
����������
�������

Citation: Alvizuri Tintaya, P.A.;

Villena Martínez, E.M.; Micó Vicent,

B.; Lora Garcia, J.; Torregrosa-López,

J.I.; Lo-Iacono-Ferreira, V.G. On the

Road to Sustainable Water Supply:

Reducing Public Health Risks and

Preserving Surface Water Resources

in the Milluni Micro-Basin, Bolivia.

Environments 2022, 9, 4. https://

doi.org/10.3390/environments

9010004

Academic Editor: Dino Musmarra

Received: 16 November 2021

Accepted: 17 December 2021

Published: 24 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

environments 

Article

On the Road to Sustainable Water Supply: Reducing Public
Health Risks and Preserving Surface Water Resources in the
Milluni Micro-Basin, Bolivia

Paola Andrea Alvizuri Tintaya 1,2, Esteban Manuel Villena Martínez 1,3, Bárbara Micó Vicent 4, Jaime Lora Garcia 5,
Juan Ignacio Torregrosa-López 5 and Vanesa G. Lo-Iacono-Ferreira 1,*

1 Project Management, Innovation and Sustainability Research Center (PRINS), Alcoy Campus, Universitat
Politècnica de València, Plaza Ferrándiz y Carbonell, s/n, 03801 Alcoy, Spain; palvizuri@ucb.edu.bo (P.A.A.T.);
evillena@ucb.edu.bo (E.M.V.M.)

2 Centro de Investigación en Agua, Energía y Sostenibilidad, Universidad Católica Boliviana “San Pablo”,
Sede La Paz, Bolivia

3 Departamento de Ingeniería y Ciencias Exáctas, Universidad Católica Boliviana “San Pablo”,
Sede Tarija, Bolivia

4 Departamento de Ingeniería Gráfica, Campus d’Alcoi, Universitat Politècnica de València, 03801 Alcoy, Spain;
barmivi@eio.upv.es

5 Research Institute for Industrial, Radiophysical and Environmental Safety (ISIRYM), Alcoy Campus,
Universitat Politècnica de València, Plaza Ferrándiz y Carbonell, s/n, 03690 Alcoy, Spain;
jlora@iqn.upv.es (J.L.G.); jitorreg@campusalcoi.es (J.I.T.-L.)

* Correspondence: valoia@upv.es

Abstract: Bolivia is among the countries with the highest availability of freshwater globally. However,
many of its natural sources are impacted by anthropogenic activities, such as mining. Water is
intimately linked to public health and is essential to achieving sustainable development. It is necessary
to preserve water resources by designing and validating monitoring programs that help control the
quality of the sources that supply important population centers. The study area in this research is
the upper part of the Milluni micro-basin, whose lagoon system supplies water for two large cities.
Milluni is close to illegal and abandoned mining areas, making the region highly vulnerable to heavy
metal contamination. This study aimed to optimize the resources available for monitoring Milluni.
The frequency of monitoring was statistically determined, and the correlation between parameters
measured in situ (pH and conductivity) and metal ion concentrations to determine low-cost indicators
to monitor the presence of heavy metals. A multivariate analysis of friction of the results of the pilot
year of the monitoring program designed for Milluni, considering the characteristics and economic
limitations, is presented. An approximation of the quality of the surface water resources of Milluni is
presented as a result of the monitoring operations.

Keywords: water quality control; statistical validation; freshwater sources; heavy metals; toxic
contaminant

1. Introduction

Developing countries suffer from the highest rates of poverty and greater vulnerability
to environmental degradation. This confirms that poverty arises from complex interactions
between social and environmental factors, as is also stated in the work [1]. Water is known
to be a vital factor for life on Earth. In this regard, the contamination of the aquatic
environment is becoming an increasingly serious problem [2]. Hence, the quality of surface
water bodies represents an aspect of great relevance that should be a fundamental object
of study [3,4]. Currently, considerable amounts of time, effort, and money are invested
in controlling, protecting, managing, and restoring surface water resources, recognizing
the importance of water for the quality of the environment, economic development, and
nations’ social well-being [5,6].
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Water and Sanitation were named a Human Right on 28 July 2010, through United
Nations Resolution 64/292 [7]. However, estimates reveal that about 40% of the population
does not have access to safe water and sanitation services, and again developing countries
suffer the greatest impact of this [8]. As a result, the current water problem is reflected as
a priority in Goal 6, “Clean Water and Sanitation”, within the Sustainable Development
Goals (SDGs), which frame the 2030 agenda [9]. In Latin America, alarming data on this
situation are evident, with only 80% of the urban population having safe drinking water
systems. This situation is aggravated in rural areas, where it is stated that 50% do not have
this type of system for the management of drinking water [9].

