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Abstract- Mining is one of the major sources of pollution to the environment. Water resources are greatly impacted by 
mining and the main problem is the contamination due to acid mine drainage. Countries with well-developed mining activity 
are already experiencing its impacts. The impacts are sometimes irreversibleandeven if it is possible, reclamation is costly. 
Developing countries are experiencing a very rapid development of mining while not prepared to effectively monitor its 
impacts to the water resources. The aim of this paper is to review and suggestsystems and models that can be used to 
increasethe sustainability of river water quality monitoring in developing countries when there is mining activity. 
Monitoring systems are always multipurpose and are generally not designed to monitor pollution from mining. However, 
when there is mining it is important to include: turbidity, suspended solids, pH, and alkalinity,as well as the concentration of 
sulfate, iron, manganese, and heavy metals in the monitored parameters. The monitoring systems can be improved by 
enhancing data-sharing and centralizing the data-collection systems in the river basin. The surface water quality models 
which show satisfactory results in modelling the mixing of river water with acid mine drainage are PHREEQC and 
MINTEQC. However, these models are limited when it comes to simulate reaction-transport processes which characterizes 
the streams affected by acid mine drainage. 
 
Keywords- Acid mine drainage, modelling, monitoring systems, river, mining  
 
I. INTRODUCTION 
 
Mining is one of the major sources of pollution to the 
environment(Dontala, et al., 2015)(Durand, 
2012)&(Wang, et al., 2015). Water resources are 
seriously impacted by mining all over the world. 
Countries withwell-developedmining are 
experiencing its impacts to the water 
resources(Dontala, et al., 2015). The impacts of 
mining to the surface water quality can be as simple 
as increasing turbidity and total suspended solids; or 
complicated as changing water 
chemistry(Nhantumbo, et al., 2015). Various 
procedures have been developed to reduce the 
impacts of mining on the water resources(Anawar, 
2015)(ICMM, 2012),(Srivastava, et al., 
2014)&(Chemosphere, 2015). These 
proceduresinclude creating appropriate legislation, 
designing more efficient water quality monitoring 
systems, and developing treatment technologies for 
mining wastewaters. 
Some developing countries are now experiencinga 
significant development in themining sector while not 
prepared to properly assess its impacts and take 
actions to protect the water resources(Nhantumbo, et 
al., 2015)&(KPMG, 2013). The unpreparedness to 
properly assess the impacts of mining to water 
resourcesand protect the environment includes: lack 
of appropriate legislation, poor water quality 
monitoring systems, and low capacity of the 
governmental organization to oversight the 
wastewater discharges from mines. These problems 

cannot be easily overcome with the lack of resources 
characterizes the developing countries(Nhantumbo, et 
al., 2015).  
While the lack of resources limits actions to protect 
the water resources the mining is developing fast and 
the impacts will come soon(Nhantumbo, et al., 2015). 
Some experiences from countries affected by mining 
show that its impacts are sometimes irreversible and 
very costly(Mishra, et al., 2012). For that reason it is 
urgent to design appropriate solutions to protect the 
water resources in emerging countries.  
Having effective and sustainablewater quality 
monitoring system is the first step to protect thewater 
resources. A good monitoring system allows 
forunderstandingof water quality changes;defining 
limits for wastewater dischargesby knowing what the 
environment can support; and predicting the future 
changes in water quality.   
The chemical parameters seem to be the most 
important ones to consider in riverwater quality 
monitoring when there is mining. This is because the 
chemical parameterssignificantly affect biological 
parameters(Nhantumbo, et al., 2015), and they are 
difficult to interpret and predict due to the complexity 
of chemical reactions taking place in natural 
waters(Appelo & Postma, 1999). Miningin most 
cases affects the pH of water, thus causing the 
dissolution of minerals. The dissolution of minerals 
changeschemical speciation in natural water. The 
lowering of pH and resulting increase of 
concentration of heavy metals are both toxicto 
aquatic life(Nhantumbo, et al., 2015). Higher 
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concentration of manganese, iron, and sulfate also 
characterizes the water affected by mining. In some 
cases different processes such as acid mine drainage 
may lead to precipitation of salts and hydroxides such 
as iron hydroxide coating the stream bed(Nhantumbo, 
et al., 2015). 
As mentioned before, pH is one of the parameters 
affecting aquatic life(Nhantumbo, et al., 2015) and 
the concentration of different ions in water(Appelo & 
Postma, 1999). By knowing the pH it is possible to 
get a general picture about the conditions of the water 
affected by mining. 
This paper aims to review and suggest improvements 
in monitoring systems and models that can be used to 
increasethe sustainability of river water quality 
monitoring in developing countries when there is 
mining activity. 
 
