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Abstract: Developing its large-scale mining industry is an economic priority for Colombia. However,
national capacity to assess and manage the water resource impacts of mining is currently limited.
This includes lack of baseline data, lack of suitable hydrological models and lack of frameworks for
evaluating risks. Furthermore, public opposition to large scale mining is high and is a barrier
to many proposed new mining projects mainly because of concerns about impacts on water
resources. There are also concerns about impacts on the uplands that are important water sources,
particularly the páramo ecosystem. This paper argues the case for a new framework for Strategic
Assessment of Regional Water Impacts of Mining, aiming to support land use planning decisions
by government for selected mining and prospective mining regions. The proposed framework is
modelled on the Australian Government’s Bioregional Assessments program, converted into seven
stages plus supporting activities that meet the Colombian development context. The seven stages are:
(1) Contextual information; (2) Scenario definition; (3) Risk scoping; (4) Model development; (5) Risk
analysis; (6) Database development; and (7) Dissemination by government to stakeholders including
the general public. It is emphasised that the process and results should be transparent, the data and
models publicly accessible, and dissemination aimed at all levels of expertise.
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1. Introduction

Colombia is an example of a nation where mining makes a significant contribution to local and
national economies [1]. Due to the abundant resources present in the ground, including coal, gold,
nickel and platinum (Figure 1), there are good prospects for further development. However, the
impacts of mining projects can include reduced access to good quality freshwater for other economic
activities and/or biodiversity preservation [2–4]. The history of impacts caused by poorly managed
mining combined with general public opposition to large scale mining have created strong public and
political resistance to mining development [5,6].
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Figure 1. The main regions of coal and mineral reserves in Colombia (adapted from [7]). Figure 1. The main regions of coal and mineral reserves in Colombia (adapted from [7]).
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For legal mine projects, mine companies conduct environmental impacts assessments that should
provide evidence that impacts will be managed according to international best practice. This includes
a general description of the project, definition and characterisation of areas of influence, description
of the natural resources to be used, demanded and impacted, environmental assessment, and the
description of the plan to manage and mitigate environmental impacts [8]. However, prior to the
assessment of individual project proposals, national governments generally undertake strategic land
use planning, which results in decisions about whether or not new mines, even those capable of
employing best practice, are acceptable in a particular region [9]. This includes broad considerations,
including employment, infrastructure, native communities and potentially conflicting land uses [9–11];
however, the potential impacts on water resources and related ecosystem services are often pivotal
considerations. This is the case in Colombia, where water is at the centre of the debate over whether
and where new large-scale mines should be opened [12].

This paper addresses the challenge of developing a sustainable mining industry for Colombia by
proposing a framework for assessing the impacts of mines on regional water resources. If implemented
in a region, the framework outputs would provide government and other stakeholder groups the
scientific evidence needed to inform their viewpoints about mining development in that particular
region, and a baseline from which to design a program of priority scientific research into mining
impacts. This paper includes (i) a review of the Colombian context for decisions around mining
development and assessing water impacts of mining; (ii) a description and discussion of the proposed
framework; (iii) a comparison to Australia’s Bioregional Assessments [13], on which the proposed
framework is modelled; and (iv) review of the practicality of applying the framework using an example
in the Colombian coal mining regions of Cundinamarca and Boyacá.

The proposed framework focusses on the potential impacts of medium to large scale mines,
including alluvial, open-pit and underground mines. The scope of the framework includes mining of
coal, metal ores and all other minerals. Predicting the potential impacts of small scale mines on water
resources, although also a major challenge in Colombia [14,15], is outside the scope of the present
study. A neutral scientific view on mining impacts is taken, with the recognition that mining, done in
the right place in the right way, with an acceptable level of risk to water resources, could be a legitimate
and economically important industry for Colombia.