According to the Scientific and Technological Consultative Forum [10], in Latin Amer-
ica, Bolivia has one of the highest supplies of freshwater per capita. However, its surface
and underground water potential have not been entirely determined. There are few ex-
haustive studies on water sources’ quality [11], which generates uncertainty about the type
of water to which one has access. Drinking water has long been known to be indisputably
linked to public health, and public health and sustainable development are also clearly
linked [12]. Thus, preserving natural sources of fresh water is an intrinsic necessity for
human survival, now and much more in the future.

The Spanish Agency for International Development Cooperation (AECID) report
indicates that the lack of adequate access to sufficient quality and quantity of drinking
water is one of the main factors in the increase in diseases in the Bolivian population [13].
The WHO states that only 50% of Bolivia has access to clean water [14]. There are also
other problems related to the supply of drinking water; for example, the state of the
infrastructure in the water supply in Bolivia shows that the water storage capacity is only
56 m3 per inhabitant; the main sources of water supply in urban areas are affected by severe
and growing pollution; between 42% and 61% of drinking water is not accounted for by
local operators due to deficiencies in the control and operation systems; and systems are
characterized by poor home connections and distribution systems, frequently due to the
age of the systems’ pipes [15].

To ensure the quality of drinking water, systems should provide integrated and preven-
tive management of water resources, in which all those involved collaborate [16]. Among
the most important points within this management system is the methodology that allows
systematic measurements and water quality observations [17], known as water quality
monitoring programs. These programs aim to define a standardized procedure, minimize
errors, and ensure the generation of consistent data and information [18]. Drinking water
has long been of concern [19]. This is because many sources of drinking water are vulnera-
ble to all types of contamination, which reduces its quality, denoting the need for constant
monitoring to avoid environmental degradation and a decrease in the availability of safe
water [20].

The Andes of Bolivia, an altiplano region, presents problems in the management of
its water resources, in turn leading to an issue of water scarcity in the area [21]. Therefore,
the preservation and monitoring of drinking water sources are very important to avoid
uncertainty about future access to safe water [22]. An important source of water for the
La Paz Department is the upper part of the Milluni basin [23]. The main issues affecting
the surface water bodies in Milluni are the illegal, operational, and abandoned mines that
pollute their waters with heavy metals [24], because the consumption of heavy metals
represents an imminent risk for public health [25,26].

The report “Water and sanitation in the Plurinational State of Bolivia” indicates that the
water and sanitation systems in the main urban areas are managed by operating companies
that show adequate control between the water and sewerage connections. However, in
rural areas, the administration of services is local, where the treatment or purification
systems in many cases are not adequately controlled, leading to contamination of drinking
water sources [27].

This article presents the results of the implementation of the first year (pilot year)
of a monitoring program for the detection of heavy metals in the upper part of the Mil-



Environments 2022, 9, 4 3 of 16

luni micro-basin. This program was designed to consider international standards, the
particularities of the Milluni area, and the limitations of economic resources and trained
personnel [28]. This work aimed to optimize the available resources for monitoring Milluni,
ensuring the control of surface water, thus avoiding risks to public health in the area. For
this purpose, the results of the pilot year of the proposed monitoring program were evalu-
ated. The contributions of this research are: 1. the determination of the final monitoring
frequency, which generates representative data for the area and aims to adjust the existing
management system; 2. presentation of the correlation between parameters measured in
situ (pH and conductivity) and metal ions concentrations, to determine low-cost indicators
for monitoring the presence of heavy metal; and 3. an approximation of the quality of
surface water resources of Milluni.

2. Materials and Methods

In this section, a description of the study area is presented, followed by the description
of the monitoring program and the methodology used in this study.