II. METHODS 
 
The paper is mainly based on a literature review. 
Firstly, the main impacts of mining on river water 
quality are briefly discussed to support the 
discussions about the water quality monitoring 
systems and models.  
The water quality monitoring systems and water 
quality modelsavailable that can be applied for 
surface water quality monitoring in areas affected by 
mining are briefly described in terms of their 
structure and its applicability. 
Based on the finding from the literature review a 
discussion is conducted about the sustainability of 
applying these systems and models in river water 
quality monitoring in developing countries in the 
context of mining development. This discussion 
focuses on the limitations and needs of improvements 
of the water quality monitoring systems and models. 
Finally, is suggested one improved water quality 
monitoring systems in order to increase the 
sustainability of water quality monitoring in 
developing countries. 
 
III. WATER QUALITY IN RIVERS AFFECTED 
BY MINING 
 
The mining activity can affect the riverwater quality: 
by increasing turbidity,and total solids concentration; 
by lowering the pH of water and increasing the 
concentration of heavy metals, due to acid mine 
drainage (AMD); and by causing precipitation of 
minerals in the stream bed, seeFigures 1 and 2(US-
EPA, 1995). 

 
Figure 1 Sediment Transport in river impacted by mining - 

CHUA River Mozambique 

 
Figure 2 Acid mine drainage in stream affected by acid mine 

drainage in Criciúma – Brasil 
 
South Africa is facing serious problems due to AMD 
and high level of heavy metals concentration in river 
water; and these are considered the primary problems 
of mining(Ochieng, et al., 2010).AMDcontinues to 
affect the environment a longtime after mine 
closure(DMP, 2009)&(ICMM, 2012). 
There are many reports of negative impacts of mining 
to the water resources; varying from increasing of 
sediments to lowering of pH in rivers in the USA(US-
EPA, 1995). Latin America also has regions affected 
by mining. There are reports showing rivers impacted 
by mining in Argentina, Honduras, Chile, Panama, 
Perú, and Guatemala(DPLF, 2014). 
The impacts of mining are also described in many 
reports and papers in other parts of the world 
including Australia, Asia, and Europe. Most of these 
reports also points to AMD as the main 
environmental problem of mining(Ochieng, et al., 
2010)&(Anawar, 2015).  
AMD is a result of oxidation of pyrite commonly 
associated with coal and metals ore deposits(DMP, 
2009). When AMD is discharged to the water bodies, 
it lowers the pH and causes an instant threat to the 
biota and the ecological balance(DMP, 2009). 
Monitoring pH in rivers impacted by mining is 
crucial because most other parameters are influenced 
by the changing of pH. However, there are other river 
water quality parameters that are affected by mining 
and may not be influenced by pH,such as suspended 
solids. 
The pH is directly related with alkalinity(Wolf-
Gladrow, et al., 2007). This makesit relevant to 
monitor also the alkalinity. 
In summary when a river is impacted by mining it is 
important to monitor the pH, suspended solids, 
alkalinity, and turbidity, as well as the concentration 
of iron, manganese, sulfate, and heavy metals. Other 
parameters may be important depending on the type 
of mining and geological characteristics of the mining 
area. 
 
