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Abstract

:

The Sustainable Development Goals of the United Nations (SDGs) establish the need to guarantee quality water for all people. In numerous rural settlements of Colombia, access to clean drinking water is a formidable challenge as frequently observed when waterborne diseases arise, mainly in vulnerable populations without basic sanitation systems. The main objective of this study was to assess the quality and potential use of groundwater sampled from 17 monitored wells in a typical rural settlement in Colombia. Water quality was determined by applying a quality index and performing a principal component analysis (PCA) to determine the weights of each parameter. The results of the Phosphorus, Nitrates, Thermotolerant coliforms and pH variables exceeded regulatory limits, mainly in areas affected by anthropogenic sources with an insufficient sewage network. Coliform population and NO3 exceeded World Health Organization recommended thresholds for drinking water. Therefore, the qualities of the studied water samples were unsuitable for human consumption without prior adequate treatment and, hence, one recommendation is to regulate groundwater monitoring quality. In addition, unhealthy waste disposal practices should be abolished, while permanently controlled modern techniques should be introduced.
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1. Introduction


The Sustainable Development Goals (SDGs) focus on avoiding a global water crisis due to increased demand and increased pressure on water resources [1,2]. At the same time, groundwater quality assessments are critical for resource planning and environmental management [3]. Globally speaking, increased anthropogenic activities frequently contaminate water sources in numerous world regions, and in such a way that equitable administration of water resources has become a challenge for today’s growing society due to demand in performed human activities [4,5,6], which increasingly resort to extracting underground sources [7,8,9]. The need to immediately dispose of these resources [10] leads to overexploitation of this resource, which is frequently accompanied by water stress and contamination processes that reduce supply capacity and access to opportunity [9,11,12,13]. This fact is especially patent in Latin America, where 61.7% of the population do not benefit from improved water services and 43.4% do not have efficient basic sanitation facilities. These conditions are exacerbated in rural areas [14,15,16].



Although Colombia is not water deficient for climate reasons (on the contrary in fact), water scarcity and environmental degradation are major problems, at least in certain regions of this country. In line with this, groundwater in many urban and rural areas of Colombia represents the most important and valuable source of drinking water for public and private consumers considering its multiple uses. In these areas, sewage disposal, landfill sites and septic tanks are considered one of the largest sources of pollutant discharge to the environment. This problem is still to be solved in this region, as it is in other less-developed areas of the world, and even in developed areas [17]. For example, in some eastern central European countries, sewage infiltration into groundwater is a crucial issue due to inadequate sewage management and a lack of wastewater treatment systems [18,19,20,21]. Stigter et al. [22] have conducted groundwater quality studies in Portugal where, according to the water quality index, groundwater has a high contamination level due to agricultural activity. It is not, therefore, unusual that groundwater quality has significantly decreased in these areas as a consequence of all this [23].



In Colombia, the lack of infrastructure and economic resources for water management purposes (consumption and residual) enhanced the risks of transmitting diseases and public health problems mainly in vulnerable populations with no basic sanitation systems [24]. Despite abundant rainfall (between 2000 and 5000 mm/year), groundwater is an important water resource in both urban and rural areas of Colombia. In these cases, groundwater becomes an effective alternative for supplying rural communities that are not connected to central water systems [25]. For this reason, the community is self-sufficient by pumping from underground wells (cisterns) and pouring wastewater into another septic tank [26]. Furthermore, water disposal systems in rural areas are managed in a mixed way with dumping in open fields, and common sewerage and water sources that circulate near another community [27].



The water used for livestock farming, extractive mining and crops is added to the water infiltrations that occur in these areas [28,29]. As neither the technology nor the necessary technical assistance for water to return is lacking, the guarantees of removing solid waste and other contaminating agents (which are not so easy to perceive with the naked eye) are not secure [30,31]. To this, concentrations of ions such as nitrites, nitrates and phosphates are added, which are the product of excessive fertilizer, soap and pesticide use [32]. Microbiological pathogens can also pose a significant hazard for groundwater consumption, with cases of a cholera epidemic in recent times. Therefore, it is not surprising that inadequate water management is one of the causes of gastrointestinal diseases, fever and watery diarrhea [33,34].