2.1. Description of the Study Area

The Milluni micro-basin covers an area of 58.2 km2; it is part of the Altiplano basin
system, where extreme climatic conditions typical of the area occur [29,30]. Figure 1
shows the average data for all months of the year in terms of total precipitation, denoting
that Milluni has defined dry and wet seasons. The information was collected from the
SENHAMI meteorological precipitation stations from 1999 to 2018; full data are presented
in the Supplementary Materials [31].
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Figure 1. Precipitation total in Milluni. Source: Own elaboration based on data from SENAMHI, 2021.

Milluni has an altitude of 4500 to 4700 m.a.s.l. [32]. Lithological units can be summa-
rized from north to south as:

1. Granitic terrain partially covered by glaciers (Huayna Potosí granite, HPG);
2. Slightly metamorphosed fine-grained sandstone with bedded black shales (Cambrian

to Ordovician);
3. Mineralized Silurian sandstone (Catavi Formation). The Catavi Formation is mainly

composed of sandstone deformed by faults and folds, which allowed mineralization
to occur [29].

Lehmann (1978) [33] performed several geological and mineralization investigations.
The primary minerals in the region are: pyrite (FeS2), marcasite (FeS2), pyrrhotite (Fe(1−X)S),
sphalerite (ZnS), arsenopyrite (FeAsS), cassiterite (SnO2), galena (PbS), wolframite (Fe,Mn
[WO4]2), and stannite (Cu2FeSnS4). Associated minerals include quartz (SiO2), siderite
(FeCO3), hematite (Fe2O3), apatite (Ca5(PO4)3F2), and monazite ([Ce,La,Nd]PO4) [33].
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Underground mining was used to exploit this mineralization, and a maximum production
of 110,000 T/a of rough mineral extracted was achieved between 1970 and the 1980s [34].
A large amount of produced mining waste, after mineral extraction by gravimetric and
flotation procedures, was spread hazardously on slopes in the Milluni Chico sector (4.6 km2).
Due to this exposure, although Milluni was a mining area last century, the impact of mining
waste on water quality remains a serious national environmental problem [35]. Another
problem that affects water quality in this area is small-scale and often illegal mining
activities, for which there is no precise information [24].

The upper part of the Milluni micro-basin is one of the main sources of freshwater
for two important cities, La Paz and El Alto, in the Department of La Paz. Both cities are
among the most populated in Bolivia. The surface water system of Milluni is composed of
4 lagoons, which are interconnected by surface water currents that flow downhill by gravity.
A storage dam is located in the Milluni Grande lagoon, the last lagoon in the system, that
collects the water used to supply the urban water system [36]. Some characteristics of these
lagoons are detailed below, and Figure 2 shows their distribution.
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• Pata Khota: A natural lagoon of irregular shape that receives water from the glacier of
the Huayna Potosí. It is located at 4665 m.a.s.l.

• Jankho Khota: Located at 4560 m.a.s.l., an irregular-shaped natural lagoon that receives
water from the Pata Khota lagoon.

• Milluni Chico: An artificial lagoon at an altitude of 4550 m.a.s.l., having an irregular
shape and receiving water from natural springs, Jankho Khota lagoon, and mines.
This artificial lagoon aims to capture the acid drainage of the mines to prevent it from
entering the Milluni Grande lagoon.

• Milluni Grande: Located at 4530 m.a.s.l, the Milluni Grande lagoon receives effluents
from natural springs, the Milluni Chico lagoon, and mines’ drainage. It also receives
water from the Jankho Khota lagoon through a bypass system. In this lagoon, there is
a water storage dam for public supply, which has a high probability of contamination
by heavy metals due to its tributaries.

The Milluni watershed is within the Katari macro watershed. This macro-basin was
determined as strategic by the National Plan of Basins of Bolivia, due to its extension,
resources, and the large population it sustains [37]. The management of this macro-basin
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is overseen by the Katari Basin Management Unit (KBMU), which depends on the Vice
Ministry of Water Resources and Irrigation (VRHR). The KBMU has been in charge of
monitoring the entire area that comprises the Katari macro-basin from 2006 to the present.

