

  water-15-01243




water-15-01243







Water 2023, 15(6), 1243; doi:10.3390/w15061243




Article



Spatial and Multivariate Statistical Analyses of Human Health Risk Associated with the Consumption of Heavy Metals in Groundwater of Monterrey Metropolitan Area, Mexico



Edrick Ramos 1,*,†[image: Orcid], Raja Karim Bux 2,3,†, Dora Ileana Medina 4,*[image: Orcid], Héctor Barrios-Piña 1[image: Orcid] and Jürgen Mahlknecht 1





1



Tecnologico de Monterrey, School of Science and Engineering, Campus Monterrey, Monterrey 64849, Mexico






2



Tecnologico de Monterrey, School of Science and Engineering, Campus Estado de México, Atizapan de Zaragoza 52926, Mexico






3



National Centre of Excellence in Analytical Chemistry, University of Sindh, Jamshoro 76080, Pakistan






4



Tecnologico de Monterrey, Institute of Advanced Materials for Sustainable Manufacturing, Monterrey 64849, Mexico









*



Correspondence: edramos@tec.mx (E.R.); dora.medina@tec.mx (D.I.M.)






†



These authors contributed equally to this work and designated as co-first authors.









Academic Editors: Lía Celina Méndez-Rodríguez and Mahesh Rachamalla



Received: 15 February 2023 / Revised: 9 March 2023 / Accepted: 14 March 2023 / Published: 22 March 2023



Abstract

:

Groundwater is the main source of drinking water supply in most urban environments around the world. The content of potentially toxic elements is increasing in many groundwater systems owing to inadequate groundwater recharge, aquifer overexploitation, natural source release, or various anthropogenic activities that lead to groundwater quality degradation. The ingestion of groundwater contaminated with potentially toxic elements has been reported to have harmful health effects. This study aimed to assess the presence of several potentially toxic elements (Al, As, B, Cr, Cu, Fe, Mn, and Zn) in groundwater of the Monterrey metropolitan area in Northern Mexico and the carcinogenic and noncarcinogenic human health risks associated with exposure. Multivariate statistics and geospatial analysis were applied to identify the causative determinants that modify the groundwater quality along the metropolitan area. Mean concentrations of trace metals remained below drinking water standards and World Health Organization guidelines. The risk of harmful effects on human health due to ingestion of all eight metal(loid)s in groundwater was assessed as 2.52 × 10−2 for adults and 2.16 × 10−2 for children, which can be considered as negligible chronic risk and a very low cancer risk. However, the risks of oral consumption of Cr being carcinogenic to children and adults were 7.9 × 10−3 and 9.2 × 10−4, respectively. As these values exceeded the target risk of 1 × 10−4, it can thus be considered “unacceptable”.
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1. Introduction


Groundwater plays an important role globally because it aids in welfare, economic development, agricultural production, and industrial manufacture in almost every country [1]. Therefore, ensuring a steady supply of high-quality water is crucial for promoting societal wellbeing, achieving environmental sustainability, and improving economic growth in urban environments. Urban groundwater flow systems and all critical city elements have recently become major sources of concern in arid and semiarid regions, where groundwater is typically a valuable water source [2]. Groundwater requires special attention because of the environmental pollution caused by inappropriate wastewater disposal in urban environments [3,4,5]. A significant problem is the lack of proper disposal of heavy metals, which pose a serious threat to the environment and human health if found present beyond acceptable limits [6,7,8]. Elevated social and economic costs are drawn from groundwater degradation due to metal pollutants. Their low removal ratios make them extremely persistent when they percolate into aquifers [9,10].



Since 2000, research into potentially toxic elements (PTEs) contamination in groundwater have been led by China and the United States as main contributors of the topic [11]. Numerous researchers have developed and applied heavy metal risk assessment indices to assess the potential hazards of these contaminants in groundwater resources [12,13,14,15]. PTEs may increase in groundwater systems owing to inadequate groundwater recharge, aquifer overexploitation, natural source release (water–rock interactions, mineral leaching, etc.), or various anthropogenic activities that lead to groundwater quality degradation (e.g., agriculture, industry, mining, and wastewater runoff and seepage) [16,17]. Although some metals, such as Cr, Cu, and Fe, serve as micronutrients to preserve human health, they can also be toxic if ingested in concentrations that exceed acceptable levels. Nevertheless, exposure to high concentrations of these metals does not necessarily result in toxicity in the body; rather, heavy metal accretion occurs over time in body tissues, reaching toxic levels that are above the acceptable limits. Therefore, environmental researchers have primarily focused on using groundwater to perform human health risk assessments, because it is the main source of drinking water supply in most urban environments around the world [1,18].