2. Mining in Colombia

2.1. Mineral Production and Reserves

Mining contributes approximately 2% of Colombia’s national Gross Domestic Product [15]. Coal
mining dominates and is focussed in the Guajira and Cesar regions (Figure 1), which jointly produce up
to 80 million tons of (mainly thermal) coal per year. Other regions—Cundinamarca, Boyacá, Santander,
Norte de Santander, Cordoba, Antioquia and Valle del Cauca (Figure 1)—jointly produce 6.3 million
tons of (mainly metallurgic) coal. The Colombian government expects national coal production to
increase by approximately 15% in the period 2017 to 2021. Mining of other minerals is smaller in terms
of economic contribution. For example, in 2015 Colombia produced approximately 900 kt of iron,
37 kt of nickel, 60 t of gold, 10 t of silver, 861 kg of platinum and approximately 2 Mct of emeralds
for export [16,17]. Production fluctuates from year to year, mainly in response to global demand
and prices. Confirmed mineral reserves include gold, iron, copper and nickel [18,19], while less well
quantified reserves of emeralds, clays, manganese, phosphates and other minerals also exist. The
principal prospective mining regions are shown in Figure 1.

2.2. Regulation of Mines

Currently the Ministry of Mines and Energy through the Vice-Ministry of Mines is responsible for
formulating governmental policies on the mining sector, supported by related entities. The National
Agency of Mines (ANM) is responsible for certification, registration, technical support, promotion
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and supervision of mining titles. The Mining-Energy Planning Unit (UPME) is responsible for the
planning of mining development, including producing and disseminating information to mining
stakeholders. The Colombian Geological Survey (SGC) conducts scientific research on the mineral
resources. Before beginning operations, mining companies need an environmental license issued by
the Regional Autonomous Corporations for small to medium scale mining projects, or by the National
Authority of Environmental Licenses for large scale mining projects.

An environmental license is mandatory for every mining project, often supplemented by discharge
and extraction licenses. Additionally, the constitutional ‘popular query’ (Colombian Const. art. CIX)
gives local communities the right to vote in favour or against a project [6]. When a mining project is
voted against, although not necessarily preclusive, in practice it has proven difficult to continue.

2.3. Water-Related Challenges of Colombia’s Mining Industry

Globally, mining regions pose some special challenges for water impacts assessment [3,20–22]:

• The longevity of the mine lifecycle (exploration, construction, mining, rehabilitation, closure),
hence the need for long-term predictions of the mine’s interaction with the environment.

• The intrusions into the groundwater system, in particular the potential for drawdowns in
groundwater levels due to mine pit dewatering. This requires an advanced understanding
of hydrogeology around the mine and how to model its interaction with the mine across
multiple scales.

• The potential release of contaminants (salts, metals and/or acids) from mine wastes due to the
exposure of previously buried rocks to air and water.

• The radical change to the surface landscape caused by mining can alter hydrological and sediment
regimes and the ecosystem services they provide, through surface water-groundwater interactions,
river diversions and other alluvial disturbances.

As well as these globally relevant challenges, Colombia has particular challenges associated with
its biophysical and socio-political traits. Mainly, these are: (i) the variable and generally wet climate;
(ii) the debate over protection of the páramo areas; and (iii) the polarised public opinions on mining.

Colombia is a generally wet country. Annual average rainfall values in the Pacific coastal regions
that overlap with mining regions can reach 10,000 mm [23–25]. This creates management challenges
associated with excess water, for example the prevention of flooding of mine pits, dam stability, erosion
and containment of mine-affected water. Other regions are semi-arid, where mines have water deficits,
requiring abstractions from aquifers or rivers that have the potential to affect water availability for
traditional uses [26]. Land use change in many regions is dynamic including rapid development
of agriculture and the development and abandonment of small scale mines [27]. This adds to the
difficulty of predicting and monitoring the impacts of new, larger scale mines.

The value of ecosystem services provided by prospective mining regions also creates challenges
both in mine planning and operational water management. The Amazonas and challenges of mining
in that region are well-publicised [28–30]. Furthermore, also well-known are the ecosystem services
provided by the páramos, the headwater wetlands from which about 70% of Colombia’s water supply
originates [31,32]. While regions with high mineral reserves (Figure 1) overlap páramo areas, in
February 2016 the Constitutional Court forbade mining in páramo using the páramo delimitation
by [33]. However, many companies have contested this, mainly due to disputes about the definition of
páramo and lack of consideration of existing mining projects, for example [34]. As well as potential
intrusion of mining activity onto páramo, there are potential risks to its water supply value from
air-borne dust and contaminants from mining and coking in nearby areas [35].

