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Abstract

:

Karst springs are an essential source of private water supply for about 10% of households in Tennessee. However, the water quality of these springs is unmonitored and unregulated even though many springs are highly productive yet vulnerable to contamination. This study assesses spatial patterns in the water quality of roadside springs in northeast Tennessee. Karst spring water samples collected from 50 springs were assessed using EPA Standard methods for pathogens, nutrients, radon, and physicochemical parameters. From statistical and spatial analyses, all but five samples contained E. coli, while all samples contained fecal coliform. High E. coli was spatially clustered (Local Moran’s I = 0.177, pseudo p-value = 0.012) in regions of high agricultural land use, resulting in a fecal contamination hot spot on the border of Washington and Sullivan Counties, Tennessee. Radon concentrations exceeded the 300 pCi/L proposed MCL in 29 (58%) of springs, with one spring in Unicoi County exceeding 1000 pCi/L. A radon hot spot was identified in northern Washington County (Local Moran’s I = 0.160, pseudo p-value = 0.014). Cokriging of E. coli with land use and radon with distance to mapped fault did not improve interpolation models for either parameter. Other parameters, including nitrate, pH, and total dissolved solids, were within recommended ranges for drinking water. This snapshot of spring water quality status identifies areas of poor spring water quality of which spring water users in the region should be aware, and establishes the need for longitudinal sampling of spring water quality in contamination hot spots.
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1. Introduction


Safe drinking water is a strategic priority for humanity [1]. As a natural drainage of groundwater aquifers, springs are a source of fresh water at household, city/county, and even regional scales, depending on the quality and quantity of discharge [2,3,4]. An estimated 15 million (13%) American households rely on private drinking-water systems [5,6]. Springs are an essential source of water supply in Tennessee for rural and municipal drinking water [7,8]. In Tennessee, 10% of households [9], including 95% of rural residents [10], rely on private water supplies (defined as springs, wells, lakes, and rainwater [9]).



Some of the largest springs and most prolific groundwater supplies around the world are karstic [11], formed primarily by the dissolution and surface drainage of carbonate terranes [12]. Karst makes up about 50,000,000 km2 (20–25%) of the earth’s land surface [13,14,15], and approximately 20% of land surface in the United States [12,16]. In East Tennessee, karst springs are formed due to fractured and faulted zones and solution openings in the carbonate rocks of the Chickamauga, Knox, and Conasauga Groups [3].



While springs are often regarded as high-quality water sources [17], they are also highly susceptible to pathogenic bacteria and contamination from inorganic compounds [8,18,19,20,21] due to the absence of a natural filtration system and rapidly flowing water in karst systems [22]. Pathways into the subsurface exist through karst bedrock features such as sinkholes, conduits, sinking streams, and caves [23,24] which may rapidly focus both point and non-point-source pollution with little physical and biogeochemical attenuation (through degradation, sorption, or ion exchange). Furthermore, radiogenic contamination may also be associated with springs in karst landscapes [25], and when subsurface streams reemerge as springs, they carry these pollutants, creating high potential for adverse public and environmental health effects when the springs are used for water supply [12,23,24,26].



Increased bacterial loads (i.e., E. coli) have been attributed to the flushing of (allochthonous) bacteria into groundwater by stormwater runoff [27,28]. Bacterial contamination is of concern in karst regions where sewers, septic tanks, and livestock farms may be sited up-gradient of a spring [8,29,30,31,32]. Widespread enteric viruses and fecal contamination have been reported in many springs of Appalachia [26] and East Tennessee [28,33].



Inorganic compounds commonly found in spring water include nitrates, phosphates, and chloride [34]. Nitrate, with generally low background concentration in groundwater [35], can become elevated through anthropogenic enrichment related to agricultural activities or domestic effluent discharge [36,37,38].