IV. WATER QUALITY MONITORING 
SYSTEMS 
 
“The process of water-quality monitoring and 
assessment is a sequence of related activities, starting 
with the definition of the objectives and information 
needs and ending with the dissemination of the 
information product for use by communities, 
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scientists and decision-makers to effectively allow the 
protection and sustainable management of national 
and transboundary water resources”(WMO, 2013). 
The water quality monitoring systems can be 
classified depending on their objectives, water bodies, 
pollutants and water uses as well as combinations of 
thereof.  However, in practice there are nine types of 
monitoring programs: trend monitoring, basic survey, 
operational surveillance, background monitoring, 
preliminary surveys, emergency surveys, impact 
surveys, modelling surveys, and early warning 
surveillance(WMO, 2013). 
The report “Planning of Water-quality Monitoring 
Systems” published by the World Meteorological 
Organizationsuggests eight key elements forwater 
quality monitoring program: objectives; preliminary 
survey; monitoring design; field monitoring 
operations; hydrological monitoring; laboratory 
activities; quality-assurance procedures; data 
management and product development(WMO, 2013). 
The Framework for Water Quality Monitoring, 
developed and implemented in the USA was created 
to enhance the production of consistent and 
comparable water quality monitoring information to 
support a fair and equitable water resources 
management(AWRA, 2004). This system considers 
that there are six elements ina water quality 
monitoring program: develop monitoring objectives; 
design monitoring program; collect field and lab data; 
compile and manage data; assess and interpret data; 
convey results and findings. 
The Result-based Monitoring and Evaluation System 
was adopted by the World Bank for integrated water 
resources management. The result-based monitoring 
and evaluation system is a development of the 
previous Implementation-focused Monitoring and 
Evaluation System, because the latter was not able to 
provide the policy makers, managers and other 
stakeholders information about the success or failure 
of the monitoring project(Kusek & Rist, 2004). This 
monitoring system suggests ten elements: conducting 
a readiness assessment; agreeing on the outcomes to 
monitor; developing key indicators to monitor 
outcomes; gathering baseline data on indicators; 
planning for improvements /setting realistic targets; 
monitoring for results; evaluative information to 
support decision – making; analyzing and reporting 
the findings; using findings; and sustaining the 
monitoring and evaluation system within the 
government. 
Another monitoring system was adopted under the 
EU Water Framework Directive and is part of the 
River Basin Management Planning Cycle. This cycle 
has two sub-cycles or levels. The first level includes 
three elements: develop and publish the river basin 
plans; implement measures in the management plans; 
review the effectiveness of the management plans. 
The second level includes four elements: setting 
and/or reviewing of quality standards; 

characterization; monitoring; and classification(EU-
EPA, 2006). 
The result-based monitoring and evaluation system 
gives a clear distinction between results of 
monitoring and the outcomes of monitoring. The 
results of monitoring are the results of measurements 
of parameters pre-selected according to the objectives 
defined for the monitoring. When the monitoring 
results are compared with the results from the past or 
with certain standards, it is called evaluation and the 
results are the outcomes of monitoring(Kusek & Rist, 
2004). The evaluation is the subsequent stage of the 
monitoring for results and very important because it 
produces information to be conveyed to the policy-
makers, managers and other stakeholders. 
These monitoring systems are designed to gather 
information with enough quantity to understand the 
water quality changes in order to take actions to 
protect the water resources. However, the procedures 
to collect and manage information in these systems 
are very costly and most developing countries cannot 
afford. Then the systems should be designed and 
implemented in a way that minimizes the costs of 
data collection and management and still give 
relevant understanding of water quality 
changes(Nhantumbo, et al., 2015). 
 
