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Abstract

:

The Mississippi Delta region has worse population health outcomes, including higher overall cardiovascular and infant mortality rates. Water quality has yet to be considered as a factor in these health disparities. The objective of this paper is to determine overall differences in basic water quality indicators, electrolytes of cardiovascular importance, trace elements, heavy metals, and radioactive ions of groundwater in delta and non-delta counties in states along the Mississippi River. Data were sourced from the major-ions dataset of the U.S. Geological Survey. We used the Wilcoxon rank sum test to determine the difference in water quality parameters. Overall, delta counties had lower total dissolved solids (TDS) (47 and 384 mg/L, p-value < 0.001), calcium (7 and 58 mg/L; p-value < 0.001), magnesium (2 and 22 mg/L; p-value < 0.001), and potassium (1.57 and 1.80 mg/L; p-value < 0.001) and higher sodium (38 mg/L and 22 mg/L; p-value < 0.001) compared to non-delta counties. Overall, there were no statistical differences in trace elements, heavy metals, and radioactive ions across delta versus non-delta counties. These results underscore the need for further epidemiological studies to understand if worse health outcomes in delta counties could be partially explained by these parameters.
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1. Introduction


The Mississippi Delta region is defined by the Delta Regional Authority (DRA) as 252 counties or parishes in Alabama, Arkansas, Illinois, Kentucky, Louisiana, Missouri, Mississippi, and Tennessee [1]. While most of the states (except for Alabama) are selected based on distance-proximity from the Mississippi River, Alabama Delta counties were selected based on topography [1]. This region has historically had worse population health outcomes compared to the rest of the United States [2]. For delta and non-delta counties, respectively, in Mississippi Delta states, the mean age-adjusted all-cause mortality rate was 1047.19 and 969.4 per 100,000 population, the age-adjusted heart disease mortality rate was 352.05 and 320.3 per 100,000 population, the infant mortality rate was 9.56 and 7.74 per 1000 live births, life expectancy of females was 77.18 and 78.42 years, and the life expectancy for males was 69.89 and 70.40 years in 2005 [3].



Contributing factors to these health disparities have been explored in other studies [4], yet differences in water quality in this region have not been widely considered. Good quality drinking water is essential for optimal population health outcomes as water intake can be an appreciable source of essential nutrients like electrolytes and trace elements [5,6]. Proficient intake of electrolytes, such as sodium, calcium, magnesium, and potassium are essential for blood pressure regulation and cardiovascular and metabolic function [7,8,9]. Trace elements are also important for population health outcomes [10,11]. Drinking water can also be a source of detrimental heavy metals (e.g., mercury, arsenic, cadmium, and chromium) and radioactive elements (e.g., radon) that are risk factors for chronic diseases such as cancers and cardiometabolic diseases [12].



Many people in the United States acquire their drinking water from wells where water quality is not monitored by the United States Environmental Protection Agency (USEPA). The EPA recommends testing well water for contaminants, but well users are not told to test their water for electrolyte (e.g., calcium) and trace element (e.g., copper) concentrations [13]. Many public utility companies also use groundwater sources for piped water supply. Differences in water quality could be a contributor to health disparities in the delta. Our study aims to determine differences in water quality parameters (organic nitrogen, pH, total dissolved solids (TDS), specific conductance), major electrolyte concentrations (sodium, calcium, magnesium, potassium, chlorine, alkalinity as CaCO3), trace element concentrations (cobalt, copper, iron, manganese, molybdenum, selenium, zinc), and heavy metal and radioactive ion concentrations (arsenic, cadmium, chromium, lead, uranium, strontium, radon-226, radon-228) among groundwater samples used as drinking water sources in delta and non-delta counties. Our specific aim is to determine significant differences in medians among delta and non-delta counties overall and in each state.




2. Methods


Data were sourced from the major-ions dataset created by the U.S. Geological Survey [14]. It includes chemical data and physical properties from 123,699 wells across different years from the Continental United States, Alaska, Hawaii, Puerto Rico, the U.S. Virgin Islands, Guam, and American Samoa compiled in 2016 from 16 sources that individually tested the water samples. We restricted our analyses to the 4653 wells used as public supply or domestic wells located in the eight states serviced by the Delta Regional Authority (DRA), Alabama, Arkansas, Illinois, Kentucky, Louisiana, Mississippi, Missouri, and Tennessee. Counties were categorized as delta if they were one of the counties serviced by the Delta Regional Authority, otherwise, they were categorized as non-delta. Our analysis included 178 delta counties and 246 non-delta counties.



We created summary tables (Tables S1–S4) and reported the mean, standard deviation, median, interquartile range, and range of basic water quality parameters, major electrolyte concentrations, trace element concentrations, heavy metal concentrations, and radioactive ion concentrations for delta and non-delta counties for all water samples.