Cause–effect dynamics of groundwater quality have been assessed for PTE pollution in Mexico [19,20]. Groundwater quality has deteriorated because of contaminant infiltration in urban areas driven by intensive extraction and poor wastewater management, and these contaminants include detectable concentrations of As, B, Ba, Cu, F, Fe, Li, Mn, Sr, and Zn as well as high concentrations of SO42−, Ca2+, and Mg2+. Exposure to these contaminants has been associated with the induction of oxidative stress, which causes direct DNA damage in the human body [21]. Arsenic enters groundwater through the following routes: (1) the natural route, where water–rock interactions result in ion exchange and the dissolution of minerals that contain As; (2) the anthropogenic route, which involves mining activities, industrial wastes, and agrochemical wastes [22,23]. Geogenic contamination of shallow groundwater from arsenic involves the leaching of As from As-rich rocks and sediments in alluvial aquifers originating from tectonic events [24,25,26,27]. In addition, the quantity of As released from minerals into groundwater depends on the mineral types, pH, redox conditions, and other potential ions that enhance As desorption from secondary minerals (such as clays and Fe oxyhydroxides) [28,29]. Other processes such as hydrochemical dissolution of Fe-rich sediments and aqueous complexation from carbonates have been reported as factors of As release and mobility in groundwater [7,30]. PTEs, including As, Cd, Cr, and Pb, can cause short-term memory loss, learning disabilities, coordination issues, an increased risk of cardiovascular disease, various cancer types, and gastrointestinal, renal, respiratory, pulmonary, reproductive, and hematological damages; they can also cause death in the worst case [31,32,33]. Therefore, periodical monitoring of PTE concentrations is required to determine their sources and assess their potential risks [27].



It is vital for decision makers to comprehend the hydrogeochemistry of their area for ensuring access to clean and safe water by its population and safeguarding their groundwater reservoirs [34,35,36,37]. Thus, scientists from all over the world have combined field data collection, geostatistics, and health risk assessments to determine the spatial distribution, temporal patterns, and potential health effects of heavy metals in urban aquifers [38,39,40]. The use of bivariate analysis, principal component analysis (PCA), and hierarchical cluster analysis (HCA) in conjunction with geographic information systems (GISs) has been pragmatic in analyzing and determining the impact of natural and anthropogenic constraints on heavy metal concentrations in groundwater [41,42,43,44].



The area of Monterrey Metropolitan Area (MMA), the second-largest city in Mexico (5.3 million inhabitants), has grown from 65,000 ha in 2009 to 177,000 ha in 2021 (172%) [45]. This means that agricultural lands have been converted into residential, commercial, and industrial plots. It is vital to evaluate how historical pollution effects may represent a risk of harm to current inhabitants given changes in land use practices and population redistribution. This study aimed to assess the carcinogenic and noncarcinogenic human health risks associated with exposure to metal(loid)s in groundwater used for consumption. Spatial and multivariate assessment tools were used to quantify and approximately identify harmful environmental risk sources and risk agents of health consequences caused by PTE exposure in urban environments. The findings of this study may assist local environmental and water authorities in modifying pollution regulations, evaluating metal recovery, and revising the groundwater management plan in place.




2. Materials and Methods


2.1. Study Area and Regional Geology


The study area included the urban and peri-urban areas of the MMA in Nuevo Leon state in Northeastern Mexico (Figure 1). The city is surrounded by several hills and iconic mountains, including La Silla (southeast), Las Mitras (west), and Topo Chico (northwest), with elevations ranging from 260 to 3000 m above sea level. It consists of 13 municipalities, making it the second most populated city in Mexico (5.3 million inhabitants) and one of the metropolitan areas with the highest economic growth rates [46]. The climate is semiarid with a mean annual precipitation and temperature of 622 mm and 22.7 °C, respectively [47].



Historically, between 40 and 60% of urban water supply for MMA has been provided by groundwater sources, consisting of several well fields or aquifers [48,49]. The main aquifers referred in this study are Buenos Aires wellfield (BA), the Santiago system (SA), and the Monterrey Metropolitan zone (MZ). The geology of the study area is described along the Sierra Madre Oriental as a mixture of limestone, conglomerates, and shales that governs the BA and SA aquifers [50,51].