Elevated radon concentration in groundwater has been associated with karst landscapes [39], faults [25,40,41], and well depth [40]. This is not unique to karst landscapes alone, as elevated radon has been reported in groundwater wells of the Piedmont region of North Carolina (USA), which is underlain by fractured crystalline rocks [42], and in East Tennessee, with terrigenous clastic aquifers of the Ocoee Supergroup (pCo), Snowbird (pCs), and Great Smoky Groups (pCg), as well as the argillaceous and conglomerate aquifers of the Walden Creek Group (pCw) [25,29,43]. Geogenic radioactive substances such as radon from the radioactive decay of radium (Ra-226) present in rock and soils [44] or uranium-238, thorium-232, and uranium-235 contained in rocks [45] may be present in groundwater [34,46] and be transferred to indoor air through domestic water use, posing a public health threat. This threat can be magnified in Tennessee where 1 in 5 homes experiences elevated radon in indoor air with a higher prevalence in East Tennessee [47]. Radon is considered to be the second leading cause of lung cancer in the USA [47]; the exposure risk through ingestion and transfer from water to indoor air is increased due to degasification of elevated waterborne radon concentration [48]. Radon concentration in indoor air is increased by 1-2 pCi/L for every 10,000 pCi/L of radon in household water supplies. Even such a small increase is important as the action level for indoor air is 4 pCi/L of radon [49] and elevated household radon in indoor air occurs in East Tennessee [47]. A map of average household radon concentration in air (https://arcg.is/1STe9L1, accessed on 18 August 2021) shows average concentration in excess of the 4 pCi/L action level in all study counties except Greene County (average concentration 2-4 pCi/L). The nexus between indoor air radon and radon in spring water becomes important when springs are developed and piped for indoor use.



Groundwater and surface water interactions in karst landscapes of East Tennessee have been assessed primarily to evaluate groundwater flow paths and velocities via dye tracing [50,51,52], or to measure spring water discharge [3,7,53]. Limited water quality parameters have been assessed [3,25,26,33,54] and two regional studies on surface and cave/spring water quality found conflicting results; cave/spring water had significantly lower bacteria concentrations than surface water in one study [50], but similar concentrations in the other [28]. Thus, little is known about karst spring water impact on surface water quality in East Tennessee. This is of high importance because statewide, 13,485 km (50%) of assessed recreational waters and 26 km (1%) of domestic-water-supply streams are reported as impaired for bacteria [55]. Because karst springs may be a source of bacteriological impairment for these streams, a first step is to complete a regional assessment of spring water quality.



The aims of this study are, therefore, to (1) assess water quality constituents of karst spring water to acquire a baseline dataset and provide a snapshot of water quality in springs that can serve as a drinking water source; and (2) assess spatial patterns in water quality parameters to identify contamination hot spots. Because private-water-supply sampling is not mandated in Tennessee, the results of this research may help to identify impaired springs, providing baseline data for a more focused follow-up study to include intensive sampling in problem areas.




2. Materials and Methods


The study area consists of a six-county region in northeast Tennessee, USA (Figure 1) which experiences a humid subtropical (Cfa) climate with mean winter low temperatures of 1.7 °C (35 °F) and summer high temperatures of 29.4 °C (85 °F) [56]. Precipitation occurs year round, with higher accumulation in the summer months and an annual accumulation between 1016 and 1270 mm [56,57]. The study area lies within the Valley and Ridge physiographic province which is characterized by parallel northeast–southwest-oriented ridges and valleys underlain by folded and faulted sedimentary strata. The ridges are cherty limestone and dolomite of the Knox Group, and valleys are underlain by soluble limestone of the Ordovician-aged Chickamauga limestone and calcareous shale of the Cambrian-aged Conasauga Group [7,58].



Sampling locations were predominantly underlain by carbonate rocks in areas of agricultural land use (Figure 1). They were identified through databases of known springs from Tennessee Hometown Locator (https://tennessee.hometownlocator.com/ accessed on 24 March 2021) using data from the Geographic Names Information System maintained by the US Geological Survey and a private database provided by the Tennessee Department of Environment and Conservation. Springs’ GPS coordinates were mapped and assessed in Google Earth and Google Street View for evidence of spring and potential of free access for sampling. Local knowledge of spring location was also utilized for access to private springs with landowner permission.



