeder 2008).

Final disposal in open dumps prevails in solid 
waste management (SWM) in Latin America and the 
Caribbean (Margallo et al. 2019). In Mexico, the SWM 
system only focuses on waste collection and transpor-
tation to final disposal sites (SEMARNAT 2017). Ac-
cording to Article 115 of the Political Constitution of 
the United Mexican States (CDHCU 2025), municipal 
authorities are responsible for the collection of mu-
nicipal solid waste (MSW) from household sources; 
waste resulting from street sweeping, transport, and 
treatment; and final legal and illegal disposal services 
in a site. This condition causes the performance of 
every final waste disposal site (FWDS) to be different 
due to material, economic, and human resource limita-
tions, the lack of collaboration with state authorities, 
and the use of comprehensive management methods, 

which often fail to comply with the specifications of 
Mexican regulations. In this sense, searching for a 
suitable landfill is a complex process that must include 
socioeconomic, environmental, and technical aspects 
(Moreno et al. 2019).

Regarding national regulations, the official Mexi-
can Official Standard NOM-083-SEMARNAT-2003 
(SEMARNAT 2004) establishes environmental pro-
tection specifications for selecting the site location, 
design, construction, operation, monitoring, closure, 
and complementary works of a site for the final 
disposal of urban solid wastes and wastes requiring 
special handling. However, data from SEMARNAT 
(2020) showed that the available infrastructure for 
disposal sites in Mexico is insufficient to assume that 
they are adequate for waste disposal with a guarantee 
of environmental protection.

These conditions lead to the need to establish the 
available information on the current environmental 
state to mitigate or remedy the adverse effects pro-
duced by human intervention (Perevochtchikova 
2013). Therefore, environmental impact assessment 
(EIA) is a tool that allows identifying a project’s en-
vironmental, social, and economic impacts. It aims 
to assess the magnitude of the changes caused by a 
project and propose appropriate measures to reduce 
negative impacts.

The main methods and techniques used in an 
EIA are baseline studies, checklists, matrices, and 
networks. These tools show relevant information to 
make appropriate decisions on the most significant 
impacts (Dougherty and Hall 1995).

Thus, this study aims to identify and determine 
the environmental impacts before and after imple-
menting the prevention and mitigation measures on 
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two final waste disposal sites, taking as a case study 
two FWDS of the municipality of Cuauhtémoc, 
Zacatecas, Mexico, showing the benefits obtained in 
the SWM when an environmental management plan 
(EMP) is implemented.

MATERIALS AND METHODS

The project was developed in five stages: (1) data 
collection; (2) evaluation of the grade of fulfillment 
concerning the specifications stipulated in the Mexi-
can Official Standard NOM-083-SEMARNAT-2003 
(SEMARNAT 2004) on both FWDS according to the 
site category (typse A, B, C, and D); (3) EIA of the 
management in both FWDS; (4) description of the 
prevention and mitigation measures integrated into an 
EMP; (5) comparison of the environmental impacts after 
implementing prevention and mitigation measures. An 
overview of the methodology is represented in figure 1.

Case study
The study was performed in 2020 in Cuauhtémoc, 

Zacatecas, Mexico (Fig. 2). Municipal authorities are 
responsible for the SWM system. The municipality 
has a compactor truck with a capacity of 10 t serving 
the urban center and four of the five communities. 
The wastes are collected every two days at the urban 
center and weekly in the communities.

This city has two FWDS. The first one, which 
has been operating since 2008, is 2.5 km from the 
urban center and has an approximate area of 2.5 ha, 

receiving 13 t/day. However, this site has improve-
ment opportunities, mainly in its design, construction, 
and operational characteristics. The second one is 
460 m away from the active FWDS; it was in op-
eration between 1997 and 2008. During this period, 
the generation received by the MSW was 8-10 t/d, 
operating through a dump ditch; moreover, this site 
had uncontrolled disposal, generating local environ-
mental impacts with disease outbreaks, proliferation 
of insects and rats, generation of foul odors, and soil 
pollution. In addition, 100 m away from this site, 
there is a material bank where gravel and sand have 
been extracted since 2015, causing soil instability 
and the formation of slopes (Fig. 2).

Data collection and field inspections of the active 
and closed final waste disposal sites

The first phase of the work was implemented in 
November 2020 in cooperation with the workers of 
the Department of Public Services of Cuauhtémoc. 
Data on the recollection, transport, current FWDS 
construction and operation, and FWDS closure were 
collected through field inspections and interviews. 
Only solid waste from household activities was 
considered.

Evaluation of the fulfillment grade of NOM-
083-SEMARNAT-2003

The Mexican Official  Standard NOM-
083-SEMARNAT-2003 defines three types of FWDS 
according to the fulfillment grade of the established 
specifications (SEMARNAT 2004): (1) landfills, (2) 

Data collection
Field inspections
Interviews

Checklist of complance concerning the
specifications of the NOM-083-SEMARNAT-2003

Leopold matrix before implementing prevention
and mitigation measures

Operation plan
Emergency and contingency plan
Corrective plan
Monitoring and follow-up plan

Leopold matrix after implementing prevention
and mitigation measures

Evaluation of the fulfillment grade

Environmental impact assessment
(EIA)

Environmental Management Plan
(EMP)

Compare the environmental
impacts before and after

implementing EMP

Fig. 1. Main stages of the research.
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controlled sites, and (3) uncontrolled or open dumps. 
A landfill is an infrastructure work that involves 
methods and engineering to control the environ-
mental impacts through compaction and additional 
infrastructure. A controlled site is an inadequate 
final disposal site that complies with infrastructure 
and operation works but does not comply with the 
waterproofing specifications. An uncontrolled site is 
an inadequate final disposal site that does not comply 
with the requirements stipulated in the Mexican Of-
ficial Standard. Likewise, this environmental regula-
tion categorizes the FWDS according to the amount 
of waste received per day, as shown in table I.

The two FWDS were analyzed with respect to 
the specifications of  NOM-083-SEMARNAT-2003 
(SEMARNAT 2004), shown in figure 3.

The specifications for the selection of both FWDS 
were assessed by applying a geographic information 
system (GIS). Additionally, the constructive and 
operative characteristics of active FWDS, minimum 
requirements, and closure of FWDS were evaluated 
based on the degree of fulfillment of the specifica-

tions of NOM-083-SEMARNAT-2003 (SEMARNAT 
2004), as shown in figure 3.

Identification of environmental impacts
The methodology from the Environmental Impact 

Assessment System (SEIA 2016) was taken as a 
reference for performing the EIA in the FWDS. This 
methodology provides a general scheme for identi-
fying, characterizing, and categorizing the impacts 
generated on the environment (physical, biological, 
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Fig. 2. Location of the final waste disposal sites (FWDS) selected as case studies.

TABLE I.	 CATEGORIES OF THE FINAL WASTE DISPOS-
AL SITES (FWDS) BASED ON THE OFFICIAL 
MEXICAN STANDARD NOM-083-SEMAR-
NAT-2003 (CDHCU 2004). 

Category Tonnage received per day (t/d)

A >100
B 50-100
C 10-50
D <10
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and social factors). Likewise, mitigation and preven-
tion measures to decrease the negative environmental 
impacts were proposed from the EIA results.

