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Abstract: This article presents an in-depth analysis of potential environmental risks associated with
hydraulic fracturing operations within the “La Luna” formation in Colombia. Using the Conesa
methodology, it assesses the environmental impacts of unconventional reservoir production in Colom-
bia, including water usage, chemical additives, air emissions, and the potential for groundwater
contamination. This study incorporates comprehensive data on geological characteristics, opera-
tional procedures, and environmental conditions specific to the region. This analysis highlights the
need for a proactive approach to managing potential environmental risks associated with hydraulic
fracturing in Colombia. The findings underscore the importance of implementing robust regulatory
measures, comprehensive monitoring systems, and the industry’s best practices to mitigate and
prevent adverse environmental impacts. This research contributes to the ongoing global dialogue on
the environmental implications of hydraulic fracturing in regions with sensitive ecological conditions.
The environmental impacts of unconventional reservoirs are widely recognized as a general consen-
sus; however, the absence of applied studies with the rigor of an explicit methodology in Andean
countries highlights the need for specific research in this region. This article addresses this gap by
proposing a detailed and structured methodology to assess and mitigate environmental impacts in
unconventional reservoirs. Emphasizing the importance of knowing the characteristics of reservoir
fluids, this research highlights that this critical information is only revealed by drilling exploration
wells and PVT (pressure, volume, and temperature) analysis. Obtaining this data is crucial for
shaping specific mitigation measures, thus allowing for the formulation of a robust environmental
management plan tailored to the conditions of the reservoirs in the Andean region. This precise and
contextualized approach contributes to closing the knowledge gap and promotes more sustainable
practices in the exploitation of unconventional reservoirs in this specific geographical context. The
methodology used in this study proved its effectiveness by accurately quantifying the risks associated
with each of the environmental alterations inherent to the hydraulic fracturing process in the La Luna
formation. The results obtained allowed for the identification of the critical points most susceptible to
environmental impacts, serving as a solid basis for the elaboration of an environmental management
plan. This strategic approach not only enabled the delineation of specific mitigation measures but
also facilitated the selection of the most appropriate locations for the implementation of the plan,
maximizing the effectiveness of corrective actions. It is noteworthy that the successful application
of the Conesa methodology in this unconventional reservoir context evidences the versatility and
applicability of this approach, consolidating it as a valuable tool for environmental assessment and
effective planning in the hydraulic fracturing industry.
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1. Introduction

Approximately 80% of the global primary energy consumption derives from hy-
drocarbons, with South America contributing 8.2% and 3.6% of oil and gas production,
respectively. Notably, the region possesses 19.5% of the world’s proven crude oil reserves
and 4.2% of its proven gas reserves [1,2]. Consequently, there have been ongoing debates
concerning the exploitation of hydrocarbon reserves, which could ensure energy security
locally and foster fiscal gains for State development [3,4]. As part of this discussion, the ap-
plication of the CONESA methodology has been employed, constituting an unprecedented
initiative.

Furthermore, the growing reserves and the escalation of production necessitate explo-
ration and extraction from new plays, where the significance of unconventional reservoirs
comes into play. South America holds significant potential as a substantial source of
unconventional hydrocarbons [5–7]. Nevertheless, the practicality of oil extraction from
unconventional reservoirs hinges on surmounting challenges related to water contamina-
tion, environmental degradation, induced seismic activity, and regulatory and institutional
complexities.

This research delves into the intricate dynamics of a hydraulic fracturing facility
in Colombia, comprehensively detailing its economic benefits, the specific technology
utilized, and its associated environmental challenges. A meticulous analysis of the facility’s
impacts and environmental risks is conducted, followed by a comprehensive outline of
the mitigation measures necessary to counteract them. Additionally, this study provides
comprehensive guidelines and suggestions for navigating the socioeconomic, institutional,
and environmental challenges and opportunities pertinent to the development of similar
projects in Colombia and other Andean countries as well.

To our knowledge, this is the first time that a structured study of the challenges of
extracting unconventional hydrocarbons in Colombia and even in Andean countries has
been addressed, especially if we consider the different aspects of these challenges. There
are studies on the challenge of water consumption in the possible production of shale gas
in Brazil [8] and even several studies on Argentina [9–11]. But, the literature still does not
adequately address Andean countries, particularly countries that have unconventional
resources in the Amazon region.

In turn, the Conesa methodology for environmental impact assessment in Colombia
stands out as a suitable alternative for several reasons that reflect its effectiveness and
adaptability to the particularities of the Colombian context. First, the Conesa methodology
has smartly integrated positive aspects of previous methodologies, such as the well-known
Leopold methodology and the RAM risk matrix. By incorporating and improving aspects
of previous approaches, Conesa is able to take advantage of lessons learned and strengths
identified in the field of environmental impact assessment.

Additionally, the widespread adoption and use of Conesa’s methodology in Colombia
validate its effectiveness and relevance at the local level. The fact that this methodology is
widely used in the country suggests that it has proven to be appropriate and reliable for
addressing the specific complexities and challenges that characterize Colombia in terms of
environmental impacts.

The validation of the CONESA methodology in the present study was carried out via
a rigorous analysis of the relevant scientific literature and a detailed review of case studies
duly cited in this manuscript. This methodological approach made it possible to support
and substantiate the applicability and effectiveness of the CONESA methodology, ensuring
its consistency and validity in the research context. Consultation of specialized scientific
sources and reference to specific cases provided a solid basis to support the conclusions
and ensure the robustness of the methodological approach employed in this study.

At the same time, the results obtained in this study have specific relevance for un-
conventional reservoirs in the Andean region. These findings constitute a significant
contribution that goes beyond the geographical limits of this study, as their applicability
extends to Andean countries with geological similarities. Although the uniqueness of each
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region is recognized, the results serve as a preliminary example and a starting point for
future studies in related areas. Adapting the particularities of each region will maximize
the usefulness of these results, facilitating knowledge transfer and providing practitioners
and industry experts with a solid foundation to address the specific challenges associated
with unconventional reservoirs in the Andean context.

Finally, this manuscript addresses the main research question by first exploring the
complexity of potential impacts from the exploration and production chain of unconven-
tional reservoirs. Then, the research formulates general measures for an environmental
management plan to effectively mitigate these adverse effects, focusing on specific and
applicable strategies. Finally, the study evaluates the suitability of the CONESA methodol-
ogy to address the uniqueness of these projects, answering the critical question of whether
CONESA proves to be an adequate and efficient approach in the environmental assessment
of unconventional reservoirs. How do we propose and apply a methodology for assessing
the impacts of the production of unconventional hydrocarbons in Colombia, given the
different dimensions of these impacts?