The macro-basin monitoring program was developed with many limitations in terms
of human resources, economic, and time. An analysis of the historical data from monitoring
the Milluni area determined some inconsistencies in its development, such as a non-uniform
monitoring frequency, variation in the location of the monitoring points, and variation in
the parameters to be analyzed [22].

2.2. Monitoring Program Designed for Milluni

The monitoring program implemented was designed specifically for the upper part
of the Milluni micro-basin, because this area includes natural water sources that must be
monitored. The basis of the program was international standards: the UNEP/WHO [38]
monitoring program design guide and Bolivian Standard NB/ISO 5667-4 [39], the latter
specifically for the monitoring of surface water bodies. The program considered the
limitations within the management systems of the Katari macro-basin. The framework
and characteristics of the monitoring program were developed in the study of Alvizuri in
2020 [28] and are listed and detailed below.

1. Objective of the monitoring program. Determine the water quality of the Milluni area.
2. Purpose of the monitoring program. Becoming a control program that generates

representative data and contributes to the water management of the area.
3. Monitoring area. The upper part of Milluni, including its 4 lagoons: Pata Khota,

Jankho Khota, Milluni Chico, and Milluni Grande.
4. Sampling points. Four sampling points were determined to monitor the water quality

in Milluni, and they were distributed throughout the water system. Figure 2 shows
their location.

• Point 1: Used to identify the reference conditions in the watercourse system.
• Point 2: Used to determine any signs of deterioration in water quality.
• Point 3: Used to show if the body of water meets the desired quality standards

because it is a water storage dam within the course system.
• Point 4: Seeks to evaluate the effectiveness of human intervention in water quality

management.

5. Frequency of monitoring. The samplings will be carried out three times in the dry
season and three times in the rainy season with intervals of 1 month between samples.

6. Variables to measure. The in situ parameters that must be monitored are pH, dissolved
oxygen, conductivity, turbidity, and temperature, because they are basic control
parameters established in Bolivian regulations. The ex situ parameters that must be
monitored are quantities of 33 metals, due to the high susceptibility of the area to
present contamination by heavy metals.

7. Sampling protocol. The monitoring program adopts the Protocol established in “ISO
5667-4 [39]: 2016 Water quality-Sampling-Part 4: Guidance on the sampling of lakes,
natural and artificial”.

8. Determination of resources. This program considers that financial resources and
trained personnel are limited. In this sense, all the components were thought to
save resources.

9. Evaluation and control of the program. The key to optimizing a monitoring program
is to evaluate its components through the implementation of the first year of the
program (pilot year). With the results of this first year, it will be possible to redefine
components and seek continuous improvement within them.

2.3. Methodology

The methodology developed in this study is divided into three main parts. The first
is coordinated field work. The second part is the implementation of the pilot year of the
monitoring program designed for the upper part of the Milluni micro-basin. Finally, the
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third part is the statistical validation of the results of year 1 of the monitoring program. The
methodological diagram is presented in Figure 3.
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2.3.1. Coordinated Fieldwork

The field work was coordinated with the Katari macro-basin management entity,
which is the Katari Basin Management Unit, as mentioned above. This was undertaken
with the objectives of not interfering with or hindering the work that this unit undertakes
within the macro-basin, and optimizing resources.

The months for the field work were defined by the temporality of the area because
there are two marked seasons, namely, the dry and wet seasons. Thus, six months were
determined. The three representative months of the dry season were May, August, and
October; and the three months representative of the wet season were December, January,
and March. By monitoring three times during each season, the dynamics of the pollutants
could be determined and the most representative month within each season could be
identified if it exists.

2.3.2. Field Work

The field work was undertaken in the months indicated in the previous section. This
field work comprised the following:

• Measurement of parameters in situ with a HQ40D-Hach portable multimeter and a
Hach 2100Q portable turbidimeter.

• Sampling, transport, and storage, following the protocol established in ISO 5667-1 [40],
to avoid contamination of the samples.

• Heavy metal analytics were developed in the Services Laboratory of the University of
Alicante in Spain.