The consequence is to acknowledge the properties of groundwater resources, which is essential if these resources are to be employed for human, irrigation and industrial uses, among others. Physical, chemical and bacteriological testing is carried out to understand groundwater quality [35]. Higher education centers use groundwater resources for educational activities, such as laboratory practices, sports areas (swimming pools), agricultural production areas and human consumption, and these centers manage and ensure optimal quality conditions for their wells. While in households, groundwater use is mainly domestic, and people do not guarantee adequate maintenance of wells. For these reasons, this study aimed to assess groundwater quality in these two different areas: a higher education center and households. The final purpose is to check in a representative rural area in Colombia its potential suitability for consumption under healthy physico-chemical and microbiological conditions. This information is to act as the basis to draw up a good practices plan for processes to capture, use and dispose of underground resources in an attempt to contribute to sustainable management and public health.




2. Materials and Methods


2.1. Study Area


The study was carried out in a rural settlement located in the municipality of Villavicencio, Colombia, with geographic coordinates 4°04′25.7″ north and 73°35′13.9″ west, and lies at an altitude of 467 m.a.s.l. (Figure 1). The study area is associated by proximity to a higher education center (HEC) with around 7000 students. In physiographical terms, the area is located in the landscapes of mountain foothills with very heterogeneous geological features; lithologies consist of sandstone and shale in mountains, while clays, conglomerates and mixed sediments predominate in piedmont areas [36]. Its average temperature ranges between 21.0 and 31.5 °C, with 80% average relative humidity [37]. Two climatic seasons are presented, rainy and dry seasons, which begin in March or April and end in November. The other months are dry or receive little rain. The area is used mainly for agricultural activities, where 73% of the residents own properties, 14% rent and 13% are unaware of this information [38]. Agricultural uses include pastures for livestock production (42.9%), palm oil (22%), rice (19.4%) and cultivation. The remaining 0.5% is related to other production types [39]. The area also has savanna vegetation. The groundwater level is close to the surface at a depth of 4–17 m, presents a natural recharge level of 600 mm/year and the surface runoff is estimated at 2871 mm/year. However, currently, hydrogeological studies in the region are scarce [40]. Consequently, only some soil types have formed under the influence of water (hydromorphism). In the study area, the most frequent soil types are Oxisols, Inceptisols and Entisols [41].




2.2. Sampling Design


As groundwater quality differs from place to place and this may, therefore, affect its suitability for consumption, groundwater was sampled from selected wells in rural and urban areas during the 2019 rainy season. Ten groundwater samples were sampled in the rural location, (specifically from domestic cisterns,) while seven samples were collected from the HEC. All of them were associated with different land use sites.



Points were positioned using GPS equipment. Of the 17 sampling points, 10 were taken from houses in the typical rural settlement and were characterized mainly by using cisterns to supply the houses’ water supply network, with septic tanks for wastewater disposal. Some sampling points shared commercial activities and agricultural practices.



The other seven points were taken in a HEC by selecting points according to different uses (agricultural, fish farming, livestock, sports, academic activities). Water samples were collected directly from wells in plastic and glass containers, which were labeled and transported to the laboratory to continue and guarantee the cold chain. Location data were recorded at the cistern’s location and in areas close to the property that could represent some major interactions with cistern water quality. As usual, special precautions were taken to maintain quality assurance, e.g., all the reagents were of analytical grade and purchased from the Aldrich Chemical Company, England. The samples for the metal analysis were preserved with 3 mL concentrated HNO3 per liter in the field.




2.3. Analytical Methods


The water quality parameters, analyzed in accordance with standard APHA methods [42], were (Table 1): pH, temperature, conductivity, total solids (TS), total suspended solids (TSS), total dissolved solids (TDS), turbidity, nitrate (NO3−), sulfate (SO42−), phosphate (PO43−), dissolved oxygen (DO), chemical oxygen demand (COD), biochemical oxygen demand (BOD), fecal coliform (FC) and total coliform (TC) counts (Table 1). The samples for COD, NO−, SO42− and PO43− were refrigerated and analyzed as soon as possible, and always within 24 h. The containers for the bacteriological analysis, in addition to the previous treatments, were sterilized in an autoclave at 121 °C for 15 min. For the quality control of analytical tests, blanks, fortified blanks, the fortified matrix with their respective duplicates and the use of analytical grade reagents were considered.




2.4. Water Quality Index


Globally speaking, an important part of country-wide indices is based on international standards, which differ substantially from Colombia’s own regional water characteristics [43,44]. In fact, it is difficult to combine criteria and to develop a universally acceptable general water quality index that is ultimately accepted by the scientific community [45,46]. The use of water quality indices (WQI) is particularly relevant in ecosystem monitoring programs. In fact, with its calculations, it is possible to inform the general public and decision makers about the state of the environment [47].



