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It is becoming increasingly clear that the threat to the use of natural landscapes and
persistent droughts are affecting the water quality of rural communities. The socio-
ecological fit emerges as an aid to advance in the search for solutions to
environmental problems in rural communities. Consequently, between May 2016 and
September 2021, an interdisciplinary study of community-based water quality monitoring
(CWQM) was implemented at a coastal catchment in the Ñuble region, Central Chile. The
objective of the study was to involve the participation of local communities in initiatives to
control the water quality of various parameters [pH, total iron (FeT), alkalinity as CaCO3,
hardness (Ca2+ and Mg2+), sodium (Na+) and potassium (K+), water temperature, sulfate
(SO4

2−) chloride (Cl−), and nitrate (NO3-)] in groundwater, share local knowledge, and apply
co-creative measures for improving water conservation. In situ chemical data were also
analyzed in the laboratory to check data quality. The PHREEQC hydrogeochemical model
is used to characterize hydrogeochemical parameters of groundwater and to know about
hydrogeochemical processes related to water quality. High levels of NO3− and FeT are
recorded in 75% of the groundwater samples, mainly when water scarcity is higher during
the summer. According to Chilean standards, nitrate levels exceed the maximum
permissible limits for drinking water. A type of mainly Ca (Mg)–HCO3

− carbonated
water was recorded with Ca2+, Na+, Mg2+, and HCO3

− as dominant ions. This study
demonstrated the opportunity of a rural community group to help fill spatial data gaps in
water quality monitoring and reassess water quality protection, especially considering the
decrease in water availability in the region. Therefore, the community together with
researchers can respond with an early alert system to water quality to collaborate with
the implementation of rural drinking established on a community-based water quality
monitoring. Moreover, to prioritize the level of urgency of rural water, minimize water
pollution and improve the perception of the water and the resilience of their
social–ecological system.
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INTRODUCTION

Citizen science is defined as collaborative science between citizens
and professional scientists, in order to investigate a topic that is
relevant to the local community (Cohn, 2008; Buytaert et al.,
2016; Vohland et al., 2021). It corresponds to the participation of
amateur volunteers from local communities in scientific research
(Paul et al., 2018). In this way, the interests of both the scientific
and local community are aligned to achieve a common goal, such
as the sustainability of a local resource (Perevochtchikova et al.,
2016). There is a huge increase in acceptance globally in recent
decades (Bonney et al., 2014). Therefore, citizen science may be a
resource with a huge potential, mainly because it can fill
knowledge gaps in the territory, can increase environmental
awareness to provoke a behavioral change, facilitate traditional
monitoring incorporating cost-effective alternative help, and can
provide incentive corporate funding and support (Haklay, 2013).
Currently, various citizen science programs, where non-scientists
participate in the design, collection, or interpretation of data, have
been successfully implemented in several fields of study, such as
ecology, ornithology, and astronomy (Buytaert et al., 2014; Shupe,
2017). Examples include websites iNaturalist, eBird,
ZooUniverse, and CitSci among others. This enables the
exploration of scientific questions about greater scales and
includes locations without available data (Loss et al., 2015;
Reed et al., 2018; Kirchhoff et al., 2021). However, in certain
disciplines such as geology, hydrology, and environmental
chemistry, there has been a more gradual integration of citizen
science, mainly because the technical experience is needed for
effective sampling. This requires participant training within a
research project. It has been shown that through these
collaborations, academics are able to increase the scope of
their research and obtain better information on spatial and
temporal variability (Weyhenmeyer et al., 2017). Over this
decade, bottom-up approaches have been conducted in
implementing community-based water quality monitoring in
response to local concerns regarding environmental issues
(Bonney et al., 2014; Alender, 2016; Jollymore et al., 2017;
Enqvist et al., 2020; Hegarty et al., 2021). Different ways to
perform citizen science participation such as community-based

water quality monitoring is possible through contributive,
collaborative, and co-creative initiatives (Bonney et al., 2009).
Table 1 summarizes different community-based water quality
monitoring initiatives over the past decade carried out using the
citizen science methodology, mainly in Mexico, Colombia, the
United States, and European countries such as the Netherlands,
the United Kingdom, and France. These studies involve interested
volunteers to be trained in the monitoring of basic water quality
parameters, data collection, and interpretation of the data.
Training the volunteers develops their capacity to carry out
independent monitoring and assigns the implementation of
these tools to volunteers in rural areas, where water quality is
generally difficult to monitor for non-specialized people
(Baalbaki et al., 2019). However, the benefits of these citizen
science trainings include changes in attitude, behavior, and
increased awareness about relevant issues within a community
(Roetman and Daniels, 2011). Therefore, ensuring that the data
obtained is valuable and reliable remains a challenge that requires
the dedication of both the scientist and the scientific volunteers.
In Chile, there is still a relatively low citizen participation in
subjects related to hydrology and environmental chemistry
topics, although projects such as “citizen pluviometers” have
been developed, that encouraged the installation of rain gauges
at home for sampling and uploading data onto an internet
platform (DGA, 2004). Furthermore, community-based water
quality monitoring has been applied to investigate the accelerated
increase in nutrients in Lake Panguipulli, in southern Chile
(Amsteins, 2013). Community-based water quality monitoring
initiatives have also been implemented in rural coastal
communities of Central Chile to investigate water quality and
availability (Rivas et al., 2020), but still there are specific initiatives
that are scarce, relative to other areas in the world (Sherbinin
et al., 2021). However, the majority of research projects stem from
contributive proposals from academia, rather than collaborative
and co-creative from local initiatives. Overcoming this hurdle, so
that the community takes a lead in these initiatives, could
transform the interactions between communities and their
local environment, and help fulfill the United Nations (UN)
Sustainable Development Goals (SDGs). In this way, citizen
science projects highlight the importance of good water

TABLE 1 | Community monitoring studies of water quality around the world.

