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Abstract  This study aimed to determine the com-
mon latent patterns of geographical distribution of 
health-related minerals across the USA and to evalu-
ate the real-world cumulative effects of these pat-
terns on overall population health. It was an ecologi-
cal study using county-level data (3080 contiguous 
counties) on the concentrations of 14 minerals (i.e., 

aluminum, arsenic, calcium, copper, iron, lead, mag-
nesium, manganese, mercury, phosphorus, selenium, 
sodium, titanium, zinc) in stream sediments (or sur-
face soils), and the measurements of overall health 
including life expectancy at birth, age-specific mor-
tality risks and cause-specific (summarized by 21 
mutually exclusive groups) mortality rates. Latent 
class analysis (LCA) was employed to identify the 
common clusters of life expectancy-related minerals 
based on their concentration characteristics. Multivar-
iate linear regression analyses were then conducted to 
examine the relationship between the LCA-derived 
clusters and the health measurements, with adjust-
ment for potential confounding factors. Five miner-
als (i.e., arsenic, calcium, selenium, sodium and zinc) 
were associated with life expectancy and were ana-
lyzed in LCA. Three clusters were determined across 
the USA, the ‘common’ (n = 2056, 66.8%), ‘infertile’ 
(n = 739, 24.0%) and ‘plentiful’ (n = 285, 9.3%) clus-
ters. Residents in counties with the ‘infertile’ profile 
were associated with the shortest life expectancy, 
highest mortality risks at all ages, and highest mor-
tality rates for many reasons including the top five 
leading causes of death: cardiovascular diseases, neo-
plasms, neurological disorders, chronic respiratory 
conditions, and diabetes, urogenital, blood and endo-
crine diseases. Results remained statistically signifi-
cant after confounding adjustment. Our study brings 
novel perspectives regarding environmental geochem-
istry to explain health disparities in the USA.
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Background

At least since the famous article ‘Air, Water and 
Places,’ written by Hippocrates in 400 BCE, human 
society has been aware of the important connections 
between local environment and health. Living organ-
isms, including humans, depend on minerals, and the 
amount of minerals in plans, animals and humans are 
strongly influenced by geology. Exposure to minerals 
from the local geology can occur through a variety of 
pathways such as food, drinking water and air (“Med-
ical Geology and the Soil Health-Human Health 
Nexus” 2019). Minerals can be beneficial or harmful 
to life, and their concentrations and abundances affect 
health in different ways. Seven ‘macro-minerals,’ 
including calcium  (Ca), chlorine (Cl), magnesium 
(Mg), phosphorus (P), potassium (K), sodium (Na), 
and sulfur (S), and eight ‘trace elements,’ including 
cobalt (Co), copper (Cu), iodine (I), iron (Fe), man-
ganese (Mn), molybdenum (Mo), selenium (Se) and 
zinc (Zn), are defined as essential for electrolyte bal-
ance, structural and functional roles in human body, 
while for ‘heavy metals,’ such as arsenic (As), cad-
mium (Cd) and lead (Pb), the effects are mainly toxic 
(Farag et al., 2021; Zoroddu et al., 2019).

Minerals in the environment have been shown to 
impact the health of local populations (Dinh et  al., 
2018). Low concentration of Zn in soil is one of 
the major factors associated with Zn deficiency in 
local crops and human populations (Alloway, 2009; 
Gashu et  al., 2021). A deficiency of Zn can lead to 
diffuse adverse effects on several organ systems, 
including the epidermal, gastrointestinal tract, cen-
tral nervous, immune, skeletal and reproductive sys-
tems (Hambidge, 2000). The concentration of Se in 
local soil determines to a great extent the level of 
Se intake of the local population (Hasan, 2021) and 
is closely associated with the occurrences of Keshan 
and Kashin–Beck diseases (Zha et  al., 2022; Zhang 
et  al., 2019). Other notable examples from previous 
epidemiological studies included that the exposure 
to elevated amount of Mn in drinking water dur-
ing childhood was associated with increased risks 
of attention-deficit hyperactivity disorder problems 

(Rahman et  al., 2017; Schullehner et  al., 2020) and 
that the environmental Cd was found to be associated 
with mortality from influenza and pneumonia in adult 
populations (Park et al., 2020).