For that purpose, the WQI proposed by Dinius [48] was used in this work for the groundwater quality index evaluation. It explores the relation between contamination levels in relation to several water uses by describing water suitability. It includes 11 parameters in the following formula:


  W Q I =   ∏   i = 1  n   I i   W i     



(1)




where:



WQI: quality index (a number between 0 and 100).



n: number of variables.



Wi: unit weight of the polluting variable (a number between 0–1).



Ii: pollution subindex.



Π: indicates multiplying terms.




2.5. Statistical Analysis and Spatial Distribution


The collected data were analyzed for the descriptive statistics. Using IBM SPSS Statistic 25.0 software, the mean, standard deviation (SD), coefficient of variation (CV %), minimum and maximum were calculated. Additionally, the Mann–Whitney U test was used to study any variation in the normality of parameters at the 0.05% confidence level. Multivariate statistical methods, such as Spearman’s correlation analysis and the principal component analysis (PCA), were used to identify possible sources and groupings. The spatial distribution of the parameters in the study area was analyzed with ArcGIS, version 10.3 (ESRI, Redlands, CA, USA). A decision was made to follow the ordinary Kriging method to evaluate the spatial distribution in the study area of the selected study.





3. Results and Discussion


Table 2 shows the descriptive statistics of the dataset obtained from the monitored wells, which come in two groups, the first and second housings that form part of the HEC. Table 3 shows the microbiological data, where the highest values are reported in the groundwater from wells at homes. The results show that the waters of all the studied wells are beyond the limits recommended by current regulations for at least one hydrogeochemical variable. Water quality is affected mainly in the wells located in urbanized and agricultural areas.



3.1. pH, Alkalinity and Electrical Conductivity


The groundwater pH indicates a slight acidic condition, which may pose a consumption risk. As it is well known, at low pH, metals tend to go to solution and, thereby, make it readily available [49]. The average pH value was 5.18 which, for human consumption, goes beyond the acceptance range according to the Colombian Resolution 2115 of 2007. Its values are relatively homogeneous and have a general CV of 5.60%. These values are associated with the nature of the rocky materials in the area, but also with the nature of the acid of soils, and finally, with climatology [50,51]. The low pH of water in most samples cannot be attributed to sulfur or amino acid compounds from human and animal excreta.



The alkalinity results were heterogeneous, with a CV over 80%. The average value was 2.9 mg CaCO3/L, with a range between 0.27 and 12.30 mg CaCO3/L. The highest value was obtained in the HEC next to agricultural crops, which suggests that the influence was derived from adding fertilizers and salts, which are used to adapt and neutralize soil for cultivation and planting purposes. In any case, this parameter is far from the 200 mg CaCO3/L set out by the Colombian Resolution 2115 of 2007. The electrical conductivity (EC) values were within the permissible limit of 400–1250 µS/cm described by Mento [52]. For the three parameters, no significant difference was found in the groundwater values at households and the HEC after applying the Mann–Whitney U test at the 0.05 significance level. This parameter followed a similar pattern to those of TDS, TS, color and turbidity.




3.2. Chlorides, Electrical Conductivity and Hardness


The chloride values oscillated between 0 and 13.40 mg Cl−/L. The CV over 100% was striking and, therefore, data were heterogeneous. The maximum value was obtained in the HEC near an area with a pool, where it is common to treat water with chlorides. This high chloride value coincided with the maximum conductivity value in the same area. On the contrary, the area with the maximum hardness value was in the crop area (6.00 mg CaCO3/L), a value influenced by minerals added to crop soils. However, the value of this parameter is acceptable (300 mg CaCO3/L) for Resolution 2115/2007. In this case, a significant difference (p > 0.05) was found between the HEC and the monitored households. No significant difference was found for chlorides and EC.




3.3. BOD, COD and Nitrates


The BOD results fell within the 0.54–2.05 range, with a wide CV (100%) and were, therefore, very heterogeneous. The fact that the highest value was in contact with soil substrates fosters an environment that encourages greater biological activity (Bifano et al., 2020). In any case, the values fell within the typical BOD range for groundwater (from 1 to 5 mg O₂/L) according to Moreno et al. [53]. Furthermore, in line with the WHO Drinking Water Standard, the BOD also coincided with the suggested range of 3–6 mg/L.