The area under study (Figure 2) borders on the south-southwest by the Sierra Madre Oriental (SMO). Previous studies have identified a 2–3 km thick sedimentary belt that contains a mix of carbonates, shales, evaporites, and siliciclastic rocks dating from the Mesozoic to Cenozoic [48]. The lower Cretaceous units consist of alternate limestone-dolomite with flint lenses. In addition, Pb-Zn lenticular structure ore veins on fault-confined irregular bodies and dissolution caverns associated with hydrothermal solutions along faults have been identified in confining rock formations from the lower Cretaceous [50]. The Cu on these units is associated with calcareous breccias and karst cavities. The corresponding mineralogy for these sequences is galena, sphalerite, oxides, calcite, pyrite, chalcopyrite, magnetite, goethite, and clay minerals [50]. The Buenos Aires wellfield is an area mainly composed by clastic marine sedimentary rocks; thus, it is considered a semi-confined aquifer related to these Mesozoic geological sequences and is located by the foothills (between 700 and 1000 masl) of the SMO. The MMA lies in the mountain front of the SMO where limestones and shales from the Upper Cretaceous outcrop as sedimentary rocks along the valley borders. Layers of gypsum with a mixture of iron ores are interlayered with silty-limestone and lutites with bentonitic horizons [50]. Conglomerates of calcareous fragments in a sand matrix from the Tertiary (Reynosa fm) are identified along the Cerro Topo Chico and other areas along the northeast section of the MMA. The aquifer governing the MZ is in the valley along the central section of the region consisting mainly of shales around the border of the valley with fluvial and alluvial sediments dominating the valley’s subsurface [48,52]. The origin of these sediments concurs with deposition during accumulation and erosion cyclic changes depositing sediments along the channels and riverbeds of the Catarina and la Silla rivers [48]. As a result, this shallow aquifer is constituted by gravelly sand, sand, silt, and alluvial sediments.




2.2. Sampling and Laboratory Analyses


Groundwater samples (n = 42) were collected from wells connected to Servicio de Agua y Drenaje de Monterrey (water and sanitation utility) in the urban and peri-urban areas of the MMA in early November 2020. Every well was equipped with pre-installed pumps. Field parameters, including the pH, temperature, electrical conductivity, oxidation–reduction potential (ORP), dissolved oxygen (DO), and total dissolved solids, were measured onsite using pre-calibrated electrodes (YSI® Professional Plus, Yellow Springs, OH, USA). Groundwater samples were filtered through 0.45 µm pore-size nitrate cellulose membrane filters. After filtration, the water samples were stored in high-density polyethylene sampling bottles, which were pre-washed and pre-rinsed before use. All groundwater samples were stored at 4 °C (constant temperature) until being shipped to the laboratory. A flowchart of the methods conducted in this research is shown in Figure 3.



Groundwater chemical analyses were performed by Activation Laboratories Ltd. Ancaster, ON, Canada. Selected elements (Al, As, B, Cr, Cu, Fe, Mn, and Zn) were measured by inductively coupled plasma mass spectrometry (ICP-MS) through a Perkin Elmer SCIEX ELAN 600 ICP/MS (PerkinElmer Life and Analytical Sciences, Shelton, CT, USA) instrument. One blank and two water standards were tested upon initial and end of analyses during trace element determinations. The accuracy of the ICP-MS method for the groundwater samples was measured by applying the international geostandard SRM-1640 (trace elements in natural water—certified by the National Institute of Standards and Technology NIST). The systematic differences between the reference values and the measurements of the mentioned standard were lower than 9%. The detection limits for the trace element analysis are reported in Table A1 (Appendix A).




2.3. Statistical and Geospatial Analyses


A descriptive statistical analysis was used to determine the relationship between the concentrations of elements in groundwater. Two multivariate statistical methods, HCA and PCA, were performed in this study using SPSS 26 [53]. The dataset was standardized using the z-score value. The HCA method is an effective mechanism for genetically classifying groundwater samples [54,55]. The resulting clusters or groups are displayed in a dendrogram plot to demonstrate how the measured element concentrations are divided into several groups based on the dissimilarities between the element contents in the groundwater samples in terms of unique characteristics. To classify wells with different metal contents in the MMA, an HCA was performed using the Euclidean distance and Ward’s method, which uses variance analysis to estimate the distance between the clusters.



Factor analyses such as PCA are mathematical tools for displaying the variation present within a dataset. Two-dimensional or three-dimensional visual projections of the samples are constructed using axes as factors (principal components, PCs). Each component is a linear combination that retains some of the factor correlations. It can be said that the iterative calculation holds as much variation from the original dataset as possible. Hence, PC1 explains the data variation better than PC2, PC2 explains the data variation better than PC3, and so forth. In this study, the number of PCs was determined using the Kaiser criterion, which states that eigenvalues greater than “1” are considered “significant” in the PCA.