Author Subject Location Parameter

Jollymore et al. (2017) River and estuary surface
water

Canada Nitrate, dissolved organic carbon

Baalbaki et al. (2019) Groundwater Lebanon pH, conductivity, turbidity, alkalinity, hardness, dissolved nitrogen (nitrate, nitrites, and
ammonium), total, and fecal coliforms

Burgos et al. (2013) River surface water Mexico Temperature, pH, hardness, alkalinity, turbidity, Escherichia Coli, coliforms
Roa-García and Brown
(2009)

River surface water Colombia Conductivity, pH, total dissolved solids, temperature, nitrate, phosphate, hardness, fecal, and
total coliforms

Bartelt-Hunt et al. (2018) River and estuary surface
water

United States pH, conductivity, atrazine

Bos et al. (2019) Lake surface water Canada Trophic status (Total nitrogen, total phosphorus, chlorophyll a), turbidity, pH
Thornhill et al. (2018) Lake surface water England Nitrate, phosphate, turbidity, algae bloom occurrence
Peckenham et al. (2012) Groundwater United States Conductivity, chloride, nitrate, pH, and hardness
Ruppen et al. (2021) River surface water Zimbabwe pH measurements by using test strips and water samples (Li, Be, B, Na, Mg, Al, Si, K, Ca, V, Cr,

Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, Cs, Ba, Tl, Pb, Bi, and U)
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stewardship within an ecosystem, facilitating harmonization and
shared areas of interest between communities and researchers.
There are opportunities in Central Chile to develop community-
based water quality monitoring over various rural locations,
exposed to different land uses, involving citizens that are keen
to understand and attend issues around the water quality
problems. Particular consideration is given to the coexistence
of various land uses such as industrial activities, irrigation and
agriculture, and urban and rural populations. On the other hand,
an increase over the past two decades in forest plantations of non-
native tree species such as pine and eucalyptus is likely to
continue. These issues, together with a prolonged water
shortage (Garreaud et al., 2018; Boisier et al., 2018), are
accentuated in rural communities without drinking water
(Aldunce et al., 2017). At present, the Boca Itata area, located
in the coastal area of the Ñuble region of Central Chile, is home to
rural communities dedicated to subsistence farming and they
make up a rural area with lack of drinking water. Groundwater is
important for both irrigation and consumption. In this area, the
lack of drinking water prevents the development of water
conservation strategies, as communities receive weekly
provisions of drinking water from water supply trucks
(Municipality of Trehuaco, 2018). Furthermore, wells are
located near subsistence farming areas, it is likely those
agrochemicals such as nitrate and phosphate, enter the
surrounding water sources. Therefore, community-based water
quality monitoring can help to identify the chemistry of the water
sources based on the lithology of the study place and look for
potential solutions if they know what type of water is present.
Moreover, systematically generated data from citizens can lead to
more thorough analysis and the application of hydrogeochemical
modeling that allows prediction of water composition and the
resulting mass transfers.

To estimate water composition and weathering reactions to
know water quality, inverse modeling can be used as an important
tool (Plummer, 1992). Inverse modeling efforts to account for the
chemical changes that strike as water evolves along a flow path
(Plummer et al., 1994). Inverse mass balance modeling efforts to
assessing sets of mole transfers of phases that account for changes
in water chemistry between one or a mixture of initial water
compositions and final water compositions (Parkhurst and
Appelo, 1999a). In this way, it is possible to determine the
reactions that lead to the conversion of minerals and explain
the changes in water chemistry (Parkhurst and Appelo, 1999b;
Parkhurst and Appelo, 2013). By using the lithology of a place and
knowing the solutes present in the water through the PHREEQC
model, it is possible to understand and characterize historical
community-based water quality monitoring data and evaluate
the geochemical processes that generated water quality changes.
PHREEQC has been widely used for hydrogeochemical analysis of
groundwater (Naderi Peikan and Jalali, 2016; Mahaqi et al., 2018;
Abdelshafy et al., 2019). Naderi Peikan and Jalali (2016) explained
how the water chemistry changed along the flow path. Li et al.
(2010) carried out the analysis of the hydrochemical evolution of
groundwater and the mechanisms of its formation, identifying
variation in terms of its composition passing from the Ca–HCO3

−

and Mg–Cl type to the Mg–Cl–HCO3
− type.

Consequently, this study was focused on the concern of the
community to know their water quality composition and to find a
topic that ensures future drinking water. Therefore, the objective
of this co-creative study was to evaluate the water quality (pH,
total iron (FeT), alkalinity as HCO3

−, hardness (Ca2+ and Mg2+),
temperature, sulfate (SO4

2−) chloride (Cl−), and nitrate (NO3
−)

and hydrogeochemical processes through the community-based
water quality monitoring and geochemical modeling. This study
was carried out in the rural area of the Itata Valley, Boca Itata in
the Ñuble Region of Central Chile.