After the evaluation of the fulfillment grade of 
NOM-083-SEMARNAT-2003 (SEMARNAT 2004), 
information about the description, infrastructure, and 
fulfilled or unfulfilled specifications of both FWDS 
was used to identify actions that generate impacts on 
environmental factors (air, water, soil, etc.).

The interaction between the actions that cause 
impacts and the factors that make up the environment 
were analyzed following the steps described by the 
SEIA (2016) methodology. These steps are:

1.	 Identifying the project actions (activities) that 
impact the environmental factors (soil, water, air, 
and socioeconomic features).

2.	 Identifying the environmental factors that could 
be affected by the actions performed in the FWDS 
(construction, operation, additional works, etc.).

3.	 Using the affected environmental factors as im-
pact indicators (e.g., air and water quality, noise, 
erosion, employment, and health).

Environmental impact assessment (EIA)
The EIA identifies the impacts with the highest 

magnitude and importance (FAO 1996). It was per-
formed using Leopold’s matrix (Leopold et al. 1971) 
as a reference. This methodology consists of 100 

possible actions that could impact 88 environmental 
factors. However, this study used the activities per-
formed in both FWDS, based on the location restric-
tions, constructive and operational characteristics, and 
closure specified in the NOM-083-SEMARNAT-2003 
(SEMARNAT 2004), as shown in table II.

In Leopold’s matrix, the rows included the 
environmental factors susceptible to damage, and 
the columns involved the actions performed in the 
FWDS that could impact the environmental fac-
tors. Each interaction between factors and action 
was assessed, determining if that action impacted 
the factor. A positive or negative sign was used, 
depending on whether the action caused a benefit or 
damage, respectively. A diagonal line was drawn for 
the cases that showed an impact. In the upper left-
hand corner, a number from 1 to 6 was assigned to 
register its magnitude, and in the lower right-hand 
corner, to indicate its importance. Leopold’s matrix 
methodology uses a scale from 1 to 10 to assess the 
impacts. This study proposed a scale from 1 to 6 to 
reduce the subjectivity based on the criteria shown 
in table III. An empty gray box was used for cases 
in which no interaction was detected since the action 
did not impact the factor.

Once the assessment was completed, the values 
of magnitude and importance were multiplied and 
summed in each column regarding the sign (positive 
or negative). The actions (columns) with the highest 

General provisions Selection specifications
of the FWDS

Constructive and
operative

characteristics

Waterproofing
system

Waterproofing
system Final coverage

Final
conformation

Maintenance
and monitoring

Final use of the
site

Minimum
compaction

MSW coverage

Control of MSW
recevied and
harmful fauna

Fence off the site

Biogas, leachate
and storm drain

control

Emergency area

MSW coverage
and compaction

Control of MSW
recevied, light
materials and
harmful fauna

Additional works

Minimum
requirements for

FWDS type D
Closure

FWDS Minimum distance from:

Outside:
Natural Protected
Areas

Geological faults and
fractures
Flood zones

Wet ecosystems,
plains and aquifer
recharges

Airfields and airports
(> 4 k)
Localities (> 500 m)
Water bodies (> 500 m)
Wells (> 500 m)

categories:
A
B
C
D

Fig. 3.	 Specifications of the Mexican Official Standard NOM-083-SEMARNAT-2003 (CDHCU 2004). (FWDS: final 
waste disposal site; MSW: municipal solid waste.)
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number of interactions and the product of the sum 
were identified. Likewise, three impact categories 
(low, medium, and high) were established regarding 
the values obtained in the sum. This identification 
allowed the recognition of the actions that caused 
negative environmental impacts and required preven-
tion and mitigation measures in the short, medium, 
and long term. Finally, an average was obtained by 
dividing the product of the sum by the number of 
interactions (positive or negative). The average value 
was estimated to assess the viability of the current 
SWM (average positive value higher than average 
negative value).

Implementation of the environmental manage-
ment plan

After the EIA, an EMP was developed, describ-
ing mitigation and prevention measures in the 
short, medium, and long term, which depended 

on whether the impacts were classified as high, 
medium, or low impact, according to the results 
obtained in the matrix. The specifications of the 
NOM-083-SEMARNAT-2003 (SEMARNAT 2004), 
which were unfulfilled, were taken as a reference to 
develop the necessary actions to maintain the fulfill-
ment of both FWDS.

The EMP was structured with four plans: (1) an 
operation plan and (2) an emergency and contingency 
plan to regulate the conditions of active FWDS; (3) a 
corrective plan to mitigate the impacts present in the 
closed FWDS; and (4) a monitoring and follow-up 
plan to maintain under control both FWDS.

Environmental impact assessments before and 
after the EMP

Finally, a second Leopold’s matrix was built to 
assess the environmental impacts of the EMP per-
formance through its measures. Then, both matrices’ 
results were compared with their magnitude and 
importance values and the number of interactions 
between the actions and the environmental factors. 
In the same way, the product and the sum of the 
positive and negative interactions were obtained, 
and a categorization of the impacts as low, medium, 
and high was carried out to recognize the actions 
that will bring a more significant positive impact by 
implementing the EMP.

TABLE II.	 ENVIRONMENTAL FACTORS IMPACTED BY ACTIVITIES PER-
FORMED IN THE FINAL WASTE DISPOSAL SITES (FWDS). CAT-
EGORY TYPES ARE SHOWN IN TABLE I.

Activities Environmental Components Environmental factors

Closure of
FWDS type D Soil 

Leached pollution 

Littering 

Instability 

Erosion

Operation of
FWDS type C

Ground slides 

Larger area required Reduction of useful life 

Water
Surface water pollution 

Aquifer pollution 

Operation of
FWDS type D

Air

Gases combustion emission 

Methane emission 

Particulate matter emission 

Socio-economic 
Population health  

Employment 

TABLE III.	 SCALE USED TO ASSESS THE MAGNITUDE 
AND IMPORTANCE OF IMPACTS.  

Value Magnitude Importance

1-2 Punctual Low
3-4 Medium Medium
5-6 Large High
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RESULTS AND DISCUSSION

The current FWDS management
From the information on MSW generation pro-

vided by the municipal authorities, the actual FWDS 
was classified as type C and the closed FWDS as type 
D according to the Mexican Official Standard NOM-
083-SEMARNAT-2003 (SEMARNAT 2004), as 
shown in table I. The operation mode used in FWDS 
type C is the combined method (trench and ramp 
methods), which consists of a ditch of approximately 
40 cm created so that later MSW is deposited (as far 
as the ground allows it) in layers forming terraces 
over the respective area.

Although the compaction level could surpass the 
stipulations of the Mexican Official Standard, the 
compaction is carried out every four months because 
municipal authorities lend the bulldozer. Addition-
ally, this site does not have entrances and exits, only 
a perimeter fence, which causes clandestine disposal 
and intentional waste burning by outsiders beyond 
the control of the site’s management. Likewise, pre-
vious studies characterized by the Mexican Official 
Standard (SEMARNAT 2004) as regional geologic 
and geohydrologic analyses; geological and geo-
hydrogeological evaluations; hydrologic analyses; 

topographic and geotechnical studies; and waste 
generation and composition, biogas generation, and 
leachate generation studies were not performed for 
this FWDS.