Individual minerals, in association with particular 
health outcomes, have been studied in more detail 
in the literature. However, a more systematic under-
standing of spatial distribution of multiple health-
related minerals across a large geographical area and 
its collective effects on health disparities are lacking. 
In the current study, we first aimed to identify whether 
there were geographical associations between the 
concentrations of a wide variety of minerals in stream 
sediments and surface soils, and the life expectancy 
of local residents, using the national data of USA. 
Second, we aimed to determine the common latent 
patterns of geographical distribution of these life 
expectancy-associated minerals, using cluster analy-
sis. Finally, using these derived patterns, we aimed to 
evaluate the real-world cumulative effects of minerals 
on the measurements of overall health including life 
expectancy at birth, age-specific mortality risks and 
cause-specific mortality rates.

Materials and methods

Setting and design

This was designed as an ecological study where the 
sample unit was the counties (or county/state equiva-
lents) of USA, with two main areas of county-level 
data: (1) mineral concentration data and (2) statistics 
providing the overall health evaluation of local popu-
lation (including life expectancy at birth, age-specific 
mortality risk and cause-specific mortality rate). In 
addition, characteristics of population, socioeconom-
ics, healthcare service, and residential environment 
and location by county were also included for poten-
tial confounding adjustment.

Database

Mineral concentration data were obtained from 
the latest version of the National Geochemical Sur-
vey (updated in September 2008). The survey was a 
national-scale geochemical analysis in the USA, from 
existing data, reanalysis of existing samples, and new 
sampling, conducted by the United States Geological 
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Survey in collaboration with other federal and state 
government agencies, industry and academia (Smith 
et  al., 2013). The survey aims to produce a body of 
geochemical data based primarily on stream sedi-
ments, analyzed using a consistent set of methods in 
order to provide the possible maximum level of inter-
nal consistency (Smith et al., 2013). The goal of the 
National Geochemical Survey is to analyze at least 
one stream-sediment sample in every 289 km2  area 
by a single set of analytical methods across the entire 
nation, with other solid sample media substituted 
where necessary. Samples were from approximately a 
depth of 20 cm from the surface. For the county-level 
concentrations, data were available in the contermi-
nous states for the following 14 minerals (Al, As, Ca, 
Cu, Fe, P, Pb, Mg, Mn, Hg, Na, Se, Ti, Zn), which 
were considered to be the elements of importance to 
environment research (Smith et  al., 2013). As, Hg 
and Se concentrations were determined by hydride-
generation atomic absorption spectrometry (HG-
AAS), while the others were measured using induc-
tively coupled plasma-atomic emission spectrometry 
(ICP-AES) (Smith et al., 2013). Concentrations were 
reported as mg/kg (mg of substance per kg of solid 
sample).

The database contained chemical analyses for 
more than 70,000 samples covering the majority of 
counties or county equivalents (3086/3140, 98.3% of 
the total counties). Geochemical data were only col-
lected in the contiguous states, so Alaska and Hawaii 
were not included. Data were also not available on the 
following 25 counties: St. Mary (in Louisiana), Nan-
tucket (in Massachusetts), Keweenaw (in Michigan), 
Hudson (in New Jersey), Major and Woodward (in 
Oklahoma), Camp, Delta, Franklin, Gregg, Hansford, 
Hopkins, Kinney, Lipscomb, Loving, Maverick, Mor-
ris, Ochiltree, Rains, Smith, Titus, Upshur and Wood 
(in Texas), and Lexington and Manassas Park City (in 
Virginia).

Population health data, including life expectancy 
at birth and age-specific mortality risk, were obtained 
from the Institute for Health Metrics and Evaluation 
(IHME). In the research by IHME, small area esti-
mation methods were used to construct annual life 
tables and calculate age-specific mortality risks. De-
identified mortality data from the National Center for 
Health Statistics (NCHS) and population counts from 
the census bureau, NCHS, and the Human Mortal-
ity Database were used for the analysis. This dataset 

provides estimates of life expectancy at birth and 
age-specific mortality risk for each county or county 
equivalent from 1980 to 2014 (in every 5 years except 
for 2014), as well as the changes in life expectancy 
and age-specific mortality risk during this period. 
Data on age-specific mortality risk were provided 
in the following age categories 0–5, 5–25, 25–45, 
45–65, and 65–85 (Dwyer-Lindgren et al., 2017).