The ArcGIS 10.5 software was used to develop individual heavy metal location heatmaps for the MMA [56]. The inverse distance weighting (IDW) is a well-known deterministic method for multivariate interpolation often used as a geostatistical tool for analyzing the distribution of groundwater pollutants in many groundwater quality assessments [57,58,59,60]. This method delineates an area for each pollutant by employing its default equation to calculate the inverse distance values raised to the second power to predict the values of an unsampled location. The location heatmaps display the spatial distribution of each element from the sampling locations and pollution index around the MMA. Spatial mapping was used to predict the pollution levels in the areas where groundwater samples could not be taken.




2.4. Human Health Risk Assessment


Risk assessment is the systematic process of determining the probability that a certain degree of harmful health effects would occur over time. The estimate of the health risk associated with each metal(loid) is based on a quantitative assessment of the hazard levels, and the consumption of carcinogenic and noncarcinogenic metals in groundwater is commonly reported as the average daily dose (ADD) [61]. The dose ingested through the considered pathway was calculated using Equation (1), which was modified by the US Environmental Protection Agency [54].


  ADD =    C    ×    IR    ×    EF    ×   ED    BW    ×   AT   ,  



(1)




where ADD is the average daily dose of metal(loid)s ingested through drinking water (mg/kg/day), C is the average concentration of metal(loid)s in the water (mg/L), IR is the water ingestion rate (L/day), EF is the exposure frequency (day/year), ED is the exposure duration (year), BW is the body weight (kg), and AT is the averaging time (day). Their values were obtained from the USEPA [62].



Equation (2) was used to determine the noncarcinogenic risk of metal(loid)s based on the hazard quotient (HQ), which compares the ADD with a reference dose (RfD):


  HQ =   ADD    R f  D   ,  



(2)




where RfD was obtained from the USEPA noncarcinogenic risk characterization [63]. An exposed person is safe if HQ ≤ 1, as RfD is the intended maximum daily intake of toxic metal(loid)s, which is unlikely to cause harmful effects on a person’s health. If HQ > 1, there may be noncarcinogenic health effects.



The hazard index (HI) was calculated by summing up all the measured HQs of metal(loid)s to assess overall noncarcinogenic effects on drinking water, as shown in Equation (3). The HI indicates the possibility of a harmful effect on human health [54].


  HI =   ∑   i − 1  n  HQi ,  



(3)




where HQi is the HQ of an individual metal(loid), HI is the hazard index for all the studied metal(loid)s, and n is the number of metal(loid)s, which is 8 in this study.



Equation (4) was used to evaluate the carcinogenic risk, and the method of De Miguel et al. [64] was used for a detailed calculating process. The calculated value represents the probability of a person developing any type of cancer throughout their life owing to exposure to metals. According to the USEPA, the acceptable or tolerable range of carcinogenic risk is 10−6 to 10−4 [65].


Cancer risk = ADD × SF,



(4)







After Equation (1), ADD is a 70-year (in mg/kg/day) averaged daily intake, and SF is the slope factor expressed in (mg/kg/day)−1. The SF was obtained from the USEPA carcinogenic risk characterization [63,66].





3. Results and Discussion


3.1. Metal Concentrations


Table 1 presents a statistical summary of concentrations of the eight studied metal(oid) elements in the groundwater of MMA. These concentrations were compared with the US EPA [67], Mexican standard [68], as well as WHO guidelines for drinking water [69]. It shows that metal concentrations in groundwater samples from the MMA did not exceed the permissible limits established, neither by the mentioned regulations nor WHO guidelines for drinking water.



The aluminum concentration ranged from 0.30 to 12.8 µg/L, As from 0.07 to 0.90 µg/L, B from 7.0 to 389.0 µg/L, Cr from 0.18 to 4.56 µg/L, Cu from 0.01 to 4.17 µg/L, Fe from 0.9 to 20.4 µg/L, Mn from 0.07 to 4.85 µg/L, and Zn from 0.9 to 553.0 µg/L. The trend in skewness, kurtosis, and Shapiro–Wilk tests (Table 1) makes it evident that none of the parameters were normally distributed. In general, the distribution of the metal(oids) had a significantly right-skewed tail (positive values > 1) and was leptokurtic or had a high peakedness (value > 3). The Shapiro–Wilk test of normality with a confidence interval of 95% as well as histograms and box plots (Figure 3) confirm that the elements were not normal distributed. The statistical tests indicate that anthropogenic activities affected the groundwater of MMA, especially for Al, Mn, and Zn. Regarding these elements, the standard deviation was significantly higher than the average.