On the other hand, the FWDS type D was operated 
without the abovementioned analyses and studies. 
Therefore, a ditch was opened where the MSW was 
disposed of without coverage or compaction. There 
was no control of the waste received or harmful 
fauna. Subsequently, the closure was carried out by 
order of state authorities, and a unique cover was 
placed. Since 2015, a private owner began to extract 
without restrictions materials such as gravel and sand 
from the banks in the surrounding area.

Grade of fulfillment of NOM-083-SEMAR-
NAT-2003

The assessment of the location restrictions or 
minimum distances (Fig. 4) for both FWDS was 
performed with a GIS and multi-criteria weighted 
overlay analysis. The optimal and non-optimal zones 
were identified in green and red colors. An optimal 
zone is a site that fulfills all the location restrictions 
established by the Mexican Official Standard. A 
non-optimal zone is a site that does not comply with 
at least one of the restrictions. The results of this 

Fig. 4. Evaluation of location restrictions for the final waste disposal site (FWDS).
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TABLE IV.	LIST OF FULFILLED AND UNFULFILLED RESTRICTIONS BASED ON the Maxican 
OfficNOM-083-SEMARNAT-2003 (CDHCU 2004). CATEGORY TYPES ARE SHOWN IN 
TABLE I

Type of site Specifications of 
NOM-083-SEMARNAT-2003

Number of fulfilled
restrictions

Number of unfulfilled
restrictions

FWDS type C

Specifications for the selection of the site 6 1

Constructive and operative characteristics 1 9

Additional works 2 3

FWDS type D

Specifications for the selection of the site 5 2

Minimum requirements 1 5

Closure of the site 1 4

TABLE V. RESULTS OF THE LEOPOLD MATRIX. 

Impact value Project
average

Number of
interactions

(-)
Magnitude 2.97

69
Importance 3.68

(+)
Magnitude 2.78

14
Importance 4.92

analysis are shown in figure 4. The two FWDS were 
in the non-optimal zone (red color) since they are 
located at a distance less than 500 m from streams. 
Furthermore, the FWDS type D is situated in a flood 
zone with a return period of 100 years, so it must be 
verified that there will be no flow obstruction in the 
flood area or the possibility of landslides or erosion 
that affect the physical structure of the FWDS in case 
of an extreme precipitation event.

Concerning the constructive and operative char-
acteristics, the FWDS type C only complies with 
the required 400 kg/m3 compaction level. It does 
not count with waterproofing, leachates and biogas 
catchment, storm drain systems, emergency area, 
daily coverage, control of light materials, harmful 
fauna, and waste received. Additionally, it complies 
with access roads and perimeter fences within the 
complementary works.

Similarly, the FWDS type D only had a perimeter 
fence without the waterproofing system, the 300 kg/
m3 compaction level required, the minimum weekly 
coverage, and the control of waste received and 
harmful fauna. In the closure stage, a final cover was 
placed without considering the conformation and 
stability of the site. No control system of leachate 
and biogas was carried out. The final use within the 
FWDS area was also inappropriate due to material 
bank extraction.

Table IV summarizes the number of speci-
fications fulfilled and unfulfilled concerning the 
specifications for the selection of both FWDS, the 
constructive and operative characteristics, and the 
additional works of the FWDS type C, along with 
the minimum requirements and closure of the FWDS 
type D. The FWDS type C complied with 40% of the 

specifications, while the FWDS type D only with 
38%. Thus, from these results, both FWDS were 
considered uncontrolled sites.

Environmental impact assessment
The complete Leopold’s matrix is shown in table SI 

of the supplementary material. On the other hand, 
table V shows the results with the project average 
values. It can be observed that the magnitudes of 
negative impacts are higher than the positive ones, 
so the operation and closure of the FWDS type D 
have not been adequate from the point of view of 
environmental protection, and the current system 
(FWDS type C) is not sustainable.

The highest negative impacts of the FWDS type 
C were caused by the received waste control, biogas 
control, storm drain system, emergency area, and 
MWS daily coverage, since these actions were not ad-
equately performed, affecting the population’s health 
by contaminating the soil with leachate and the air 
with greenhouse gas emissions. However, the positive 
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TABLE VI.	 CATEGORIZATION OF THE NEGATIVE ENVIRONMENTAL IMPACTS EVALUATED 
IN THE LEOPOLD MATRIX. CATEGORY TYPES ARE SHOWN IN TABLE I.

Action Sum of negative
impacts

Number of interactions
on the Leopold matrix

Impact category

Buffer strip 12 2

Low impact

Storm drain system 13 4
Harmful fauna 14 2
Light materials control 27 2
Emergency area 31 4
Access control 36 3
MWS coverage weekly 36 5

Biogas control 39 5

Medium impact

Coverage < 24 hrs. 43 5
Waterproofing (FWDS type D) 44 5
Final coverage (FWDS type D) 46 4
Waterproofing (FWDS type C) 47 3
Final conformation 57 4

Final use of the closed site 58 3

High impact
Compaction (FWDS type D) 59 6
Leachate control 64 3
Received waste control 74 5
Maintenance 88 6

FWDS: Final waste disposal site; MSW: Municipal solid waste.

impact was identified as the economic and social 
benefits for the workers of this site (employment).

The highest negative impacts of the FWDS type 
D were caused by the received waste control, com-
paction, MWS weekly coverage, and maintenance 
since these actions were not adequately performed, 
damaging the population’s health by contaminating 
the soil with leachate and the air with greenhouse 
gas emissions. However, the positive impact was 
identified as the economic and social benefits for the 
workers who closed this site (employment).

The average values obtained from the sum and 
product of the interactions, shown in table V, evidence 
that both FWDS were inadequately managed and the 
specifications of the Mexican Official Standard were 
not fulfilled since the negative average value is higher 
than the positive one. Therefore, an EMP was designed 
to assess the benefits obtained after its implementation.

A categorization in low, medium, and high impact 
was established to prioritize the level of action to 
prevent and mitigate the impacts, considering the 
sum and product of the interactions in the matrix 
columns, which indicates the unfulfilled restriction 
effect on environmental factors. The results are 
shown in table VI.

In this way, the EMP aimed to obtain a positive 
average value higher than the negative one from 

the second assessment performed in the Leopold’s 
matrix. Therefore, the EMP implementation would 
reduce the negative impacts and increase the positive 
ones, as shown below.

Improvement of waste handling
The EMP consisted of four plans that determine 

and describe the measures aimed at improving the 
operation of the FWDS type C, mitigating impacts 
due to the closure of FWDS type D, and preventing 
negative changes in the impact categories. Likewise, 
the personnel responsible for carrying out the op-
eration, stock monitoring, and work schedule were 
included in the EMP.

For the FWDS type C, the operation plan describes 
an accurate infrastructure to prevent environmental 
pollution by leachate generation, biogas emissions, 
and received MSW control. Also, it proposes a man-
ual daily operation of the cells, with the help of tools 
and the description of the activities of the working 
staff, integrating waste pickers. The emergency and 
contingency plan dictates the prevention measures, 
the action plan, and suppression methods in the event 
of spontaneous or intentional waste burning.