In order to carry out this, together with the community, basic
information was generated which was used in a geochemical
model (PHREEQC) to understand the changes in chemical
quality and the origin of these changes. In this way, to initiate
the formation of a network within the community that promotes
issues around water security.

MATERIALS AND METHODS

Study Area
The study area is located within a catchment of approximately
50 km2, in the coastal area of Boca Itata, located in the Itata Valley
in the Ñuble region of Central Chile (Figure 1). Out of a
community of approximately 150 habitants, about 20–25 locals
meet monthly at the Boca Itata Neighborhood Meeting Center to
discuss their community issues. The concerns from the
community were related to the lack of sampling stations in the
area and the presence of a duct from a pulp and paper plant, part
of the local forestry industry. This duct crosses a road within the
community and generates disbelief in the content of the water,
due to its potential fractures. Hence, an important reason for the
community is to know and understand the water type and quality.

Taking into consideration the typical Mediterranean
temperate climate of Central Chile, the study area has an
average annual temperature and a rainfall of 14.1°C and
1,550 mm, respectively (CR2, 2017). According to the soil
types in the Biobio region (Stolpe, 2006), these correspond to
the Cobquecura series, characterized by sedimentary soils with a
silty clay loam texture, a physiography of marine terraces,
dissected by streams, a smooth and undulating topography,
transitionary forest vegetation, and a moderate permeability
and good water retention. The main material in the area is
myceous marine sediment. According to the FAO-UNESCO
system, alfisol is the predominant soil type in the area (Luzio
et al., 2003). The morphology of the catchment corresponds to
rounded hills, and gentle slopes interspersed with valleys and
plains, such as the Itata River Valley. Between the town of
Trehuaco and the mouth of the Itata River, the river flows
between lateral river terraces extending toward the river
mouth. At the river mouth, there is a wide and dynamic sand
bar (AqualogyMedioambiente, 2013). The area has a pluvio-nival
regime, with an average monthly flow between 760 m3/s during
the winter and 22 m3/s during the summer (DGA, 2004).
Drinking water is delivered to the Boca Itata community once
or twice a week by water supply trucks. The average water
consumption, per person, is 0.02 m3/s. The community
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predominantly subsists on traditional subsistence farming,
including potatoes, artichokes, onions, and other vegetables,
and artisanal fishing, including rock cod (Eleginops
maclovinus), mullet (Mugil cephalus), shellfish, and edible algae.

Related to the lithology of this area, there are intrusive rocks
from the CPg formation, mainly granite formation, mainly
granites, granodiorites, tonalites, hornblende diorites, and
biotite, locally of muscovite. In addition, metamorphic rocks
of the Pz4b formation are found, characterized by the content
of shales, phyllites, and metarenstones with low-gradient
metamorphism from the early Carboniferous (Aquaterra
Ingenieros Limitada, 2011). Munizaga et al. (1973) presented
the main minerals for this area such as quartz (SiO2), biotite
K(Mg,Fe)3 (AlSi3·O10) (OH,F)2, muscovite (KAl3·Si3·O10·(OH)2),
filite (Al2·O3-4SiO2-H2), chlorite (ClO2

−), and andalucite (Al2
SiO5). It is also possible to identify several types of clays such as
kaolinite, hornblende, montmorillonite, and illite
(SERNAGEOMIN, 2003).

Data Generation
From May 2016 to September 2021, water quality workshops to
explain water quality concepts and water management
importance were held at the Boca Itata Neighborhood Meeting
Center, and physicochemical variables from water samples of
groundwater (from wells) were taken in four stations within the

catchment (Figure 1), selected according to the interests of the
community. During previous workshops, the Boca Itata
community had the interest to know water quality of their
wells, regarding the concern about the growing industrial
impact on the water consumed by the inhabitants. According
to this interest, a study approach was approved by the Boca Itata
Neighborhood Council (INC), and all water-sampling activities
carried out on/in their lands were executed in accordance with the
INC. A total of four workshops were held with the community,
and a verbal informed consent was obtained from all participants
to act in the water sampling and in the workshops. The first
workshop aimed to identify sites considered by the community as
unsafe for consumption and irrigation, identifying potential
sources of pollution according to the location of an industrial
wastewater pipeline and agricultural farming areas. A second
workshop trained a group of 20 adults representing the families of
the community (older than 45 years old) on different
physicochemical parameters present in the water. All water-
sampling activities from their lands were carried out in
accordance with the community neighborhood and only water
from wells was sampled during wet (winter and spring) and dry
seasons (summer and autumn). Subsequently, the remaining
workshops were held to increase awareness in the community
of relevant sampling parameters and water quality results and
management.

FIGURE 1 | Location of groundwater sampling sites (w) in Boca Itata, Trehuaco, Ñuble region in Central Chile.
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Amobile laboratory was used (from the brand Hanna), for the
community, to determine different physicochemical parameters,
such as pH, alkalinity as CaCO3

−, hardness (Ca2+ and Mg2+),
temperature, sulfate, (SO4

2−) chloride (Cl−), and nitrate (NO3
−).