The maximum COD ranges were between 10 and 10.80 mg O₂/L. These values were below the 200 mg O₂/L level established in Resolution 631 de Vertimientos y Reuso de Aguas Residuales (Resolution about Dumping and Wastewater Reuse of 2015).



The nitrate content was between 0.06 and 5.28 mg NO3−N/L, and the maximum was related to the application of fertilizers and pesticides in irrigation and horticulture areas, albeit in populated areas with septic tanks and infiltrations between underground networks [54,55,56]. In any case, the results were below the maximum value of 10 mg/L according to the Colombian Resolution 2115.



Drinking water supply should not exceed a COD value of 2.5 mg/L and any drinking water with a COD content of more than 7.5 mg/L is regarded as poor [57]. High COD interferes with oxygen transfer to soil and, thus, affects plant growth. Drinking water sources should have BOD values below 3 mg/L. If this value is exceeded, coagulation and rapid sand-filtration processes of conventional water treatment are adversely affected. For environmental conservation purposes, the BOD is set at less than 10 mg/L to prevent odors caused by anaerobic organic matter decomposition. Water with a BOD5 of less than 4 mg/L is of good quality, while levels above 10 mg/L are polluted, as reported by Environment Canada [58].




3.4. Microbiological Analysis


The average value of total coliforms around the HEC was 792.43 CFU/100 mL, while it was 4189.30 CFU/100 mL in the housing area with a CV of 20.36%, which was lower than that of the HEC. These results revealed that the groundwater in houses was contaminated with microbiological agents, which is probably associated with the deficient sanitation system in rural areas. Felista et al. [59], 2019, have indicated that wells should remain shut to prevent possible contaminating agents from accessing them, and chlorine compounds should be applied to guarantee water quality. According to Resolution 2115, coliforms and E. coli should be at 0 CFU/100 mL.



Coliform populations are indicators of pathogenic organisms. They should not be found in drinking water, but are usually present in surface water, soil and feces of humans and animals. Human waste contaminants in water cause waterborne diseases, such as diarrhea, typhoid and hepatitis [60,61]. High coliform populations in all water samples indicate poor sanitary conditions in a community. The inadequate and unhygienic solid waste managing in rural areas can generate high concentrations of microbial organisms. High coliform counts have proven characteristic of rural ground water quality in Nigeria, which is consistent with the works of other researchers who have worked on the bacteriological and chemical characteristics of rural water supplies in other parts of the country [61,62,63].




3.5. Spearman’s Coefficient Correlation


Positive and negative Spearman’s correlation coefficients were obtained for the water quality parameters. The results showed that parameters influenced one another. The Spearman’s coefficient results appear in Table 4, which expresses the correlation levels among the studied parameters, where a high correlation coefficient comes close to 1 (direct) and −1 (inverse), and indicates a good relation between two variables, while values close to 0 specify that there is no correlation between them at a significance level of p < 0.05 [64].



The Spearman coefficient of the HEC and households, respectively, is shown in Table 4. The EC-Cl, Total cols-Alk and Total cols-BOD5 couples showed high positive correlation; BOD5-Alk, Total Hardness-EC and Nitrate-EC showed high correlations significant with p < 0.01; and Nitrate-Cl (r = 0.95 **) were significantly correlated with p < 0.05 for the HEC wells. It is generally interpreted that the presence of these parameters in groundwater is usually the result of intense rainfall, which carries agricultural residue and rock minerals until effluents are recharged [64,65,66]. While in the households, the highest Alk-pH (0.88 **), EC-Cl (0.83 **) and Nitrate-EC (0.83 **) couples were significantly correlated with p < 0.01. This related to the deficient sanitation of underground water wells.




3.6. Principal Component Analysis (PCA)


The PCA of the groundwater samples is presented in Table 5, where the total variance of each component and the values obtained from the parameters in the extracted components are shown, with percentages that represent the amount of information that can explain the method of the analyzed data. From the varimax PCA, four factors with 85.7% of the explained variance were identified. Factor 1, which represented 35.8% of the variance, was characterized by significant loadings for nitrates (0.952), conductivity (0.841), total hardness (0.700), E. coli (0.684) and negative pH charge (−0.682). This factor could represent mixed pollution sources from waste dump leachates, industrial effluent, agricultural run-off and septic tanks [67,68]. Obviously, E. coli indisputably indicates fecal contamination and, potentially, ammonium was also found in feces as a result of the proximity of some cisterns available for wastewater [69] altering.