3.2. Clustering and Correlations


The Spearman correlation was studied to determine the relationship between the elements presented in Figure 4. The correlation analysis provided details of the metals and their sources; a high correlation among the metal concentrations indicated that there was a common origin in the area. The correlation between elements revealed highly significant (p < 0.001) relationships between the following: Al-Mn (r = 0.329; p = 0.034), As-Cr (r = 0.480; p = 0.001), B-Cr (r = 0.470; p = 0.002), B-Fe (r = 0.596; p = 0.000), B-Mn (r = 0.423; p = 0.005), Cu-Zn (r = 0.400; p = 0.009), Fe-Mn (r = 0.753; p = 0.000), and Mn–Zn (r = 0.437; p = 0.004). Similarly, significant correlations (p < 0.05) were found between the following elements: Al–As (r = 0.329; p = 0.034), As-B (r = 0.367; p = 0.017), and Fe-Cr (r = 0.352; p = 0.022). All the three groups of the eight elements had an almost negative correlation with each other, indicating that they originated from different sources.



HCA was used to further trace the correlation, confirming that there were three clusters of metal associations, with B, Cr, Mn, and Zn integrating the first cluster; As and Fe composing the second cluster; Al and Cu representing the third cluster; a phenom line is drawn at 22 for identifying such groups (Figure 5). The results obtained from the hierarchical dendrogram were consistent with the Spearman correlation results.




3.3. Principal Components Analysis


The PCA was used to study the factor extraction when the eigenvalue was greater than 1, and the varimax rotation was combined with Kaiser normalization. The extracted factors explained the variance and PC loadings, simplifying the interpretation. Bartlett’s test of sphericity and the Kaiser–Meyer–Olkin (KMO) test were used to test the sampling suitability. The results of Bartlett’s test (p < 0.001) and the KMO test (0.312) confirmed that PCA was suitable for the dataset.



Table 2 displays the As, B, Cr, Cu, Fe, Mn, and Zn elements in the 42 samples determined by PCA. It can be observed that the three PCs with eigenvalues greater than 1 were extracted from the dataset, with a cumulative variance of 60.07%. The first PC explained a variance of 24.90%, indicating high PC loadings for B, Cr, Mn, and Zn. The second PC (As and Fe) had a variance of 20.79%, while the third PC (Al and Cu) had a variance of 14.38%. The PCA results were consistent with the cluster analysis results, which revealed that the three clusters were separated by the same groups of elements (Figure 6).



These associations can be referred in terms of the hydrochemical characteristics of the area [55]. Typically, the mineral contents quantified in sampled groundwater are related to dissolution from predominant materials in the soils of an area. For this case, the presence of carbonates and gypsum of marine origin explains a correlation between sulphate, calcium, and magnesium, as shown in previous studies [48,70]. A possible origin of As can be traced to sulfides from pyrite found in the mineralogical content of the units along the SMO.




3.4. Mapping and Spatial Analyses


The spatial distribution of the heavy metals revealed that the west section of the Monterrey urban area had greater heavy metal concentrations (Figure 7). The geospatial trends revealed that the Al, As, B, Cr, Cu, and Fe concentrations were higher in the Monterrey/San Pedro municipal limit area than in the suburbs of the city, indicating their anthropogenic origin. Mineral dissolution and different geochemical processes determine the composition of trace elements. The mean concentration values of the studied area were found lower than the mean concentrations of metals in groundwater found in other dry environments such as the Neyshabur Plain, Iran (As 2.0 µg/L, Cr 2.78 µg/L, Cu 5.95 µg/L, Fe 6.81 µg/L, and Zn 2.37 µg/L), mainly because groundwater in that region is in contact with volcanic, subvolcanic intrusions, and hydrothermal breccias (which can be rich in such elements) [71,72]. Similarly, mean metal concentrations in MMA groundwater were lower than those found in urbanized areas such as Hong Kong (As 0.42 µg/L, Cr 0.71 µg/L, Cu 1.16 µg/L, Mn 2.72 µg/L, and Zn 40.8 µg/L), a region dominated by granite bedrock and felsic volcanic rocks [73]. An exception was identified with Cr (1.32 µg/L), which was found higher in MMA. Close to similar concentrations of Cr (0.63–1.57 µg/L) were recorded in the Mocorito River Aquifer in Mexico and attributed in part to natural weathering and/or industrial inputs such as PVC plastic use, motor oils, batteries, and metallic finishing industries [45]. Typically, silicates contain trace elements. However, these can be associated with carbonate and evaporitic minerals [74]. Processes such as surface sorption/desorption, ion exchange, and precipitation/dissolution control trace element concentrations in groundwater [75]. Contrarily, Mn and Zn concentrations were found higher in other areas compared to the previous metal(oid)s, indicating their trace abundance in the Monterrey area.