2.3.3. Statistically Analyze the Results of the Pilot Year

After the implementation of the pilot year of the monitoring program, the objective
was to validate and optimize the components of the program. This required a statistical
study that analyzed the results to determine the frequency that the monitoring program
will adopt in its future implementation. At the same time, the parameters measured in
situ were statistically analyzed to assess whether they can be indicators of the presence of
heavy metals, to optimize resources during future monitoring. The development described
below is based on a statistical analysis of similar problems from other studies in other parts
of the world [41–43].

The statistical analysis was carried out with the Statgraphics Centurion 18 software [44].
First, this included determination of the correlation between the defined points and the
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month of the year with the concentrations of the metals found in the analysis of the
water samples. MANOVA (multivariate analysis of variance) was performed to detect the
presence of interactions, to determine if the time of year affects the selected monitoring
points differently. If this did not occur, ANOVA (analysis of variance) was performed to
individually determine the effect of these two factors (sampling points and month of the
year) on the concentration of metals.

In addition, two hypotheses regarding the influence of the pH and conductivity
indicators with the concentrations at the sample collection points were contrasted.

• PH is a parameter that describes the acid–base properties of a solution [45]. In this
regard, the acidic condition of metal ions leads us to understand that a low pH is
related to a greater presence of metal ions.

• Pure water is not a good conductor of electricity, and dissolved ions increase its con-
ductivity [46]. Hence, high conductivity is related to a greater presence of metal ions.

In this case, to assess the relationships between numerical variables, concentrations
vs. conductivity, or pH values, correlations were sought through multiple regression, with
the intention of identifying joint effects/interactions and determining the importance of
the effect in each case. If an independent variable was found to be non-significant, we
proceeded with the analysis of the simple regression between the variable remaining as
significant and the concentration of the metals. In addition, the pH was also treated as a
factor having two levels, i.e., acid below 6 and the remainder of the values neutral. In this
case, ANOVA was again conducted, which allows determining if, in this case, there is a
correlation between the factor and the concentration of metals.

3. Results

This section presents the results of this study in three parts. The first part shows the
values of parameters measured in situ and ex situ. The second part presents the analysis on
the sampling frequency adopted in the first year. Finally, the third part shows the analysis
carried out to identify which of the in situ parameters can be indicators of the presence of
heavy metals.

3.1. Results of Parameters Measured In Situ and Ex Situ

During the pilot year of the monitoring program, in situ and ex situ parameters were
measured at four sampling points, which are illustrated in Figure 4. The georeferential
locations are presented in UTM (Universal Transversal Mercator) coordinates. The sampling
point P1 is located at the beginning of the lagoon system with the coordinates 592549 E
and 8197635 N; P2 is in the Milluni Chico lagoon with UTM 589887 E and 8193022 N; P3
is located in the drinking water storage dam in the Milluni Grande lagoon with UTM
589147 E and 8190424 N; the last sampling point, P4, at UTM 592251 E and 8186615 N, is
located at the exit of the lagoon system.

The results of the monitoring of the five parameters measured in situ, which were
temperature, turbidity, pH, dissolved oxygen, and conductivity, are presented in Table 1.
The highest turbidity was found at point 4 for all the months monitored. The lowest
pH occurred in points 2 and 3, exposing an acid character in the waters of these points.
The dissolved oxygen range for all points is acceptable, denoting that there are no anoxic
conditions. Finally, it was observed that the highest conductivities are present at points 2
and 3, for all the monitored months.

In addition, relating the values presented in Table 1 with the locations of the monitored
points, we can say that:

• The first point, located at the headwaters of the Milluni water system, is the least
polluted, verifying the values obtained with the Bolivian regulation 1333 in its Water
Pollution Regulation.
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• The effluent from the Milluni Chico Lagoon is the most polluted point (2), and this
can be attributed to the mining activity that takes place around it, because it has an
acid character and high conductivities.

• At the third point a water storage dam is located, which is supposed to have a superior
water quality. The results prove that the natural water sources that are the tributaries
of the Milluni Grande lagoon are negatively impacted by anthropogenic activities in
the area.