IHME research applied a novel methodology to 
death registration data from the National Vital Statis-
tics System in order to estimate annual mortality rates 
for 21 mutually exclusive causes of death. This data-
set provides estimates for cause-specific age-stand-
ardized mortality rates at the county level for each 
county or county equivalent from 1980 to 2014 (in 
every 5 years except for 2014), as well as the changes 
in rates during the period. The 21 mutually exclusive 
causes of death were: (1) HIV/AIDS and tuberculo-
sis, (2) diarrhea, lower respiratory and other common 
infectious diseases, (3) neglected tropical diseases 
and malaria, (4) maternal disorders, (5) neonatal dis-
orders, (6) nutritional deficiencies, (7) other commu-
nicable, maternal, neonatal, and nutritional diseases 
(these seven causes are under the larger category of 
communicable, maternal, neonatal and nutritional 
diseases); (8) neoplasms, (9) cardiovascular diseases, 
(10) chronic respiratory diseases, (11) cirrhosis and 
other chronic liver diseases, (12) digestive diseases, 
(13) neurological disorders, (14) mental and sub-
stance use disorders, (15) diabetes, urogenital, blood 
and endocrine diseases, (16) musculoskeletal disor-
ders, (17) other noncommunicable diseases (these ten 
causes are under the larger category of non-commu-
nicable diseases); (18) transport injuries, (19) unin-
tentional injuries, (20) self-harm and interpersonal 
violence, and (21) forces of nature, war and legal 
intervention (these four causes fall under the larger 
category of injuries) (Dwyer-Lindgren et al., 2016).

County-level information on population charac-
teristics (including size, gender, age, and ethnicity), 
socioeconomics (including educational level, median 
household income, unemployment and poverty rate), 
healthcare service (including medical insured rate 
and number of physicians per 1,000 population), and 
residential environment and location (including the 
Rural–Urban Continuum Code, and the latitude and 
longitude) were derived from the USA national offi-
cial sources. The information on the studied counties 
was all complete.
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In particular, population size, gender, age and eth-
nic distribution were collected from the US Bureau of 
Census (County Characteristics Resident Population 
Estimates, 2014 data). Education levels of adults were 
gathered from the US Bureau of Census (American 
Community Survey 5 year Average County-level Esti-
mates, data of 2014–18). The data of annual median 
household income for each county were retrieved 
from the US Bureau of Census (Small Area Income 
and Poverty Estimates (SAIPE) Program, 2014 data). 
Unemployment rates for each county were collected 
from the US Bureau of Labor Statistics (Local Area 
Unemployment Statistics, 2014 data). Poverty rates 
were also collected from the US Census Bureau 
(SAIPE Program, 2014 data). The rates of insured 
population of medicine (aged under 65  years old) 
were derived from the US Census Bureau (Small 
Area Health Insurance Estimates Program, 2014 
data). Number of physicians per 1,000 residents was 
collected from the database of Health Resources and 
Services Administration (Area Health Resources, 
2014 data). The latest version of Rural–Urban Con-
tinuum Code, published in 2013 by the Economic 
Research Service of US Department of Agriculture, 
was used. Information on the location of each county 
was collected using coordinates (latitude and longi-
tude) based on geographic centroids.

Databases of geochemistry, population health and 
other information collected were mapped together by 
county identity, where all variables were complete in 
3080 counties (98.1% of the total counties). Coun-
ties with missing data included South Boston, Bed-
ford City and Clifton Forge (in Virginia), Dade (in 
Florida), Shannon (in South Dakota), and a part of 
Yellowstone National Park (in Montana)). Data impu-
tation for these counties was not attempted as the pro-
portion of missing data was very small. Analyses fol-
lowed the ‘complete-case’ approach, and thus, 3080 
county samples were included.

Statistical analysis

Health data in 2014 (i.e. life expectancy at birth, age-
specific mortality risk and cause-specific mortality 
rate; outcome variables) and geochemical data (i.e. 
concentrations of Al, As, Ca, Cu, Fe, P, Pb, Mg, Mn, 
Hg, Na, Se, Ti, and Zn; exposure variables) were ana-
lyzed. From the longitudinal perspective, the change 
in life expectancy between 1980 and 2014 was also 

used as an additional outcome variable, indicating the 
health improvement over time.