We then created boxplots for groundwater chemical concentrations for basic water quality parameters, major electrolyte concentrations, trace element concentrations, heavy metal concentrations, and radioactive ion concentrations and plotted chemicals’ median, inter-quartile range, and outlier values of the groundwater chemicals. Data were grouped by state and separated into delta and non-delta counties for each plot. Differences in median concentrations of water chemicals across delta versus non-delta counties for each state were determined using Wilcoxin rank sum test [15]. We used the ggplot2 package in RStudio version 2024.04.1+748.




3. Results


A total of 4653 wells were included in our analysis from 424 different counties with 178 delta counties and 246 non-delta counties. In total, 1452 wells were in delta counties and 3201 were in non-delta counties. These wells were either used for public water supply or domestic purposes. Well counts in each state were 134 in Alabama, 549 in Arkansas, 1601 in Illinois, 143 in Kentucky, 811 in Louisiana, 641 in Mississippi, 330 in Missouri, and 44 in Tennessee.



Considering all states together, delta counties and non-delta counties had the following median values of water quality parameters, respectively: 0.10 mg/L and 0.16 mg/L for organic nitrogen (p-value < 0.001), 7.40 and 7.20 for pH (p-value < 0.001) and 247 mg/L and 383 mg/L for TDS (p-value < 0.001), and 366 μS/cm and 570 μS/cm for specific conductance (p-value < 0.001) (Table S1). When comparing delta versus non-delta counties across each state, delta counties had higher organic nitrogen in Missouri (0.18 vs. 0.17 mg/L, p-value = 0.036); higher PH in Alabama (7.40 vs. 6.70, p-value = 0.002) and Missouri (7.50 vs. 7.40, p-value = 0.003); lower PH in Illinois (7.00 vs. 7.20, p-value = <0.0001), Kentucky (7.00 vs. 7.30, p-value = 0.0344), Mississippi (7.60 vs. 7.90, p-value <0.0001), and Tennessee (6.20 vs. 7.10, p-value <0.0001); and higher TDS in Alabama (166 and 129 mg/L, p-value = 0.044) and Arkansas (252 and 215 mg/L, p-value = 0.004); lower TDS in Illinois (349 and 472 mg/L, p-value < 0.0001), Louisiana (277 and 345 mg/L, p-value < 0.001), and Tennessee (144 and 155 mg/L, p-value = 0.009) (Figure 1).



Delta counties and non-delta counties had the following median values of major electrolytes, respectively: 7 mg/L and 59 mg/L for calcium (p-value < 0.001), 1.57 mg/L and 1.75 mg/L of potassium (p-value < 0.001), 2 mg/L and 22 mg/L of magnesium (p-value < 0.001), 38 mg/L and 21 mg/L of sodium (p-value < 0.001), 8 mg/L and 9 mg/L of chloride (p-value = 0.061), and 153 mg/L and 259 mg/L of alkalinity by CaCO3 (p-value < 0.001) (Table S2). When comparing delta versus non-delta counties across each state, delta counties had higher sodium in Alabama (17 and 5 mg/L, p-value < 0.0001), Arkansas (24 and 11 mg/L, p-value < 0.0001), and Tennessee (7 and 2, p-value < 0.0001); lower Na in Illinois (17 and 29 mg/L, p-value = 0.035), Louisiana (65 and 79 mg/L, p-value = 0.0012), and Missouri (3 and 6 mg/L, p-value = 0.001); lower calcium in Louisiana (4 and 11 mg/L, p-value < 0.0001), Missouri (43 and 63 mg/L, p-value < 0.0001), and Tennessee (7 and 37 mg/L, p-value < 0.0001); lower Mg in Alabama (1.2 and 2.6 mg/L, p-value = 0.024), Illinois (17 and 35 mg/L, p-value < 0.0001), Louisiana (1 and 3 mg/L, p-value < 0.0001), and Tennessee (3 and 6 mg/L, p-value < 0.0001); higher magnesium in Arkansas (6 and 4 mg/L, p-value = 0.046); lower potassium in Illinois (1.7 and 2.2 mg/L, p-value = 0.003), Louisiana (1.40 and 1.90 mg/L, p-value < 0.0001), and Missouri (0.80 and 1.50 mg/L, p-value < 0.0001); and higher potassium in Alabama (3.15 and 1.30 mg/L, p-value < 0.0001) and Arkansas (2.30 and 1.50 mg/L, p-value < 0.0001) (Figure 2).