Table 5 and Figure 2 show that the HEC PC1 was strongly dominated by the alkalinity (0.77), BOD (0.76), pH (0.74), COD (0.64) and total cols (0.57), which indicates that groundwater quality is influenced by the activities that take place on campus, while in the households, the PC1 was dominated by NO3 (0.97), EC (0.84), BOD (0.80), E. coli (0.75) and total hardness (0.60). While in the PC2 for the HEC, the Cl, EC and total hardness are the ones that dominate and, in the households, the dominant in the PC2 is Cl (0.82) used as a mechanism to improve the water quality. Finally, the PC3 in the HEC is dominated by E. coli and in total cols (0.91) in households. In general, the results show that the quality of water in homes is associated with poor sanitation caused by contamination.




3.7. Analysis of the Water Quality Index


Obviously, water quality varies according to the type of use, and can even vary from time to time and from region to region. Currently, employing quality indices in ecosystem monitoring programs provides information about environmental status [70,71]. WQIs have been used for evaluation and communication purposes in agri-environmental policies [72]. Many indices have been developed in past decades and display water quality with a single value by comparing different parameters as per standards. Since Horton proposed the first WQI index in 1965, and a little later the weighted average WQI was developed by Brown et al. (1970), many others have followed. Such indices are the Canadian Council of Ministers of the Environment Water Quality Index (CCMEwqi) [73], the British Columbia Water Quality Index (BCWQI), the Oregon Water Quality Index (OWQI) [74,75] and the weighted average WQI developed by Brown et al. [76].



Table 6 shows the classification for all five uses of water resources following the Dinius criteria. The results obtained with the Dinius Quality Index (DQI) are shown in Table 7, where sampling points and the calculated DQI value and its corresponding classification are seen. The quality index is relatively varied, and in such a way that areas such as swimming pools and sports obtained 77.154, which is an excellent value for recreational uses. The agricultural area with 74.067 and livestock with 72.625 obtained an acceptable valuation. Therefore, it can be concluded that treatments are applied according to the needs contemplated in uses. However, some areas with agronomic facilities obtained a value of 62.499, which communicates a regular drinking use character. Thus, it is necessary to avoid water intake at these points and, if possible, to apply corrective actions to improve quality. Although in inhabited areas (homes) recreational water use was between excellent and acceptable, in these areas water intake should be avoided because all the samples from homes had an index of ≤80, which is attributed to the high values presented by the microbiological parameters. We ought to remember that these parameters for the Dinius method have a strong influence when calculating the index.



The application of the DQI pointed out that most of the water samples in the HEC entered the “Excellent” category with 42.9% (for recreation and fishing and aquatic life activities), while 40% is classifiable as “Acceptable” and 5.7% as “Good” if use is related to industry and agriculture activities. Only 11.4% were “Regular” for drinking water. Conversely, in households, the “Acceptable” category predominated with 36%, where the indices qualified for use in agricultural and industrial activities that require light conditioning treatments. In this group, they were qualified in the “Excellent” category with 28% for recreation and fishing and aquatic life activities, followed not very far behind in third place by drinking water and 20% for the “Regular” water quality category. Finally, ranges were “Good” with 16% of the total (Figure 3).





4. Conclusions


The present study evaluates the groundwater quality of a typical rural settlement in Colombia. From the obtained results, it can be concluded that the pH of the studied samples is acidic, which is attributed to the natural factors of the region, particularly the type of geological, climatic and edaphic formations. These values are not valid for human consumption according to the Colombian Resolution 2115 of 2007. Therefore, one suggestion is to monitor groundwater accordingly. Chlorides play a fundamental role at the points that receive chlorination treatments and, therefore, inhibit bacterial growth. The alkalinity, hardness and nitrate parameters are associated mainly with sowing and cultivation areas, and although they are agricultural areas, they fall within the maximum limit accepted by the aforementioned Resolution. Likewise, the conductivity values are immersed in areas where chloride and hardness obtain significant results, which is very valuable when detecting areas where incrustation and corrosion problems could be manifested in pipes.



Spearman’s analysis reveals that the correlation coefficient with the highest level of significance is that related to nitrates and conductivity, and is evidence that agricultural and livestock activities bring about silent groundwater contamination. Certainly, conductivity also significantly correlates with chlorides and hardness which, in turn according to the PCA, are associated with E. coli and pH. In fact, these parameters contribute the most information to understand the study of cisterns in the rural community.