Colombia also has particular challenges related to the strong, polarised preconceptions on mining
and its impacts on water. On the one hand, there is recognition that new large-scale mines are
important for Colombia’s economic development, and it is argued that mining can take place if using
established best practice approaches that minimise or neutralise adverse impacts [36]. On the other
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hand, there is deep distrust of the motivations of mining companies and distrust of the sector’s ability
to operate effectively while having minimal adverse impacts [37]. This is more so in Colombia than
in other countries due to the corruption, exploitation, pollution and illegal activity that has been
strongly associated with the unregulated mining sector and is likely to persist for some time [38].
The conclusions from any impact assessment study, whether implying that mining development is
conditionally appropriate or unconditionally inappropriate in a particular region, are likely to face high
levels of scepticism and scrutiny of the credentials and motivations of the assessment. Furthermore,
Article CIX of the Constitution empowers the public to block new mine projects. Hence, distrust of the
mining sector is a more palpable barrier to development than in many countries.

2.4. The Need for a Guiding Framework

Although the problems of mercury emanating from small scale mines has been relatively well
studied [2,39,40], overall there is a lack of evidence about the impacts of mines on water resources
in Colombia. In the mining region of Boyacá, it was found that watercourses were polluted with
mercury, lead, iron, magnesium, manganese and aluminium, with concentrations not meeting water
quality standards [41]. Similarly, near the border of Boyacá and Cundinamarca, high concentrations
of sulphates, sodium, potassium, magnesium and manganese have been measured [42]. While such
studies contribute to understanding the pollutants that may be associated with mining, in general
there is a lack or absence of publicly available hydrological and geochemical data needed to promote
understanding of the existing and potential impacts. Research has been ad-hoc, rather than coordinated
to develop scientific understanding and baseline data sets. This is partly due to conflict and security
problems that have restricted monitoring, a problem alleviated by the peace agreements in 2016.
The lack of data and models is also partly due to limitations in national capacity, which although good
in water resources and environmental science, is low in terms of ability to apply these disciplines to
predicting mining impacts [43]. This mirrors more general concerns about Colombia’s lack of capacity
to monitor ecological change associated with rapid socio-economic development [44].

The lack of understanding about the impacts and potential impacts of mining, and how they
can be managed, needs to be addressed as part of a strategic program of education, monitoring and
research [43]. As part of this, there is a need for a framework that guides the development of baseline
data sets and impact assessment models. The rest of this paper suggests such a framework, which we
call Strategic Assessment of Regional Water Impacts of Mining (SARWIM).

3. Outlining a Framework for SARWIM in Colombia

3.1. Principles for Developing a Framework

Although the approach to SARWIM must account for the context of the specific mining region in
question, guiding principles include:

• It should be founded on good practice modelling procedures and data management protocols.
An important part of this is recognition of uncertainty and the need to list key assumptions, and
evaluate and report uncertainty in a transparent manner. It is usually convenient for a regional
scale water impacts assessment to be conducted on river and/or groundwater basins with the
view that physical impacts will be negligible beyond the basin boundaries (although in some
cases off-shore impacts are also considered).

• It should be risk-based. This includes prioritising the types of impacts considered based on expert
consensus of the associated level risks; and relating the effort devoted to each risk to the perceived
level of risk. This recognises that it is impossible to address all risks present.

• It should not attempt to replace more detailed, local scale impacts assessment that should be
encompassed in project environmental impact assessments. This involves the acceptance that local
biophysical properties and processes, and site-specific mining methods and water management
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practices may not be accurately included in the regional scale analysis; and hence that the results
indicate effects that are likely region-wide and not predictions of what will occur locally.

These principles are embodied into various strategic water and environment assessment guidance
documents for the mining industry and other sectors, for example [45].

3.2. An International Benchmark

The Australian Bioregional Assessment program has been under development since 2013 by
the Bureau of Meteorology, Commonwealth Scientific and Industrial Research Organisation and
Geoscience Australia [13]. The program may be considered, globally, the most ambitious attempt to
quantify the risks to regional water resources arising from mining and gas development. Based on
earlier concepts of Bioregional Assessments [46], the Australian program is driven by the need to
have scientifically defensible and publicly accessible data and models to guide national government
oversight of regional planning decisions. Its objective is to analyse the risks associated with changes to
water-dependent assets that arise in response to coal and coal seam gas mine development, and to
provide transparent information to allow stakeholders to develop informed opinions about risks.