2. Background

This study applied the analysis to the Middle Magdalena Valley (VMM) basin (Figure 1)
operated by the Colombian oil company ECOPETROL. This is an unconventional reservoir
in Colombia. The La Luna unconventional oil production field, located in the Middle
Magdalena Valley (VMM) basin, is the third largest unconventional reservoir in the western
hemisphere in terms of volume of reserves and potential for oil and natural gas extrac-
tion [12–14].
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Actually, on the one side, this study deepens the previous research on the challenges
of expanding oil frontiers in unconventional reservoirs. In fact, the dependence on oil
revenues is a complex challenge for several countries. Many countries depend not only
on oil production and its exports but also on imports of oil products. This creates an
intricate challenge for these countries, as they must equate two conflicting challenges: the
need to deal with replenishing oil reserves, which is crucial for maintaining government
revenue; and the growing pressure to carry out the energy transition away from fossil
fuels. This complex task is exacerbated when potential oil resources require innovative
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technologies and are located in sensitive areas. This intensifies the environmental and
technical concerns associated with exploiting these resources. In the Andean countries,
this scenario becomes even more complicated, highlighting the pressing need for strategic
approaches and innovative solutions. An example of this is oil development in the Amazon
basin of Ecuador, which has generated a critical intersection between economic progress
and the health of local communities [17]. Also, in Peru, strategic work on environmental
disaster planning for coastal oil spills exposes the need to anticipate and mitigate the risks
associated with hydrocarbon [18].

However, more specifically, Colombia is an emblematic country in this case. The
Middle Magdalena Valley (VMM) region in Colombia has a complex and layered geology
that has led to the development of unconventional reservoirs, particularly in the form of
shale gas. Exploration and exploitation of these resources involve a detailed understanding
of the geology of the area [19–21].

The stratigraphic sequence in the Middle Magdalena Valley spans several geologic eras,
with a particular focus on the Upper Cretaceous and Tertiary formations [22]. Within this
stratigraphy, the La Luna Formation emerges as a critical component, hosting hydrocarbon
source rocks [23]. The source rocks, located mainly in the La Luna Formation, have
accumulated organic matter over geologic time [24]. These rocks are essential for oil and
gas generation, and their detailed study provides valuable information on the amount and
composition of hydrocarbons present in the region [25].

As for the tectonic structure, it is related to the Andes Mountains to the west and the
Magdalena Basin to the east, resulting in systems such as folds and faults. These structures
can significantly influence hydrocarbon migration and reservoir configuration [26]. Now,
with respect to the unconventional reservoirs that can be found in the La Luna formation,
the presence of shale gas stands out. This type of deposit is trapped in shale layers,
sedimentary rocks rich in organic matter [27,28]. The La Luna Formation is the main
generating unit of the basin, with a thickness of approximately 200 feet [27–29]. TOC ranges
from 1.5% to 9.6%, with an average of 3.8%. This formation is currently in the hydrocarbon
generation window [30]. The predominant oils in the basin have an API gravity exceeding
30◦ and are of outstanding quality [30,31]. The correlation between reservoir depth and API
gravity is not straightforward. These oils originate from a later expulsion stage, and their
elevated thermal transformation accounts for the elevated API gravity [31,32]. Efficient
extraction of this gas requires the use of advanced techniques, such as hydraulic fracturing
(fracking), which allows the gas trapped in the shale layers to be released by injecting fluids
at high pressure [33,34]. Hydraulic fracturing is presented as the most suitable technique
for hydrocarbon extraction in unconventional reservoirs such as shale and tight due to
its ability to maximize productivity in low permeability formations [33,34]. These types
of reservoirs, characterized by a compact source rock, require a solution to release the
hydrocarbons trapped in their pores [35]. Fracking involves injecting high-pressure fluids
into the formation, creating fractures that allow for higher permeability and, thus, more
efficient extraction of oil and gas. This technique has proven to be highly effective in the
exploitation of shale and tight reservoirs [36,37].

At the time of writing, the La Luna Formation, which is the third basin with uncon-
ventional oil potential in the Americas, has not been exploited yet. A more rigorous legal
framework is awaited to make its exploitation viable; it is currently considered a contingent
resource.

A conventional reservoir is formed through several stages that are governed by a
chronological profile: initially, the hydrocarbon originates in a rock called a source rock,
characterized by its very fine granulometry and the narrowness of its pores, through the
accumulation of marine organic matter in sedimentary rock in an anaerobic environment.
Subsequently, by the effect of the pressure that the oil causes under the rock, the oil is
expelled from the source rock, which is called primary migration; then, the fluid flows
into a formation composed of a sealing rock that prevents it from sliding, where, finally,
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the resource lodges in a formation called reservoir rock, which has good permo-porous
characteristics; this process is known as secondary migration.

When the deposition of hydrocarbons does not have any of the steps listed above, the
concept of unconventional reservoir (UCR) is used [38–43]. These unconventional reservoirs
have the uniqueness in that two of their basic petrophysical properties, permeability and
porosity, are significantly low. Thus, vertical drilling does not provide economically viable
production rates. For this reason, it is necessary to drill horizontally, applying hydraulic
stimulation techniques, which allow for the optimal drainage areas to be obtained and to
generate fractures that allow the hydrocarbons to flow to the canyon beds. Figure 2 shows
the most important points regarding this technique [44–48].
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Figure 2. Stages of the hydraulic stimulation process [49].

Each petroleum reservoir has its specificities regarding mineralogical composition,
permeability, porosity, temperature, and pressures. Therefore, different types of fracturing
fluids have been developed so that they can be used appropriately for each type of reservoir.
Effective hydraulic fracturing stimulation design involves selecting the appropriate fluid
and proppant for the operation. The amount of fluid and proppant used, as well as the
pressure and injection rate, are closely related to the fracture dimensions and, consequently,
to its productivity [48,50].

The fracturing fluid must be viscous enough to carry the support agents and to
improve the circulation inside the well, avoiding the accommodation of the proppants
generated by the gravitational forces [51–53].

The viscosity of the fracturing fluid also influences the fracture geometry. If the fluid
is too viscous, the vertical length of the fracture may exceed the vertical length of the
producing layer, resulting in a lower-than-expected accommodation of the proppants.
Figure 3 demonstrates the application of the fracking technique being performed with
fluids of excessive (left) and moderate (right) viscosity [51–56].
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In parallel, the pumping rate of the fluid is of great importance. This variable is
dependent on the density and the friction involved in the flow. In addition, it is important
to consider the infiltration of the fluid into the formation, the compatibility with the
formation, and its displacement, among others [57,58].

A sequence of materials must be added to a fracturing fluid for it to meet the require-
ments and have a composition that makes the use of the technology possible [55,59]. Table 1
shows the different types of additives and their respective role in hydraulic fracturing.

Table 1. Types of additives and their function [58–60].

Additives Function

Gelling agents They increase viscosity, reduce formation creep, and decrease fluid friction.
Cross-linkers Increase the viscosity of the gel formed.

Fluid-loss additives Optimize the action of the gelling agents by reducing the infiltration of fracturing fluid into the
formation.

Friction reducers Decrease fluid friction.

Breakers They are responsible for breaking the gel formed and reducing the viscosity of the fluid, with the
objective of helping in the next step of cleaning the fracture.

Surfactants They facilitate the cleaning treatment, reducing the wettability of the rock.
Stabilizers Additives such as sodium thiosulfate and methanol are used to avoid possible unwanted reactions.

Fibers Decrease the settling velocity of the proppants, resulting in a better filling of the fracture interior and,
consequently, in a higher conductivity.