Descriptive and simple statistics (e.g. Spearman’s 
correlation test) were presented on the variables 
(including geochemical data, population characteris-
tics, socioeconomics, healthcare services, residential 
environment and location, and health statistics) were 
presented at first.

Univariate linear regression model was initially 
applied to show the association between each concen-
tration of mineral and life expectancy at birth. Multi-
variate linear regression model with backward selec-
tion was then used to identify the final list of minerals 
associated with life expectancy at birth, with adjust-
ment for other associated minerals.

Latent class analysis (LCA) was used to identify 
the common patterns of mineral distribution across 
the USA. LCA-clustered counties were determined by 
the concentration features of the final listed minerals 
(derived from the previous backward selection pro-
cess), and each county was allocated to one cluster. 
Before entering the data into LCA, the mineral con-
centration variables were first standardized and cal-
culated using the Z-score method. The log-likelihood 
(LL) statistics, Bayes information criterion (BIC), 
consistent Akaike’s information criterion (CAIC), 
and the size of smallest cluster were applied to deter-
mine the optimal model (i.e., the optimal number of 
clusters). The software we used to process the analy-
ses was latent GOLD (version 4.5) with the estima-
tion maximization and Newton–Raphson algorithms 
applied to estimate model parameters. One thousand 
different random starting values, which include 100 
iterations for each run, were used. Lower LL sta-
tistics suggests a better model fit. For the BIC and 
CAIC, the optimal model is defined as a model with 
the smallest information criterion values. However, 
to limit the total number of clusters and to ensure all 
clusters representing a significant proportion, we set 
that the size of smallest cluster should be 5% or more 
of the studied USA counties. Counties were allocated 
to clusters based on their posterior probabilities of 
belonging to each cluster. A mean posterior probabil-
ity ≥ 0.7 for samples allocated to a cluster was consid-
ered acceptable (Alexander et al., 2020).

Multivariate linear regression analyses were con-
ducted to examine the relationship between LCA-
derived clusters, and life expectancy (2014 data), 
change in life expectancy (between 1980 and 2014), 
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age-specific mortality risk (2014 data) and cause-
specific mortality rate (2014 data), with adjustment 
for population (except for age distribution), socio-
economic, healthcare service, and residual environ-
ment and location factors. Age distribution was not 
included in adjustment since it is not naturally inde-
pendent from the outcome variables measuring life 
span and death.

All the statistical analyses were carried out in the 
STATA 15 if not mentioned in a particular matter. 
Result visualization was done in R 4.1.2 and Graph-
Pad Prism 9. A p-value < 0.005 (instead of 0.05), 
two-tailed, was set as statistically significance, aim-
ing to obtain conservative estimations of significant 
associations concerning the issue of multiple testing. 
A flowchart of the process of analysis is provided in 
Supplementary Fig. 1.

Results

Geochemical concentrations of all 14 minerals (Al, 
As, Ca, Cu, Fe, Hg, Mg, Mn, Na, P, Pb, Se, Ti and 
Zn), included in the National Geochemical Sur-
vey, were extracted from the original database, and 
are summarized for the 3080 studied counties in 
Table  1. Correlations of geochemical concentrations 
between these minerals are presented in Supplemen-
tary Table  1. The mean value of life expectancy at 
birth of the studied counties in 2014 was 77.75 years 
[standard deviation (SD), 2.37], and the mean value 
of increase in life expectancy between 1980 and 2014 
was 5.34 years (SD, 1.99). Summarized statistics on 
age-specific mortality risk and cause-specific mor-
tality rate are also shown in Table  1, as well as the 
socio-demographic information.

All 14 studied minerals were associated with life 
expectancy in univariate analyses (Table 2). However, 
after the process of backward selection in multivariate 
regression analyses, As, Ca, Na, Se and Zn remained 
their significant associations (Table 2).