2.1. Field Data Collection


Field sampling of fifty springs took place during six sampling days between 10 May and 15 June 2021, coinciding with some precipitation events in the region prior to sampling days 1 and 5 (3 mm and 5.1 mm of precipitation, respectively). Overall, during the study period, the region received normal monthly precipitation, with some parts accumulating less than 75% of the normal total monthly precipitation, and others receiving in excess of 125% [59,60]. We identified five USGS stream gauges in the study area and noted that discharge patterns were similar for all five, with peak flows, associated with rainfall around sampling day 5, occurring between sampling days 5 and 6. Stream discharge was increasing at sampling day 5 and in recession at sampling day 6. Discharge was not measured at the individual springs due to the extremely low flow of some springs and lack of accessibility at others.



All spring water samples were collected for analysis following the USEPA single sample method (USEPA, 2010). We elected to collect a single sample at each site due to the regional scale of the study area and the lack of water quality data available for all but one sampled spring (the public water supply spring for the city of Elizabethton, TN). Discrete sampling is recommended for large study areas where a regional assessment of water quality is required [26,61]. Therefore, this methodology was selected to provide background data on spring water quality in the study area.



Physicochemical properties of water were measured in situ during sample collection using a YSI ProDSS-2 626870-2 multiparameter water quality meter (with GPS) calibrated for each of the parameters (Table 1). Water samples for fecal coliform and E. coli were collected in 125 mL single-use sterile plastic bottles. Samples for nitrate/nitrite and radon analyses were collected in 200 mL plastic bottles and 40 mL amber glass radon vials, respectively. All samples were stored in a cooler with ice until analyzed. At all sites, samples were collected where water emerged from the ground. For some sites, water was collected using a plastic dipper and transferred to sample bottles. The dipper and all equipment were sanitized with a 1% solution of Liquinox prior to sampling.




2.2. Laboratory Analysis


Water samples were subjected to chemical (nitrate and nitrite), microbial (fecal coliform and E. coli), and radon constituents’ analyses. Water samples for chemical and radioactive constituents were transported overnight on ice to an external lab for processing. Samples were processed for radon (Rn-222) using Method 7500-RN(B) [62], and for nitrate/nitrite using Method 300_M [63]. Microbial constituents were analyzed with EPA Standard Methods 9223 B (Enzyme Substrate) using the Colilert Quanti-Tray 2000 method in the East Tennessee State University Department of Geosciences Hydrology Laboratory.




2.3. Statistical and Geostatistical Analysis


Descriptive statistics were calculated in SPSS 25.0 [64]. Antecedent precipitation (24-h total) for each sampling day were downloaded from the National Climatic Data Center for Tri-Cities Airport, TN. Correlation analysis was conducted in SPSS 25.0 to assess the relationship between antecedent precipitation and water quality parameters. Next, using K-means clustering, we grouped the sample sites into six clusters based on similarity of water quality parameters and compared cluster membership with sampling day, reasoning that if antecedent precipitation impacted water quality, then sampling sites in the same water quality cluster would have been collected on the same sampling day.



To identify the most important parameters in distinguishing springs from each other based on water quality, a principal components analysis was completed. We repeated the K-means clustering exercise using the four components to further compare this grouping with sampling day.



Spatial autocorrelation of all parameters was assessed using the Local Moran’s I in GeoDa [65]. Distance from each sampling site to the nearest fault was measured in ArcGIS Pro using the near tool, and Spearman correlation was calculated to determine the strength and nature of the relationship between fault proximity and radon concentration. Kriging and cokriging interpolation were completed in ArcGIS Pro 2.8.3 [66] for E. coli and radon, the only parameters with statistically significant spatial autocorrelation and health-based regulatory criteria violation. Ordinary kriging interpolation analysis was performed on log-transformed E. coli and square root-transformed radon. Cokriging interpolation of E. coli with agricultural land use and radon with distance to fault, as inferred from previous research [25,67,68], was conducted to improve the precision of the interpolation of these parameters and reduce the uncertainty in the predicted error surfaces. Prediction error statistics and cross-validation plots (distribution and scatter plots of predicted and measured data) from both models were compared to identify the best model. For an unbiased prediction, mean prediction error and mean standardized should be near zero. For valid predicted standard errors, root mean square standardized errors should be close to 1 [69].