The infiltration of fracturing fluid into the target layer (leak-off) is an important aspect
of planning a hydraulic fracturing project. Therefore, the larger the fracture, the larger
the leak-off will be. Cross-linkers are of utmost importance to reduce this leak-off. In the
process of modifying the polymeric structure, which constitutes the gelling agents, the
cross-linkers help in the formation of the filter cake, a layer of residues deposited on the
fracture wall, minimizing the subsequent leak-off of the fracturing fluid. As filter cake
formation is a severe process, initially, the fracture wall is more exposed to seepage, and an
additional amount of fracturing fluid enters the rock, called spurt loss [61,62].

Oil- or water-based fracturing fluids are most frequently employed in fracking. Since
the oil sector uses water-based fluids the most, they are more suitable. Water-based fluids
are more widely accessible and less expensive because of this. Due to its relatively high
density and minimal risk of combustion and pollution, this type of fluid also benefits from
low pumping pressure requirements and favorable gelling agent reactivity. Its relatively
high density is a drawback as it makes well cleaning more challenging [61–65].

On the other hand, oil-based fluids have the advantage of having high viscosity, which
helps in the conduction of propellants, and low density, which facilitates the well cleaning
(well cleaning in unconventional reservoirs refers to the operations performed to maintain
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the productivity and efficiency of an unconventional hydrocarbon well, such as shale oil or
shale gas. These wells often require periodic maintenance and cleanup due to the unique
characteristics of unconventional reservoir production [64–67]) process. However, its use
involves risks related to combustion and pollution; it demands a higher pumping rate and
has a high cost when compared to water-based fluids [66–68].

On the other hand, the proppant material is the solid particles that enable the prop-
agation of fractures, generating a path of greater permeability and conductivity for the
fluid. Its choice must be carefully performed so that it resists the closure of the fracture and
ensures the flow of the reservoir [68–71].

To select the ideal proppant, it is necessary to analyze the density, the crushing
resistance, the size and distribution of grains along the crack, the ease with which the
granular material is transported, the roundness, and particle sphericity. The support
agent must have dimensions and specific mass that allow it to be transported through
the fracturing fluid and be minimally degradable over time. This section discusses the
properties of the different types of proppants applied [68–76]. Table 2 shows the densities
and crushing strengths (compressive strength of the particles or grains of the rock formation
being fractured) of the proppants usually used in fracking.

Table 2. Propellant properties [76–79].

Type of Propellant Density (g/cm3) Crush Resistance (psi)

Pure sand 2.65 <6000
Resin-coated sand (RCS) 255 <8000

Intermediate-strength proppants (ISP) 2.7 a 3.3 5000 a 10,000
High-strength bauxite (HSB) 3.4 ou superior >10,000

Bauxite 2 >7000

Pure sand is widely used due to its wide availability, which reduces the costs of
the operation. However, this resource has limited application since it provides good
conductivity and permeability only when subjected to a crushing strength of less than
6000 psi. In this case, the sand can be treated with resin (RCS—resin-coated sand), aiming
to provide the sand with a higher crushing strength [76–81].

Ceramic proppants have higher crush resistance. They have aluminum in their com-
position (extracted from bauxite) as their main component, besides having silica and clay
at low levels. They are classified into two main types, according to their bauxite content:
ceramic proppants of intermediate strength ceramic proppants (ISP); and high strength
bauxite (HSB) [81–83]. The intermediate-strength ceramic proppants are derived from
bauxite synthesized with a high mullite content. The high-strength ceramic proppants, on
the other hand, are derived from synthesized bauxite rich in aluminum oxide. In addition,
the IDC is an intermediate-density ceramic proppant known as bauxites [83–85].

3. Methods

To assess the impacts of unconventional hydrocarbon production in the Middle Mag-
dalena Valley (VMM) basin, this study proposes and applies different indicators, which
are described in this section. Then, it applies a multicriteria analysis to derive an aggre-
gated impact result. Subsequently, measures are proposed to mitigate these environmental
impacts.

The main method is based on the Conesa Methodology [83]. This methodology
was applied by several environmental studies and development projects to assess the
potential impacts of human activities on the environment [86,87]. The appropriateness of
this methodology depends on several factors, and its use may vary according to the context
and the specific objectives of the assessment.

Moreover, Figure 4 provides a detailed visual representation of the environmental
impact associated with a specific action. In the graphical representation, colors have
been assigned to clearly distinguish between beneficial impacts, highlighted in green,
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and adverse effects, marked in red. What is remarkable about this representation is the
inclusion of a timeline that allows for observing the evolution of the negative environmental
impact from the time of the completion of the action to the defined period of interest. This
temporal approach provides a dynamic perspective, facilitating the identification of trends
and changes in the magnitude of the negative environmental impact over time. In addition,
quantifying the magnitude of adverse impacts provides valuable data for a more accurate
and detailed assessment of the long-term effects of the action under consideration on the
environment.
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It should be noted that tIC represents a time of Interest considered; in turn, tCA
represents the time of completion of the action; TII is a time of Impact Initiation, and tCM
corresponds to the time of Current Moment.

Moreover, Figure 5 shows the negative environmental impact derived from a specific
action, using a distinctive red color. Four lines stand out, representing the degree of inci-
dence of the environmental impact, with the angle formed between these lines and the line
representing the evolution of the environment or of a “no action” factor being preponderant.
The novelty of this approach lies in the fact that the angle formed provides a visual measure
of the severity of the environmental damage, establishing a direct relationship between
the extent of the angle and the magnitude of the adverse impact. Thus, the greater the
angle, the greater the degree to which the environment is affected, allowing for an intuitive
interpretation of the severity of the negative environmental impact of the action under
consideration. In this way, a direct relationship can be given between the magnitude of the
angle and its incidence in terms of impact; thus, angle 4 will be categorized as total impact,
angles 3 and 2 as medium and notable, respectively, and finally, 1 as minimal impact.
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Figure 5. Categorization of impact by degree of incidence.

On the other hand, Figure 6 highlights, in an illuminating way, the temporality of the
impact of an environmental disturbance. In the graphic representation, two key categories
can be distinguished, identified as (A) immediate and (B) medium-term, clearly indicating
the moment at which the harmful effects are manifested in the environment. The ability to
categorize the impact as immediate or medium-term based on the harmful disturbance to
the environment is crucial for the subsequent assessment and classification of the risk asso-
ciated with the impact. This temporal approach provides a more detailed understanding
of the temporal dynamics of adverse environmental effects, serving as a valuable tool for
informed decision-making in the management and mitigation of environmental impacts.
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Figure 6. Categorization of impact manifestation time.

In addition, Figure 7 highlights the duration of an environmental impact and the time
required to carry out its quantification and, subsequently, the corresponding remediation.
In this graphic representation, the timeline of the impact is clearly observed, indicating
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the beginning and the end of its manifestation. At the same time, an additional period is
identified that covers the time for impact quantification, marking the moment when the
detailed evaluation process begins. On the other hand, what is very significant about this
figure is the explicit connection between the duration of the impact and the time required
for its quantification and remediation. This visual approach allows one to appreciate
how mitigation and remediation of an environmental impact are intrinsically linked to a
precise understanding of its temporal duration. The figure, therefore, provides a valuable
tool for planning effective and timely interventions, facilitating conscious and sustainable
environmental management in response to impacts arising from specific actions.
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Figure 7. Classification of environmental impacts according to their duration.