Sources of these metal tracers can be geogenic and anthropogenic. Rock–water interactions and rock weathering can be attributed to geogenic sources. The highest concentrations of B were found to the southwest and north-eastern section of the MMA. Rock weathering and the concurrent dissolution of boron were identified as probable sources of B-rich groundwaters from carbonates rocks in Estonia [76]. Concentrations of B in groundwater widely vary, but generally, B concentrations in aquatic environments are associated with anthropogenic contributions [77]. The urban effluents on the western section of the MMA may cause higher B concentrations as it is used as bleaching agents containing B as micronutrients from B-rich wastewaters are considered important contributors of B to groundwater environments [78,79]. Additionally, this is consistent with septic tracers as there are several wastewater treatment plants that operate in the northernmost section of the city.



Similarly, Cr can be attributed to residential waste, traffic, paints and pigments, pottery, and paper printing [80]. Elevated concentrations of Cr in five tannery locations were found in the region of Deyang City, China. Dye-waste and paint shops were some of the main contributors of this metal into groundwater [81]. In addition, Cr adheres to soil particles, hence having limited mobility from soil to groundwater as it occurs naturally in rocks, animals, plants, soil, and gases [82]. Eighteen paint shops were located in the MMA area with the highest Cr concentrations. Therefore, wastewater originating from these paint shops mix with urban wastewater that could potentially percolate into the urban aquifer, causing pollution with Cr in groundwater.



High positive loads for As appear to be associated with the redox process controlling the solubility of As and Fe from geogenic and anthropogenic sources in MMA groundwater. The maximum As concentration was found to be 0.90 µg/L and was present in the city area of the MMA. The moderate correlation between As and Fe may be a consequence of reductive dissolution from sewage wastewater, triggering the release of geogenic As-rich-Fe(oxy)hydroxides [83,84]. The highest Zn concentration (553 µg/L) was found in the city’s center, which is the area with the highest traffic flow. Sources of Zn are attributed to metallurgical activities related to industrial processes such as fabric printing, electroplating, and painting industries. Other activities deriving Zn into groundwater are compost material, agrochemicals, and traffic emissions, particularly from vehicle tires [1,85,86]. Sources of Mn along the northeastern section of the MMA can be attributed to agricultural practices, fertilizers, sewage, and animal waste disposal [87]. The Cu concentration ranged from 0.03 µg/L to 4.17 µg/L, while the Al concentration ranged from 0.50 µg/L to 12.80 µg/L. The positive relationship derived from PC3 indicate significant differences between the three groups of waters for Al and Cu concentrations. This suggests that Al and Cu have a low mobility in groundwater from which its solubility can be controlled by similar geochemical processes. Similar results have been found in groundwater supplied to the suburbs of Beijing, China where Al and Cu originate from the crust or are formed from carbonate mineral weathering and leaching of the host rock aquifers [88,89].




3.5. Human Health Risk Assessment


An empirical model of human health risk assessment was obtained from the USEPA and used to calculate the risk that metal(loid)s in groundwater pose to children and adults [62]. The human health risk assessment identifies pollutant(s), assesses the dose–response, appraises exposure, and characterizes risk [79]. Metal(loid) contamination affects humans through their mouths, skin, and noses when they are exposed to metals. The oral route is considered the most critical among all groundwater metal(loid) contamination routes [51].



The noncarcinogenic risk HQs of the eight metal(loid)s were lower than the suggested HQ threshold of 1 for adults and children, indicating that the metal(loid)s do not individually cause severe noncancer-related health effects. The harmful health risks of ingesting all eight metal(loid)s in the groundwater sample were calculated using the HI, and the results were 2.52 × 10−2 for adults and 2.16 × 10−2 for children. These results are also considered a negligible chronic risk and a very low cancer risk.



