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Abstract

:

Drinking water quality can be compromised by heavy metals, such as copper and lead. If consumed raw, water can pose a health burden to the general population. In this study, the roles of heavy metals and biological contaminants have been explored in determining the quality of drinking water available to consumers of various socioeconomic backgrounds in the United States. In an effort to gain an understanding of possible social disparities in drinking water, a quantitative analysis was conducted to examine whether vulnerable populations are disproportionately impacted by drinking water contaminants. Our data indicated that states with middle-average household incomes were statistically more susceptible to higher levels of lead in drinking water. The states with higher-average household incomes demonstrated lower copper levels compared to those with lower incomes, although a direct correlation was not present. No statistical significance was observed in the total coliform and turbidity levels in correlation to the average household incomes. In general, more violations in water quality were prevalent in middle-income states when compared to the states with lower-average household incomes.
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1. Introduction


Drinking water is a for-granted utility for many people in the United States. It is obtained from ground and surface sources, prior to being treated with chemicals to meet federal standards. If consumed raw, water can pose a health burden to the general population. Although 92% of water in the United States is believed to meet the Environmental Protection Agency (EPA) standards [1], 8% of the drinking water produced by water treatment facilities does not adhere to these safety standards. Considering private wells are not regulated by the federal government, about forty million individuals in the United States [2] are left uncovered by the Safe Drinking Water Act [3]. This inadequacy in the justice system leaves hundreds of small and rural communities vulnerable to unsafe drinking water, due to modest socioeconomic backgrounds dictating their inability to mitigate the risks.



There is a considerably large population that lacks the means to obtain clean drinking water in rural areas, as their water sources can become contaminated by runoff from livestock and agricultural waste and by chemical by-products [4]. Regulated city water, on the other hand, can have elevated levels of heavy metal, among other contaminants, as shown in a case study conducted for different counties in the State of Tennessee [5]. Heavy metals, such as copper and lead, are among some of the chemicals regulated by the EPA due to their adverse effects on the development and cognition of children. The EPA requires lead and copper levels in drinking water to remain below 15 parts per billion and below 1.3 parts per million, respectively [6]. Studies have shown that even low levels of lead can burden the body, impair normal cognitive function in children, and lead to behavioral and learning disorders [7,8,9].



In addition to heavy metals, numerous microorganisms, including those found in fecal matter such as Campylobacter ssp., Cryptosporidium parvum, rotavirus, and Legionella ssp. [10], can be found in drinking water sources. Pathogens such as Cryptosporidium, Giardia lamblia, Legionella, and total coliform, which include fecal coliform and E. coli, can cause illnesses among humans if ingested [11]. Total coliform can also be found in regulated water and is known to cause diseases among the general population, especially among children, pregnant women, and immunocompromised individuals [12,13,14]. Turbidity, the main source of physical contaminants in raw water, is the measure of water cloudiness and is attributed to the presence of invisible particles, due to agriculture, mining, and storm water runoff. Higher turbidity levels are often associated with higher levels of disease-causing microorganisms such as viruses, parasites, and some bacteria [6]. The World Health Organization (WHO) and the EPA recommend that turbidity remains below 5 Nephelometric Turbidity Units, (NTU) [15,16].



Differences in water quality have been shown to impact unregulated water in rural areas, due to inadequate services and infrastructure [17]. Social disparities are persistent in drinking water, as shown in a study where arsenic and nitrate contaminants were correlated to race/ethnicity and socioeconomic backgrounds [18,19]. To understand the social disparities, it is important to conduct a quantitative analysis to examine whether vulnerable populations, especially those with lower-average household incomes, are disproportionately impacted by drinking water contaminants. This research aims to explore where the disparities exist in drinking water quality and their correlation to the socioeconomic backgrounds of the consumers.




2. Materials and Methods


Secondary water quality data were collected for the metropolitan areas (city water department) for each state in 2019. Additional data not published on the yearly water safety report were obtained from each city’s water supply office. To ensure bias-free results, data were obtained from three of the most populated counties in each state, including the state capitals. The data were supplied by each city’s water service department. The water sources for each state differs, and a majority of the raw water was obtained from groundwater or surface water sources. The primary surface water sources corresponding to the metropolitan areas of each state are listed in Table 1.