The assessment of the parameters that make up the environmental impacts is carried
out by means of a scale that reflects the importance and seriousness of each qualitative
aspect. In this context, the qualitative weight of the intensity of the environmental impact is
considerably greater than that of the effect. For example, intensity represents the degree of
destruction in a given area, providing a more direct measure of the magnitude of the impact.
In contrast, the effect relates to the cause of the impact, whether it is the result of the action
being studied or a previous action. Given this qualitative difference, intensity is evaluated
on a scale of up to 12 units, considering their midpoints, while effect is quantified in a
range of up to 4 units. This hierarchical weighting allows for a more precise and detailed
evaluation of environmental impacts, focusing on the dimension of greatest qualitative
relevance in the evaluation process.

3.1. Intensity (IN)

This indicator assesses the extent to which an activity or action affects a specific factor
in a particular area, such as soil, air, or water. The rating scale ranges from 1 to 12, with
12 indicating complete destruction of the factor in the area where the effect occurs and 1
representing minimal impact. Values falling between these two extremes indicate varying
degrees of impact.

The intensity rating scale used in this context ranges from 1 to 12, providing an
accurate and detailed tool for assessing the magnitude of the environmental impact. In
this scale, the upper end, marked as 12, denotes the total destruction of the factor under
study, which translates into an environmental impact of maximum intensity, classified as
“Total”. In contrast, the minimum value of 1 represents a minimal and insignificant impact,
characterized by a low and minimal intensity. Intermediate values on the scale, such as 8,
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indicate very high or noticeable intensity; 4 reflects high intensity, while 2 is associated with
medium intensity. Figure 4 shows the graphic representation of the appearance of impact
or manifestation at the moment any action is performed. This scaling approach provides a
precise gradation that facilitates the assessment of the severity of the environmental impact,
allowing for a detailed classification and a more complete understanding of the magnitude
of the effects on the environment.

Table 3 displays the ratings for each level of intensity [83,84].

Table 3. Criteria of periodicity, associating rating range, and rating value.

Criteria Rating Range Rating Value

Intensity (IN)

Low 1
Half 2
High 4

Very High 8
Total 12

3.2. Extension (EX)

This indicator addresses the area of theoretical influence of the impact in relation to
the environment of the project or activity [84].

• Specific refers to the impacts generated in the area directly intervened by the project.
The physical–biotic component corresponds to the area intervened directly during the
construction, operation, and dismantling while, for the social element, it correlates to
the properties where the said activities will be carried out;

• Limited refers to those impacts that transcend the areas directly intervened by the
project or activity without reaching the entire study area;

• Extensive: when the impact covers the study area in its entirety and/or can transcend
it until it reaches a larger order, municipal affectation, an account, or an ecosystem;

• Total refers to the case in which the effect is punctual but occurs in a critical place.

The extent of the environmental impact is evaluated by the percentage of the affected
area in relation to the total environment. In the case that the action that originates the impact
is highly localized, affecting a minimal area in comparison with the total environment, it is
classified as a punctual impact, designated with the value of 1. On the other hand, when the
effect cannot be precisely localized within the project environment and has a generalized
influence that covers the entire space, it is categorized as a total impact, assigning it the
value of 8. Intermediate situations are also considered, which are graded according to
the extent of the impact, being considered as partial impact (2) when they affect limited
areas and as extensive impact (4) when the influence extends beyond the localized but does
not reach the generalization of the total impact. This approach allows for a detailed and
graded assessment of the extent of the environmental impact, providing a more complete
understanding of the spatial distribution of the effects generated by the action in question.

Table 4 shows the criteria and the qualification range of the extension.

Table 4. Extension ranking range and rating value.

Criteria Rating Range Rating Value

Extension (EX)

Punctual 1
Partial 2

Extensive 4
Total 8

Criticism 12
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3.3. Moment (MO)

The “Manifestation or Moment” indicator represents the time gap between the initia-
tion of an action and the commencement of its impact on the environment or the specific
medium in question [85,88]. Likewise, the moment can be as follows:

• Long-term: when the effect takes more than 5 years to manifest itself;
• Medium-term: when the time elapsed between the effects caused by an action is

between 1 and 5 years;
• Immediate: when the elapsed time is zero and the time is less than one year;
• Critical: results when the effect is immediate and occurs in the vicinity of populations

or vulnerable elements;
• Table 5 shows the criteria and the qualification range of the extension of moment.

Table 5. Value and range of qualification of the extension in the evaluation of environmental impacts.

Criteria Rating Range Rating Value

Moment (MO)

Punctual 1
Partial 2

Extensive 4
Total 8

Criticism 12

The temporal relationship between the action and the manifestation of the impact
plays a crucial role in the evaluation. When the time-lapse between the occurrence of the
action and the onset of the effect is practically nil, reflecting an immediate manifestation, it
is assigned a value of (4). On the other hand, if this time-lapse is less than one year, it is
classified as a short-term manifestation, giving it a value of (3). If the period is between 1
and 10 years, it is considered a medium-term manifestation, represented by the value (2).
In situations where the effect takes longer than 10 years to manifest itself, a value of (1)
is assigned. This temporal approach to valuation allows for a detailed differentiation of
impacts according to the speed with which they manifest themselves, providing a valuable
tool for understanding and managing the temporal effects of environmental actions.

In the process of temporal quantification of environmental impacts, the fundamental
concept of Time of Moment (tm) is introduced. This parameter is defined as the difference
between the time of onset of the effect and the time at which the action occurs. In other
words, the Time of Moment (tm) is calculated by subtracting the instant at which the
action manifests (TCM) itself from the instant at which the effect starts (tii) (Equation (1)).
This precise and specific approach makes it possible to accurately measure the time-lapse
between the impact-generating action and the concrete manifestation of the environmental
effect, providing a key tool for detailed temporal evaluation in the analysis of environmental
impacts. Providing precise values for the quantification of the parameter.

tm = tII − tCM (1)

3.4. Persistence (PE)

This indicator refers to the time that the alteration of the variable being assessed will
theoretically remain from its appearance and from which its recovery process begins, with
or without management measures.

Quantifying the permanence of an effect is essential for understanding the duration
and magnitude of environmental impacts. In this context, a criterion has been established
that assigns values according to the temporal duration of the effect. If the effect is ephemeral
or fleeting, as in the case of noise pollution that lasts only for the duration of the sound
emission, a value of (1) is assigned. In contrast, if the duration is in the range from 1
to 10 years, it is characterized as temporary or transitory, and a value of (2) is assigned.
For effects that persist between 11 and 15 years, they are characterized as persistent or
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long-lasting and are assigned a value of (3). When the effect is permanent and irreversible,
as in the case of the construction of roads or access roads to a project, the maximum
value of (4) is assigned. This approach allows for an accurate assessment of the temporal
persistence of environmental impacts, providing valuable information for decision-making
and sustainable project management.

According to this criterion, the impact for its duration can be (Table 6) [83,89,90] as
follows:

• Fleeting: if the impact persists for less than one (1) year;
• Temporary: if the impact persists for 1 to 10 years;
• Permanent: if the impact persists for an indefinite period or for more than 10 years.