• The fourth point shows that the pretreatment applied to the effluent from the dam
is not adequately conditioning the water for its entrance into the purification plant,
posing a risk to its correct operation.
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Regarding the parameters measured ex situ, the maximum concentration limits (MCL)
of heavy metals in drinking water have been established by international organizations
such as the World Health Organization (WHO) and the United States Environmental
Protection Agency (EPA). Many countries have adopted these LCMs in their regulatory
standards to avoid risks to public health, as is the case of Bolivia in NB 512 [46]. From
the monitoring carried out in Milluni, 33 metal ions were analyzed (ex situ parameters),
confirming the presence of arsenic, zinc, and manganese in concentrations that exceed the
national regulation of drinking water, which are 0.01, 5, and 0.05 ppm, respectively.

The study of metal ions is important due to their high toxicity [47]. The excessive
concentrations found can be highly toxic to living beings and because they are pollutants
that are difficult to eliminate in water treatment plants that do not have specific processes
for their removal [48]. Only three heavy metals that exceed the MCL were analyzed in this
study. These were selected due to their high toxicity (arsenic), their high concentration
detected (zinc), and their persistence in the area (manganese). For these reasons, these
metals were the basis for the statistical analysis presented below.
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Table 1. Results of the measured in situ parameters.

Sapling Month Points

Parameters Measured In Situ

Temperature Turbidity
pH

Dissolved Oxygen Conductivity
◦C NTU mg/L uS/cm

January

P1 4.5 4.14 6.85 7.31 48.3
P2 10.8 29.3 3.32 5.54 745.0
P3 13.9 11.7 3.03 5.21 1119.
P4 17.4 81.2 4.16 5.17 331.2

March

P1 4.5 3.21 7.01 7.56 37.8
P2 8.8 20.6 3.54 6.01 800.0
P3 9.5 11.7 3.45 5.59 1080.0
P4 13.0 75.3 4.45 5.2 554.0

May

P1 4.6 1.83 6.7 7.9 38.7
P2 8.7 3.41 2.83 6.59 1723.0
P3 9.00 2.75 2.76 7.06 1246.0
P4 9.7 55.8 2.83 7.13 1033.0

August

P1 4.00 3.25 7.37 7.66 64.9
P2 10.8 7.83 2.78 6.41 1966.0
P3 10.6 8.07 2.68 6.68 1442.0
P4 7.7 109 3.38 7.34 972.0

October

P1 6.5 3.51 4.6 5.6 71.5
P2 11.5 5.3 2.81 4.99 1718.0
P3 14.4 23.2 2.67 5.67 1486.0
P4 13.0 36.9 3.25 6.04 727.0

December

P1 5.5 2.54 6.5 5.8 65.2
P2 10.5 4.5 3.23 4.45 850.0
P3 12.4 9.8 2.57 4.98 1200.0
P4 11.3 67.0 4.5 6.1 956.0

Source: Own elaboration, 2021. Full data in Supplementary Materials (Tables S1–S3).

3.2. Analysis of Sampling Frequency at Different Points

Following detection of concentrations outside the permissible limits of manganese
(Mn), arsenic (As), and zinc (Zn), multifactorial analysis of variance was performed for
these metals. This analysis seeks to detect interactions between the sampling frequency,
in this case by months and sampling points. In none of the three cases were significant
interactions detected between both factors. In general, it appears that the least number of
metals were found in January at all points. In the case of Mn and Zn, it is possible to see
that January is the only month in which the concentration is the same between points 2 and
3, as can be seen in the example in Figure 5.

Analysis of variance by factors was performed for the three metals after ruling out
the presence of significant interactions. In the three cases, p-values of 0.05 were obtained
for the analysis of the effect of the sampling time (month). It was concluded, for the three
metals, that there is no significant effect of the time of sampling. The only trend that can be
observed in the graphs is that the lowest concentration of any of the three metals appears
to occur in January, and the highest concentrations appear to occur in August. An example
of this can be seen in Figure 6. Full analysis can be found in Supplementary Materials
Figures S1–S26 and Tables S1–S15.

In the three metals analyzed, the same behavior is seen when the effect of the sampling
point factor with respect to the metal concentration is analyzed. In all cases, a p-value of
0.000 was obtained (Table 2), and the point at which the highest concentration of metals
was point 2, followed by point 3, point 4, and, finally, point 1. An example of this is seen in
Figure 7.
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Table 2. ANOVA table for Zn concentration as a function of collection point 2.