To prepare the agricultural land use dataset for cokriging with E. coli, we identified “pasture/hay” and “cultivated crops” land uses in the 2019 National Land Cover Dataset (Figure 1) [70]. Based on the 30 m resolution of the land cover data, a square tessellation (area = 0.23 km2) of the study area was generated, and zonal statistics were used to calculate the area measurement of each land use. Percent agricultural land (pasture/hay and cultivated crop land uses) was calculated from the zonal statistics table output and joined to the tessellation layer. This layer of percent agricultural land use was used as the second variable in the optimized cokriging interpolation of E. coli.



The distance to fault layer was generated for a similar tessellation using the near tool to calculate distance from each cell to the nearest fault. This fault proximity layer was used as a covariate in the radon cokriging interpolation.





3. Results


3.1. Descriptive Statistics


Descriptive statistics for all physicochemical parameters, nitrate and nitrite, fecal coliform, E. coli, and radon are displayed in Table 2 with water quality standards for each parameter.



Water samples generally met water quality criteria for physicochemical parameters when the univariate statistics shown in Figure 2 were compared with regulatory criteria in Table 2. DO ranged from 0.42 to 8.93 mg/L, with a median of 6.44 mg/L; 84% of sampled springs met DO standards of >5 mg/L. Turbidity ranged from 0.30 to 35 NTU; an outlier of 787 NTU resulted from disturbance during sampling related to exceptionally low flows and was discarded. Aside from this, turbidity in 86% of samples met the standard of 5 NTU. ORP ranged from −50.80 mV to 652.70 mV, with a median of 106.65 mV. All but one of the springs had an ORP below 250 mV, the minimum to meet drinking-water standards (Lin et al., 2017). All other physicochemical parameters met the standards. Similarly, nitrate and nitrite concentrations for all samples were within the recommended USEPA limits of 10 mg/L and 1 mg/L, respectively.



All water samples contained fecal coliform bacteria with a median value of 209.8 CFU/100 mL. Similarly, all but five samples (90%) of spring water contained E. coli, with maximum concentration of 629 CFU/100 mL and a median of 5.75 CFU/100 mL. High concentrations of E. coli exceeding the 487 CFU/100 mL single sample limit for recreational water [71] were detected in springs on the border between Washington and Sullivan counties (Figure 3). Radon concentrations ranged from 0 pCi/L to 1100 pCi/L, with a median value of 356.5 pCi/L. Concentrations exceeded the USEPA’s proposed maximum contaminant level (MCL) of 300 pCi/L (for states without enhanced indoor air programs) in 60% of the springs. The bulk of these high radon values occurred in northern Washington County, with a few others in Hamblen, Greene, and Unicoi counties (Figure 3). Maps showing the spatial distribution of other water quality parameters are included as (supplementary figures Figures S1–S11).



We found a significant but weak correlation between antecedent precipitation (1-day, 2-day, and 3-day antecedent precipitation) and two water quality parameters: E. coli (r = 0.323, p = 0.015) and pH (r = −0.364, p = 0.005). This was assessed to evaluate potential bias associated with distributing the sampling over 6 days in a 6-week period, recognizing the potential influence of antecedent precipitation, which occurred prior to some sampling days. USGS stream discharge at five nearby stream gauges showed a common pattern of increased discharge beginning around sampling day 5, suggesting that the precipitation recorded at the Tri-Cities airport was not a localized event, but rather regional in nature. Peak discharge occurred between sampling days 5 and 6, and no sampling was completed at peak discharge.



K-means clustering of sampling sites using all water quality results did not produce an observable spatial pattern, and cluster membership did not align with sampling day. Sites sampled on Day 1 (preceded by 3.0 mm of precipitation) were associated with K-means clusters 1 and 3 and sites sampled on Day 5 (preceded by 5.1 mm of precipitation) were associated with K-means clusters 1, 3, 4, and 6. All other sampling days did not experience more than a trace of antecedent precipitation, and these were also distributed among different clusters.