The application of a quality index leads to the conclusion about the potential that water from wells have to achieve excellent and acceptable qualities for agricultural, industrial, recreational and fishing activities and aquatic life. However, drinking water is regular. Hence the need to set up adequate treatments for suitable human consumption.
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Figure 1. Location of the studied rural settlement (Villavicencio) in Colombia. 
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Figure 2. Spatial distribution of components. (a) HEC and (b) Households. 
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Figure 3. Percentage of the Dinius Quality Index based on the two established groups: HEC and households. 
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Table 1. Physico-chemical and microbiological methods conducted for groundwater samples analyses.
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Variables or Parameters

	
Methods

	
Lower Limit of Detection (LLOD)






	
Dissolved oxygen (mg O₂/L)

	
SM 4500-O, H

	
0.1




	
pH (units of pH)

	
SM 4500 H+ B

	
NA




	
Water temperature (°C)

	
SM 2550 B

	
NA




	
Ambient temperature (°C)

	
NA

	
NA




	
Total alkalinity (mg CaCO3/L)

	
SM 2320 B

	
1.0




	
Chlorides (mg Cl−/L)

	
SM 4500 B

	
2.0




	
Conductivity (μS/cm)

	
SM 2510 B

	
0.01




	
Temperature (°C)

	
NA




	
BOD5 (mg O₂/L)

	
SM 5210 B Y SM 4500-O, H

	
4.0




	
COD (mg O₂/L)

	
SM 5220 C

	
20.0




	
Total hardness (mg CaCO3/L)

	
SM 2340 C

	
1.0




	
Nitrates (mg NO3−N/L)

	
ISO 7890-3

	
0.11




	
Nitrites (mg NO2−N/L)

	
SM 4500 NO₂ B

	
0.03




	
Total coliforms (CFU/100 mL)

	
SM 9222 J

	
0.0




	
Escherichia coli (CFU/100 mL)

	
SM 9222 J

	
0.0








SM = Standard methods [42]; NA = not applicable.
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Table 2. Descriptive statistics of the dataset obtained from the monitored wells in a rural settlement.






Table 2. Descriptive statistics of the dataset obtained from the monitored wells in a rural settlement.





	
Location

	
Statistics

	
pH

	
Alk mg/L as CaCO3

	
Chlorides, mg/L

	
EC (μs/cm)

	
DBO5 (mg O₂/L)

	
DQO (mg O₂/L)

	
Hardness, mg/L as CaCO3

	
NO3 mg/L






	
HEC

	
Mean

	
5.3 a

	
3.63 a

	
2.84 a

	
38.05 a

	
0.54 a

	
5.8 a

	
3.2 a

	
1.07 a




	
SD

	
0.28

	
4.4

	
4.77

	
22.56

	
0.7

	
4.26

	
2.17

	
1.09




	
Min

	
4.94

	
0.27

	
0

	
9.13

	
0

	
0.62

	
0.24

	
0.06




	
Max

	
5.67

	
12.3

	
13.4

	
78.1

	
2.05

	
10

	
6

	
2.64




	
CV %

	
5.28

	
121.21

	
167.96

	
59.29

	
129.63

	
73.45

	
67.81

	
101.87




	
Households

	
Mean

	
5.09 a

	
2.4 a

	
1.33 a

	
43.08 a

	
0.55 a

	
3 a

	
9 b

	
1.76 a




	
SD

	
0.27

	
1.94

	
1.53

	
23.76

	
0.56

	
4.45

	
4.8

	
1.54




	
Min

	
4.69

	
0.29

	
0

	
16.5

	
0.08

	
0

	
2.63

	
0.19




	
Max

	
5.54

	
5.59

	
3.83

	
82.7

	
2.07

	
10.8

	
16.1

	
5.28




	
CV %

	
5.30

	
80.83

	
115.04

	
55.15

	
101.82

	
148.33

	
53.33

	
87.50




	
Overall

	
N

	
17

	
17

	
17

	
17

	
17

	
17

	
17

	
17




	
Mean

	
5.18

	
2.9

	
1.95

	
41.01

	
0.55

	
4.16

	
6.63

	
1.47




	
SD

	
0.29

	
3.12

	
3.23

	
22.69

	
0.6

	
4.47

	
4.82

	
1.38




	
Min

	
4.69

	
0.27

	
0

	
9.13

	
0

	
0

	
0.24

	
0.06




	
Max

	
5.67

	
12.3

	
13.4

	
82.7

	
2.07

	
10.8

	
16.1

	
5.28




	
CV %

	
5.60

	
107.59

	
165.64

	
55.33

	
109.09

	
107.45

	
72.70

	
93.88








The means identified with the same letter do not present a significant difference at a confidence level of p > 0.05.
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Table 3. Results of the descriptive statistics of the microbiological parameters.
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Location