Table 6. Value and range of qualification of the Persistence in the evaluation of environmental
impacts.

Criteria Rating Range Rating Value

Persistence (PE)
Fleeting 1

Temporary 2
Permanent 4

3.5. Reversibility (RV)

This indicator assigns the capacity of the environment to naturally assimilate a change
or impact generated by one or several activities of the project under evaluation in such a way
that it activates self-purification or self-recovery mechanisms without the implementation
of management measures [83,91]. The criteria to define the reversibility of the socio-
environmental environment are as follows (see Table 7):

• Reversible in the Short-term: the natural recovery of the variable to its initial state,
without management measures, can occur in less than 1 year;

• Reversible in the Medium-term: the natural recovery of the variable to its initial state,
without management measures, can occur between 1 and 10 years;

• Irreversible: the natural recovery of the variable to its initial state without management
measures is not possible.

Table 7. Value and range of qualification of the Reversibility in the evaluation of environmental
impacts.

Criteria Rating Range Rating Value

Reversibility (RV)
Short-term 1

Medium-term 2
Irreversible 4

3.6. Synergy (SY)

This indicator considers the amplification of two or more individual effects. The
cumulative outcome of these effects, triggered by concurrent actions, surpasses what would
be anticipated if the actions were to operate independently rather than concurrently. The
emergence of new effects on the analyzed factor is integral to the modus operandi of
synergism [83,92,93]. The synergistic nature of the resulting effects can be as follows (See
Table 8):

• Simple: when an action acting on a component does not present synergy with other
actions on the same factor or component;

• Synergistic: when an action acting on a component can present synergism with other
actions on the same factor or component;

• Very synergistic: when it is evident or highly likely that an action acting on a compo-
nent presents synergy with other actions on the same factor or component.
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Table 8. Value and range of qualification of Synergy in the evaluation of environmental impacts.

Criteria Rating Range Rating Value

Synergy (SY)
Without synergism (simple) 1

Synergist 2
Very Synergic 4

3.7. Accumulation (AC)

This indicator accounts for the progressive increase in the manifestation of an alteration
in the socio-environmental variable(s), considering a continuous and reiterated action.
Accordingly, the impact can be single or cumulative (Table 9) [83,94].

Table 9. The criteria, qualification range, and rating value of the accumulation (AC) of moment in
Environmental Impact assessment.

Criteria Rating Range Rating Value

Accumulation (AC)
Simple 1

Cumulative 4

• Simple: it is the case in which the effect of the activity or impact does not produce
cumulative effects;

• Cumulative: it is the case in which, as the action generating an impact is prolonged over
time, its severity progressively increases given the impossibility of the affected variable
being able to recover in the same proportion as the action increases spatiotemporally.

3.8. Effect (EF)

This indicator refers to the cause–effect relationship or the manifestation of the effect
on a socio-environmental variable because of activity (See Table 10) [83,95].

Table 10. The criteria, qualification range, and rating value of the effect (EF) of moment in Environ-
mental Impact assessment.

Criteria Rating Range Rating Value

Effect (EF)
Indirect 1

Cumulative 4

• Indirect: occurs when the impact that is generated on a socio-environmental variable is
a consequence of the interaction with another variable, in turn, affected by the activity
that is being carried out;

• Direct: occurs when the impact being evaluated is a consequence of the activity or
action being carried out.

In the evaluation of environmental impacts, the distinction between direct and indirect
effects plays an important role in assigning values. When an effect is direct or primary,
i.e., it is produced immediately because of the action, it is assigned a value of (4). A clear
example of this is the emission of carbon dioxide (CO2), which directly affects air quality in
the environment.

On the other hand, indirect or secondary effects, which are more distant or mediate to
the action, are assigned a value of (1). An illustrative case of an indirect effect could be the
reduction in the index of native species in an area caused by the construction of surface
oil installations. Although this impact does not arise immediately, its connection with the
initial action is clear, justifying the assignment of a value that reflects its indirect character
in relation to the main action. This differentiation in the assignment of values allows for a
more precise and detailed evaluation of environmental impacts, considering their direct or
indirect nature.



Sustainability 2024, 16, 2063 15 of 35

3.9. Frequency (FR)

This indicator deals with the consistency of the effect’s occurrence, whether it is
cyclical, recurrent, unpredictable over time, or constant over time [83,96]. Consequently,
the impacts, based on their periodic nature, can be as follows:

• Irregular and discontinuous are those whose effect or impact due to an action or
activity manifests itself through irregular alterations in its permanence (Discontinuous)
or those whose effect or impact manifests itself unpredictably over time and whose
alterations it is necessary to evaluate them based on the probability of occurrence (See
Table 11);

• Periodic: it is that effect or impact that, due to an action or activity, manifests itself
with an intermittent mode of action and continues over time;

• Continuous: is that effect or impact that, due to an action or activity, manifests itself
through regular alterations in its permanence.

Table 11. The criteria, qualification range, and rating value of the Accumulation of moment in
Environmental Impact assessment.

Criteria Rating Range Rating Value

Frequency (FR)
Irregular and discontinuos 1

Periodic Continuous
2
4

In assessing the permanence of environmental effects, specific values are assigned
to reflect their temporal nature. Continuous effects are given a value of (4), indicating a
constant presence over time. Those of a periodic nature, which manifest themselves at
regular intervals, are given a value of (2). In the case of irregular effects, such as aperiodic
and sporadic effects, an evaluation based on the probability of occurrence is introduced,
assigning them a value of (1). However, when the relevance of the impact manifestation so
requires, irregular effects may be rated with higher values, such as (2), (3), or even (4). The
unpredictability of their occurrence can enhance the degree of manifestation of the effect,
and this flexibility in assigning values allows for a more accurate assessment adapted to
the temporal complexity of environmental impacts.

3.10. Recoverability (RE)

This indicator pertains to the potential for complete or partial restoration of the affected
factor due to the project, construction, or activity. It specifically addresses the feasibility of
returning to the initial conditions before the action, facilitated by the implementation of
environmental management measures [83,97,98]. The criteria for defining recoverability
are as follows (See Table 12):

• Immediately recoverable: if the effects are recoverable through management measures,
the affecting action immediately results;

• Recoverable in the medium term: if the recovery can occur through management
measures after the event occurred and in a period of no less than 1 year;

• Mitigable: if the corrective actions used to mitigate the effects produced;
• Irrecoverable: if the consequences produced by the activities cannot be recovered

through environmental management measures.
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Table 12. The criteria, qualification range, and rating value of the Recoverability (RE) of moment in
Environmental Impact assessment.

Criteria Rating Range Rating Value

Frequency (FR)

Immediately recoverable 1
Recoverable in the medium term 2

Mitigable 4
Irrecoverable 8

Aggregated Importance (I)
The Conesa methodology, designed to evaluate environmental impacts, is based on

the weighting and rating of specific variables in the evaluation equation. The weighting
values and rating ranges associated with each variable are derived directly from the rating
and percentage weighting assigned to that variable in the methodology framework. It
is important to note that this methodology is based on adjustments of values from other
widely used methodologies.