The HI values for children and adults varied from 0.0043 to 0.1404 and 0.0050 to 0.1641, respectively (Figure 8). The International Agency for Research on Cancer and the Integrated Risk Information System of the USEPA both consider some of the metal(loid)s found in the groundwater samples in this study (i.e., As and Cr) to be carcinogenic to humans [56,59]; therefore, the As and Cr concentrations in groundwater were studied for carcinogenic risk assessments. According to the geometric mean of the study area, the risks of oral consumption of As being carcinogenic to children and adults were 1.55 × 10−5 and 2.65 × 10−6, respectively, while those of Cr were 7.9 × 10−3 and 9.2 × 10−4, respectively (Figure 9a,b). As the cancer risk exceeded the target risk of 1 × 10−4 in Cr for adults and children, it can thus be considered “unacceptable” [61].



The sample collection season is one reason that might influence the obtained results of Cr concentrations found in groundwater, which indicates that the permissible limits of the drinking water standards were not exceeded. The higher carcinogenic risk in a few of the wells that was calculated in this study area may be due to the high intake of water by the inhabitants owing to their occupation and the local climate. Further investigations are needed for comparing the heavy metal concentrations in two sampling periods along the studied area.



As the study area is warm, it has a higher regular water consumption than regions with cold climate conditions. However, climate and weather play an important role in how heavy metals migrate in aqueous environments, especially in groundwater. Therefore, a limitation of this study was that that was just a one-time sampling event, so the interpretation would be only valid for the dry season. A second field campaign during the rainy summer season could help to make the interpretation more robust that could lead to identifying other metalloid pollution sources in MMA groundwaters.





4. Conclusions


Heavy metal concentrations, distributions, and potential sources in groundwater of Monterrey Metropolitan Area were assessed as well as the health risks for humans through consumption. Significant correlations on the source origins of B, Cr, Mn, Zn, As, Fe, Al, and Cu were observed in groundwater due to geogenic processes and anthropogenic activities. While Cr has been attributed to geogenic sources such as ophiolites and mafic rocks in other areas, this was not the case for the geological background of our studied area. Therefore, Cr concentrations can be attributed to anthropogenic processes occurring at the surface. Multivariate statistical tools and geospatial analysis were applied to identify the causative determinants that modify the groundwater quality along the MMA. The observed heavy metal content in drinking water apparently contradicted the risk assessment findings. While none of the metal(oids) reached permissible limits established by drinking water standards, the cancer risk of Cr was higher than the target risk of 1 × 10−4 for Cr, which is considered unacceptable for human consumption under USEPA guidelines. However, local authorities must ensure that Cr levels remain below any hazardous limit to the population. Better awareness about Cr contents in groundwater and their contaminant sources along the MMA’s groundwater reservoirs needs to be generated by water authorities. Residents who drink groundwater from private wells in the area should be informed about the harmful risks of drinking water directly from the source. Yet, the city’s potable network must ensure that water is contaminant-free from Cr and As sources prior to distribution to its consumers. Local authorities should be encouraged to treat groundwater and find alternative sources of water for drinking and cooking in order to minimize approximated noncarcinogenic and carcinogenic HIs. Heavy metal pollution index applicability coupled with multivariate statistical analysis were highlighted to ascertain the health risk from heavy metal pollution. Future research will consider the expansion of the sampling period and could also include other potential PTEs to further comprehend the contaminant evolution of MMA groundwater resources. The groundwater monitoring program for groundwater quality in Monterrey must be strengthened and older pipelines, especially in the downtown area, repaired to ensure quality water needed for satisfying MMA’s groundwater demands and avoiding future implications.
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Table A1. Reported detection lit for ICP-MS analysis for trace metals in groundwater samples of this study.






Table A1. Reported detection lit for ICP-MS analysis for trace metals in groundwater samples of this study.
















	Detection Limit
	Al (µg/L)
	As (µg/L)
	B (µg/L)
	Cr (µg/L)
	Cu (µg/L)
	Fe (µg/L)
	Mn (µg/L)
	Zn (µg/L)





	
	0.6
	0.03
	3
	0.5
	0.2
	0.2
	0.1
	0.5
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Figure 1. Location Map of the study area. 






Figure 1. Location Map of the study area.