Source Sum of Squares Df Mean Square F-Ratio p-Value

Between Groups 7543.24 3 2514.41 28.43 0.0000

Intra Groups 1768.85 20 88.4427

Total (corr.) 9312.09 23
Source: Own elaboration, 2021.

3.3. Search for Indicators for High Metal Concentration

First, a multiple regression adjustment was made between the pH and conductivity
values as independent variables in contrast to the metal concentration. Due to the high
correlation between the pH and conductivity factors, it was not possible to model the
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concentration of the three metals with these two factors, and the pH also appeared as non-
significant in both the multiple and simple regressions. As an alternative, both variables
were analyzed separately with the three metals’ concentrations, transforming the pH into a
factor (acid or basic), and keeping the conductivity as numerical. The results in both cases
are summarized in the following points.
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3.3.1. Validation of the Hypothesis on the Effect of pH

Following the transformation of the pH values into acid (<6) and neutral (from 7)
levels, because there are no pH levels to be considered basic, ANOVA was carried out.
In the three cases, the results coincide, showing that the three metals’ concentrations are
significantly higher in acidic pH than in neutral pH, as can be seen in Table 3 and Figure 8.

Table 3. ANOVA table for Mn concentration as a function of pH.

Source Sum of Squares Df Mean Square F-Ratio p-Value

Between Groups 241.252 1 241.252 16.46 0.0005

Intra Groups 322.481 22 14.6582

Total (corr.) 563.733 23
Source: Own elaboration, 2021.
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3.3.2. Hypothesis Validation of the Effect of Measured Conductivity

Conductivity appeared as a significant dependent variable in multiple regression
modeling attempts. It was decided to search for the model with the best fit using linear
regression. After comparing the models in the three metals, it was concluded that the model
with the best fit was the square root of Y:Y = (b × X)2. In the example shown for the analysis
of the Mn concentration, a correlation coefficient of 0.98 and an R-square of 95.8% were
obtained (Table 4). The fit of the model was improved by eliminating the non-significant
constant, leaving a positive relationship between the conductivity values and that of the
three metals analyzed, as can be seen in Figure 9.

Table 4. Simple regression—Mn vs. conductivity.

Least-Squares Coefficient

Parameter Estimate Standard Error T-Statistical p-Value

Slope 0.00223672 0.0000975989 22.9175 0.0000

Variance Analysis

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 126.526 1 126.526 525.21 0.0000

Residue 5.54082 23 0.240905

Total 132.067 24

Correlation coefficient = 0.978798, R-squared = 95.8045%, Model:55 Mn [He] =
(0.00223672 × CONDUCT)2

Source: Own elaboration, 2021.

Environments 2022, 9, x FOR PEER REVIEW 13 of 17 
 

 

Model 126.526 1 126.526 525.21 0.0000 

Residue 5.54082 23 0.240905   

Total  132.067 24    

Correlation coefficient = 0.978798, R-squared = 95.8045 %, Model:55 Mn [He] = 
(0.00223672 × CONDUCT)2 

Source: Own elaboration, 2021. 
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4. Discussion

Safe water is linked to, and has a positive impact on, public health. This has been
previously corroborated by numerous health studies globally. Thus, water having ade-
quate quality for consumption plays a fundamental role in the race to achieve sustainable
development in different nations. Considering that surface water resources are not infinite,
maintaining water quality is a necessity for the survival of living things. Thus, it is very
important to design and validate water quality monitoring programs to preserve the quality
of water from natural sources.

The results of the pilot year of the monitoring program for the upper part of the Milluni
micro-basin were statistically analyzed to validate its components. The aim was to optimize
the economic, technical, and time resources for future implementation of the program.
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Milluni was monitored six times to observe the dynamics of the pollutants throughout
the year.

The problem of access to safe water, as previously mentioned, is linked to the issue of
public health. Therefore, an environment without degradation does not affect the health
of the people and is an important requirement to achieve sustainable development. This
initial study of the water quality of the upper part of the Milluni micro-basin shows that
the contamination of heavy metals has negatively impacted the natural sources of water,
exposing public health to a significant risk. This problem must be addressed to ensure
access to safe water for the population.