V. WATER QUALITY MODELS 
 
Water quality models can be used to estimate and 
predict pollutants concentration, and transport in the 
water bodies, thus helping to reduce the labor cost of 
number of samples/analysis necessary in water 
quality monitoring(Wang, et al., 2013). Moreover the 
models can be used to predict and simulate the effects 
of projects before they are actually 
implemented(Wang, et al., 2013). 
Since 1920s when Streeter and Phelps developed the 
first water quality model, more than 100 water quality 
models have been developed until now(Wang, et al., 
2013). The most well-known water quality models 
developed until now are: Streeter-Phelps model, 
QUAL Model, WASP Models, QUASAR Model, 
MIKE Models, BASIN Model, EFDC Model(Wang, 
et al., 2013), PHREEQC Model(Parkhurst & Appelo, 
1999), MINTEQ Model (USEPA, 2015)  and 
ELCOM-CEADYM Model(NIWA, 2015). 
The Streeter-Phelpsis a one-dimensionalmodel. This 
model was developed in 1925 focusing on oxygen 
balance and first order biological oxygen demand 
(BOD) decay(Wang, et al., 2013)&(Rinaldi & 
Soncini-Sessa, 1977). It is used to simulate BOD in 
waters contaminated with organics. 
The QUAL models, including, one-dimensional 
steady-state or dynamic models. The model was 
developed in 1970 by the United States 
Environmental Protection Agency(USEPA). The last 
version QUAL2K, has features to calculate: the 
carbonaceous speciation of BOD; nitrogen and 
phosphorous assuming first-order denitrification 
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process; sediment-water interactions; simulate the 
bottom algae and pathogens(Wang, et al., 
2013)&(USEPA, 2015). Both alkalinity and total 
inorganic carbon are used to simulate pH(USEPA, 
2015). 
The WASP modelsare two-ore three-dimensional 
models developed by USEPA. These models have 
been used widely in the United Stated and throughout 
the world because of its capability of handling 
multiple pollutant types(USEPA, 2015). It can be 
used to simulate eutrophication, simple toxicants, 
non-ionic organic toxicants, organic toxicants, 
mercury and heat (USEPA, 2015). 
The QUASAR model isa one-dimensional, dynamic 
model developed by Center for Ecology and 
Hydrology in United Kingdom in 1997(CEH, 
2015)&(Wang, et al., 2013). This model is capable to 
simulate: river flow, pH, nitrate, temperature, E.coli, 
BOD, dissolved oxygen (DO), and conservative 
pollutant or tracer(CEH, 2015).  
The MIKE models were developed by the Danish 
hydraulic Institute, and includes, one-, two- and 
three-dimensional models(Wang, et al., 2013). These 
models can be applied for combined hydraulic and 
water quality processes. It allows integrated 
modelling of rivers and groundwater interactions.  
The BASINS models were developed in 1996 by 
USEPA. These models are multipurpose 
environmental analysis system, suitable for watershed 
scale(Wang, et al., 2013). These models integrated 
with GIS, allow users to examine the impacts of 
pollutants loadings from point sources and non-point 
sources(US-EPA, 2013). 
The EFDC models are one-, two- and three-
dimensional models, which were developed by 
Virginia Institute of Marine Science. These models 
have been listed as a water quality management tool 
in 1997 by USEPA(Wang, et al., 2013). 
PHREEQC was developed by United States 
Geological Survey (USGS).  This is basically aquatic 
chemistry model capable to simulate more complex 
chemical processes in water, including: calculation of 
chemical speciation; equilibrium phases and 
reactions; mixing; irreversible and redox reactions; 
surface complexation; and advective and diffusive 
flux of heat and solutes, (Parkhurst & Appelo, 1999). 
The MINTEQ2 model is geochemical speciation 
model similar to PHREEQC developed by the 
USEPA. It is capable of computing equilibria among 
the dissolved, adsorbed, solid, and gas phases in an 
environmental setting(Allison, et al., 1991). 
The ELCOM-CEADYM model was developed by the 
Centre for Water Research of the University of 
Western Australia in 1997. It is suitable to simulate 
nitrogen, phosphorus, microbes, sediment, dissolved 
oxygen and other physical parameters(NIWA, 2015). 
There are few studies showing application ofthese 
models in simulating pH and metals concentrations in 
rivers affected by acid mine drainage (AMD). The 
ability to predict the pH and metals concentration 

following the discharge of acid drainage in receiving 
waters would be useful to understand and manage the 
environmental impacts(Mosley, et al., 2015).  
PHREEQC was tested together with Visual MINTEQ 
and ELCOM-CEADYM model in predicting 
speciation after mixing AMD and river water at pH 
between 2 and 7. The results were good but it would 
be useful to have a reaction-transport model which 
have geochemical capabilities of PHREEQC(Mosley, 
et al., 2015). 
Other application of models to evaluate the effect of 
AMD was accomplished coupling hydrological 
model (SWAT) with geochemical model PHREEQC 
in assessing contaminants transport in Erini stream in 
northeastern Greece. This simulation was focused on 
the dispersion of Zn, Cd and Mn. The results 
indicated good agreement of the simulated and 
measured data with a correlation coefficient R2 in 
range of 0.74 to 0.89 (Papassiopi, et al., 2014). 
Other successful applications of models in 
investigations of AMDwere accomplished using 
statistical and artificial intelligence tools(Valente, et 
al., 2013). These models have limitations when the 
task is to evaluate both spatial and temporal variation 
of non-conservative pollutants.  
 