Physicochemical parameters (Table 1) were selected according to
the ease of sampling, sampling duration, and ensuring low-
moderate sensitivity. These major ions were selected due to
their importance to explain the basin geochemistry of the
water. These ions are constituents that contribute to the
amount of total and dissolved solids in waters. Water samples
were taken from the community, with the support of the
researchers, once every 3 months. A total of 546 samples were
taken during the studied period during wet and dry seasons.
Before sampling, the local representative (President of the
Neighborhood Board) of the community agreed on the
sampling details (timing) and the relevant neighbors were
advised, that is, the owners of the well. The laboratory analysis
for different parameters was made to compare with in situ results.
Nitrates were measured using a UV-Vis spectrometer, total iron
through ICP-OES spectrophotometry, and major ions were
analyzed by ionic chromatography. Total arsenic (AsT) was
included in the laboratory analysis and was measured by
atomic spectrophotometry. These analyses were performed
through the methodology recommended in Standard Methods
(1999) (APHA, 1998).

Hydrogeochemical Analysis and Modeling
The quality of the results of chemical analysis was verified by
calculating the ion balance. This calculation considers the sum of
cations and anions expressed in units of milliequivalent/liter
(meq/L).

Error(%) � 100 · ∑cations −∑anions
∑cations +∑anions.

The hydrogeochemical analysis of groundwater was carried
out through diagrams such as Piper, which provides a convenient
method to classify and compare types of water by knowing the
ionic composition of the different water samples (Mahaqi et al.,
2018). Piper diagrams have a triangular shape that represents the
proportion of major ions.

Through the information obtained from the data, the inverse
modeling was carried out using the PHREEQC program, where
the geochemical reactions that led to a certain water quality must
be identified. In addition, it is necessary to identify the
equilibrium conditions for the concentrations of chemical
species in solution and geochemical processes (precipitation/
dilution) through the mineral saturation indices of the solid
phases, among others. The SI of the mineral phases is
calculated as follows (Parkhurst and Appelo, 2013):

IS � log10(IAPKsp
),

where IAP is the product of ionic activity of the chemical species
dissociated in solution, and Ksp denotes the equilibrium
solubility product for the chemical substances involved at the
same temperature. IS < 0 y IS > 0 indicate states of under-

saturation (dissolution) and super-saturation (precipitation)
for groundwater with respect to the specific mineral phase,
respectively. PHREEQC reproduces a list of scenarios that
consider the most plausible combinations of geochemical
processes that are likely to occur in a water ecosystem. For
instance, the way to identify whether calcite dissolution/
precipitation is relevant or not consists of solving the inverse
problem under few scenarios.

To carry out the inverse modeling it is necessary to consider
the following from Kuldip et al. (2011):

(1) To know the chemistry of the initial and final point and meet
the flow trend.

(2) The hydrochemistry of the groundwaters is not influenced by
diffusion.

(3) The chemical composition of the analyzed point prevails
during a considered time, the chemical species dissolved in
the aqueous phase are in homogeneous equilibrium, although
the solution is not in equilibrium with other phases present,
such as the different species of chemicals that constitute a soil
or any other solid phase that is in contact with the original
aqueous phase forming a heterogeneous equilibrium.

(4) The mineral phases used in the modeling are or were present
in the aquifer.

(5) To develop the model, it is necessary to have the
physicochemical parameters, the identification of the
minerals present in the study area, the codes to develop
the model and to have the Notepad+ platform, which is the
text editor where the model is written and developed. This
editor also allows obtaining the output files with the data
produced and performed by the PHREEQC program.

In general, data were reviewed by following the regulations
established under the applicable Chilean Laws, such as NCh1333,
which applies to recreational water use and irrigation. Data
analysis was carried out by the researchers, using independent
t tests to identify variances between the data collected in the field
(Murno, 2005). Statistical t tests were performed based on
community vs. scientific data. The R program was used to
carry out data analysis. Comparing the volunteer data with
data collected and analyzed in the laboratory studies validated
the data.

RESULTS

Participation of the Community in Obtaining
Data
Initially, all the participants, 25 families represented, who
attended the first workshop questioned whether the water
quality from local wells was adequate for drinking or cooking.
A total of 84% of participants believed that the well water was
contaminated with chemicals from industry and forestry
activities in the area. Only 16% of participants were satisfied
with the water delivered by the water supply trucks. A fixed
number of four volunteers show up as water quality monitors to
represent the community to carry out the sampling throughout
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the duration of the project. These monitors play an important
role in the study because they transmit the information generated
in each water quality monitoring. During the study period, the
researchers shared information with the volunteers on the
environment and water stewardship and were available to
answer questions related to the water quality in the local area.
There was a good participation of the community in this meeting,
including the owners of wells and a representative of the
municipality. A biannual meeting was held to share the results
of field sampling by the community and researchers.

Geochemical Trends From Water Quality
Monitoring
Table 2 presents the concentrations of seven physicochemical
parameters for water quality reported by community volunteers
and researchers. Water temperature values varied between
10.2 and 20.3 (average, 14.4 ± 2.2°C), and hydrogen ion
concentration (pH) indicator of acidity or basicity of a
solution showed basic groundwater, with neutral to
moderately basic pH ranging from 6.2 to 8.2 (average 7.1 ±
0.4). The physicochemical parameters obtained by the
community were corroborated with the in situ measurements
and in the laboratory taken by the researchers. In addition, an
independent t-test was used to show no significant difference (p >
0.05) in the average pH concentration from well data
([pH] =6.91 ± 0.46 mg/L) compared to data taken by the
researchers ([pH] = 6.97 ± 0.30 mg/L). Some significant
differences were obtained with the laboratory analysis for
some ions such as SO4

2−, Cl−, and FeT. Nitrate results indicate
a difference between the samples taken by volunteers and
researchers, mainly because the range limit for the nitrate kit
reaches 50 mg/L but was lower than the concentrations reported
by the researchers (mean [NO3−] = 99.3 ± 0.07 mg/L).