Principal components analysis identified four components that loaded high on the following parameters after Varimax rotation: (1) conductivity/TDS (30.8 % of variance); (2) DO, pH, and ORP (15.6 % of variance); (3) fecal bacteria (14.3% of variance); and (4) nitrates/nitrites, radon, and turbidity (12.2% of variance) (supplementary files Figure S12). In total, these four components had a cumulative variance explained of 73%. Therefore, the most important variables in distinguishing springs from one another are the family of parameters associated with dissolved solids (conductivity, specific conductance, and TDS) followed by physicochemical parameters (DO, pH, and ORP). The first component may reflect the residence time of the spring water (short residence time associated with low dissolved solids, and older groundwater with longer residence times associated with higher dissolved solids).



K-means clustering of sampling sites using the four components found that these clusters also did not align with sampling day. In fact, locations sampled during Days 5 and 6 (associated with increasing and decreasing regional stream flow and potentially influenced by rainfall) were assigned to five and three different clusters, respectively. Therefore, because of the lack of association between sampling day (representing antecedent precipitation) and cluster membership, we conclude that spatial patterns in water quality are not explained solely by antecedent precipitation.




3.2. Spatial Autocorrelation


Spatial autocorrelation analysis of E. coli and radon (Figure 4) revealed that both parameters exhibited spatial clustering. A hotspot for E. coli was confirmed on the border of Washington and Sullivan counties (Local Moran’s I = 0.177, pseudo p-value = 0.012). A smaller hotspot for radon was confirmed in northern Washington County near the border with Sullivan County (Local Moran’s I = 0.160, pseudo p-value = 0.014).




3.3. Kriging and Cokriging of E. coli


Confirming local spatial autocorrelation findings, an optimized kriging model of log-transformed E. coli data shows a region of higher concentration near the Washington–Sullivan County border (Figure 4). This region also shows high uncertainty in E. coli prediction likely due to large scale variability in E. coli concentrations (Figure 5, inset map)



As established in previous research [67,72], exploratory spatial mapping and field observation suggested a potential relationship between E. coli concentration and agricultural land use. The comparison of kriging and cokriging diagnostics (Table 3 and [supplementary files Figure S13]) shows that the kriging model was superior as indicated by the higher root-mean-square-standardized error (RMSSE closer to 1). Root-mean-square-standardized errors were less than 1 in both models, indicating an overestimation in the variability of the predictions. However, an assessment of the distribution graphs indicated that the peaks of the measured and predicted values aligned best in the E. coli kriging model. Although the scatter plot of predicted graphs revealed that high E. coli values were underestimated and low values were overestimated in both models, the kriging model produced better estimation at low values. In all, the kriging model better captured the distribution of E. coli than the cokriging model.




3.4. Kriging and Cokriging of Radon


Radon concentrations were not normally distributed, and, therefore, kriging interpolation was completed on the square root of radon concentration. The interpolation for radon identified the hot spot in northern Washington County, with low uncertainty throughout the study area except near boundaries, especially in the northwestern corner where no samples were collected (Figure 6).



The Spearman correlation of radon concentration with distance to faults was significant at r = −0.253 (p = 0.076), using α = 0.1. Although weak, this negative correlation indicates that radon concentration tends to increase with proximity (shorter distance) to faults (Figure 7). An ordinary least squares regression model of radon using distance to faults was significant, but explained only 7% of the variability in the radon data and further, a one-kilometer increase in distance from a fault resulted in a mere 17 piC/L reduction in radon concentration, with an intercept of 471 pCi/L. Last, cokriging of radon with distance to faults produced no improvement in the kriging surface, based on comparison of diagnostic metrics (mean error standardized, root mean squared error standardized) and was discarded in favor of the kriging interpolation model shown in Figure 6. Examination of known radon-bearing units of the Ocoee Supergroup (pCo), including the Walden Creek Group (pCw) and Great Smoky Group (pCg) (Figure 7), revealed that none were colocated with the study area and further assessment of these geologic units was discontinued.