LCA was carried out on these five minerals for 
common distribution patterns. The 3-cluster model 
was determined as the optimal model (Supplemen-
tary Table 2). Counties displayed very high posterior 
probabilities for their assigned clusters, with mean 
posterior probabilities ranging from 0.94 to 0.97 
across the three clusters (Table 3); 66.8% (n = 2056) 
of studied counties were assigned in a cluster where 

the concentrations of these five minerals were close 
to the overall mean (the ‘Common’ cluster, Fig. 1a). 
The second cluster contained 24.0% (n = 739) of stud-
ied counties and was characterized by low concentra-
tions of As, Ca, Na, Se and Zn (the ‘Infertile’ cluster, 
Fig. 1b). Cluster 3 contained 9.3% (n = 285) of stud-
ied counties, and in these regions As, Ca, Se and Zn 
concentrations were the highest (the ‘Plentiful’ clus-
ter, Fig. 1c).

In the southeast region of USA where most coun-
ties were assigned to the ‘Infertile’ cluster (Fig. 2a), 
the life expectancy was the shortest (Fig.  2b). No 
difference was seen in life expectancy between the 
‘Common’ and ‘Plentiful’ clusters (Fig.  2c). Life 
expectancies were consistently lower in the ‘Infer-
tile’ cluster from 1980 to 2014, compared to the other 
two clusters (Fig.  2c). It was 2.8  years lower based 
on the data of 2014 (unadjusted value). Furthermore, 
the increase in life expectancy from 1980 to 2014 
was slower in the ‘Infertile’ cluster (Fig.  2d), sug-
gesting that health disparity was enlarging over time. 
County-level statistics of mineral concentrations, 
health measurements and socio-demographics, strati-
fied by LCA-derived clusters, is provided in Supple-
mentary Table  3. After adjustment for the studied 
socio-demographic factors, the observed associations 
were still in highly significance, in models where the 
R2 = 0.71 for life expectancy and 0.42 for increase 
in life expectancy, respectively (Table  4). Repeated 
analyses separately in counties classified as metro 
and non-metro areas (according to the Rural–Urban 
Continuum Code) demonstrated that such relation-
ship was stronger in non-metro areas (Supplementary 
Tables 4, 5).

Age-specific mortality risks, among all age cat-
egories, were the highest in the residents of ‘Infertile’ 
cluster. For example, for the group of 45–65 years the 
risks were 12.5% (SD 2.8%), 15.6% (2.7%) and 12.2% 
(2.7%) for those who lived in the counties of ‘Com-
mon,’ ‘Infertile’ and ‘Plentiful’ clusters, respectively 
(Fig.  3a and Supplementary Table  3). Adjusted dif-
ference in age-specific mortality risks between clus-
ters is shown in Fig. 3b (the ‘Common’ cluster as the 
referent group). As age increased, the proportion of 
additional mortality risk attributed to the ‘Infertile’ 
cluster was found to be decreasing (the ‘Common’ 
cluster as the referent group) (Fig. 3c).

For cause-specific mortality, rates stratified by 
clusters suggested that the ‘Infertile’ cluster was 
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Table 1   Descriptive statistics of mineral concentrations, health measurements and socio-demographics at the county level of USA

Characteristics, n = 3080 Median (interquartile range) Mean (standard deviation) Number (%)

Mineral concentrations (mg/kg)
 Aluminum (Al) 42,540.70 (29,615.75, 53,565.75) 41,455.12 (17,424.75) –
 Arsenic (As) 5.82 (3.64, 8.33) 6.61 (5.45) –
 Calcium (Ca) 11,005.60 (4136.61, 23,438.50) 17,167.71 (20,641.96) –
 Copper (Cu) 12.29 (7.95, 17.49) 14.40 (13.59) –
 Iron (Fe) 21,970.0 (16,105.20, 28,094.95) 23,468.66 (12,567.84) –
 Lead (Pb) 19.73 (15.22, 25.68) 25.10 (39.70) –
 Magnesium (Mg) 4927.41 (2295.22, 8317.33) 6035.13 (5308.93) –
 Manganese (Mn) 586.49 (380.47, 823.57) 659.35 (456.59) –
 Mercury (Hg) 0.03 (0.02, 0.05) 0.06 (0.18) –
 Phosphorus (P) 461.33 (277.95, 662.34) 584.29 (963.36) –
 Selenium (Se) 0.27 (0.19, 0.41) 0.34 (0.26) –
 Sodium (Na) 6192.78 (2299.24, 8718.04) 6318.26 (4680.04) –
 Titanium (Ti) 2974.72 (2452.35, 4200.04) 3626.31 (1939.85) –
 Zinc (Zn) 54.94 (35.83, 73.59) 59.64 (48.18) –