The studied physicochemical parameters by the community,
based on the hydrochemistry of the well samples, showed that the
major ion types in the general dominance of anions were in the
order of HCO3

− > Ca2+ + Mg2+ > NO3− > Cl− > SO4
2−. Most of

the waters are bicarbonate type and less percentage is classified as
bicarbonate–calcic–magnesic, with Ca2+ ranging 3.3–39 mg/L
HCO3

− as 35–250 mg/L. Relative to Cl− values ranging from
7.3 mg/L to 50.3 mg/L where the minimum value was found at

W4 and the maximum concentration atW3. Mg2+ varies between
2.7 mg/L and 26.2 mg/L, the minimum concentration was
presented at point W4 and the maximum concentration at
point W2. The average presented by this ion is 14.4 ± 7.2 mg/
L. K+ concentrations ranging from 0.28 mg/L to 34.75 mg/L with
the smallest at W2 and the largest at W4. K+ concentrations are
mostly low, reaching an average of 5.5 ± 10.5 mg/L (Table 3).
Alkalinity showed concentrations from 35 mg/L to 250 mg/L,
with the lowest concentration during spring and the highest
concentration during winter. On average, alkalinity reached
concentrations of 119.6 ± 55.4 mg/L, which is within the
normal ranges of alkalinity, since if there are concentrations
lower than 10 mg/L this could result in water being very
corrosive. Related to the correlation coefficient, NO3

− is
significantly correlated with alkalinity as HCO3

− (r2 = 0.48;
p = 0.03) and Cl− (r2 = 0.45; p = 0.04).

The association between hardness (Ca2+ + Mg2+) versus
(HCO3

− + SO4
2−) shows that points follow the line that

suggests the Ca2+ and Mg2+ chemistry is mainly explained
by calcite and gypsum weathering processes in the system
(Figure 2). From the saturation index, the dominant
geochemical process is the dissolution of carbonate
minerals (e.g. calcite, halite, and dolomite were
oversaturated) in the system, which contributes the Ca2+,
Mg2+, and HCO3

− to the groundwater. Goethite and hematite
minerals were supersaturated, indicating precipitation
(Table 4). There are higher concentrations of HCO3

−, for
which there is an increase in alkalinity, which allows
maintaining the balance of the system in the event of
sudden changes. In all the wells is presented
supersaturated water with respect to silica.

From Geochemical Data to PHREEQC
Model Predictions
Based on the saturation indices (Table 4), it is possible to
determine one of the main processes that generate chemical
changes in the water, is the dissolution of carbonates such as
calcite and dolomite. These present negative saturation
indices, which implies that these minerals are saturated,
and this is in accordance with what was found with
citizen volunteers, that from point W3 to the other points

TABLE 2 | Physicochemical parameters used for water quality community monitoring.

Parámetros Kit Rango Método

pH Basic digital pH meter 0–14 Electronic pH probe
Hardness (as CaCO3) Kit Hanna HI3812 Low range: 0.0–30.0 mg/L (ppm) Titration of EDTA (Ácidoetilendiaminotetraacético)

High range: 0–30.0 mg/L (ppm)
Alkalinity (as CaCO3

−) Kit Hanna HI3811 Rango corto: 0–100 mg/L (ppm) Titration/phenoltalein/bromophenol blue
Rango largo: 0–300 mg/L (ppm) (ppm)

Chlorine (Cl−) Kit Hanna HI3815 Rango corto: 0–100 mg/L (ppm) Titration/mercury nitrate
Rango largo: 0–1,000 mg/L (ppm)

Sulfate (como Na2SO3) Kit Hanna HI3822 Rango corto: 0.0–20.0 mg/L (ppm) Iodometric titration
Rango largo: 0–200 mg/L (ppm)

Total iron (FeT) Kit Hanna HI 3834 0–5 mg/L (ppm) Colorimetric/phenanthroline
Nitrate (NO3

−) Kit Hanna HI 3874 0–50 mg/L (ppm) Colorimetric/cadmium reduction
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TABLE 3 | Average physicochemical parameters for data sampled from well water recorded by volunteers and researchers from the Boca Itata community.

Parameter In situ analysis Laboratory analysis

Laboratory
detection

limit

Min Max Mean Standard
deviation

Min Max Mean Standard
deviation

Temperature (°C) — 10.23 20.3 14.7 2.23 10.3 20.7 15.1 1.87
pH — 6.2 8.2 7.1 0.42 6.8 8.2 7.3 0.31
Cl− (mg/L) 0.08 6.50 49.42 30.02 12 7.25 50.30 35.63 12.90

SO2−
4 (mg/L) 0.08 1.75 35.90 25.25 9.35 2.11 44.30 30.72 10.71

Alkalinity (mg/L) — 35.0 250.0 119.6 55.4 29.7 135.2 94.9 57.03
FeT (mg/L) 0.001 0.5 2.5 0.28 0.26 0.001 3 0.14 0.43
NO−