The Australian Bioregional Assessment program consists of five stages: (1) Developing a database
and describing the regional context, mainly based on using existing data sources; (2) Preliminary
analysis of the data; (3) Development of conceptual models including prioritisation of risk sources,
scenario development, development and assessment of numerical models including uncertainty
analysis, and defining the mining and gas project development scenarios to be examined; (4) Impacts
analysis, usually including cumulative impacts of multiple mines and gas fields; (5) Risk evaluation,
including the translation of predicted hydrological impacts and their uncertainties into economic and
ecological risks. An important feature of the Australian Bioregional Assessments is the establishment
of baseline data sets and models, where ‘baseline’ means the recognition that the data sets and models
can and should be improved. Making the results, models and data available to the stakeholders,
scientists and the public is a unique attempt to provide a transparent baseline upon which anyone
may review, criticise and improve.

The rest of this paper explores how the Australian framework may be converted into a SARWIM
suitable for the Colombian context.

3.3. Seven Stages of SARWIM

We propose seven stages of impacts assessment and supporting activities listed in Table 1 and
shown in Figure 2. These seven stages are adapted from [13] and aspects of the good practice
environmental modelling principles from [47].

The aims and content of each of the seven stages are included in Table 1. Important elements,
included in Stage 1, are the early assessment of context and data availability, developing scenarios of
mining development (and potentially other important land and climate changes) and prioritisation
of types of risks. These are critical because the scope of the impacts assessment and the approach
used must be closely linked to the data and other resources available, and to the priority risks to
be addressed in a particular region’s context. For example, even though a particular risk may be
judged as present, it may be appropriate to omit it from the analysis, or assess it qualitatively instead
of numerically, due to lack of supporting data or other (e.g., computational or human) resources.
However, where priority risks are omitted it should be recommended that the necessary data and
models be developed prior to a future round of assessments.
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Table 1. Stages of a proposed Strategic Assessment of Regional Water Impacts of Mining for Colombian mining regions.

Stage Content Aims Notes and Examples of Content

1. Contextual information

Data register and quality assessment Determine degree of availability of potentially
relevant data and their quality

Statements of data type, source, likely cost, quality (extent,
resolution, completeness, accuracy and precision), and potential
relevance. List of non-available data that may be relevant. List of
existing relevant Environmental Impact Assessment documents.

Water dependent asset register Identify which water resources may have significant
value (direct or indirect economic or cultural value)

Locations and uses of: Surface and groundwater extraction points (or
river lengths, or areas); fisheries; recreational water; sites of special
conservation value. It is expected that qualitative and imprecise
descriptions may be necessary where water use is important but
undocumented.

Mineral resources register Identify type and location of existing mines,
abandoned mines and prospective mines

Maps showing mine and resource locations. Summary of proposed
mine plans and environmental impact assessments with regard to
water use and discharge.

Context statement Identify any other regional factors that may affect
approach to risk prioritisation

Identification of previous water resource impacts studies, strategic
land use plans and river basin management plans and their relevant
outcomes.

2. Scenario definition

Non-mining baselines Specify non-mining inputs to models Climate, large scale land use (e.g., agriculture and gas development),
land cover and water management (e.g., major dams) scenarios.

Mining baselines and scenarios Specify existing mines, mine development and mine
water use as inputs to models

Mine surface footprints, underground mine sub-surface footprints,
pit depths, water extraction volumes and location, water discharge
volume and locations and water quality based on regulatory limits.

3. Risk scoping

Conceptual models Identify the potential pathways between the mine
and water-dependent assets

Conceptual hydrogeological model with potential groundwater
drawdown areas; conceptual model of groundwater-surface water
interaction within potential drawdowns areas; surface water
pathways (likely to be defined by surface water map and extraction
and discharge locations).

Risk prioritisation
Identify risks to be modelled quantitatively; risks to
be assessed qualitatively; risks that will not be
further considered in the BA

Outputs of working group discussions that have drawn up a long
list of risks and assigned scores according to: likelihood (which
includes how well the risk can be managed by the individual mine
by employing good practice water management); and consequence.