The average household income data were obtained from the United States Census Bureau, which was last published in 2018 [20]. Raw data were initially tested and further analyzed by the Statistical Analysis System (SAS) software (SAS Institute, Cary, NC, USA) at type 1 error level utilizing the analysis of variance (ANOVA) test. Tukey’s grouping test was utilized to determine the variation among different income brackets for the level of contaminants in drinking water. Statistically significant variations, obtained from Tukey’s test, were denoted by an asterisk (*). The samples were sub-grouped into $10,000 intervals for average household income groups. The corresponding contaminant levels were obtained for each income group and the data were numerically analyzed. To compare the contaminant levels among different income groups, Tukey’s test was utilized to examine statistical significance among different means [21]. Histograms were utilized to plot the levels of lead, copper, total coliform, and turbidity in the different states, corresponding to the average household income. This enabled the investigation of possible correlation between the levels of the heavy metals (lead, copper) and biological contaminants (total coliform, turbidity) to the average household income. Multivariable charts were employed to demonstrate disparities in water quality as it correlates to the household income in each state. In addition, a scatter plot was utilized to examine the spread of lead data corresponding to each state, as related to the average household income.




3. Results and Discussion


Figure 1, Figure 2, Figure 3 and Figure 4 show the correlation between the average household income and levels of copper, lead, total coliform, and turbidity, respectively, for various states. To examine the impact of income on the quality of drinking water, data were obtained from the metropolitan public water systems of each state. The drinking water sources in each state are different; however, the majority of the water sources are either from surface water or groundwater. The primary sources of surface water have been listed in Table 1 under the Materials and Methods. The data were limited to the metropolitan cities of each state. Rural areas were omitted to ensure that all data were governed by similar parameters in order to avoid bias. In this manner, the data obtained were carefully controlled for any bias or discrepancy that would have arisen if unregulated water sources (from rural areas) were to be evaluated.



Although a direct correlation was not observed, higher income states demonstrated lower copper levels when compared to the states with lower-average household income. Illinois had slightly higher copper levels compared to the other states (Figure 1). When looking at lead levels, a direct correlation and statistically significant variation was found among lower, middle, and higher household income states (Figure 2).



The states with midrange average household incomes ($62,000–$68,000) had significantly higher lead levels in their drinking water compared to states with higher- and lower-average household incomes. Colorado, Illinois, and Rhode Island had lead levels that were relatively higher than lead levels in the other states. Hence, it was determined that elevated lead levels were much more prevalent among middle income communities.



Total coliform levels, on the other hand, were the lowest among middle income groups across the states when compared to higher income groups (Figure 3), although several higher income states demonstrated lower positive total coliform. Elevated positive coliform levels were seen among lower, middle, and upper income brackets in Louisiana, Arizona, and Alaska, respectively. Turbidity levels (Figure 4) were observed to be the lowest among middle income household communities in various states. Colorado and Maine’s turbidity levels were higher than those of the other states. No reports on turbidity levels were available for Florida and Hawaii.



The statistical analyses of contaminant data (p < 0.05, Tukey-adjusted ANOVA) are represented in Figure 5, Figure 6 and Figure 7. The Tukey grouping (a single-step statistical comparison test used to determine significantly different means values) was utilized to indicate the difference among lead and copper means for each income group. The group with the highest level of lead was given the letter A. All other income groups were further compared to group A and to other groups. Groups that share the same letters did not vary significantly in lead or copper levels. Groups denoted with letters B and C indicate significant variation in lead levels. Furthermore, comparisons significant at the 0.05% (95% confidence limits) are represented by an asterisk (*). Statistical significance in lead levels was observed between income ranges of $71,000–$80,000; $51,000–$60,000; and $40,000–$50,000 (Figure 5). The data related to lead in the various states were statistically significant, per Tukey’s test (95% confidence limits), while the data related to copper were not significant statistically.



Similarly, the Tukey grouping was utilized to indicate statistical significance level among each income group for the presence of total coliform (Figure 6) and the turbidity level (Figure 7). Means denoted by the same letter (A) were not significantly different.



The communities with the highest average household incomes had significantly lower lead levels in their drinking water when compared to lower income groups. This is consistent with the data plotted in Figure 2. Although copper levels seemed to show the same patterns as lead on the histogram, Tukey’s grouping indicated that the difference in copper means for each income group was not statistically significant. This demonstrates that the individual data points for the copper levels in different income groups shared similarities; hence, the lack of significant variation. No statistical significance was observed in the total coliform or turbidity levels as they correlated to average household income (Figure 6 and Figure 7).



Figure 8 shows the states with the most violations, considering all contaminants. The middle income groups were observed to have the most violations, while the higher income groups had violations in only one state (New Jersey). The number of violations in New Jersey were, however, considered a statistical outlier, as this pattern was not seen any other state within the higher income group. This discrepancy was likely contributed by the water source. The highest violations were observed in the State of Pennsylvania. To further examine the spread of lead levels in each state, a scatter plot was utilized, and the majority of high lead levels in drinking water were clustered among the middle income states. The pattern of data dispersion resembled a bell-shaped curved, with low and high income states having the lowest lead levels (Figure 9).