3 (mg/L) 0.005 0.44 44.3 38.2 11.9 0.001 99.1 67.6 35.5
Mg2+ (mg/L) 0.001 — — — — 2.7 26.2 14.4 7.2
Ca2+ (mg/L) 0.001 — — — — 3.3 39.0 23.4 10.1
K+ (mg/L) 0.008 — — — — 0.3 34.2 5.4 10.5
Na+ (mg/L) 0.003 — — — — 8.7 58.6 19.5 12.5
AsT (mg/L) 0.0005 — — — — 0.0005 0.01 0.002 0.002

FIGURE 2 | Hydrochemistry from the community-based water monitoring through a Piper Diagram.
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there is an increase in the presence of ions such as Ca2+,
Mg2+, and HCO3

−, which come mainly from these minerals.
As a result of the inverse hydrogeochemical modeling from

pointW3 toW2, the transfer of moles that developed between the
water and the rock present in the study area was obtained. Based
on this, it was determined that the molar transfer values with a
positive value indicate dissolution. On the other hand, a negative
value indicates precipitation. Modeling results show that halite,
calcite, gypsum, biotite, and Fe(OH)3 are saturated to
oversaturated with respect to carbonate oversaturation could
be due to an input excess of Ca2+ and Mg2+ ions from silicate
weathering processes. Carbonate compounds are found dissolved
in water, which is aligned with the water composition of the water
in the area, together with the precipitation of minerals that
contain silicates such as chlorite and illite, thus contributing
cations and silica.

In the case of the hydrogeochemical modeling from point
W1 to W2, the model has five scenarios. In all models, the
dissolution of halite, gypsum, goethite, and calcite and a
precipitation of montmorillonite, chlorite, and muscovite.
All this is related to what was previously analyzed, since the
sampled points are close and have similar trajectories. The
solubility of goethite (9.80E+02 mmol/L) was higher than that
of calcite, (1.26E−01 mmol/L) and gypsum (2.49E−02 mmol/
L), as observed in Table 5. To select the model that is more
representative of the hydrogeochemical processes that occur in
the groundwater of the area, it is necessary to take into account
the analysis of the hydrogeochemistry of the water, the
minerals present, and the conditions found in the water (Li
et al., 2010). Based on this, the models follow a good
representation of the processes that may be occurring in the
water, such as the case of halite, gypsum, and calcite. In the five
models, this is found in the dissolved form, for which within
the W1 and W2 route there should be an increase in these
minerals such as Ca2+, Cl−, SO4

2−, HCO3
−, and Na2+. This is

consistent with the hydrogeochemical analysis. In addition,
this model represents most of the minerals found in the area
and due to their presence, mostly in dissolved form, explains
the increase in the concentrations of major ions such as FeT,
Ca2+, and HCO3

− among others.

TABLE 4 | Saturation index (SI) of some samples in Boca Itata.

Phase Simulated path 1 Simulated path 1

SI W3 SI W2 SI W1 SI W2

Anhydrite (CaSO4) −2.85 −2.95 −3.07 −0.21
Aragonite (CaCO3) −1.22 −0.87 −1.76 0.76
Calcite (CaCO3) −1.06 −0.72 −1.6 0.91
Dolomite (CaMg(CO3)2) −2.13 −1.4 −3.27 1.32
Ferrihydrite Fe(OH)3 0.72 1.01 −0.65 −1.3
Goethite (FeOOH) 6.61 6.9 5.24 4.6
Gypsum (CaSO4: 2H2O) −2.38 −2.53 −2.61 0.21
Halite (NaCl) −7.57 −7.78 −7.68 −4.95
Hematite (Fe2O3) 14.05 15.02 11.38 10.41
Jarosite-K (KFe3(SO4)2(OH)6) −9.19 −7.54 −10.54 −6.8
Melanterite (FeSO4: 7H2O) −7.95 −8.4 −7.34 −5.7
Siderite (FeCO3) −2.06 −1.94 −1.75 −0.35
Sylvite (KCl) −8.54 −8.1 −7.94 −5.27
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Scientific Diffusion to the Community
Since 2016, people from Boca Itata have carried out community-
based water quality monitoring of the groundwater sources that
are used daily for consumption and irrigation. This initiative to
monitor water quality arises as a response from the community
itself to the concern of knowing the quality of the water they use.
By not having rural potable water treatment or monitoring
systems, it produced a growing uncertainty among neighbors
of the water risks. Hence, this co-creative approach is considered
as a base to the community members. It is also the same
community with constant scientific support that has identified
the main question problems and detected the sampling points of
interest for the community. This allows the community to
become a central part of the investigation development. On
the other hand, scientists supported the application of
geochemical modeling with PHREEQC of the data generated
by the community and interpreted the results of the study for the
community.

Once the results over time were obtained, it was disseminated
to the community, through citizen science conferences, regional
newspapers, as well as face-to-face conversations. Face-to-face
meetings with the president of the neighborhood council allowed
showing the parameters that were above the permitted levels, and
their corresponding implications. In addition to the origin of the
main solutes recorded over time, they were obtained through
geochemical modeling. Outstanding solutes such as nitrate
(NO3

−) were well above the limits allowed in Chilean
regulations, exceeding 50 mg/L. This type of groundwater
anomaly is not related to the lithology of the area, and it was
explained to the community that it rather has a human origin
because of agricultural activities they carry out. These
anthropogenic activities, that take place in the area such as
agriculture, livestock, and the use of septic tanks, produces
levels of ammonia and nitrate that may remain available in
the surrounding environment.