VI. DISCUSSION 
 
Althoughthere are small differences between the 
water quality monitoring systems discussed in chapter 
4, they all include: defining objectives, data 
collection and data analyzes. However, there are 
other important aspects to consider before defining 
the monitoring objectives and after analyzing data. 
These aspects are somehow considered separately in 
the monitoring described. 
Before defining the objectives of monitoring,it is 
important to know the goals and priorities of the 
government with regard to water quality issues. It 
would be good if the water quality authorities could 
directly influence the definition of these priorities. 
Following the priorities of the government, even if 
the monitoring planned is operational surveillance, it 
is important to investigate the possible sources of 
pollution within the river basin in order to better 
design the data collection system and interpret the 
results. It is also important to conduct the readiness 
assessment before defining the monitoring objectives. 
This will give the monitoring agency or authority an 
idea about which stakeholders are willing to 
cooperate with the monitoring. Knowing which 
stakeholder are willing to cooperate with the 
monitoring and what their interests are it is possible 
to create agreements for data collection and sharing 
that will lower the costs. 
After defining the objectives and before the actual 
data collection, it is important to select indicators; 
gather baseline data; and design the data collecting 
procedure. During the data collection there are 
opportunities to reduce the monitoring costs by: 
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minimizing the sampling and analysis but still getting 
the understanding of water quality changes; using 
modelling to predict parameters which are difficult to 
measure from other parameters that are strongly 
correlated; and avoiding duplication of sampling and 
analysis with stakeholders doing the monitoring in 
the same area (important to certify that they are using 
standard sampling and analyzing procedures; and do 
not fabricate the results). 
Finally, after the data analyses, it is important to 
convey the findings to the stakeholders; use them to 
take actions to protect the water resources; and 
evaluate if thegoals of the government are being met 
in order to improve the water quality monitoring 
program and get support for future activities. 
In most developing countries the water quality 
monitoring systems are not well established. The 
river basin organizations do not have resources to 
implement acceptable water quality monitoring 
systems(Nhantumbo, et al., 2015).  
Usually the mining companies have obligation under 
the legislation of doing environmental impact 
assessment before its establishment; and to do water 
quality monitoring in their area of influence during its 
operations(Nhantumbo, et al., 2015). Again, usually 
the government organizations from developing 
countries do not have the installed capacity to oversee 
the monitoring done by the mining companies, and 
they limit themselves to accept the monitoring reports 
submitted by the mining companies(Nhantumbo, et 
al., 2015). 
Based on the three water quality monitoring systems 
analyzed, a more complete water quality monitoring 
system was suggested. This monitoring system is 
aiming to guarantee that: the monitoring information 
produced is consistent and comparable to support a 

fair and equitable water resources management, as the 
Framework for Water quality Monitoring System; 
provide the policy-makers, managers and other 
stakeholders information about the success or failure 
of the monitoring project, as the Result-based 
Monitoring and Evaluation System; and has a cyclic 
perspective clearly established, as the River Basin 
Management Planning Cycle adopted in the 
European Union Water Framework Directive, Figure 
3. 
The monitoring systems in developing countries 
should be designed to get useful results, although the 
resources are limited. The first step to be taken by the 
river basin organization should be to improve the 
data-sharing with the mining companies and other 
stakeholders with obligation and interest of doing the 
monitoring in their area of influence. This could be 
done using a web-based data sharing 
system(Nhantumbo, et al., 2015). The river basin 
organizations should also invest their limited 
resources in developing capacity to oversee the 
monitoring done by the mining companies and other 
stakeholders. 
The second step should be to centralize the 
monitoring for the river basins. This could be done by 
having only one company doing the water quality 
monitoring in the river basin and the mining 
companies and other stakeholders should pay a fee 
for water quality monitoring. This passes throughout 
convincing all companies to have the same company 
doing the water quality monitoring or having 
appropriate legislation which forces the stakeholders 
to adhere to the new system. This system has the 
advantage of reducing the costs of monitoring for all 
stakeholders and increasing the quality of data 
collected(Nhantumbo, et al., 2015). 