Delta counties and non-delta counties had the following median values of trace element concentrations: 3 μg/L and 5 μg/L of cobalt (p-value < 0.001), 2 μg/L and 5 μg/L of copper (p-value < 0.001), 0.11 mg/L and 0.25 mg/L of iron (p-value < 0.001), 10 μg/L and 20 μg/L of manganese (p-value = 0.002), 1 μg/L and 1.13 μg/L of molybdenum (p-value > 0.9), 1 μg/L and 1 μg/L of selenium (p-value < 0.001), and 10 μg/L and 50 μg/L of zinc (p-value < 0.001) (Table S3). When comparing delta versus non-delta counties across each state, delta counties had higher copper in Illinois (10 and 5 μg/L, p-value = 0.011); lower copper in Mississippi (2.40 and 10 μg/L, p-value = 0.003); higher iron in Alabama (0.09 and 0.03 mg/L, p-value = 0.002 and Tennessee (0.18 and 0.06 mg/L, p-value = 0.009); higher manganese in Arkansas (10 and 4 μg/L, p-value = 0.041); lower manganese in Louisiana (20 and 23 μg/L, p-value = 0.038) and Missouri (3 and 10 μg/L, p-value = 0.027); and lower zinc in Tennessee (5 and 10 μg/L, p-value = 0.009). Small sample size prevented conclusive results for cobalt, molybdenum, and selenium. Most trace elements showed no significant difference between delta and non-delta counties in all states (Figure 3).



Delta counties and non-delta counties had the following median values of each heavy metal or radioactive ion, respectively: 1 μg/L and 1 μg/L for arsenic (p-value < 0.001), 1 μg/L and 3 μg/L for cadmium (p-value < 0.001), 1 μg/L and 5 μg/L for chromium (p-value < 0.001), 1 μg/L and 5 μg/L for lead (p-value < 0.001), 0.04 μg/L and 0.1 μg/L for uranium (p-value < 0.001), 86 μg/L and 340 μg/L for strontium (p-value < 0.001), 0.10 pCi/L and 0.15 pCi/L for radon-226 (p-value = 0.6), and 0.23 pCi/L and 0.20 pCi/L for radon-228 (p-value = 0.6). When comparing between states, a large majority showed no significant difference between delta and non-delta counties. There were low concentrations of heavy metals and radioactive ions in all samples from all regions (Figure 4).




4. Discussion


We found that drinking water in delta counties had significantly lower pH and significantly lower TDS for most states when compared to non-delta counties. Drinking water in delta counties had significantly higher sodium and lower calcium, magnesium, and potassium in most states. The state-wise comparison suggests that a large majority of states showed non-significant differences in drinking water for the trace elements, heavy metals, and radioactive ions studied and thus they are not likely different. The concentrations of heavy metals and radioactive ions we studied were very small and further support that these are likely not different concentrations between delta and non-delta counties.



Low pH and/or low TDS increase the corrosiveness of water and can lead to corrosion of distribution pipes and thus to leaching of contaminants and metals [16,17]. Lead distribution pipes are still widespread in the US with an EPA survey finding around 9.2 million lead distribution pipes [18]. The intake of lead is detrimental even in very low levels; exposure in adults can cause decline in cognitive and renal function as well as hypertension and cardiovascular problems [19]. Children are more affected by lead exposure and can have long-term detriments to cognitive function, increased behavioral problems, and many more symptoms [19]. Non-delta counties are more likely to intake alkaline water which has been suggested to lead to better health with evidence of positive effects on hydration, gastrointestinal symptoms, and blood glucose levels, but research on these outcomes is not definitive [20]. Low TDS can indicate low essential mineral content [21], thus, those in delta counties could be intaking lower nutrients (e.g., calcium, magnesium, and potassium) essential to optimal health through drinking water than those in non-delta counties generally.



Drinking water in delta counties had higher sodium and lower calcium, magnesium, and potassium than non-delta counties. These electrolytes are important for blood pressure regulation and cardiovascular health; a high intake of sodium is associated with high blood pressure and worse cardiovascular health [22] while an adequate intake of calcium, magnesium, and potassium is required for vascular functions and blood pressure control [8,23,24,25]. United States citizens generally intake inadequate amounts of calcium, magnesium, and potassium [26], and water can be an appreciable source for the intake of these electrolytes [5]. Without optimum concentrations in their drinking water, residents in delta counties may not be able to compensate for low dietary intake of these electrolytes, which could contribute to worse health outcomes. Sodium is an essential electrolyte, but excessive sodium intake is detrimental to human health [27]. Since the U.S. population generally has a dietary sodium intake above the recommended national limit [28], the additional sodium from drinking water can increase the disease burden [29]. Due to climate change, drinking water salinity is increasing in many regions such as in coastal Louisiana where saltwater intrusion has increased the sodium contents in drinking water supplies [30,31].With continuing rising sea levels, saltwater intrusion is likely to have a great impact on drinking water quality in the coastal delta counties in Louisiana [31].However, in our results we found that delta counties in Louisiana had lower sodium content than non-delta counties, which could be explained by rainfall increasing water flow of the Mississippi river, moving the saltwater downstream during the time of data collection [32]. High sodium content in drinking water has been linked to hypertension and gestational hypertension in other settings [33,34]. Similarly, drinking water low in magnesium and calcium has been associated with higher mortality and cardiovascular disease burden [35,36,37].