4. Conclusions


Clean water is a basic necessity and is important for the health and wellbeing of the general populace. A lack of clean drinking water is a significant public health concern. There are many factors that play a role in the quality of water being offered to consumers, such as water source, composition, and water system infrastructure. Feasibility and availability of clean drinking water is a matter of social justice and every citizen should be given an equal right.



Previous research had suggested that individuals living in rural areas may be consuming unregulated and contaminated water. In this study, quantitative measures were taken to explore the role of socioeconomic background on drinking water quality. Statistical significance was observed in elevated lead levels, in that higher income groups outperformed lower-average household income groups. The middle income group was more susceptible to having higher lead levels compared to the other income groups. In addition, middle income groups had repeated water quality violations. New Jersey (in the higher income group) had a significant number of violations. This study showed that some variation in drinking water quality existed among different income groups. Practical applications/interventions of this study include helping environmentalists and water agencies to determine avenues to provide appropriate control services where lead levels are high. In addition, framework studies can be conducted to determine ways in which the disadvantaged communities can be serviced more efficiently, to ensure that water quality disparities are reduced as much as possible.



It is important for this water quality information to be shared with the public to ensure an appropriate level of trust toward the resource, as well as to avoid disparities among households with different income levels [22]. The Environmental Protection Agency (EPA) is the primary authority in the United States that sets standards for drinking water quality and oversees states, localities, and water suppliers in implementing those standards. Information obtained from the present study could be used to draft guidelines in order to keep the population better informed of drinking water quality in their areas, and to ensure that all consumers are aware of chemical and biological contaminants, as well as the risks associated with drinking water. Our study could be used to support ordinances issued by the EPA, such as providing updated information on the various aspects of drinking water to the population through the districts’ water supply websites. Furthermore, this investigation can serve as a guide for lawmakers to allocate resources toward the improvement of infrastructure in communities with poor water quality.
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Figure 1. Correlation between average household income and copper levels (ppm). Several high income states have lower copper levels in their drinking water when compared to low income states where copper levels are much higher. 






Figure 1. Correlation between average household income and copper levels (ppm). Several high income states have lower copper levels in their drinking water when compared to low income states where copper levels are much higher.
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Figure 2. Correlation between average household income and lead levels (ppb). High income states have significantly lower lead levels in their drinking water compared to low income and middle income communities. 
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Figure 3. Correlation between average household income and total coliform (% positive samples). Higher total coliform levels were seen in middle income and low income states, while the higher income states demonstrated lower levels of total coliform in their drinking water. 
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Figure 4. Correlation between average household income and turbidity levels (NTU). Turbidity level was low in all states, regardless of income, with the exception of Colorado, which demonstrated a significantly higher turbidity level. 
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Figure 5. ANOVA test results for average household income versus copper and lead across the United States. Statistical analyses of contaminant data (p < 0.05, Tukey-adjusted ANOVA) indicated significant differences in lead levels in drinking water among states, corresponding to different income brackets. The statistical variation among the income brackets are indicated by A, B, and C, and the statistical significance is denoted by an asterisk (*). 
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[image: Water 12 00967 g005]







[image: Water 12 00967 g006 550] 





Figure 6. ANOVA test results for average household income as related to coliform across the United States. Numerical analyses of contaminant data (p < 0.05, Tukey-adjusted ANOVA) did not indicate statistically significant variation. 
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Figure 7. ANOVA test results for average household income as related to turbidity across the United States. Numerical analyses of contaminant data (p < 0.05, Tukey-adjusted ANOVA) did not indicate statistically significant variation. 
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Figure 8. Percent violations in different states, with average household income in parentheses. States in the middle income bracket had significantly higher violations, while only one high income state (New Jersey) had a significantly high number of violations. 
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Figure 9. Scatter plot of lead levels versus income, which resembles a bell-shaped curve. The highest levels of lead are densely present among the middle income communities, while lower levels of lead are present among lower and higher income communities. 
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Table 1. Primary surface water sources for the metropolitan areas of each state.
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	States
	Surface Water Sources
	States
	Surface Water Sources