4. Discussion


We elected to use a discrete sampling approach with a single sample at each site. This approach has the benefit of permitting a more regional assessment of water quality, yet has limitations because water quality parameters represent only a single point in time and it is unknown whether conditions are representative of the normal water quality of a given spring. Furthermore, spring discharge could not be measured during sampling and there was no baseline discharge information. As a result, it was impossible to determine the hydrologic condition at the spring site in terms of “baseflow without recharge”, “baseflow with recharge” or “storm flow”. These conditions reflect different water quality regimes: “baseflow without recharge” may be reflective of long-term changes in water quality of an aquifer while “baseflow with recharge” and “storm flow” conditions are indicative of current water quality under the influence of a source of recharge [72]. The significant relationship between precipitation and E. coli shows that E. coli concentration tends to correlate with precipitation depth on sampling days when there is precipitation. This is consistent with previous research which established a positive correlation between E. coli and 1-day and 3-day antecedent precipitation [73], and E. coli concentration and peak precipitation [28]. Even though K-means clustering showed that sampling day and overall water quality were not related, the E. coli–precipitation correlation suggests that the observed E. coli hotspot may be a spatiotemporal hotspot event. We, therefore, recommend additional sampling across different times and seasons to confidently ascertain the extent of fecal contamination occurrence in the hotspot region.



4.1. Physicochemical Parameters


All spring water samples met water quality standards for all the physicochemical parameters except turbidity, DO, and ORP. Turbidity is a measure of the relative clarity or optical property of water influenced by the presence of color-producing substances, suspended minerals, and organic particles [74,75,76]. Excessive turbidity in spring water could result from urban runoff, livestock, agricultural runoff, septic systems, and other sources of leaks or spills [18,77,78,79]. Beyond suspended sediment impacts on water clarity, the particles may also aid microbial growth by sheltering pathogens from disinfection, thereby causing a health risk [80,81].



DO is influenced by temperature, salinity, and elevation [74,82,83,84]. Low DO may suggest contaminated water supply [74,75] and indicates chemically reducing conditions or oxygen-depleting chemical/biochemical reactions. These conditions may result from naturally occurring organic carbon in aquifer materials or from agricultural, industrial, or domestic wastes [85]. Furthermore, ORP is a measure of the activity of an aqueous system allowing the exchange of ions/electrons of certain elements in biological systems [86]. Low ORP, due to low DO and other oxidants, may be associated with increasing concentration of contaminants and metals in water [87] but, conversely, high ORP may also increase dissolution of some toxic substances in water, e.g., uranium, selenium, and nitrate [85,88]. Positive ORP values indicate oxidizing conditions, and negative ORP values reflect reducing and anaerobic conditions [89].




4.2. Microbial Constituents


The existence of pathogenic microbes including enterotoxin-producing bacteria in the subsurface aquatic environment is a public health concern for the safe use of drinking water [33]. This risk can be identified by the presence of fecal coliform and E. coli which are common indicators of fecal pollution in freshwater [23,90]. E. coli, commonly found in the feces of warm-blooded animals and humans, is a more effective indicator of fecal contamination [91]. Even though contaminated drinking water sourced from karst systems has long been associated with disease outbreaks [92,93,94], other studies [95,96,97], however, suggest that the correlation between fecal-contamination indicators and health risks to humans is weak. This is probably because most strains of E. coli are harmless except E. coli 0157:H7, which is pathogenic [98].



The detection of fecal coliform and E. coli in 100% and 90% of the samples, respectively, suggests fecal contamination and the likely presence of disease-causing microorganisms. High E. coli and fecal-coliform levels were observed in regions of agricultural land use. This is consistent with prior research in the region where 89% of samples showed the presence of indicator bacteria [33] and an earlier study where 100% of springs sampled in the upper Tennessee River watershed were positive for these indicator bacteria [99]. Nearly 14,000 km (49%) of surface water streams in Tennessee [55] are impaired for E. coli, and watershed restoration efforts must consider both surface and subsurface (i.e., karst springs) sources of impairment. This research may be used to provide the necessary baseline data to identify springs as potential contributors to surface water E. coli impairment.