Then, in terms of the aggregated importance (I) and the rating system, this study
aims at combining the rating criteria described above. Hence, this aggregated importance
depends on the extent of the impact, its intensity, its persistence, the effect, etc. In our study,
we propose that importance should be defined as the sum of all the indicators except the
intensity, which should be multiplied by three (3), and the extension, which should be
multiplied by two (2). This is because these two criteria are relevant in determining the
significance of an impact. As the aim of this study is to stress environmental impacts, it
highly weighs those indicators more related to them, considering that the first challenge is
the intensity of an impact, then its extension [83].

In particular, the extent variable is characterized by having a multiplier factor of 2
since the severity weighting of this parameter represents up to 24% in the equation. On
the other hand, the intensity variable has a multiplier factor of 3, as it triples the weighting
percentages assigned to the rest of the variables studied. This strategic approach reflects
the relative importance of each variable in the overall assessment of environmental impacts,
thus allowing for a more accurate and realistic weighting of the environmental effects of a
specific action (Table 13 shows the parameter weighting).

Table 13. Weighting value of qualitative criteria in the Conesa methodology.

Variables Rating Range Weighting Percentage

IN INTENSITY 1–12 23.1–36%

EX EXTENSION 1–12 15.4–24%

MO MOMENT 1–8 7.7–10%

PE PERSISTENCE 1–4 7.7–10%

RV REVERSIBILITY 1–4 7.7–10%

SY SYNERGY 1–4 7.7–10%

AC ACCUMULATION 1–4 7.7–10%

EF EFFECT 1–4 7.7–10%

FR FREQUENCY 1–4 7.7–10%

RE RECOVERABILITY 1–8 7.7–10%

The numerical values assigned to the parameters (1–12), (1–8), and (1–4), in this case,
represent the units of importance within the evaluation system. These values provide a
quantitative scale that allows for weighting and ranking the relevance of each parameter
in relation to others. The assignment of these numbers facilitates a more objective and
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structured evaluation, allowing for a clear comparison of the relative importance of different
factors within the analysis framework.

The Conesa methodology equation for environmental impact assessment is based on
key theoretical foundations of environmental impact assessment (EIA). First, it is based on
the process of impact identification, where the possible adverse effects associated with a
specific action are analyzed and recognized. Subsequently, it relies on the assessment and
categorization of these impacts, evaluating their magnitude, importance, and nature.

The weighting of impacts constitutes another essential pillar of the methodology,
assigning weighted values to each impact according to its relative relevance. The sum
or aggregation of impacts is an integral process where a weighted combination of the
identified impacts is made to obtain an overall assessment of the environmental impact.

The definition of ranges and categories provides a qualitative framework for classify-
ing impacts, facilitating the interpretation of the results. In addition, Conesa’s methodology
establishes correlations with other widely used methodologies, adapting and adjusting
values based on previous experiences and accumulated knowledge in the field of environ-
mental impact assessment.

The importance of the impact makes it possible to prioritize the impacts and, thus,
determine the required environmental management actions. The formula used to determine
the importance of the impacts is presented below (Equation (2)):

IMPORTANCE (I) = (3IN + 2EX + MO + PE + RV + SY + AC + EF + FR + RP) (2)

Table 14 summarizes the proposed indicators for the evaluation of the impacts. Within
each qualification criterion, there is an assessment that oscillates between 1 and 12, where
the values are assigned according to the quantitative characteristics determined for each of
the impacts.

Table 14. Weighting of criteria for assigning environmental impact risks in energy projects.

Criteria Rating Value

INTENSITY (IN)

Low 1

Half 2

High 4

Very High 8

Total 12

EXTENSION (EX)

Punctual 1

Partial 2

Extensive 4

Total 8

Criticism 12

MOMENT (MO)

Long-Term 1

Medium-Term 2

Immediate 4

Critical 8

PERSISTENC (PE)

Fleeting 1

Temporary 2

Permanent 4
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Table 14. Cont.

Criteria Rating Value

REVERSIBILITY (RV)

Short-Term 1

Medium-Term 2

Irreversible 4

SYNERGY (SY)

Without Synergism (Simple) 1

Synergic 2

Very Synergic 4

ACCUMULATION (AC)
Simple 1

Cumulative 4

EFFECT (EF)
Indirect 1

Direct 4

FREQUENCY (FR)

Irregular and discontinuous 1

Periodic 2

Continuous 4

RECOVERABILITY (RE)

Immediately recoverable 1

Recoverable in the medium term 2

Mitigable 4

Irrecoverable 8

AGGREGATED IMPORTANCE (I)

Low <25

Moderate 25 to <50

Severe 50 to 75

Critical >−75

In order to quantify the indicators, initially, different sources of information were
gathered, including scientific papers, field reports, and resolutions of State entities. To
identify the most relevant literature contributions, a bibliometric analysis was performed
using the VOSviewer tool of Scopus. VOSviewer is an analysis and visualization tool that is
based on specialized network analysis and visualization techniques, providing the ability to
graphically represent patterns and relationships within bibliometric and scientific datasets.
The 100 most relevant references published from 2017 to 2023 were originally taken. The
keywords used for this task were the environmental impact AND hydraulic fracturing AND
unconventional reservoir, AND petroleum industry. The preliminary bibliographic study
yielded the networks of the most prominent authors (Figure 8; also, in Figures 9 and 10
the most common keyword interactions are observed. Once this information was filtered,
43 bibliographic references were studied to assign values to each parameter described in
Tables 3 and 5 [97–140]. In turn, field reports and documents from governmental entities
were evaluated to help in the numerical estimation.
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Subsequently, a score is given for each of the parameters that were discretized. Finally,
a simple sum is applied to determine the importance of the occurrence. Similarly, a spider
diagram (Figure 10) is prepared to visually identify the criticality of an impact. The spider
graphs of the environmental impacts can be found in Appendix A.



Sustainability 2024, 16, 2063 20 of 35

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 34 
 

 

 

Figure 9. Heat map: keywords searched concerning environmental impacts and environmental 

complexity of the exploration and production chain of unconventional reservoirs. 

Subsequently, a score is given for each of the parameters that were discretized. Fi-

nally, a simple sum is applied to determine the importance of the occurrence. Similarly, a 

spider diagram (Figure 10) is prepared to visually identify the criticality of an impact. The 

spider graphs of the environmental impacts can be found in Appendix A. 

 

Figure 10. Spider graph of environmental impacts (Soil excavation), resulting from the Conesa meth-

odology. 

4. Results and Discussions 

Table 15 contains the environmental impact matrix for a possible unconventional pe-

troleum production facility in the La Luna formation of Colombia. 

Figure 10. Spider graph of environmental impacts (Soil excavation), resulting from the Conesa
methodology.

4. Results and Discussions

Table 15 contains the environmental impact matrix for a possible unconventional
petroleum production facility in the La Luna formation of Colombia.