In the absence of natural sources of nitrogen, the values of
NO3

− in the groundwater should not exceed 10 mg/L. The
dissolved FeT also registered some stations with higher levels
than those allowed by the regulations (0.3 mg/L. An increase in
this parameter brings with it, aesthetic problems in the water or in
the water supply systems. However, the alkalinity present in the
area provided a buffer that allowed to balance sudden changes in
the pH of the water. In this way, fouling and acidification
problems are avoided. The hardness of the water was high,
which was corroborated by the volunteers.

DISCUSSION

This study considers community-based water monitoring to
highlight how data collection using simple field sampling
techniques can be used in geochemical modeling to promote
rural water management. This citizen science study supports the
notion that volunteer involvement in the project can foster
community motivation and self-identification, raise awareness
of the importance of clean water, and certainly reduce uncertainty
about water issues in the community (Jordan et al., 2015; Gray

et al., 2017). In this way, a direct link can be formed between the
benefits provided by continuous measurements of water quality
by the community of people and the concern of the local
government to cover the environmental points that it cannot
measure regularly. The monitoring of water quality with different
parameters carried out by the community can become a regular
practice to obtain an early warning system of solute levels and
control the measured parameters for future rural drinking water
system installation for the community. In this study, it was
identified that one point was systematically of better quality
and served to identify it as a potential point to suggest to the
local government the installation of rural drinking water. Hence,
they become significant actions for the conservation of the water
quality of their territory.

Considering the current scenario of lower water availability, it
is also highly necessary to evaluate the quality of the available
water for human consumption. A decade ago, there was a greater
availability of surface water (Garreaud et al., 2018), and
groundwater availability was less of an issue. However, there is
now an ongoing situation related to a lack of groundwater in
Central Chile, enhanced by the mega-drought present in the
country (CR2, 2015). Rural areas, that are more directly
dependent on groundwater, are most affected by water
scarcity. Therefore, it is necessary to be focused on successful
practices within rural communities, thus that they understand the
problem of decreasing water availability and the resulting
consequences on water quality. Through this study it was
identified that an initiative that emerged from the community-
based group and contributed positively to social–ecological fit,
refers to the inability of the institutions to have a greater spatial
coverage of water quality in rural communities to adequately
align with water quality dynamics (Enqvist et al., 2020).

However, the results indicate an overall good physicochemical
water quality, but with higher nitrate levels, that exceed (>90 mg/
L), in most wells an exception of well 4, the maximum limits
established in theWorld Health Organization (WHOS) standards
with a maximum of 50 mg/L (Ward et al., 2018). This type of
groundwater anomaly is not related to the lithology of the site.
However, anthropogenic activities developed in the area such as
agriculture, livestock, and the use of septic tanks produce levels of
ammonium and nitrate that can remain available in the
surrounding environment. In the absence of natural sources of
nitrogen, the values of NO3

− should not exceed 10 mg/L. The
Chilean standard NCh1333 does not include nitrate, however,
according to the Chilean Drinking Water Standard 409/1,
nitrate–nitrogen should not exceed 10 mg/L, given its adverse
health effects (Herrera-Apablaza, 2018). In the case of iron, it
showed ranges between 0.23 and 2.2 mg/L, which is high for the
Chilean standard of human consumption (NCH 409/1),
especially in well 3. The increase in this parameter brings with
it aesthetic problems in the water or problems in the water supply
systems. However, water alkalinity was a good buffer, with values
reaching 150 mg/L CaCO3. Low alkalinity causes a greater
sensitivity to contamination, which allowed to balance sudden
changes in the pH of the water, thus allowing to avoiding fouling
and acidification problems. Previous studies have indicated that
borates, silicates, and phosphates may also contribute to
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alkalinity, and in this area (between the mid to deep part of the
basin) there have been previous reports of high boron
(0.75–1.10 mg/L) and silicate (3–10.5 mg/L) concentrations
(CIREN, 2003; Yevenes et al., 2018).

Based on the Piper diagram, it was indicated that most samples
present a type of water Ca (Mg)–HCO−

3 although there are some
samples with Na-Cl, as well as types of mixed water which varied
in the different seasons of the year, but the dominant ions were
Ca2+, Na+, Mg2+, and HCO−

3 (Figure 2). This secondarily
contributes to the formation of bicarbonates and thus to the
alkalinity present in the area [Appelo and Postma, 1993, cited by
(Martínez and Osterrieth, 2013)]. Water hardness is reported due
to the presence of Ca2+ and Mg2+ in the water, present in lower
levels compared to alkalinity, which ranged between 50 and
100 mg/L (Tables 2, 3). Regarding seasonal variation, and
based on the Piper Diagram, during winter and spring (wet)
seasons, it has been determined that most of the water present in
the study area is bicarbonated classified as calcium–magnesium
bicarbonate and magnesium–calcium sodium. During the
summer and autumn periods (dry season), most of the water
is bicarbonated, and a group is classified as a mixture of water
(Mg–Ca), calcium bicarbonated and/or chloride type (Figures
3A,B). In general, according to these results, waters are associated
with young waters, with little circulation time and recharged
directly from precipitation. Only during the dry season, chloride
type can indicate more residence type of the water.