The spatial autocorrelation analysis (Figure 4) identified a fecal-contamination hot spot on the border of Washington and Sullivan Counties, Tennessee, corresponding to areas dominated by livestock farming. However, kriging interpolation prediction and error surfaces (Figure 5) revealed the highest uncertainty in areas of highest predicted concentration. This was likely due to the significant difference between E. coli concentrations within the hotspot region and adjoining location outside of the hotspot region representing a significant variability at short distances. The comparison of cross-validation diagnostics provides no conclusive evidence on which model gives a more reliable prediction. Similarities in the prediction and measured distributions suggests that the ordinary kriging model fits the E. coli data distribution well, but the RMS-standardized errors’ values for the E. coli kriging model (0.1935) and cokriging model (E. coli and percent agricultural land use) (0.1609) were both below 1. The lack of improvement with the addition of land use land cover data as a covariate might be due to the complex nature of the karst subsurface. Therefore, further sampling of additional springs in areas of concern is recommended in addition to inclusion of other related covariates including distance from septic tank systems [100,101], and beef cow population density [102].




4.3. Radioactive Constituent


Radon concentration exceeded 300 pCi/L (maximum contaminant level (MCL) proposed by the USEPA for states without an enhanced indoor air program) in 60% of the springs. A recent study of radon in Tennessee well water [25] reported high radon concentrations in wells underlain by older Precambrian rocks on the Tennessee–North Carolina border. Aside from the effect of bedrock geology, karst, well depth, and faulting also influence the concentration of radon in groundwater [25,34,39,40,41]. Moreover, radon concentration in springs may be influenced by the flow rate, such that low discharge volume springs (with less flushing potential) tend to have elevated levels of radon [47].



A radon hot spot identified in northern Washington County (Figure 6) may be due to the lithological contributions (carbonate units of the Knox Group, Maynardville limestone and the Chickamauga limestone), from spring water–rock interaction, and fault density as revealed in Figure 7. Radon concentration in spring water due to interaction with carbonate aquifer materials can be amplified by temperature/pressure-driven movement of radon-rich air from carbonate rock solution cavities [103]. In addition, soil-gas radon concentration diffusion into spring water can also be influenced by enhanced soil permeability occurring at depth caused by fissure- and solution-cavity-induced pathways in karst landscapes [103]. Further research to measure spring discharge and how this may influence radon concentration is recommended. Similarly, soil data may also be used as a covariable with radon concentration for cokriging interpolation since soils derived from carbonate rocks are known to contain elevated uranium and radium contents which are precursor elements of radon gas [103]. To build on this research, we recommend sampling of private water supply wells in areas where springs exhibit high radon concentration.



The co-occurrence of radon and E. coli spatial clusters (hot spots and cold spots) in the study area was also noted in other research of E. coli occurrence and transport by radon-222 in Tolo Harbor, Hong Kong [104], and was explained as likely due to the similarity between radon half-life and E.coli decay rate.





5. Conclusions


This study evaluated the status of karst spring water quality to develop a baseline dataset of spring water quality in northeast Tennessee and to identify areas of concern (hot spots). This research, relative to previous studies, provides a more holistic water quality (physicochemical, microbial, nutrient, and radiological) assessment of karst springs in northeast Tennessee, evaluating field and laboratory analytical results of water quality parameters based on USEPA primary and secondary water quality standards. This formed the basis of further geospatial analysis to identify localities where spring water use as a potential source of drinking water may predispose population or individuals to health hazards.



Results from this study showed that karst aquifers in northeast Tennessee were vulnerable to both fecal and (geogenic) radon contamination. All 50 sampled springs in the study area contained fecal coliform and 90% contained E. coli. This is more prominent along the border of Washington and Sullivan Counties, Tennessee, representing the zone of poorest water quality in terms of microbial constituents. Therefore, when and/or where spring water is used for domestic and drinking purposes, water must be properly treated for microbial purification before consumption.



Similarly, 60% of sampled springs contained radon-222 gas at concentrations above the maximum contamination levels (for states not having enhanced indoor air programs). In Tennessee, one in five homes tests high for elevated radon in indoor air which is exacerbated by high radon in water supplies. Elevated levels of radon have been detected in all 95 counties, and more concentrated levels occur in East Tennessee [45]. Therefore, users in areas of higher radon concentration in both water and air, such as in East Tennessee, should conduct regular monitoring of radon in their water to ensure that the concentration is below that which contributes to elevated indoor air radon. A reduction in indoor air radon will likely reduce lung cancer risk exposure.