The application of the CONESA methodology in the evaluation of unconventional
reservoirs has proven to be an effective approach to measuring and evaluating the as-
sociated environmental impacts. Using this method, it was possible to break down the
incidence of each effect into 10 specific variables, allowing for a detailed understanding of
the critical aspects. This decomposition facilitated the identification and proposal of more
appropriate mitigation plans to address the challenges of unconventional reservoirs. How-
ever, it is important to note that the CONESA methodology requires a significant volume
of data to make informed decisions. In the case of unconventional reservoirs, the limitation
in the availability of specific data may affect the ability of the methodology to provide
accurate details on mitigation measures. While this may present some limitations in the
development of specific measures, the preliminary study using the CONESA methodology
is still valuable in providing an overview of the process, paving the way for environmental
licensing, and highlighting key areas that require attention in future research and data
collection.
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Table 15. Matrix of environmental impacts on hydraulic fracturing in the Middle Magdalena Valley basin in Colombia [97–140].

Area Activities Description of the Activity Potential IMPACTS Occurrence Control Measures

Bu
ild

in
g

th
e

pr
im

ar
y

ph
as

e
of

th
e

pr
oj

ec
t

Deforestation Reforestation with local plants.
Removal of natural plant cover Biodiversity loss Sound contention wall.

Fauna displacement Re-faunalization of the area, creation of animal
preservation areas.

Changing soil properties Organic matter filling, addition of carbonates
and bentonites.

Construction of access
roads Hearing contamination Temporary retaining walls.

Soil Excavation Contamination of water sources with
extracted material Gutter construction.

Air contamination with particulate
matter

Periodic air quality measurements, installation
of air purifiers in the region.

Modification of the Earth’s geo-forms Backfilling of sedimentary material in situ.
Terrain stability

Compensated and compacted fillings.Embankment construction
Restitution of removed soil
Forest involvement Forest restoration.
Fauna displacement Revegetation with native plants.Construction of surface

facilities
Removal of vegetation cover

Habitat alteration Reforesting the area.
Destruction of the habitat of
microorganisms

Install the extracted soil in a green area to avoid
damage.

Air contamination by particulate
material Periodic measurement and air purification.

Soil Excavation
Soil instability Soil fills with material like the soil in the region.
Hearing Contamination Sound walls.

Transportation of machinery, equipment,
and supplies.

Contamination of surface waters
adjacent to the area due to chemical
spillages.

Hydrological studies that indicate the effects on
water dynamics and measures to correct the
effects on them.

Particulate matter survey Periodic air quality measurements, installation
of air purifiers in the region.

Hearing contamination Sound walls.
Mobilizing and

assembling equipment on
site

Assembling the derrick, containers,
waste pools, and fluid storage tanks. Wildlife displacement Revegetation with native plants.
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Table 15. Cont.

Area Activities Description of the Activity Potential IMPACTS Occurrence Control Measures

Solid waste generation Transport of materials preferably to inert
recovery and recycling facilities.

D
ri

lli
ng

an
d

C
om

pl
et

io
n

Subsoil instability Containment Structures.
Hearing contamination Insulated walls.

Sand removal Wildlife displacement Revegetation.

Well drilling Water consumption Pressure on water resources, increasing
scarcity rates

Reuse of urban wastewater with prior
treatment.

Drilling Mud injection Pollution of water sources and soil
Gutter construction. Pool of tailings and drill
cuttings, for subsequent treatment and use as
input for allowance.

Solid particle generation Soil pollution Monitoring the volume of fluid contained in
swimming pools. Acting on a mitigation plan.Supply of wastewater

boreholes and cuts Generating wastewater with chemical
content Resource pollution Implementation of more environmentally

friendly chemicals.
Air pollution Records to confirm cement adhesion.Lining and cementing the

well walls Gas Leak

Groundwater pollution High-quality cement between the walls of the
well and the pipe.

H
yd

ra
ul

ic
fr

ac
tu

ri
ng

Injection of water mixed
with chemicals Water consumption Pressure on water resources, increase in

the scarcity index
Reuse of urban wastewater with prior
treatment.

Presence of chemical substances Pollution of water resources Treatment plants.

Pipe integrity tests, cement, and cement
adhesion to the formation.

Generation of heavy metals and
radioactive materials of natural origin

Pollution of groundwater resources

Fracture fluid return Filtering the fluid with chemical
substances Air and water pollution Records to confirm cement adhesion.

Generation of wastewater contaminated
with chemical substances Pollution of water resources

Location of treatment stations, periodic
measurement of water pollutant values, and
safety valve system to prevent flow of polluted
fluid.

Waste disposal in pools
and tanks Excess residual fluid Pollution of soil and water sources

adjacent to the area

Monitoring the volume of fluid contained in
pools. Methodology for the constant disposal of
waste ponds.
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Table 15. Cont.

Area Activities Description of the Activity Potential IMPACTS Occurrence Control Measures

Air pollution

Gas emission control network; strategies for
reducing natural gas emissions; Systems for
converting natural gas into energy (GTW
Gas-To-Wire technology).

Evaporation of minor constituents
present in the fluid Surface water pollution

Construction of gutters, water treatment for
waste disposal, water treatment for livestock
consumption and crops.
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Results show that the most serious environmental concerns and areas of significant
attention are water contamination, greenhouse gas emissions, air quality impacts, and
landscape and land use changes. One of the primary points of concern is groundwater
contamination. During the fracking process, substantial quantities of water, sand, and
chemicals are injected at high pressure into the ground to fracture the rocks and release
the hydrocarbons. There is a risk that some of these chemicals and fracking fluids could
migrate into underground aquifers, potentially contaminating drinking water supplies.
Studies indicate concerns about water contamination associated with fracking, including
the presence of toxic chemicals and heavy metals in groundwater [131–136]. Nevertheless,
the magnitude and frequency of these occurrences vary depending on location and fracking
practices. Mitigation measures for such impacts include return-flow fluid management,
which involves the proper handling of return-flow fluids containing potentially contami-
nating chemicals and materials. Research suggests that reusing and treating these fluids
can reduce the risk of water contamination [137–142]. Additionally, well monitoring, which
entails the rigorous monitoring of wells before, during, and after the fracking operation,
can help identify and prevent potential leaks and contamination [143–147].

Similarly, the hydraulic fracturing process and unconventional oil and gas production
release greenhouse gases into the atmosphere, including carbon dioxide (CO2) and methane
(CH4). Methane is significantly more potent than CO2 in the short term, making it a signifi-
cant concern for climate change. The technical literature has shown that methane emissions
associated with fracking can be considerably high if proper management practices are
not implemented [148–152]. These emissions can result from leaks in wells, equipment,
and pipelines, as well as intentional releases during well purging. Accurate quantification
of these emissions is an evolving area of study. In terms of impact mitigation strategies,
controlling leakage through the application of technologies and practices to reduce methane
leakage from wells, equipment, and pipelines is fundamental. Early detection and repair of
leaks can minimize emissions. Additionally, implementing emissions regulations, which
involves adopting stricter regulations and standards to limit methane emissions, is es-
sential. The technical documents provided for the construction of the matrix support the
effectiveness of these actions in reducing greenhouse gases [86,153–156].