Metrics of risk Specify risk metrics (for those that will be
modelled quantitatively)

Based on ‘likelihood × consequence’ definition of risk. Likelihood
will be an output of the model; consequence will be an economically
or culturally meaningful measure of impact, such as ‘reduction in
volumes of adequate quality water’, ‘reduction in river length
suitable for bathing’ or ‘reduction in fish yield’.
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Table 1. Cont.

Stage Content Aims Notes and Examples of Content

4. Model development

Model output specification Specify the model output variables needed to
quantify risks

Hydrological, hydraulic and water quality outputs such as averages
and quantiles of flow and contaminant concentrations; top-width of
rivers.

Model selection Identify models suitable for predicting required
outputs with available data

Resource constraints may mean that the quantitative models used
are limited to hydrological and water quality models; however, some
simple hydro-ecological or hydro-economic functions may be
necessary.Selection will include considering the output variables;
extent and resolution (time and space) required and supportable by
data and computer resources; the need for uncertainty analysis
(since the risk metrics require a likelihood to be calculated for a
given value of outputs variables).

Model calibration To estimate model parameter values and their
uncertainty

This should be documented clearly and ideally use automatic
calibration methods so that (as far as possible) it is repeatable.

Model assessment To determine if the model is fit for purpose
The model should be assessed against the relevant variables in a
historical period, which was not used for calibration and ideally
includes mine development.

5. Risk analysis
Risk quantification To quantify the level of risks to water-dependent

assets arising from existing and future mining
Model application to calculate the risks. All details (data, scenarios,
the model and the risks) are documented under previous steps.

Risk qualification To state the level of risks to water-dependent assets
arising from existing and future mining

Text statements on the degree of the non-quantifiable risks as agreed
by expert working group.

6. Database development
All data used in the BA To allow data to be efficiently updated, accessed

and used to run risk models

On-line freely available database of climate, hydrology, geology and
soils, land cover, land use and topography. Contact information for
data queries. Statement of conditions of data download.

All models used in the BA To allow models to be efficiently updated, accessed
and used to model risks

On-line freely available model code, user guides and contact
information.

7. Dissemination Reporting and presentations To report outcomes to a range of audiences

Hierarchy of reports: Summaries for public; Guides to on-line public
database; Summaries for decision-makers; Technical reports for each
region; Methodology reports covering all regions; Scientific
publications; Presentations to stakeholder groups.
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Although the seven stages in Table 1 are presented as sequential, in some cases it may be
appropriate to return to previous stages. For example, the resources and data required to achieve
satisfactory numerical modelling results may not become apparent until the model performance
is assessed. There may be feedback from stakeholders after public dissemination that requires
adjustments to the water-dependent assets considered, although it is intended that this be avoided by
including a suitable range of experts in the panels used to prioritise the risks. In other cases, it may be
efficient to run stages in parallel. In particular, the development of the database and dissemination
activities, although presented as the last two stages, should run in parallel with all stages to facilitate
data management and transparency.
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The publicly available database is another important aspect of the proposed SARWIM framework.
It is recommended that restrictions on access to the data sets and models used in the SARWIM should
be minimised. This allows transparency regarding how the risks have been prioritised and assessed,
and also makes the information available to build upon and improve, should any stakeholder have the
desire and resources to do so. A potential obstacle is that the organisations providing the necessary
data sets and models may do so under licenses that exclude open access. For such data sets and models,
meta-data can be provided, including instructions on how to obtain the data or model.

Dissemination is the final stage, aiming to maximise the influence of the work by informing
stakeholders, including land use planners, policy-makers, scientists and communities. A hierarchy
of reports will satisfy the different needs of these audiences. At the highest level, full reports on
each region will be published, supplemented by scientific papers and the method specifications. At
the next level, more accessible summaries will be provided for each analysed region, which contain
summaries of all six prior stages in the process. Finally, briefing documents will be prepared focusing
on communicating key information to public and decision-makers. While the latter two documents
will have the widest audience, this hierarchy allows different levels of insight and critical review, up to
interrogating the underlying data sets and models.

3.4. Supporting Activities

The supporting activities that underpin the proposed framework are shown in Figure 2.
This includes methodology documents. These do not aim to be prescriptive about the exact data
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sets and analysis methods to be used, which must be considered depending on each region’s context.
Instead the methodology documents should specify what approach should be taken to identify the
suitable methods, and may suggest methods. For example, they may specify a list of information that
must be provided about each data set; stakeholder groups that should be consulted and included in risk
prioritisation workshops; flow charts that specify the process for selecting a model; and requirements
of model outputs such as a statement of uncertainty.