	Alabama
	Tallapoosa River
	Montana
	Yellowstone River



	Alaska
	Last Chance Basin
	Nebraska
	Platte River



	Arizona
	Salt River, Upper Lake Mary
	Nevada
	Kings Canyon Creek



	Arkansas
	Lake Maumelle
	New Hampshire
	Penacook Lake



	California
	Sacramento River, Owens River
	New Jersey
	Delaware River



	Colorado
	South Platte River, Blue River
	New Mexico
	Santa Fe Watershed



	Connecticut
	Farmington River, Nepaug River
	New York
	Alcove Reservoir



	Delaware
	Delaware River
	North Carolina
	Falls Lake Reservoir



	Florida
	Floridan Aquifer
	North Dakota
	Missouri River



	Georgia
	Chattahoochee River, Lake Lanier
	Ohio
	Scioto River



	Hawaii
	Koolau Watershed
	Oklahoma
	Lake Overholser



	Idaho
	Boise River
	Oregon
	North Santiam River



	Illinois
	Lake Springfield
	Pennsylvania
	DeHart Reservoir



	Indiana
	White River, Geist Reservoir
	Rhode Island
	Scituate Reservoir



	Iowa
	Raccoon River, Des Moines River
	South Carolina
	Lake Murray



	Kansas
	Kansas River
	South Dakota
	High Plains Aquifer



	Kentucky
	Kentucky River
	Tennessee
	Cumberland River



	Louisiana
	Southern Hills Aquifer
	Texas
	Colorado River, Trinity River



	Maine
	Kennebac River
	Utah
	Wasatch Front Streams



	Maryland
	Magothy Formation Aquifer
	Vermont
	Lake Champlain



	Massachusetts
	Quabin Reservoir
	Virginia
	James River



	Michigan
	Saginaw Aquifer
	Washington
	McAllister Wellfield



	Minnesota
	Mississippi River
	West Virginia
	Elk River



	Mississippi
	Ross-Barnett Reservoir
	Wisconsin
	Sandstone Aquifer



	Missouri
	Missouri River
	Wyoming
	Laramie Mountain Stream











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
NTU

Physical Contaminant Across USA

A
A
: i
40K-50K 51K60K)ncome Rangt?K-70K 71K-80K
® Turbidity






media/file4.png
Income Vs. Lead levels

$90,000.00

$80,000.00

$70,000.00

$60,000.00

$50,000.00

$40,000.00

$30,000.00

$20,000.00

$10,000.00

$0.00

puejhielp
Aasiar maN
llemeH
$119SNYdesse|A|
1n21193UU0)
aJlysdweH man
B)Sely
elulo4i|e)
BILISAIA
uojduiysepm
0ope.ojo)
B1OSSUUIIA
yein

3I0A MBN
pue|s| spoyy
stoul|ii
aieme|aqd
elo3sQq yHoN
SuiwoApn
uog8alp
B)SelqaN
UISUOISIAN
Sexa|
ejueajAsuuad
EMO|

epeAsN
1UOWIIA
euoz|ly
elo3ag yinos
sesuey|
aulelAl
eidio09n
uesIydIA
eue|pu|

ol4yo
14NOSSI|A]
BUBIUOA|
euljoJe) yHopN
epliol

oyepi
EERETIICTR
euljoJe) Yyinos
euloyepio
Ajoniuay|
eweqe|y
02IX3|A\| MAN
eueISINoT
sesueyly
iddississiinl
BIUISIIA ISOM

e Lead (ppb)

I Household Income





nav.xhtml


  water-12-00967


  
    		
      water-12-00967
    


  




  





media/file18.png
Lead (ppb) vs. Income (in US dollars)

9
3 ®
7 ®
@
6
5 ¢ ®
® 8 o ®o® o ___ ¢
4 .‘o"— S
.ﬁ"" ® ’\\

®
3 ® . ‘“",.u".‘. o o ‘1‘\

- o O N
2 Q""" ™ ‘ O ) \,

@ @

1 ° ® ® o
0 O

40000 45000 50000 55000 60000 65000 70000 75000 80000 85000

® lead e=e==-Poly.(Lead)





media/file16.png
20

15

10

92

Percentage of Violations in United States in 2018

Pennsylvania New Jersey Indiana (54K) Florida (52K) Texas (59K)

(59K)

(80K)

Ohio (54)

Georgia
(56K)





media/file2.png
Income Vs. Copper levels

0.8

$90,000.00

0.7

0.6

0.5

0.4

0.3

0.2

$80,000.00

0.1

$70,000.00

$60,000.00

$50,000.00

|

$40,000.00

$30,000.00

$20,000.00

$10,000.00

$0.00

puejAielp
Aasiar maN
llemeH
S119SNYdesse|Al
1n21398UU0)
aJlysdweH man
eSely
eluiojied
BIUIIIA
uoiduiysep
opeJo|o)
B1OSSUUIIA
yen