	
Statistics

	
Col. T (CFU/100 mL)

	
E. coli (CFU/100 mL)






	
Higher education center (HEC)

	
mean

	
792.43 a

	
107.43 a




	
SD

	
793.53

	
281.15




	
Min

	
0.00

	
0.00




	
Max

	
1810.00

	
745.00




	
CV %

	
100.14

	
261.71




	
Households

	
Mean

	
4189.30 b

	
579.30 b




	
SD

	
3342.28

	
911.69




	
Min

	
95.00

	
0.00




	
Max

	
8540.00

	
2320.00




	
CV %

	
79.78

	
157.38




	
Overall

	
Mean

	
2790.59

	
385.00




	
SD

	
3080.46

	
744.64




	
Min

	
0

	
0




	
Max

	
8540

	
2320




	
CV %

	
110.39

	
193.41








The means identified with the same letter do not present a significant difference at a confidence level of p > 0.05.
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Table 4. Spearman’s coefficient between the physico-chemical and microbiological parameters of the higher education center (HEC) and households.
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Location

	
Parameters

	
pH

	
Alk

	
Cl

	
EC

	
BOD5

	
COD

	
Hard

	
NO3

	
ColT

	
E. coli






	
HEC

	
pH

	
1.000

	

	

	

	

	

	

	

	

	




	
Alkalinity

	
0.643

	
1.000

	

	

	

	

	

	

	

	




	
Chlorides

	
−0.595

	
−0.252

	
1.000

	

	

	

	

	

	

	




	
EC

	
−0.286

	
0.179

	
0.721

	
1.000

	

	

	

	

	

	




	
BOD5

	
0.291

	
0.873 *

	
−0.229

	
0.145

	
1.000

	

	

	

	

	




	
COD

	
0.234

	
0.378

	
−0.400

	
−0.252

	
0.367

	
1.000

	

	

	

	




	
Total hardness

	
0.071

	
0.393

	
0.306

	
0.857 *

	
0.327

	
−0.252

	
1.000

	

	

	




	
Nitrates

	
−0.714

	
−0.500

	
0.955 **

	
0.607

	
−0.436

	
−0.378

	
0.179

	
1.000

	

	




	
Total cols

	
0.429

	
0.714

	
−0.252

	
0.179

	
0.764 *

	
0.360

	
0.464

	
−0.357

	
1.000

	




	
E. coli

	
0.178

	
0.490

	
0.449

	
0.267

	
0.431

	
−0.022

	
0.134

	
0.267

	
0.445

	
1.000




	
Households

	
pH

	
1.000

	

	

	

	

	

	

	

	

	




	
Alkalinity

	
0.887 **

	
1.000

	

	

	

	

	

	

	

	




	
Chlorides

	
0.050

	
0.254

	
1.000

	

	

	

	

	

	

	




	
EC

	
−0.267

	
−0.122

	
0.832 **

	
1.000

	

	

	

	

	

	




	
BOD5

	
−0.174

	
−0.238

	
0.157

	
0.043

	
1.000

	

	

	

	

	




	
COD

	
−0.562

	
0-.705 *

	
−0.176

	
0.089

	
−0.092

	
1.000

	

	

	

	




	
Total hardness

	
−0.012

	
0.170

	
0.769 **

	
0.758 *

	
0.225

	
−0.068

	
1.000

	

	

	




	
Nitrates

	
−0.547

	
−0.401

	
0.669 *

	
0.830 **

	
0.310

	
0.178

	
0.576

	
1.000

	

	




	
Total cols

	
−0.091

	
−0.036

	
−0.038

	
−0.006

	
0.377

	
−0.259

	
−0.030

	
−0.115

	
1.000

	




	
E. coli

	
−0.596

	
−0.614

	
−0.131

	
−0.030

	
0.474

	
0.137

	
−0.321

	
0.224

	
0.648 *

	
1.000








** correlation is significant at the 0.01 level (bilateral); * correlation is significant at the 0.05 level (bilateral).
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Table 5. Matrix of the principal components for higher education center (HEC) and households.
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HEC