The corrective plan for the FWDS type D de-
scribes the actions aimed at mitigating the adverse 
effects and preventing their continuation through 
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engineering principles for the conformation and 
sealing of MSW exposed to the environment. In 
addition, the material banks will be regulated ac-
cording to state regulations. It is worth mentioning 
that this plan mentioned some engineering measures 
that are possible to apply. However, these measures 
could change and improve with the support of the 
government technical assistance and consulting 
firms.

The monitoring and follow-up plan corresponds 
to the control of the new operation and closure of the 
FWDS, which must include reviews in various stages 
to evaluate the program’s quality. Hence, this plan 
establishes the actions to be carried out to verify the 
execution of measures in fulfillment of the specifica-
tions of the Mexican Official Standard.

The content of the four plans integrated into the 
EMP can be revised in the section “Environmental 
management plan” in the supplementary material, 
which proposes measures for each unfulfilled restric-
tion, the personnel responsible for operating and 
monitoring these actions, the completion timeframes, 
and stakeholders (governmental employees and 
authorities, and consulting firms). The plans were 
designed based on the results shown in table VI. 
Prevention and mitigation measures in the short, 
medium, and long term were proposed in the func-
tion of the impact category (low, medium, or high).

Comparison of Leopold’s matrices results
Once the EMP was implemented, an EIA was 

performed in Leopold’s matrix. The second Leo-
pold’s matrix results are shown in table SII of 
the supplementary material (“After EMP”). The 
negative impact of the FWDS type C was caused by 
leachate control since it was not captured or treated 
adequately, contaminating mainly soil. However, 

the highest positive impacts were caused by biogas 
control, compaction, MWS daily coverage, and 
received waste control since these actions provided 
economic and social benefits (population health and 
employment). Likewise, the highest negative impacts 
of the FWDS type D were caused by compaction and 
MWS weekly coverage since these actions were not 
adequately performed, damaging the population’s 
health. However, the highest positive impacts were 
caused by final conformation, maintenance, and 
received waste control, protecting the population’s 
health and generating economic and social benefits 
for the workers who implemented the works on the 
site (employment).

The average values obtained from the sum and 
product of the interactions, shown in table V, evi-
dence that both FWDS were inadequately managed 
without fulfilling the specifications of the Mexican 
Official Standard since the negative average value 
is higher than the positive one. Therefore, an EMP 
was designed to assess the benefits obtained after its 
implementation.

Table VII summarizes the results of Leopold’s 
matrix before and after implementing the EMP, 
showing that the magnitude and importance of posi-
tive impacts are more significant than the negative 
ones. The negative ones were prevented, mitigated, or 
controlled by implementing the four plans included in 
the EMP. The results reveal that FWDS were almost 
adequately managed, fulfilling the specifications of 
the Mexican Official Standard since the positive aver-
age value is higher than the negative one after EMP 
implementation. Therefore, 79.7% of the negative 
interactions were reduced, decreasing the average 
value of the magnitude by 11.2%, and the positive 
interactions were increased to 592.9%, augmenting 
the average value of the magnitude by 7.3%.

TABLE VII.	 MAIN RESULTS OF THE LEOPOLD MATRIX BEFORE AND AFTER 
IMPLEMENTING THE ENVIRONMENTAL MANAGEMENT PLAN 
(EMP).  

Impact
value

Before EMP After EMP

Project
average

Number of
interactions

Project
average

Number of
interactions

(-)
Magnitude 2.97

69
2.64

14
Importance 3.68 1.71

(+)
Magnitude 2.78

14
3

83
Importance 4.92 3.89
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In addition, it is essential to mention that the 
negative values of the magnitude and importance 
could not be wholly eliminated because the FWDS 
type C still causes pollution problems through MSW 
disposal, soil degradation, and leachate and biogas 
generation. Likewise, the FWDS type D is suscep-
tible to the clandestine disposal of MSW and slope 
instability due to the compaction and MWS coverage 
not being adequately performed.

The environmental impacts identified in this study 
highlight the inadequate disposal of MSW performed 
in Cuauhtémoc, Zacatecas, Mexico. The high costs of 
construction, operation, and monitoring of FWDS, the 
lack of knowledge regarding the proper management 
of MSW, and weak regulations by government authori-
ties promote the results of this study to be replicated in 
almost the entire country. For this reason, it is essential 
to analyze and replicate this type of study, especially 
to generate the conditions for fulfillment with the 
Mexican Official Standard in all the FWDS operating 
or closed in the municipalities of Mexico since these 
actions would significantly reduce the environmental 
impacts generated by inadequate management of 
MSW and would favor the international commitments 
that Mexico has acquired in international agreements 
and conventions on environmental matters.

CONCLUSIONS

The two FWDS of the municipality of Cuauhté-
moc, Zacatecas, Mexico were evaluated concerning 
the specifications of the Mexican Official Standard 
NOM-083-SEMARNAT 2003 for the selection of 
both FWDS; constructive and operative characteris-
tics, and additional works of the FWDS type C, and 
minimum requirements and closure of the FWDS 
type D. The FWDS type C complied with the 40% 
of the specifications, and the FWDS type D with 
38%; therefore, both FWDS were classified as un-
controlled sites because they were operated without 
environmental protection.

An EIA was conducted to identify the interactions 
between the unfulfilled restrictions (actions) and 
the environmental factors using Leopold’s matrix, 
where the impacts generated were evaluated with 
values of magnitude and importance. The highest 
negative impacts for the FWDS type C were caused 
by received waste control, biogas control, storm drain 
system, emergency area, and MWS daily coverage, 
and for the FWDS type D they were due to received 
waste control, compaction, MWS weekly coverage, 
and maintenance, affecting the population’s health 

by contaminating the soil with leachate and the air 
with greenhouse gas emissions. Hence, the impacts 
were categorized into low, medium, and high impact 
to determine environmental protection actions, which 
were integrated into an EMP.

An EMP was designed and implemented to re-
duce the negative impacts on both FWDS. The EMP 
included an operation plan and an emergency and 
contingency plan for the FWDS type C, a corrective 
plan for the FWDS type D, and a monitoring and 
follow-up plan for both sites. The EMP describes the 
prevention and mitigation measures, establishing the 
actions to be performed, the stakeholders (authorities, 
governmental employees, and consulting firms), and 
completion timeframes.

Once the EMP was implemented, an EIA was 
performed in Leopold’s matrix. The results of the 
second EIA showed that the highest positive impacts 
for the FWDS type C were caused by biogas con-
trol, compaction, and MWS daily coverage, and for 
FWDS type D by final conformation, maintenance, 
and received waste control, providing economic and 
social benefits (population health and employment). 
The results reveal that FWDS were almost adequately 
managed, fulfilling the specifications of the Mexican 
Official Standard since 79.7% of the negative interac-
tions were reduced, and the positive interactions were 
increased by 592.9%. Therefore, this study provides 
an achievable proposal of sustainable waste manage-
ment with socioeconomic benefits for the municipal-
ity and mainly for environmental protection.
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Environmental management plan
Operation plan
Objectives:

•	 Decrease the magnitude and importance of the 
negative impacts caused by the current operation 
of the final waste disposal site (FWDS) type C.