The prioritisation of regions for assessment must be made by the government ministry running
the program, with advice from an expert steering committee. The priority regions are likely to be
those with impending decisions regarding developing new mining on a large scale, or changing
existing mining activity. The pilot region should represent such a region, but also be one where the
complexity (land use, geology, etc.) and available data are not preclusive to conducting all seven stages.
The completion of pilot studies will permit refinements to the methodology, and provide an example
to guide subsequent SARWIM applications.

Capacity building is necessary to support the application of SARWIM. While the SARWIM should
be developed in the short-term, using available national expertise and international partnerships
where necessary, their effective application and integration with river basin planning will rely on
engineering and environmental experts trained in mine water management. Significant opportunities
for this capacity building come with the SARWIM process and outputs. The databases developed will
provide a basis for tertiary education into impacts assessment as part of engineering and environmental
science programs. The case studies provide an opportunity for post-graduate research, which, while
not necessarily contributing to the outputs of the SARWIM, can address the scientific challenges
encountered and develop the expertise base. The outputs, disseminated effectively, will provide
education to the general public about regional scale mining impacts on water resources.

3.5. Links to Regional Land and Water Planning, and Mine Project Assessments

The potential links to other land and water use planning frameworks are shown in Figure 2.
A question that must be addressed in designing a SARWIM program is “Should it be solely mining
impacts that are explored or should scenarios involve other land use changes?” Restricting the analysis
to mining development, with other land uses held constant at values for a selected baseline year, allows
easier modelling and communication of the potential impacts of mining. However, that approach
would not permit interactions of effects to be explored, for example encroachment of agriculture
into páramo may reduce the ability of the catchment to absorb and dilute mine wastes [48]. Solely
looking at mining also misses the opportunity to use the same models and databases to carry out a
more integrated land use impacts assessment. It is assumed in this paper that the main issue of land
use impacts on water resources in the target regions is mining. If this is not the case—if agricultural
development or any other change is predicted to have major effects—then there may be a case to
integrate one or more other types of changes into the scenarios used.

The interaction of mining and other land use changes may be managed through incorporating
SARWIM into broader River Basin Management Plans, called in Colombia Planes de Ordenamiento y
Manejo de Cuencas Hidricas (POMCA) [49,50]. These POMCAs have six phases (planning, diagnostic,
prospective, formulation, execution, and evaluation). It is proposed that the SARWIM process should
be done alongside River Basin Management Plans (where these exist) and ideally should share the
same databases, scenarios, hydrological models, and involve many of the same stakeholders.

The interaction of a SARWIM with individual project impacts assessment also needs to be
clarified. As previously noted, the SARWIM is not intended to replace project level environmental
impact assessment. For example, based on the Australian experience, the grid scale of models is likely
to be in the range 1 to 25 km2. This resolution is unlikely to adequately resolve the groundwater
drawdowns, groundwater surface water interactions, and dilution of discharges near to mine projects.
Therefore, the SARWIM results are most useful to estimate impacts of mines over regions larger than
about 200 km2, where errors are smoothed out over multiple modelling grids and often more than
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one mine. Permissions for individual mines should be based on a more local scale environmental
impact assessment. However, the SARWIM should utilise data regarding mine footprint, water use
and emissions from available project assessments.

3.6. Process Oversight

The seven stages should be overseen by a suitable part of national government, who facilitate
a program expert steering committee to direct the program of work, and who will appoint a science
advisory committee to oversee quality of the science including an external peer review process
(Figure 3).
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As introduced earlier in this paper, public attitudes to the large-scale mining industry in Colombia
are strongly polarised. To contribute to managing the polarisation of viewpoints, it is essential
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that the proposed framework—including the oversight arrangements, type of contractors appointed
to undertake the analysis, funding sources, dissemination and access to the underlying data and
models—be carefully designed and managed to counter as far as possible the argument that the
process is biased towards or against mining development.