By analyzing the inverse modeling, the influence of technology
in the water chemistry of Boca Itata is recorded, where the
dissolution of carbonate minerals plays a fundamental role in

the composition of the water, since minerals such as calcite,
dolomite, gypsum, and halite were found in the trajectory in
dissolved form, producing an increase in the concentration of
higher ions. Other factors that influence the chemical
composition of the water are the precipitation of compounds
containing Fe2+, which intensifies the high levels of this ion.
According to this analysis carried out with inverse modeling,
together with the geochemistry of the area, it was determined that
from all stations analyzed, the point W4 would present optimal
general chemical conditions for the implementation of a rural
drinking water system (RDWS), given the need of the
community. This is the point where the composition of the
water presents better chemical conditions and presents no
great changes in the geology of the area and anthropogenic
activity.

In this study, it is worth highlighting the importance of the
rural community of Boca Itata, who, due to their concerns, sought
and were part of the development of a citizen science project, such
as community monitoring of water quality (Figure 4). In order to
determine the quality of the water they use daily, an essential
natural resource for people and that in many parts of our country
there are still communities that do not have the necessary support
to carry out these investigations, mainly due to budget limitations
and scientific knowledge. This type of initiative is a contribution
to the generation of knowledge and the participation of people,
which brings with it, greater confidence and involvement with
issues as important as water quality. This type of initiative can be
implemented in a simple way through social organizations,
neighborhood associations, or interested groups and can allow

FIGURE 3 | Seasonal hydrochemistry from the community-based water monitoring through the Piper diagram (A) during the wet season that included winter and
spring (B) dry season summer and autumn.
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the creation of a surveillance system, where the participants
themselves identify possible problems in the water and can
alert the community to these cases, in order to be able to
search for the origin of the problem and find solutions with
the help of researchers, scientists, or state agencies in charge of
these issues (Aravena et al., 1989; Aqualogy Medioambiente,
2013; Herrera and Custodio, 2014; Santibañez, 2016; Yevenes,
2016; Yevenes, 2018; Brintrup et al., 2019).

The results were disseminated through scientific
conferences, regional newspapers, as well as face-to-face
conversations, which are the baseline for future research on
community participation. Similarly, effective communication with
the local community was essential to obtain satisfactory results. The
researchers were interested in building trust with the community
through the sharing of the results, and discussing potential solutions
to improve the current situation, such as those reported in other
studies (Jordan et al., 2015; Perevochtchikova et al., 2016; Baalbaki
et al., 2019). This initiative in Central Chile provides the opportunity
to build relationships between academia and local communities,
generating valuable information and diminishing the uncertainty
about consumed water content for local communities, in addition
to allowing the community to act as a self-identified community with
this resource. This initiative has encouraged local citizens to get
involved in data analysis, as well as considering potential corrective
measures in order to prepare for the installation of rural drinking/
potable water (RD/PW) in the local area. Local demand for water is
increasing, considering both drinking water and monocultures from
the forestry industry (Hurlbert et al., 2009). Furthermore, this increase
in water use is further aggravated considering current climate change

projections, which estimate a reduction in the basin flow of up to 50%
over the next few decades in Chile (MME, 2017). This is in addition to
an increase in the frequency, intensity, and duration of drought-
related phenomena (Tarhule, 2017). These threats are enhanced by
the absence of a well-defined and consistent water resource plan,
along with disaggregated and poorly coordinated governmental
sectors (Montaña et al., 2016; Urquiza et al., 2019). Furthermore,
the community faces strategic difficulties to obtain rural drinking/
potable water (RD/PW), considering its geographical location and
future supervision. Potentially dangerous chemicals are more readily
concentrated in groundwater compared to surface water, mainly due
to the longer residence times for groundwater (Burri et al., 2019). The
results indicated that the prevalence of septic tanks in the area,
combined with the absence of sewage treatment, might cause
groundwater contamination, as well as the proximity of the study
area to the coast.

However, community-based efforts can provide important
complementary research to water quality government sampling
stations, and even raise public awareness of the water paradigm
shift so that the rural population learns the responsible
management of water to reduce pollution prior to
consumption. The challenge is to apply adaptive solutions so
that there is more frequent control of water quality in rural areas.

CONCLUSION

This study demonstrates that community organizations offer an
alternativemethodology to rural water stewardship through a citizen

FIGURE 4 | Integrative scheme about main outcomes from the community-based water monitoring.
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science approach. Moreover, key information from areas where the
data are not available to study water quality. This experience gives an
example of a pilot project for an early alert system of water quality built
from the community and that could be replicated throughout
neighboring communities, local and regional governments. This
would create a type of the rural community water network, which
is an appealing model to those responsible for regional water
management. Among the seven physicochemical water quality
parameters sampled, iron and nitrate in wells presented the greatest
variation between the summer and winter seasons. Trained volunteers
within the community were committed and available to participate in
the study, despite having to also fulfill other activities in the rural area,
mainly because the water quality for them is overly concerning.

Community results were supported with reliable,
repeatable, and accurate data on water quality and chemical
concentrations in the water. In this way, it was possible to
identify variations in indicators of water pollution, and trained
volunteers can notify these changes to relevant authorities.
However, there were issues regarding the measurements of
sensitive parameters in the field. Future studies should focus
on resolving this issue. At this stage, it was not possible to
measure the impact of the industry, as only basic parameters
were considered in this first approach to community
monitoring. Ultimately, the success of the study was mainly
due to the mutual efforts made by the community and
academia.
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