•	 Transform negative-rated impacts into positive 
ones by implementing action measures.

•	 Avoid the generation of new impacts derived from 
the current operation of the FWDS type C.

Measures to implement high-impact actions
The specifications described below are catego-

rized as high impact, so they must be addressed in 
the short term (from 0 to 3 months).

Guardhouse and access control
The waste recollected, transported, and disposed 

of by the municipality is not classified as special 
handling waste (SHW) or hazardous waste (HW), 
so the admission of this waste to the FWDS will be 
strictly verified. However, it is necessary to establish 
a guardhouse to control private vehicles’ access due 
to the disposal of SHW, such as tires. The treatment 
proposed for this waste type is described below in 
the sections on leachate control and harmful fauna.

Due to the above, a perimeter fence must be first 
established to delimit the area available for the FWSD 
from the surrounding area. Such a fence can be built 
from cyclone mesh with perforations for barbed wire 
strands. Thus, the guardhouse will control the entry 
of collection trucks, personnel hired by the munici-
pality, and, as mentioned, users and private vehicles, 
which must be previously registered. This entry will 
function exclusively during operating hours. Finally, 
a gate will be placed to access the property, which 
will function as an entrance and exit gate.

Cell waterproofing
Although the cell waterproofing specification was 

categorized as medium impact, it is a prerequisite 
to the construction of the leachate control system. 
Therefore, it is recommended to carry out studies 
of the hydraulic conductivity of the compacted soil 
layer found approximately 40 cm from the ground 
level; if the value is greater than 1 × 10–7 cm–1 it will 
be necessary to artificially waterproof, either with a 
geomembrane or with a compacted clay layer with 
adequate hydraulic conductivity with a minimum 
thickness of 70 cm.

This procedure is important since it guarantees 
underground water and soil protection by providing 

an impermeable layer for the construction of the 
network of storage trenches within the landfill, which 
is described below.

Leachate control
The ideal within a FWDS is to avoid the genera-

tion of leachate due to its polluting characteristics. 
However, this is not entirely possible considering the 
waste humidity and the precipitation present in the 
site, so a feasible treatment for this percolated liquid 
must be used. Conventional treatment methods are 
complex and expensive, being impractical in small 
populations whose waste generation is less than 15 t/
day (Jaramillo 2002). In this way, a drainage system 
where the leachate generated should be kept within 
the FWDS is proposed.

It is recommended to build a leachate control 
system in all terraces or levels that make up the site 
for greater efficiency and to avoid the possible system 
from collapsing. This construction prevents surface 
runoff to lower cells, and its interconnection with the 
biogas control system to be built.

This system consists of a network of stone-filled 
ditches with screens of soil or of wall and wood. One 
way of constructing the drains is as follows: 

1.	 The line where the drainage will be located has to 
be traced on the ground, which can be like that of 
a sewage system, for example, to the herringbone 
arrangement.

2.	 Trenches are excavated working on the previously 
placed clay impermeable layer (if artificial water-
proofing was not necessary, place an external layer 
of covering material to facilitate the formation of 
the trenches). The main drainage trenches will be 
0.6 m in height (in such a way that the tepetate 
layer is not reached) by a meter wide and screens 
are installed every 5 or 10 m, with a width of 0.2 
or 0.3 m, so that the leachate can remain stored 
without overflowing through the ditches. An upper 
free edge of about 0.3 m will be left between the 
screen and the ground surface level if the tepetate 
layer allows it (Jaramillo 2002).

3.	 The ditches are filled with stones measuring be-
tween 8 and 12 cm to have more storage capac-
ity. Once this is finished, it is suggested to place 
over them a material that can infiltrate liquids 
and retain the fine particles that could obstruct 
them. For this purpose, polypropylene sacks so 
dry fern branches and even grass can be used 
(Jaramillo 2002).

4.	 Another alternative is the use of tires in the ditches 
since they get a greater storage capacity for the 
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percolated liquid and the advantage of using this 
material, avoiding people burning them within 
FWDS. For this option, the tires are buried verti-
cally, one next to the other, and a stone layer of 
0.20 to 0.30 m height is placed on top and cov-
ered with polypropylene sacks or dry branches 
(Jaramillo 2002).

5.	 When long periods of rain occur and the amount 
of leachate exceeds the storage capacity of ditches 
inside, it is advised to prolong and orient the drain-
age ditches in the same way and, in addition, to 
build a network of drying ditches that allow stor-
ing this liquid during these periods.

6.	 It is appropriate that this external drainage net-
work is built when the cells are already finished 
so that the leachate generated by rainfall is trans-
ported by gravity to the waterproofed drying 
network. This volume will gradually decrease 
by evaporation. This external drainage network 
should not be confused with the perimeter ditches 
for the detour of rainwater.

7.	 Another practice to minimize the volume of leach-
ate generated when the site is closed, is the plant-
ing of grasses and small, short-rooted bushes that 
adapt to the conditions of the site. They should 
be planted both on an already closed surface and 
in the surroundings of the filled sector. Likewise, 
evapotranspiration could be very effective, and, 
in some cases, the future generation of leachate 
could be avoided (Jaramillo 2002).

Measures to implement medium-impact actions
Biogas control

When MSW is first deposited in a FWDS, it un-
dergoes an aerobic decomposition stage when little 
methane is generated. Then, typically within less than 
one-year, anaerobic conditions are established, and 
methane-producing bacteria begin to decompose the 
waste and generate methane (EPA 2022). There is a 
risk of combustion and explosion by its accumulation 
inside the cells due to its flammability characteristics, 
so it must be extracted using a series of chimneys for 
its evacuation into the atmosphere.

The chimney system consists of a ventilation 
system made of stone or perforated concrete pipe 
with stirrups filled with stones and lined with mesh 
to block the holes in the tubes.

The system can be placed in the current cell by 
drilling a chimney to a maximum depth of 80% of the 
waste layer, considering all safety measures. Later, 
the reinforced system will be placed. The empty 
spaces will be filled with stone.

The biogas control system will be built by con-

necting it to the internal leachate drains to get greater 
efficiency in the newly built cells.

It is advised for the diameter of the wells/funnel/
flue to be around 0.3 to 0.5 m or according to the di-
mensions of the leachate storage system. In addition 
to being separated between 20 and 50 m (Jaramillo 
2002), one system for each cell if the FWDS available 
area is less than 2500 m2 (MMAA 2010).

As the FWDS operation progresses vertically, the 
tube of the wells is extracted and will be covered with 
cylindrical containers to protect it. When a cell is 
finished, it is recommended that a reinforced concrete 
slab with mesh is placed on top of the chimney well. 
This slab works as a cover and it will have a hole in 
the central part where a gooseneck-shaped pipe will 
be embedded (CACER 2009).

Finally, as a proposal, before the conclusion of the 
last cell, the gooseneck-style curves must be removed 
from the installation, this consists of a metallic cap 
and a fire strand to ignite the gas at the outlet of the 
tube (Jaramillo 2002).

MSW compaction
Since the municipality does not have its own 

heavy machinery and the periods between the loan 
of such machinery are of months, it is proposed that 
the daily operation of the cells be manual, that is, the 
operation will be performed by hired personnel with 
the help of tools.