As the majority of sampled springs were private springs, these findings may be used to inform landowners using or considering spring water as a domestic water supply source. Where potential risks to public health exist, necessary aquifer protection or water treatment advisory measures can be issued by the authorities to potential (private) water users. Furthermore, these results may be useful in identifying fecal contamination sources in spring-fed surface water bodies impaired for E. coli.
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Figure 1. Simplified geologic map of East Tennessee displays carbonate zones, faults and sampling points (upper), and land use (2019 National Land Cover Dataset) (lower). 
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Figure 2. Box plots of water quality parameter measurements. Circles indicate outliers falling outside the second and third quartiles. 






Figure 2. Box plots of water quality parameter measurements. Circles indicate outliers falling outside the second and third quartiles.



[image: Geosciences 12 00303 g002]







[image: Geosciences 12 00303 g003 550] 





Figure 3. Spatial distribution of E. coli (upper) and radon (lower). 
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Figure 4. Local indicators of spatial autocorrelation (LISA) map of E. coli and radon show hot spots around northern Washington County and cold spots to the south. 
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Figure 5. Kriging interpolation of E. coli shows a hot spot in northern Washington County. Inset map shows standard error. 
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Figure 6. Kriging interpolation of the square root of radon concentration, inset map shows standard error. 
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Figure 7. Radon concentration and relevant geology. 
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Table 1. Water quality parameters and methods of measurement.






Table 1. Water quality parameters and methods of measurement.





	Water Quality Parameters
	Laboratory/Instrument Method





	Temperature (°C)

Dissolved oxygen (mg/L)

pH

Turbidity (NTU)

Conductivity (µs/cm)

Specific conductance (µs/cm)

Total dissolved solids [TDS] (mg/L)

Oxidation reduction potential [ORP] (mV)
	YSI ProDSS-2 626870-2 multiparameter water quality meter (with GPS)



	Nitrite (mg/L)

Nitrate (mg/L)
	Method 300_M



	Fecal coliform (CFU/100 mL)

E. coli (CFU/100 mL)
	Standard Methods 9223 B

(Enzyme Substrate)



	Radon (pCi/L)
	Method 7500-RN(B)
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Table 2. Descriptive Statistics of Water Quality Constituents Standards (Environmental Protection Agency (EPA); Tennessee Department of Environment and Conservation [TDEC]).
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	Parameter
	Min
	Max
	Median
	25th

Percentile
	75th

Percentile
	EPA and TDEC * Standards





	Temp (°C)
	11.5
	20.0
	14.25
	13.50
	14.83
	<30.5 *



	DO (mg/L)
	0.42
	8.93
	6.44
	5.51
	7.51
	>5



	pH
	6.66
	8.50
	7.38
	7.29
	7.60
	6.6–8.5



	Turbidity (NTU)
	0.30
	35.0
	1.44
	0.74
	3.018
	1–5



	Conductivity (µs/cm)
	57.7
	483.0
	345.15
	189.05
	377.98
	<800



	Specific cond. (µs/cm)
	77.7
	608.0
	429.55
	242.23
	473.60
	



	TDS (mg/L)
	51
	396
	279
	157.50
	308.00
	<500



	ORP (mV)
	−50.8
	652.7
	106.65
	77.03
	129.78
	<250



	Nitrite (mg/L)
	0.009
	0.116
	0.018
	0.0091
	0.018
	<1



	Nitrate (mg/L)
	0.011
	3.77
	1.17
	0.49
	2.04
	<10



	Fecal coliform (CFU/100 mL)
	1.0
	1011.2
	209.8
	114.05
	784.30
	



	E. coli (CFU/100 mL)
	<1
	629.4
	5.75
	1.00
	26.08
	<1



	Radon (pCi/L)
	0.0
	1100.0
	356.5
	193.00
	577.50
	<300
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Table 3. Cross-validation comparison for E. coli kriging and cokriging interpolations.
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	Kriging
	Cokriging





	Root mean square standardized
	0.194
	0.161



	Mean standardized
	0.023
	0.0018



	Average standard error
	787.1
	773.7
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