5. Conclusions

It was shown that there is no variation in the concentration of pollutants within the
wet and dry seasons. However, there is a significant variation that contrasts the two seasons.
Therefore, it was established that the valid monitoring frequency for the program can be
changed from that used in the pilot study. Monitoring should be carried out twice a year in
the most representative months of each season, which were determined to be January for
the wet season and August for the dry season.

The pH and conductivity parameters measured in situ, considered as basic control
parameters in the Bolivian Regulation 512 [38] and other regulations on the quality of
drinking water, were related to the presence of metal ions detected outside the permissible
limits (As, Mn, and Zn). This was corroborated by the statistical analysis carried out. Thus,
both pH and conductivity were found to be indicators of the presence of heavy metals.
These two parameters should not replace specific heavy metal monitoring but can be a
low-cost alternative to additional metal ion monitoring, with the aim of continuous control
of the quality of the surface resources of Milluni without adding additional costs to the
proposed monitoring program.

Regarding the other components of the monitoring program, such as objective, pur-
pose, sampling points, sampling protocol, and variables measured, it was concluded that
they are adequate and aligned, and can be incorporated into the water management system
of the Katari macro-basin, to which Milluni belongs.

According to the statistical analysis carried out, which can be seen specifically in
Figures 5 and 9, the source of the Milluni water system (monitoring point 1) does not
exhibit contamination, meaning that it is not negatively impacted by external factors.
However, points 2, 3, and 4 are contaminated by toxic heavy metals resulting from mining
activities in the area. Finally, it should be noted that point 2 is the most polluted sector
of Milluni, and the degradation of the quality of its waters is very high, according to
observations of the results of the parameters analyzed. The effluents from Laguna Milluni
Chico (where point 2 is located) are tributaries of Laguna Milluni Grande, where the storage
dam is located (point 3). This indicates that the contaminated effluents from point 2 are
decreasing the quality of the water at point 3. The above findings suggest Milluni must be
continuously monitored to avoid a risk to public health.

Future research should seek to provide a comprehensive solution to the problem of
water contamination in the lagoon system in the upper part of the Milluni basin. Although
the main challenge is solving the problem of water quality, the soils and ecosystems that
surround the basin should also not be neglected.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/environments9010004/s1, Excel file: Table S1: Results in situ parameters, Table S2: Results ex
situ parameters, Table S3: Heavy metal selection methodology, and Table S4: Precipitation in Milluni.
Word file containing Figure S1: MANOVA: Point and month interaction, Figure S2: ANOVA point,
Table S5: ANOVA table for 55 Mn [He] by Point, Figure S3: Median plot with 95% confidence intervals,
Figure S4: ANOVA month, Table S6: ANOVA table for 55 Mn [He] by Month, Figure S5: Median
plot with 95% confidence intervals, Figure S6: 66 Zn [He] MANOVA: Point and month interaction,
Table S7: ANOVA Table for 66 Zn [He] by Point, Figure S7: Box Plot, Figure S8: Median plot with 95%
confidence intervals, Table S8: ANOVA Table for 66 Zn [He] by Mont, Figure S9: Box Plot, Figure S10:
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Median plot with 95% confidence intervals, Figure S11: 75 As [He]-MANOVA: Point and month
interaction, Figure S12: ANOVA: point, Table S9: ANOVA for 75 As [He] per Plot, Figure S13: Median
plot with 95% confidence intervals, Figure S14: ANOVA: month, Table S10: ANOVA for 75 As [He]
per Month, Figure S15: Median plot with 95% confidence intervals, Figure S16: CONCENTRATION-
MANOVA: metal an d month interaction, Table S11: ANOVA Table for CONC by METAL, Figure S17:
Box plot, Figure S18: Median plot with 95% confidence intervals, Table S12: ANOVA table for CONC
by Month, Figure S19: Box plot, Figure S20: Median plot with 95% confidence intervals, Table S13:
ANOVA Table by 55 Mn [He] by pH, Figure S21: Box plot, Figure S22: Median plot with 95%
confidence intervals, Table S14: ANOVA Table for 66 Zn [He] by pH, Figure S23: Box plot, Figure S24:
Median plot with 95% confidence intervals, Table S15: ANOVA Table for 75 As [He] by pH, Figure S25:
Box plot, Figure S26: Median plot with 95% confidence intervals.
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