Firstly, the area of each cell will have to be es-
tablished with the estimated dimensions based on the 
daily MSW generation operating in a single area until 
the elevation is reached to avoid working over great 
distances. In this way, the new cells will be overlap-
pingly resting on the slope of the land, or the cells 
already completed. This design was made more in 
height than in area (Bonilla and Núñez 2012).

Once the leachate storage system is set, the first 
discharge of MSW must proceed, which will be 
placed following the slope cut of the current cells. 
Afterwards, the waste will be spread in a layer of 
approximately 0.2 to 0.3 m and manually compacted 
with a hand tamper until a cell with a height of 1 to 1.5 
m is obtained. A gentle slope should be attempted on 
the outer slopes: for each vertical meter, it advances 
2 or 3 m (Jaramillo 2002).

Next, the MSW will be covered by soil layers with 
a minimum thickness of 0.2 m (Bonilla and Núñez 
2012) and with a thickness of 0.1 to 0.15 m when 
the cell has reached its maximum height (Jaramillo 
2002). Finally, the cell is compacted with a roller until 
a uniform surface is obtained at the end of the day. In 
this way, the waste will be covered daily.
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The gas drainage system described above will be 
placed once the first cells have been completed. In 
the same way, it is recommended that the request for 
the loan of heavy machinery be maintained when the 
cells are of considerable height to achieve greater ef-
ficiency within the site, increasing its useful life. The 
person in charge of the machinery must be someone 
with knowledge of the FWDS operation, to avoid 
partial or total damage to the biogas system.

This job is one of the responsibilities of the work-
ing group that will be contracted by the municipality 
depending on its economic resources for the opera-
tion of the site.

In general, these personnel must be trained in the 
construction, operation, and maintenance of the site 
to perform efficiently the job. Specifically, there must 
be a supervisor or person who has such knowledge 
and will have the function of organizing, directing, 
and controlling the operations and working directly 
with the municipal authorities.

In addition, it is important to hire a technician who 
determines the site construction following the opera-
tion method and specifies the percentage of slope and 
how to obtain the embankments, in such a way that 
there is an adequate final configuration of the FWDS.

As already mentioned, in the end, it is recom-
mended to place a layer of fertile soil on the cell 
terraces to plant small species, in addition to verify-
ing that MSW is not disposed of in the finished cell.

Measures to implement low-impact actions
Emergency area

Throughout the useful life of the FWDS, there 
have been no emergency cases where the MSW can-
not be deposited in the corresponding site. However, 
the discussion to discard or get an area to dispose of 
waste in case of emergency will be left to the mu-
nicipality to consider.

Dispersion of light materials/buffer strip
To reduce the emission of particulate matter 

within the FWDS, all vehicles that transport the 
MSW must circulate at a speed of 20 to 30 km/h when 
entering the site. If it is difficult to comply with the 
speed restriction, consider that dry soil roads can be 
paved or covered with a layer of gravel (MMA 2002).

Likewise, a preventive and corrective mainte-
nance plan must be incorporated for the transport 
units that recollect the MSW from the municipal seat 
and communities to reduce mobile emissions.

Within the FWDS, it is convenient to establish 
a natural barrier using native species of the site. 
According to the floristic inventory developed by 

Enríquez et al. (2014), within the San Pedro dam and 
surrounding areas, 2165 specimens of vascular plants 
were identified. From those, the Asteraceae, Faba-
ceae, Euphorbiaceae, and Fagaceae families have 
species of trees. Those with enough foliage should 
be selected to be used as buffer strips to reduce the 
dust, noise, and light materials, and to improve the 
landscape of the area as well.

This buffer area should be designed and built in 
a perimeter space that fluctuates between 30 and 50 
m (MA 2011). However, in case of not having the 
necessary resources to carry out the buffer strip with 
species of trees, on days with the greatest wind, por-
table screens can be used around the FWDS area to 
control light materials. These screens can be made of 
wood or metal with dimensions of 2.5 × 3 m covered 
with mesh or nets of 20 to 40 mm (MA 2011).

The screens can be manually cleaned once a day 
and their location changed when the wind direction 
also changes. Finally, if necessary, manual cleaning 
of the MSW scattered by the wind could be done at 
least once a month.

Harmful fauna
The daily manual coverage of the MSW prevents 

the proliferation of insects, rats, and cockroaches, in 
addition to preventing the appearance and reproduc-
tion of flies. However, the tire waste at the FWDS 
presents a fire hazard and also has the potential to 
be a breeding site for mosquitoes when water accu-
mulates in them. So, this waste must not be allowed 
to be disposed of in the FWDS area, if it cannot be 
used in the leachate storage system, it must be cut or 
located in another area.

In addition to the manual cleaning of light materi-
als, it is advised to check for possible burrows and 
other signs that show the presence of rats and mice 
(MMA 2002).

Storm drainage
It is desirable to first analyze the viability of 

implementing the pluvial drainage based on the pre-
cipitation and climate of the area as a measure for 
the collection and diversion of precipitation and to 
avoid the entry of rain into the cells.

If it is necessary, the most effective method to 
control rain is to cover the entire surface area of the 
cell with a light roof or palm, straw, or plastic. This 
will prevent the entry of rain that could fall directly 
on the finished areas (Jaramillo 2002).

The dimensions recommended are 1 m in width 
and 0.8 m in length or as far as the compacted layer 
allows (MMAA 2010).
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If the operation is executed in such a way as to 
have narrow working areas, the material to build the 
cover or light roof would be small, considering the 
small size of the cells.

Dressing rooms and health services
All personnel working in the FWDS must have 

a minimum of personal protection equipment 
(PPE) consisting of a face mask, gloves, coveralls, 
and boots, to avoid health problems caused by the 
generation of dust and by the waste decomposition 
process itself.

The municipality must ensure the delivery of this 
PPE and be responsible for the medical check-ups, 
medical assistance, treatment or hospitalization, and 
emergency evacuation when necessary. In addition, 
the site must have the facilities to acquire sanitary 
services for the personnel during the working day.

Staff description
The personnel involved in the operation of the 

FWDS consists of a crew of at least seven people 
as expressed in table SIII: a driver of the collection 
vehicle; three operators who will carry out the activi-
ties of collection, unloading, waste separation, and 
the formation of the cells; an operator of the heavy 
machinery provided; the access control personnel, 
and the person in charge of organizing, directing and 
controlling operations.

After the collection and once all waste has been 
unloaded, the operators will begin the waste sepa-
ration process, manually spreading the remaining 
waste, and laying the cover material. The cover and 
compaction must be done correctly to avoid the dis-
persion of MSW, the proliferation of vectors, and bad 
odors. Moreover, this action must be implemented 
periodically for the maintenance of vehicles that carry 
out the collection.

Emergency and contingency plan
Objectives:

•	 To establish an emergency program to control and 
quench the combustions provoked in the FWDS.

•	 To train the staff operators and personnel in charge.

Preventive measures
A regulation must be established for hired person-

nel with restrictions related to fire prevention, such 
as the prohibition of smoking inside the FWDS and 
the burning of paper, cardboard, rubber, or other 
combustible materials for the recovery of valuable 
wastes or any other intention.