3.7. Discussion—Comparison of the Proposed Framework with the International Benchmark

The concept of the proposed SARWIM framework is based closely on the Australian Bioregional
Assessments. These are aimed at coal resource development, including coal mines and coal seam gas
(coal bed methane). This is because the prevailing regional planning questions involving cumulative
impacts are in that realm, and there is limited scope for interaction of coal resource development
with other forms of mining. In Colombia, the range of commodities with good prospects for large
scale development is wider, with considerable scope for interaction between different types of mines.
Colombia also has good long-term prospects for coal bed methane development, and ultimately there
may be a case for including it in the scope. However, cumulative impacts of gas extraction alongside
mining are not yet seen as a priority.

A characteristic of the Australian Bioregional Assessments is the focus on negative impacts.
In addition, in our SARWIM proposal for Colombia, it is necessary to omit scenarios of positive impacts
related to mine-specific activities such as providing new water supplies to affected communities, simply
because these are too project-specific and unpredictable at the strategic planning stage. However,
unlike in Australia, potential regional scale impacts in Colombia include changes to small scale and
illegal mining. This includes potential assimilation of these mines into new, larger projects, and other
support for implementing good practice supported by the new project. This is an important strategic
planning consideration in Colombia particularly for sediment and contaminant management. It is
important that including such scenarios is considered at Stage 2 of the process (Figure 3; Table 1).
The potential additional complexity of scenarios means that a whole stage is dedicated to scenario
definition unlike in the Australian case.

In application, there are likely to be some major differences between the Australian Bioregional
Assessments and a Colombian version. The former is ambitious with respect to quantifying the
ecological impacts of hydrological change, including the conversion of expert beliefs about connections
between hydrology and ecological indicators into mathematical models, along with a formal model
estimation procedure. This reflects the high priority given to ecological impacts of mining in Australia.
When applied to Colombia, it is likely that greater effort will initially need to be directed at quantifying
impacts on water-dependent assets with the most direct and strongest links to human health and
well-being. Furthermore, the Australian Bioregional Assessments are conservative regarding predicting
impacts of water quality changes, generally choosing to omit water quality risks on the basis that
good practice mining should adequately manage these risks. With the history of contamination of
water in Colombia due to poor water management, more explicit attention to water quality risks
will be called for. Water quality issues to be addressed may include salinity, acid mine drainage,
suspended solids and emissions of chemicals used in minerals processing. This significantly changes
the priorities for data collection, assumptions necessary for scenario analysis and modelling from the
Australian experience.

4. An Exploratory Case Study

To explore the availability of public data to support the completion of Stage 1 of the proposed
framework we conducted a case study consisting of two neighbouring catchments, of the Samarca and
Ubate Rivers, in the departments of Cundinamarca and Boyacá (Figure 3). Cundinamarca and Boyacá,
after the Guajira and Cesar regions, have Colombia’s largest known coal reserves. The main economic
activities in these catchments are coal mining, including extraction and coking activities, agriculture
and the dairy industry. Land cover accounts for 67% of the total land area, páramo areas 16%, forests
excluding páramo areas 11%, and other land covers 6% [51,52]. Between 1998 and 2006, the area of
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natural forests decreased by 27% and páramos by 50% to make way for agriculture [53]. In some areas,
páramo areas are mixed with farming activities.

In Cundinamarca and Boyacá, 96% of existing water extraction licenses are for surface water
extraction and 4% are for groundwater extraction. Groundwater is primarily used by the food industry,
for mining activities and for irrigation; and surface water for energy generation, municipal aqueducts,
and industrial activities including mining, cattle raising, and agriculture. Several reservoirs and
lagoons, that are part of the upper Suarez River basin, have biodiversity and water supply value. This
area was selected due to the social, land use, conservation and environmental conflicts centred around
existing mining and potential for future mining.

The main categories of datasets needed to implement the proposed framework, along with the
information that is known to be available, are shown in Table 2. This shows that for the case study,
substantial data exist for all of the categories. However, Table 2 also notes several issues with data
completeness, quality and access, which would need to be overcome prior to completing Stage 1 of the
framework. This is likely to require further negotiations for data access, data purchase and statistical
modelling to infill missing data. An issue, which is likely to be nationally relevant, is the lack of
environmental data prior to mining. This means that either baseline conditions must be defined under
existing (2017) land use or by hind-casting using numerical models.