Fracking can also bring negative impacts on local air quality. The operation of heavy
equipment, natural gas combustion, and fugitive emissions contribute to the release of
air pollutants, such as nitrogen oxides (NOx) and volatile organic compounds (VOCs),
which can have adverse effects on human health and the environment. The presence of
air pollutants has been identified in areas near fracking operations, leading to concerns
about the exposure of local communities to health risks [157–160]. In this case, impact
mitigation strategies are divided into two categories. The first involves emission control
technologies, such as low-emission burners and capture devices—for example, selective
catalytic reduction options for NOx [13,14]. The second is minimum distances. Establishing
minimum distances between fracking operations and populated areas can help reduce the
exposure of local communities to air pollutants [87,161–164].

Regarding changes in landscape and land use, the development of infrastructure for
unconventional oil and gas extraction, such as drilling platforms and roads, can have a
significant impact on the landscape and land use. This can result in the fragmentation of
natural habitats and the degradation of wilderness areas. To mitigate these environmental
impacts, proper planning of fracking operations and infrastructure consolidation can
minimize the fragmentation of natural habitats and reduce the impact on the landscape.
Similarly, post-fracking restoration suggests that effective restoration of areas affected by
fracking can help mitigate long-term impacts [165–167].

Flowback water management in hydraulic fracturing is an important element in
environmental risk assessment and in the formulation of mitigation plans. This process
involves the return to the surface of the water used during fracturing, bringing with it a
complex mixture of chemical components, some of which are deliberately added during
operation. The complexity of this fluid makes its treatment a challenging and costly task,
especially considering that an in situ treatment plant is required. This significant investment
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highlights the importance that the industry must assign to the responsible management of
flowback water, not only from an economic perspective but also from an environmental
sustainability approach.

Also, one of the most critical and sensitive aspects of hydraulic fracturing is the possi-
bility of contaminating aquifers. Aquifers, vital sources of drinking water, are resources that
must be protected as a priority. Hydraulic fracturing involves the injection of pressurized
fluids into the subsurface, raising concerns about the possible migration of chemicals into
the water table. This risk is accentuated by geological variability, aquifer heterogeneity,
and the complexity of subsurface flow. The prevention of aquifer contamination, therefore,
becomes an imperative task that requires rigorous control and monitoring measures to
ensure the protection of these vital resources.

It is important to highlight that the CONESA methodology, when applied in the
evaluation of unconventional reservoirs, plays a central role in the identification and quan-
tification of environmental risks associated with hydraulic fracturing. The creation of a
matrix that encompasses the entire exploration and production chain facilitates a detailed
understanding of the potential impacts at various stages of the process. In this context,
flowback water management and prevention of aquifer contamination stand out as key
elements assessed by the CONESA methodology. The results obtained from this matrix
become fundamental inputs for environmental impact studies, providing detailed and spe-
cific information that will guide decision-making in policy formulation and environmental
licensing processes.

The application of CONESA not only contributes to a deeper understanding of the
risks associated with unconventional reservoirs but also establishes a basis for the adoption
of more sustainable and responsible practices. The methodology not only addresses
environmental challenges in isolation but integrates a holistic perspective that considers
economic and social aspects. In the specific case of flowback water management, the
CONESA matrix offers a framework for the identification of specific mitigation measures,
thus providing practical guidance for the implementation of responsible flowback water
treatment and management strategies.

In terms of environmental care, however, responsible water management stands out.
The use of large quantities of water in the hydraulic fracturing process highlights the
importance of its sustainable management, focusing on the reduction in consumption,
reuse, and adequate treatment of flowback water.

In addition, the adoption of advanced technologies and the implementation of emis-
sion reduction practices are crucial to minimize these effects and preserve air quality in the
surrounding areas.

Proper waste management is also an essential point. The generation of solid and liquid
wastes during drilling and hydraulic fracturing operations requires rigorous measures for
their management and disposal. The application of recycling practices, safe treatment, and
responsible disposal are fundamental aspects to avoid negative impacts on the environment.

5. Final Remarks

The environmental impact matrix applied in this study allowed for the preliminary
evaluation of the impacts associated with hydraulic fracturing projects in unconventional
reservoirs. The information contained in the matrix can be used for other projects in Latin
America and worldwide.

The main results of this study applied to La Luna in Colombia indicate that the
most challenging impacts include water contamination, deforestation, and the emission of
greenhouse gases. First, water contamination has emerged as one of the most worrisome
issues related to oil development in the La Luna region. Unconventional oil extraction
operations often involve the intensive use of chemicals and the generation of large volumes
of contaminated wastewater, which can compromise groundwater and surface water
quality, negatively affecting local flora and fauna, as well as nearby human communities.
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In addition, deforestation and natural habitat degradation represent another critical
environmental challenge. The expansion of infrastructure related to oil development, such
as road construction and the installation of drilling rigs, has led to the loss of sensitive habi-
tats and biodiversity in the La Luna watershed. This alteration of the natural environment
can have lasting impacts on the local ecology and delicately balanced ecosystems.

Another challenging impact is the emission of greenhouse gases and their contribution
to climate change. Oil extraction in the unconventional La Luna basin involves the release
of greenhouse gases during extraction and processing operations, which can exacerbate
global warming and its associated consequences, such as rising temperatures, changes in
weather patterns, and extreme weather events.

The application of the CONESA methodology proves to be a comprehensive and
effective tool to address the guiding questions of this work, providing a matrix of environ-
mental impacts that highlights the negative risks associated with hydraulic fracturing in
unconventional reservoirs. This matrix, resulting from the detailed analysis contemplated
by CONESA, provides a holistic view of potential impacts along the exploration and pro-
duction chain. In line with the questions posed, environmental risks are identified and
quantified, with special attention to critical aspects such as flowback water management,
possible contamination of aquifers, and other adverse effects.

The highlight of the CONESA methodology is its ability to go beyond the simple iden-
tification of risks by proposing general mitigation measures within the same environmental
impact matrix. This proactive approach allows us not only to recognize environmental
challenges but also to address them with specific strategies designed to minimize negative
effects. The inclusion of these measures in the matrix consolidates the methodology as a
comprehensive tool that not only assesses but also guides toward practical and applicable
solutions.

Despite the lack of some important data, such as the quality of crude oil produced,
CONESA demonstrates its usefulness in responding to the need to categorize the impacts
of hydraulic fracturing. The ability of the methodology to adapt to scenarios where
information may be limited highlights its versatility and its ability to provide meaningful
results even under conditions of uncertainty. This translates into a valuable preliminary
tool for environmental assessment, highlighting critical areas and allowing for informed
decision-making even in situations where complete information may not be available.

In summary, it is important to recognize and address these challenging environmental
impacts of oil development in the unconventional La Luna basin in Colombia. If the coun-
try’s energy plan prioritizes developing unconventional resources, careful planning and
the implementation of sustainable practices are required to mitigate these negative effects
and promote an appropriate balance between resource exploitation and environmental
conservation for present and future generations.

However, it is worth stressing that the Conesa methodology has limitations related to
its simplified methodological structure. In our case, the quantification of indicators was
based on the literature, while on a more technical and bottom–up approach, it could have
been based on specific studies for the La Luna formation. In addition, the aggregation of
impacts could have been based on a more structured multicriteria analysis, for example,
an AHP method. Therefore, this study should be viewed as a preliminary assessment that
needs to be followed by in-field studies.
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