The operators and the access guard must be ca-
pable of observing if the deposited MSW emits heat 
or smoke. This waste will be isolated and controlled 
before placing them in the active cells. In addition, 
weeds or dry vegetation found in the FWDS must 
be removed.

The personnel will have to be trained in the 
above restrictions as well as in the identification of 
a fire, whether it is superficial or inside the cells. 
Furthermore, the operators will have to report to the 
authorities about a possible fire.

It is necessary to pay special attention to control-
ling and eliminating the fire in its early stages, to 
prevent its spread and the formation of complications 
for its suffocation.

Actions to perform
Due to fire representing a permanent risk faced 

by personnel during the FWDS operation hours, the 
necessary preparation and implements must be avail-
able to control it in the shortest possible time (Gómez 
2021), so the municipal authorities must request the 
loan of heavy machinery as soon as possible.

In case of a fire happening, the MSW will be dis-
posed of in a nearby area until the fire is completely 
extinguished. In the same way, the exact point where 
combustion took place must be identified and deter-
mine its magnitude. Wind direction should also be 
determined.

To control the spread of fire to unaffected areas, 
it must be isolated by setting up a trench filled with 
cover material beyond the ground level between the 
burned material and the unburned area (Gómez 2021).

The necessary elements to perform these actions 
are:

•	 Wind chart of the site.
•	 Topographic map of the site to identify the fire 

location and the prevailing winds.

TABLE SIII.	 PROPOSED CREW FOR THE OPERATION OF 
THE FINAL WASTE DISPOSAL SITE (FWDS) 
TYPE C. 

Number Job

1 Driver
2 Operator
3 Operator
4 Operator
5 Access guard
6 Heavy machinery operator
7 Supervisor
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•	 Heavy machinery to transport the cover material.
•	 Water pipes to reduce dust emissions.
•	 PPE.

Fire extinguishing methods
Water application

This method should only be used when the fire is 
superficial, and its extension is small due to the risk 
of the leachate storage system overflowing. The use 
of foam and surfactants could reduce the volume of 
water needed.

Finally, it is important to note that the use of great 
amounts of water or any liquid to control this type 
of accident is counterproductive since the water dis-
places and concentrates gases that are present inside 
the cells, such as methane and carbon dioxide, as 
well as overheated air, which has a risk of burns to 
people and even a loss of machinery (Gómez 2021).

Oxygen intake suppression
The fire must be extinguished with the cover 

material limiting the amount of oxygen that enters 
the affected area. This method is accomplished by 
advancing slowly with the tractor, always in favor 
of the wind direction, and applying a layer of soil 
material at least 20 cm in width (Gómez 2021).

The first layer aims to penetrate the radiation 
source, preventing the entry of oxygen into the 
interior of the MSW and releasing the heated gases 
present in the waste spaces.

Subsequently, another layer of material 50 cm in 
width must be placed over the entire affected area to 
prevent the entry of oxygen through the spaces near 
the source of combustion owing to the fire that could 
be reactivated. Then, this layer will be compacted 
(Gómez 2021).

It is important to identify cracks where oxygen 
could be entering through water vapor outlets. If they 
are found, it will be essential to seal them. However, 
it is necessary to verify that it is only water vapor 
since it is convenient to maintain an output to avoid 
its accumulation.

Once the affected area is covered, it will be 
monitored daily for at least two weeks, to prevent 
the reactivation of fire due to oxygen input through 
zones without a sufficient covering of soil or through 
cracks formed by irregular settlement. In the event of 
emissions or releases of water vapor from inside cells, 
a new layer of compacted material will be necessary.

At the same time, unstable zones on the site will 
be identified, preferably sudden settlements caused 
by the fire due to the risk of collapse, so it must have 
proceeded in a controlled way. Later, it will be neces-

sary to cover them with soil, trying to completely seal 
them with layers of 20 cm width, applying compac-
tion for each layer (Gómez 2021).

Once the fire has been extinguished, a monitoring 
and control period of two weeks is required to verify 
any eventuality that could cause a new fire or a new 
settlement to occur.

Corrective plan
Although the FWDS was closed due to environ-

mental risk represented mainly for its location, this 
method was not carried out following the correspond-
ing requirements of the Mexican Official Standard 
NOM-083-SEMARNAT-2003 (SEMARNAT 2004a), 
proceeding instead with the traditional method of 
covering the MSW with a single layer of soil and left 
with no maintenance and subsequent control.
Objectives:

•	 To mitigate the adverse effects related to the clo-
sure form of the FWDS type D.

•	 To prevent the continuity of impacts presented in 
the closed FWDS.

•	 To establish engineering principles for the confor-
mation and sealing of the exposed MSW.

•	 To minimize adverse impacts of the exploitation 
of material banks.

It is worth mentioning that in this plan only some 
engineering measures that are possible to apply will 
be mentioned, so the project is subject to changes and 
improvements through the entities that can help the mu-
nicipality: government technical assistance, professional 
consulting, and sources of financing. It is appropriate to 
first contact the government technical assistance.

At the same time, the corrective measures pre-
sented will not be performed based on the severity 
of high, medium, and low impact, since the proposed 
works will be simultaneously corrected by follow-
ing the methodology for closing an open-air dump 
proposed by the Secretaría de Desarrollo Social 
(CAD GIZ 2012).

Measures to implement
Preliminary stage

This phase considers the elaboration of basic 
geotechnical studies to obtain information on the 
properties and mechanics of the soil belonging to the 
site. These studies will help establish the parameters 
and criteria for the design of the executive project 
since they contemplate the necessary engineering 
works for the conformation, compaction, and sealing 
of the MSW that is still exposed (CAD GIZ 2012). 
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These studies are relevant as they also evaluate and 
reduce the possible risks that the implementation of 
the proposed work could bring (Merritt et al. 2017).

Thus, based on the above studies, an environmen-
tal diagnostic of the site situation must be developed 
concerning the Mexican Official Standard specifica-
tions, analyzing the current stage of the area destined 
for the FWDS through the characterization of the 
final coverage, conformation, and final use of the site. 
Particularly, it must be detected if there is still any 
biogas and leachate outflow, considering whether it 
is necessary to install a system to drain the sinkhole 
to obtain relatively dry conditions, in addition to 
establishing the conditions of the terrain’s instability, 
among other considerations that the support organiza-
tion could dictate to the municipality.

These preliminary analyses are important since 
they are the starting point for the formulation of the 
project design to be the most appropriate, considering 
the particularities of the site.

Preparation of the executive project for the closure 
and restructuring of the FWDS

Based on the studies mentioned, the executive 
project for the site sanitation must be prepared. Its 
content is left to the consideration of the group of 
professionals. However, it must include at least the 
following (CAD GIZ 2012):

•	 Preliminary analysis and diagnosis.
•	 Site sanitation or restructuring of the FWDS.
•	 Construction specifications.
•	 Design of control systems.
•	 Proposed final use.
•	 Operation, maintenance, and monitoring manual.

Implementation of structural works
According to the specifications provided by the 

team in charge of designing the executive project 
concerning the containment works, and the compact-
ing and sealing of the MSW, the following activities 
will be added (CAD GIZ 2012):

•	 Placement of restrictive signaling.
•	 Restriction of access to the site.
•	 Collection of scattered MSW.