When comparing delta and non-delta counties between states, there was a large majority of non-significant differences for the trace elements, heavy metals, and radioactive ions we studied and thus they are not likely different. The concentrations of heavy metals and radioactive ions we studied were very low at the source level. Trace elements are important for health with deficiencies in iron associated with anemia [38] and deficiencies in zinc associated with many symptoms including declined immune functioning, alopecia, and celiac disease [39]. The intake of trace elements through drinking water could improve health problems related to deficiencies. Heavy metal exposure through drinking water has detrimental public health consequences; for example, arsenic exposure is associated with hypertension, cardiovascular disease, and lung cancer [12], mercury exposure is associated with cardiovascular effects and renal dysfunction [40], and lead exposure is associated with cognitive issues, hypertension, and lung and bladder cancer [12,19]. The exposure of radon is linked to lung cancer [41]. Even though we did not find source level differences across the counties, this does not mean there is no difference; smaller geographical regions such as different water sources can have widely different concentrations.



Our study had several strengths and limitations. The overall sample size was large, allowing for our delta versus non-delta counties analyses for all states combined to be stronger. Data were compiled by a national laboratory, with sufficient quality control ensuring data were taken from trustworthy sources. We covered many different parameters including organic nitrogen, pH, TDS, specific conductance, sodium, calcium, magnesium, potassium, chloride, alkalinity as CaCO3, cobalt, copper, iron, manganese, molybdenum, selenium, zinc, arsenic, cadmium, chromium, lead, uranium, strontium, radon-226, and radon-228. For some parameters, there was too small a sample size, such as selenium, uranium, radon-226, and radon-228, leading to inconclusive results. We also did not have well samples from every county designated as a delta county by the delta regional authority. Moreover, groundwater water qualities may vary temporally. We were unable to include groundwater quality data after 2016 and hence were not able to compare the most recent water quality parameters for delta and non-delta counties.




5. Conclusions


Health disparities in the delta region of the United States could be partially explained by differences in water quality in these regions, particularly differences in pH, TDS, sodium, calcium, magnesium, and potassium. Previous studies suggest that these differences in water quality parameters are significantly associated with adverse population health outcomes in other settings [7,8,9,12,35]. These results highlight the need for further epidemiological studies to understand if health disparities in delta counties could be partially explained by these parameters. Future epidemiological studies are needed to explore the relationships between distribution pipe corrosion from low pH and TDS, lower mineral intake, and the poor health outcomes of the delta. To understand a better connection between drinking water quality and population health, water samples at point of use (e.g., tap-water samples) and individual household member health outcome data should be collected. Comparisons for smaller geographical regions should also be considered; small spatial differences can lead to significant differences in ions and heavy metal concentrations and different well samples can have widely different concentrations.
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Figure 1. Boxplots comparing basic water quality parameters in delta versus non-delta counties across eight delta states. Statistical significance is represented above each corresponding boxplot where one star (*) represents p-value < 0.05, two stars (**) represent p-value < 0.01, three stars (***) represent p-value < 0.001, four stars (****) represents p-value < 0.0001, and ns represents non-significance. The dots above the solid lines (whiskers) indicate outliers. 
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Figure 2. Boxplots comparing major electrolytes concentrations in delta versus non-delta counties across eight delta states. Statistical significance is represented above each corresponding boxplot where one star (*) represents p-value < 0.05, two stars (**) represent p-value < 0.01, three stars (***) represent p-value < 0.001, four stars (****) represent p-value < 0.0001, and ns represents non-significance. 
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Figure 3. Boxplots comparing trace element concentrations in delta versus non-delta counties across eight delta states. Statistical significance is represented above each corresponding boxplot where one star (*) represents p-value < 0.05, two stars (**) represent p-value < 0.01, three stars (***) represent p-value < 0.001, and ns represents non-significance. 
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Figure 4. Boxplots comparing heavy metals and radioactive ion concentrations in delta versus non-delta counties across eight delta states. Statistical significance is represented above each corresponding boxplot where one star (*) represents p-value < 0.05, two stars (**) represents p-value < 0.01, three stars (***) represents p-value < 0.001, four stars (****) represents p-value < 0.0001, and ns represents non-significance. 
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