[image: Water 15 01243 g001]







[image: Water 15 01243 g002 550] 





Figure 2. Map showing sample locations in the study area. 
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Figure 3. Schematic flow chart of research methods. 
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Figure 4. Frequency histograms and box plots of metal(oid)s. 
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Figure 5. Spearman correlation plot of metals in MMA groundwater. Note: * means significant correlation at the 0.05 level (two-tailed). 
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Figure 6. Hierarchical dendrogram for metals (Centroid Method). 
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Figure 7. Principal loadings of three principal components after varimax rotation. 
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Figure 8. Spatial distribution of concentration of Al, As, B, Cr, Cu, Fe, Mn, and Zn. 
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Figure 9. (a) Spatial distribution of Hazard index in children; (b) Spatial distribution of Hazard index in adults. 
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Table 1. Statistical summary of concentrations of trace metals in MMA groundwater and permissible limits according to referred standards and WHO guidelines.






Table 1. Statistical summary of concentrations of trace metals in MMA groundwater and permissible limits according to referred standards and WHO guidelines.





	

	
Concentration (µg/L)

	
Skewness

	
Kurtosis

	
Outliers

	
p

	
Drinking Water (µg/L)




	
Avg.

	
Std. Dev.

	
Median

	
Minimum

	
Maximum

	
(S-W Test)

	
WHO (2022)

	
Secretaria de Salud (2021)

	
U.S. EPA (2018)






	
Al

	
1.53

	
2.54

	
0.80

	
0.30

	
12.80

	
3.83

	
14.88

	
11.7, 12.8

	
4.27 × 10−11

	
200 *

	
200

	
200 ***




	
As

	
0.34

	
0.20

	
0.30

	
0.07

	
0.90

	
1.17

	
1.06

	
0.90

	
1.07 × 10−3

	
10

	
10 **

	
10 ****




	
B

	
70.31

	
78.93

	
42.50

	
7.00

	
389.0

	
2.15

	
5.71

	
224, 389, 245

	
8.76 × 10−7

	
2400

	
-

	
-




	
Cr

	
1.32

	
0.91

	
1.05

	
0.18

	
4.56

	
1.61

	
3.07

	
2.7, 2.7, 4.56, 2.72, 3.41

	
1.07 × 10−4

	
50

	
50

	
100 ***




	
Cu

	
0.81

	
0.84

	
0.57

	
0.01

	
4.17

	
2.20

	
6.04

	
4.17, 3.11

	
1.834 × 10−6

	
2000

	
2000

	
1000 ***




	
Fe

	
5.24

	
3.86

	
3.80

	
0.90

	
20.40

	
1.87

	
4.87

	
14.2, 20.4

	
2.976 × 10−5

	
-

	
300

	
300 ***




	
Mn

	
0.47

	
0.83

	
0.21

	
0.07

	
4.85

	
4.26

	
20.43

	
1.17, 1.35, 2.57, 4.85

	
5.43 × 10−11

	
80

	
150

	
50 ***




	
Zn

	
24.47

	
86.62

	
5.75

	
0.90

	
553.0

	
5.87

	
36.00

	
24.7, 553, 138, 70.7

	
3.59 × 10−13

	
-

	
-

	
5000 ***








Notes: p-values of Shapiro–Wilk test for normality of raw data. For values higher than 0.05, distribution is normal. * Recommended limit to ensure optimum coagulation process in drinking-water plants. ** Gradual compliance for arsenic according to the population size. Cities with >500,000 inhabitants (e.g., Monterrey) are after one year of the entry in force of the standard, those with 50,000–500,000 inhabitants are after three years, and those with <50,000 inhabitants are after six years [68]. *** Secondary drinking water regulations (SDWRs): Non-enforceable federal guidelines regarding cosmetic effects or aesthetic effects of drinking water. **** Maximum contaminant level (MCL): The highest level of a contaminant that is allowed in drinking water.













[image: Table] 





Table 2. Total variance explained for heavy metal contents.






Table 2. Total variance explained for heavy metal contents.





	
Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings

	
Rotation Sums of Squared Loadings




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %






	
1

	
1.992

	
24.900

	
24.900

	
1.992

	
24.900

	
24.900

	
1.937

	
24.218

	
24.218




	
2

	
1.663

	
20.792

	
45.693

	
1.663

	
20.792

	
45.693

	
1.686

	
21.071

	
45.289




	
3

	
1.150

	
14.377

	
60.070

	
1.150

	
14.377

	
60.070

	
1.183

	
14.782

	
60.070




	
4

	
0.956

	
11.949

	
72.019

	

	

	

	

	

	




	
5

	
0.912

	
11.404

	
83.423

	

	

	

	

	

	




	
6

	
0.684

	
8.550

	
91.973

	

	

	

	

	

	




	
7

	
0.475

	
5.937

	
97.910

	

	

	

	

	

	




	
8

	
0.167

	
2.090

	
100.000
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