The use of restricted entry signs ensures safe 
working conditions by preventing the entry of outside 
personnel who could cause alteration and damage to 
the infrastructure and equipment used.

Likewise, if the extraction of water from the 
sinkhole is feasible and the MSW is found exposed 

to the environment, it must be collected, and finally 
disposed of in the active FWDS to prevent these 
residues from being an inconvenience by slowing 
down the infrastructure works.

Within the engineering approach, the simplest 
method for retaining the sides of an excavation is to 
allow the soil to form a natural slope that is stable even 
in the presence of water. However, when there is no 
sufficient space or this slope formation is not feasible, 
there are procedures that provide continued stability to 
an area of old landslides. These works applied to the 
site to be mitigated, consist of building retaining walls, 
specifically, caisson-type constructions are used to ob-
tain vertical sides of the excavation (Merrit et al. 2017).

During the execution of the project, if sloped 
terrain is encountered where no previous landslides 
have been detected, the risk of landslides should be 
reduced by removing unstable material (Merrit et al. 
2017). On the contrary, if draining land is not a viable 
option economically, other structural works in water 
should be carried out to extract it in small quantities.

Closing stage
This stage corresponds to the closure of the 

FWDS itself following the Mexican Official Stan-
dard NOM-083-SEMARNAT-2003 (SEMARNAT 
2004a). Therefore, after the application of structural 
works, the final covering and control systems must 
be performed and the proposal for the final use of the 
area should be made.

In addition to the final cover established by the 
standard, it is recommended that a layer of fertile 
soil be placed on its top to place a vegetative cover 
functioning as an erosion barrier and improving the 
aesthetics of the site. Likewise, the control systems 
consist of the installations of the biogas and leachate 
systems, for which a drainage or containment system 
must be placed to prevent their migration if their 
presence is detected on the site.

Post-closure stage
The other maintenance and monitoring specifica-

tions for the closure of FWDS type D are contem-
plated in this stage. The first consists of supervising 
the final cover through inspection tours to identify 
areas that have eroded or cracked, as well as to the 
installations built for the environmental control of the 
site, verifying that its operation has not been altered.

Finally, monitoring allows the sampling of the 
parameter for an evaluation of the environmental risk 
conditions caused by the closed site, such as the migra-
tions of biogas and leachate. The proper functioning of 
control systems must also be ensured (CAD GIZ 2012).
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The FWDS maintenance program will be de-
scribed in the section corresponding to the monitoring 
and follow-up plan.

Material banks exploitation
About the final use of the FWDS, NOM-

083-SEMARNAT-2003 dictates the restrictions of 
low load capacity, the possibility of differential sub-
sidence, and the presence of biogas (SEMARNAT 
2004a). In this way, after the closure of FWDS type 
D in 2008, the area did not have any other land use; 
however, there is a gravel extraction bank and sand 
approximately 100 m away. This condition is a risk 
factor by modifying the topography of the place, 
bringing with it greater destabilization within the 
surrounding area, which may affect the structural 
works required for the FWDS.

Therefore, for the regulation of these activities of 
exploration, exploitation, extraction, processing, and 
benefit of minerals or substances, the Law of Ecological 
Balance and Environmental Protection of the State of 
Zacatecas establishes the guidelines to approve them.

This law indicates that authorization is previously 
required in matters of environmental impact, where 
the Secretary of Water and Environment (SAMA), 
along with the municipal authorities, will establish 
the conditions for the execution of such work. The 
content of this environmental impact statement must 
contain, at least, a description of the possible effects 
on the ecosystems that could be affected, as well 
as the preventive, mitigation, and other necessary 
measures to avoid and minimize negative effects on 
the environment.

Therefore, the SAMA must review the file of the 
material bank to ensure that the activities are carried 
out without damaging the ecological balance and the 
environment, applying the provisions of inspection, 

surveillance, administrative infractions, commission 
of crimes, and sanctions in case of presenting irregu-
larities during the inspection visits.

Monitoring and follow-up plan
This last part of the environmental management 

plan corresponds to the control of the construction, 
operation, and decommissioning procedures of the 
two FWDS, which must include reviews in their 
various stages to evaluate the quality of the work 
(Merrit et al. 2017). Hence, this plan establishes the 
actions to be completed to verify the execution of 
mitigation and prevention measures, and therefore 
the compliance with specifications of the Mexican 
Official Standard.
Objectives:

•	 To establish the main identities involved in the 
verification of operation and maintenance of 
FWDS.

•	 To define the necessary activities for maintenance 
and monitoring.

•	 To guarantee environmental compliance with the 
protection specifications contained in the Mexican 
Official Standard.

Municipal and state authorities must structure a 
joint program of supervision and control activities 
in the operation of the FWDS type C with its subse-
quent closure to achieve compliance with the criteria 
established by the standard. Additionally, with the 
support of professional consulting, the maintenance, 
and control of the infrastructure placed in the FWDS 
type D will be conducted, so this plan is also subject to 
changes and improvements in the content. Table SIV 
identifies the connections between the three entities in-
volved in both projects, as well as their responsibilities.

TABLE SIV. CONNECTION AND RESPONSIBILITIES OF THE THREE LINKED ENTITIES. 

Criteria Municipal
council 

State authority: Secretary
of Water and Environment

External supporting entities

Municipal Public 
Works Department

Landfills Department Government technical 
assistance and consulting firms 

FWDS type C Dimension of FWDS X

Operation of FWDS X X

Normativity
compliance

X

FWDS type D
Application of structural works X

FWDS: final waste disposal site.
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The Secretary of Water and Environment will be 
mainly responsible for monitoring, authorizing, and 
supervising the compliance restrictions throughout 
the FWDS useful life and during the closure and 
post-closure period (SEMARNAT 2004b).

On the other hand, the municipality will be in 
charge, as established in the regulations, of the 
cleaning service, as well as the operation of the site 
(access control, coverage, and compaction of MSW), 
the maintenance of its infrastructure (waterproofing 
systems, of biogas and leachate systems, drainage 
control), and the execution of the emergency and 
contingency plan. The support of external entities 
should help achieve environmental compliance.

Maintenance and regulation of the FWDS type C
The actions and responsible parties for regulation 

and compliance within the operation of the FWDS 
type C are shown in table SV.

According to the specifications of thw Mexican 
Official Standard NOM-083-SEMARNAT-2003 
(SEMARNAT 2004a), based on this guide, the fol-
lowing will be developed:

•	 An operation manual.
•	 A registration control and.
•	 Monthly activities report.

Control and maintenance of the FWDS type D
This section corresponds to the maintenance 

program mentioned in the post-closure stage within 
the corrective plan of the closed FWDS, which will 
be mostly in charge of the support entity to monitor 
and comply with each proposed program and the 
verification of the measures.

This program must be in place for at least 20 years 
from the end of the two FWDS useful life. However, 
this period could be reduced when it is guaranteed 
that there is no longer a health and environmental 
risk. Table SVI describes the activities carried out 
under the decommissioning specifications with the 
structural works implemented to mitigate the impacts 
presented at the site.
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