	
Households




	
Parameters

	
Components

	
Components




	
1

	
2

	
3

	
1

	
2

	
3






	
pH

	
0.738

	
0.030

	
0.241

	
−0.722

	
0.549

	
0.236




	
Alk

	
0.767

	
0.621

	
0.100

	
−0.524

	
0.787

	
0.228




	
Cl

	
−0.834

	
0.460

	
0.012

	
0.423

	
0.818

	
−0.157




	
EC

	
−0.542

	
0.836

	
−0.010

	
0.835

	
0.476

	
−0.199




	
BOD

	
0.760

	
0.513

	
−0.148

	
0.806

	
−0.023

	
0.428




	
COD

	
0.643

	
−0.176

	
−0.666

	
0.489

	
−0.385

	
−0.484




	
HA

	
0.003

	
0.968

	
−0.007

	
0.606

	
0.738

	
−0.124




	
NO3

	
−0.777

	
0.396

	
−0.319

	
0.968

	
0.135

	
0.075




	
ColT

	
0.569

	
0.623

	
−0.112

	
0.131

	
−0.021

	
0.911




	
E. coli

	
0.115

	
0.102

	
0.935

	
0.747

	
−0.405

	
0.398




	
Total

	
4.054

	
3.081

	
1.523

	
4.442

	
2.692

	
1.599




	
% variance

	
40.54

	
30.81

	
15.23

	
44.42

	
26.92

	
15.99




	
% accumulated

	
40.54

	
71.36

	
86.59

	
44.42

	
71.34

	
87.33
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Table 6. Color scale and ranges of the water quality index.
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	Indicative Color
	Quality
	Description
	D.W.
	RE
	FRAM
	F.A.L.
	IND





	
	Excellent
	Does not require purification
	90 ≤ 100
	70 ≤ 100
	90 ≤ 100
	70 ≤ 100
	90 ≤ 100



	
	Acceptable
	Minor purification/treatment required for consumption, agriculture and industry
	80 ≤ 90
	50 ≤ 70
	70 ≤ 90
	60 ≤ 70
	70 ≤ 90



	
	Good
	Doubtful for recreational use and aquatic life; does not require treatment for most crops and industrial activities
	-
	40 ≤ 50
	50 ≤ 70
	50 ≤ 60
	50 ≤ 70



	
	Regular
	Treatment required for consumption. Avoid contact only with boats. Treatment for most crops and industrial activities is limited for aquatic life
	50 ≤ 80
	30 ≤ 40
	30 ≤ 50
	30 ≤ 50
	40 ≤ 50



	
	Bad
	Doubtful for consumption. Evident contamination. Restricted and limited use for aquatic life, crops and industrial activities
	40 ≤ 50
	20 ≤ 30
	20 ≤ 30
	20 ≤ 30
	30 ≤ 40



	
	Unacceptable
	Unacceptable. Contamination present
	0 ≤ 40
	0 ≤ 20
	0 ≤ 20
	0 ≤ 20
	0 ≤ 30







D.W., drinking water; RE, recreational; FAR, farming; F.A.L., fish and aquatic life; IND, industrial.
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Table 7. Application of the Dinius Water Quality Index to groundwater samples.
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Description of Sampling Sites

	
Total Index

	
D.W.

	
RE

	
FARM

	
F.A.L

	
IND






	
HEC

	
Area with fish activity

	
95.425

	

	

	

	

	




	
Academic halls area

	
85.945

	

	

	

	

	




	
Administrative services area

	
82.530

	

	

	

	

	




	
Pool and sports area

	
77.154

	

	

	

	

	




	
Agricultural crops area

	
74.067

	

	

	

	

	




	
Livestock farm area

	
72.625

	

	

	

	

	




	
Agronomic facilities area

	
62.499

	

	

	

	

	




	
HOUSEHOLDS

	
Residential housing area

	
79.134

	

	

	

	

	




	
Commercial housing area

	
77.658

	

	

	

	

	




	
Country housing area

	
76.621

	

	

	

	

	




	
Residential housing area

	
75.628

	

	

	

	

	




	
Commercial housing area

	
71.970

	

	

	

	

	




	
Residential housing area

	
71.716

	

	

	

	

	




	
Country housing area

	
70.346

	

	

	

	

	




	
Area with a housing complex

	
66.987

	

	

	

	

	




	
Commercial housing area

	
59.174

	

	

	

	

	




	
Country housing area

	
56.694
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