IO\ MBN
pue|s| apoyy
stoul|ii
aieme|ag
elo3sQq yHoN
SuiwoApn
uog8alp
e)SelqaN
UISUOISIAN
Sexa|
ejueajAsuuad
EMO|

epensN
1UOWIIA
euoz|ly
21033Q yinos
sesue)|
aulelAl
e181090
uesIydIN
eue|pu|

ol4yo
14NOSSI|A]
BUBIUOIA|
euljoJe) yHopN
epliol

oyepi
EEREIIIETR
euljoJe) Yyinos
euloyepo
Ajoniuayl
eweqe|y
02IX3|A| MBN
eue|sino’
sesueyly
iddississiinl
BIUIBUIA 3ISOM

e Copper (ppm)

I Household Income





media/file5.jpg
sroomao
ssoomso
ssoomso
stoomso
ss0omso
stooomio
sioomao

so0

P

Income Vs. Total Coliform levels

;//////{//,;//,{7/{:%\, d

e Househald ncome e Tots ol





media/file3.jpg
Income Vs. Lead levels

[T ———)





media/file1.jpg
ssomom0

ssomoon0

om0

ssopom0

siomoon0

ssomom0

saom0m0

siomon0

Income Vs. Copper levels






media/file7.jpg
Income Vs. Turbidity levels

WUWMWWNMHI

Ii {g 55'1]‘!{?”!!!!‘ L % H“ﬁ Hi gll





media/file10.png
Part per million/Part

Heavy Metal Contaminant in USA

5 b %
A
= A . N e
5
: -
! [

40K-50K 51K-60K 61K-70K 71K-80K
Income Range
m Copper ( X 10) m Lead






media/file12.png
Percent positive per 60

samples .,

o

Biological Contaminants Across USA

40K-50K 51K-60K 61K-70K
Income Range

M Coliform

y & a0

71K-80K





media/file9.jpg
Heavy Metal Contaminant in USA

il il W i
CT

40K-50K 51K-60K 61K-70K 71K-80K
Income Range
= Copper (X 10) @ Lead






media/file0.png





media/file14.png
NTU

0

Physical Contaminant Across USA

40K-50K 51K-60K| 1 come Rang6e1_K—7OK
M Turbidity

A
A
: i

71K-80K





media/file8.png
Income Vs. Turbidity levels

2.5

$90,000.00

o

-

$80,000.00

$70,000.00

$60,000.00

il

$50,000.00

y 4

$40,000.00

$30,000.00

$20,000.00

$10,000.00
$0.00

puejie
Aasiar maN
llemeH
snasnyaesselp
1N21393UU0)
aJysdwey maN
eyselv
eluiojien
eluidap
uoiduiysepn
opesojo)
e10S3UUlAl
yein

SNIOA MaN
puejs| apoyy
stoutjii
aleme|aq
e10%3qg YHoN
SulwoApn
uo8aio
eyselqan
UISUOISIA
Sexa]
ejuenjAsuuad
emo|

epenanN
JUOWIBA
euozuy
e10y3Qg ynos
sesue)|
aule
eidioan
ue3IydIN
euelpu|

olyo
HMNOSSIAI
euejuoA
eujjoJel yuon
epuogd

oyep|
2assauual
eujjoJed ynos
ewoyepjo
Appniuay
eweqe|y
02IX3aN MaN
euelsino
sesueIy
iddississiial
EIUIBNIA 1S9

e Turbidity (NTU)

s Household Income





media/file11.jpg
Biological Contaminants Across USA

A
i A :
40K-50K 51K-60K 61K-70K 71K80K

Income Range
= Coliform






media/file6.png
Income Vs. Total Coliform levels

$90,000.00

$80,000.00

$70,000.00

$60,000.00

$50,000.00

$40,000.00

$30,000.00

$20,000.00

$10,000.00

$0.00
(.4 (4 (4 N > 4 & N~ 2 > 2 2 ]
X LSS LIS L EEEF P
& S & &S ¢ & ¢ & &
N ¥ g & F V& &F Ty &K
& & § & ¥ FE P S
& © & S oF
& &

I Household Income essmms» Total Coliform

4.5

3.5

2.5

0.5





media/file15.jpg
20

15

10

Percentage of Violations in United States in 2018

Pennsylvania New Jersey Indiana (54K) Florida (S2K) Texas (S9K)

(59K)

(80K)

Ohio (54)

Georgia
(56K)





media/file17.jpg
Lead (ppb) vs. Income (in US dollars)

40000 45000 50000 55000 60000 65000 70000 75000 80000 85000

® lead —==-Poly.(Lead)