 

 
Figure 3 Suggested water quality monitoring system 

 
Unfortunately it is not sustainable to design more 
than one monitoring system for the same river basin. 
When there is a mining activity in a river, the 
monitoring of impacts of mining have to be 
incorporated in the general monitoring activity. As 

mentioned before, one of the severe problem caused 
by mining is AMD. The main parameters to be 
monitored when there is AMD are pH, alkalinity, 
concentration of sulfate, iron, manganese, and heavy 
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metals. In addition is important to monitor turbidity 
and suspended solids. 
As mentioned before, models can also beuseful to 
reduce the sampling and analyses by estimating and 
predicting water quality parameters (Valente, et al., 
2013)&(Papassiopi, et al., 2014). Estimating water 
quality parameters and predicting the future changes 
with time and space can reduce the overall cost of 
monitoring. Predicting future changes of certain 
water quality parameters may be also used to predict 
the impacts before they actually take place and make 
it possible to take actions to protect the water 
resources. 
Based on the analysis of water quality models 
described in chapter 5, a complete surface water 
quality model should include simulation of chemical 
and biological reactions, pollutant transport, 
interfacial mass-transfer and addictions or 
subtractions, Figure 4. In addition to this they 
shouldbe able to simulate stationary or dynamic; and 

one-, two-, or three dimensional processes. 
Unfortunately the models available do not have all 
these elements well developed. This limits their 
application when the processes to be simulated are 
complex such as water impacted by AMD. The pH of 
water which is affected by AMD interact with all 
elements presented in Figure 4. However, the effect  
of some of these elements may be neglected 
depending on the case being studied. 
Most of water quality models were not developed to 
simulate the effect of AMD. This makes them 
inappropriate to use forstudying problems of water 
impacted by AMD. However, the geochemical 
models PHREEQC and MINTEQ can be applied to 
investigate the mixing of AMD with river 
waters(Mosley, et al., 2015). These models show 
limitations when it comes to simulating reaction-
transport of water affected by the AMD(Mosley, et 
al., 2015). 

 

 
Figure 4 Major elements of surface water quality models 

 
This deficiencies open an opportunity to develop a 
new set of models to simulate reaction-transport 
models with advanced geochemical features such as 
PHREEQC and MINTEQ. These model should 
include integrated reaction, transport, and interfacial 
mass-transfer with the effect of additions. 
 
CONCLUSIONS 
 
Based on evaluation of existing water quality 
monitoring systems a more complete water quality 
monitoring system should include the following 
elements: consideration of the goals and priorities of 
the government; investigationof possible sources of 
pollution;evaluation of readiness assessment of the 
stakeholders; definitionof objectives; selection of 
indicators;design of data collection system; gathering 
baseline data to evaluate the system; data collection 
system data;  data analyzes procedure; convey the 
findings to the stakeholders; use the findings to take 
actions to protect the water resources; and evaluate if 
the goals of the government are being satisfied. It is 
always important to verify if the goals of the 
government are being met because it will help to 

improve the monitoring system and guarantee that the 
government will continue to support the monitoring. 
The water quality monitoring systems in the rivers are 
always multipurpose. There is no monitoring done by 
any river basin authority which evaluates the effect of 
mining only. However, when there is mining, among 
other parameters it is important to monitor: turbidity, 
suspended solids, pH, and alkalinity; and 
concentration of sulfate, iron, manganese, and heavy 
metals. 
 
In developing countries the water quality monitoring 
systems are not well established due to lack of 
resources. Both improved water quality monitoring 
systems and modelling can be used to reduce the cost 
and increase sustainability of water quality 
monitoring in the context of mining development. 
Improvements on data-sharing and moving to 
centralized monitoring systems may reduce the cost 
of monitoring for developing countries. The usage of 
modeling to estimate the parameters difficult to 
measure; and simulate temporal and spatial variations 
of water quality parameters may also reduce the 
monitoring costs. 
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The main problem when there is mining is acid mine 
drainage and modelling has been applied in streams 
affected by acid mine drainage. The water quality 
models which show satisfactory results in modelling 
rivers affected by acid mine drainage are PHREEQC 
and MINTEQC. These models are good in simulating 
mixing of acid mine drainage with river water but are 
limited when it comes to simulate reaction-transport 
processes which characterize the streams affected by 
acid mine drainage. 
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