The data limitations are being addressed within continuing projects by the Universidad de los
Andes. This includes the use of remote sensing data that are increasingly suitable for mining impacts
analysis [54]. However, for the development of data sets to support pilot SARWIMs, new collaborative,
nationally coordinated collaborations between universities, government ministries and industry will
be needed.
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Table 2. Case study datasets and their limitations for conducting Stage 1 of the framework.

Categories of Data Available Information Source Limitations of Available Data

Water dependent asset
register

Water concessions, offer and
demand

Municipalities., environmental
agencies, aqueduct companies

No single, consistent register of
water assets.

Mineral resources
register/Coal
development pathway

Production and reserves of each
mineral for each municipality UPME There is no detail of extraction and

production of each mine.

Database and location of legally
obtained mining titles ANM

No technical detail of the activities
performed in each mine. No
technical detail on extraction
methods and seams.

Geography

Economic activities Municipalities Sometimes municipal plans are
not updated.

Land use and soil data Municipalities, local
environmental agencies

Sometimes international satellite
information is more updated and
quicker to obtain.

Demographic maps IGAC, DANE Scattered information, census not
updated.

Geology
Geological maps SGC

Limited geophysical data.
Resolution is not good at the
municipality scale.

Digital Elevation Models NASA SRTM, ASTER DEMS High resolution DEMS are not
free.

Hydrogeology

Hydrogeological maps SGC, Municipalities, local
environmental agencies

Inventories of groundwater wells
are not always updated.
Resolution is usually not optimal
at the municipality scale.

Groundwater quality data Municipalities, local
environmental agencies

Very limited information on
groundwater quality. It depends
on the regional resources.

Surface water hydrology
and quality

Climate and hydrology daily data
from 1970 to present

IDEAM, Local environmental
agencies

Climate data are usually
incomplete so a through
consistency analysis is needed.

Surface water quality IDEAM, Local environmental
agencies

No baseline of water quality
before mining. Data usually only
for main rivers. No detail of
discharge loads and locations.

Ecology Páramo locations, protected areas,
natural parks and ecosystems

Ministry of the Environment, local
environ. agencies, universities Scattered information.

5. Conclusions

Colombia faces economic opportunity through development of its formalised mining sector.
Mining, however, is necessarily intrusive on the environment, and opposition to further development
is largely due to concerns regarding potential impacts of mining on freshwater availability, biodiversity
and other hydrological ecosystem services. These concerns should be addressed by a hierarchy of
planning and operational controls to manage impacts: strategic land use planning to identify regions
that are suitable for mining; effective environmental impact assessments that identify where and how
mines can be developed within these regions; good practice water management in mines that are
permitted; and national capacity building to facilitate all these controls. This paper focussed on the
former, proposing a framework for regional scale water impacts analysis as part of strategic land and
water use planning for Colombia.

The proposed Strategic Assessment of Regional Water Impacts of Mining (SARWIM) framework
for Colombia is modelled on the Australian Government’s Bioregional Assessments, extended to
encompass all types of large scale mining. The SARWIM framework is a series of steps (Table 1) that
progress towards characterising risks to water dependent assets due to existing and new mining activity.
Implementation of the framework should be supported by training of staff who will implement the
frameworks, methodology statements, pilot studies of key mining regions, evaluation and refinement
of the steps, and prioritisation of further regions to be analysed. The proposed framework would
provide an opportunity for a credible science base to inform decisions regarding mine region planning,
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including new mine development; and would provide data and models to support capacity building.
Challenges to be overcome during pilot study implementations include: quality and completeness of
data sets; access to data and models; identifying a suitably simple yet credible set of assumptions that
make impact analysis practicable at regional scales while using available data; and achieving trust in
the assessment process over multiple stakeholder groups. Despite the challenges, we strongly believe
that experienced, creative and interdisciplinary teams can develop and implement the framework, and
that this will contribute significantly to prospects for an economically, socially and environmentally
acceptable mining industry in Colombia.

This paper has presented a scientific perspective on the way forward for addressing nationally
pressing questions around water impacts of large scale mining. The paper provides a basis for
discussion, refinement and extension of the framework proposal, followed by implementation by the
national government, academic sector and mining companies. More urgently, the paper presents the
need for a set of case studies to test and demonstrate the approach, along with nationally coordinated
research to develop the baseline data sets and models.
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