Health measurements
 Life expectancy, year
  Life expectancy (2014) 77.93 (76.10, 79.47) 77.75 (2.37) –
  Increase in life expectancy between 1980 and 2014 5.31 (4.07, 6.55) 5.34 (1.99) –

 Age-specific mortality risk, %
  0–5 years 0.67 (0.55, 0.83) 0.71 (0.21) –
   5–25 years 0.92 (0.75, 1.13) 0.96 (0.29) –
  25–45 years 2.93 (2.43, 3.62) 3.08 (0.90) –
  45–65 years 12.79 (10.96, 15.22) 13.22 (3.06) –
  65–85 years 52.41 (48.25, 56.47) 52.33 (5.98) –

 Cause-specific mortality rate, number of deaths/100,000 Population
  Communicable, maternal, neonatal, and nutritional diseases
   HIV/AIDS and tuberculosis 0.9 (0.56, 1.73) 1.55 (2.07) –
   Diarrhea, lower respiratory and other common 

infectious diseases
32.19 (26.13, 39.35) 33.42 (10.53) –

   Neglected tropical diseases and malaria 0.05 (0.04, 0.10) 0.07 (0.06) –
   Maternal disorders 0.32 (0.26, 0.42) 0.36 (0.15) –
   Neonatal disorders 3.05 (2.49, 3.88) 3.36 (1.28) –
   Nutritional deficiencies 1.50 (1.11, 1.93) 1.59 (0.69) –
   Other communicable, maternal, neonatal, and 

nutritional diseases
1.21 (1.03, 1.43) 1.25 (0.32) –

  Non-communicable diseases
   Neoplasms 204.27 (185.20, 225.99) 206.54 (31.72) –
   Cardiovascular diseases 272.25 (235.82, 315.91) 278.31 (58.83) –
   Chronic respiratory diseases 62.43 (52.28, 73.42) 63.92 (16.87) –
   Cirrhosis and other chronic liver diseases 17.26 (13.85, 20.91) 18.38 (7.81) –
   Digestive diseases 16.07 (14.62, 17.63) 16.16 (2.44) –
   Neurological disorders 95.87 (80.89, 110.93) 95.89 (21.75) –
   Mental and substance use disorders 11.69 (8.59, 16.02) 13.14 (6.78) –
   Diabetes, urogenital, blood and endocrine diseases 61.05 (51.45, 72.31) 63.29 (17.88) –
   Musculoskeletal disorders 3.10 (2.70, 3.61) 3.22 (0.75) –
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Table 1   (continued)

Characteristics, n = 3080 Median (interquartile range) Mean (standard deviation) Number (%)

   Other non-communicable diseases Injuries 6.58 (5.71, 7.61) 6.78 (1.49) –
   Transport injuries 22.2 (16.39, 28.59) 23.05 (9.23) –
   Unintentional injuries 23.79 (20.90, 26.56) 23.95 (4.97) –
   Self-harm and interpersonal violence 21.06 (17.18, 25.23) 21.86 (6.74) –
   Forces of nature, war and legal intervention 0.07 (0.04, 0.11) 0.09 (0.13) –

Sociodemographics
 Population characteristics
  Size, n 25,932 (11,257, 68,081) 101,310 (324,395) –
  Gender, male % 49.6 (48.94, 50.47) 50.04 (2.22) –
  Ethnicity, white alone % 92.2 (80.95, 96.09) 85.53 (15.78) –
  Age, %
   0–9 years 12.12 (10.94, 13.27) 12.22 (2.09) –
   10–19 years 12.86 (11.9, 13.84) 12.89 (1.67) –
   20–29 years 11.7 (10.38, 13.3) 12.31 (3.31) –
   30–39 years 11.42 (10.5, 12.42) 11.53 (1.64) –
   40–49 years 12.22 (11.23, 13.17) 12.2 (1.46) –
   50–59 years 14.71 (13.75, 15.55) 14.61 (1.65) –
    60–69 years 12.05 (10.8, 13.41) 12.28 (2.45) –
    70–79 years 7.28 (6.18, 8.45) 7.44 (1.99) –
    ≥ 80 years 4.32 (3.52, 5.26) 4.53 (1.5) –

 Socioeconomics
  Educational level (age ≥ 25), %
   Less than a high school diploma 12.1 (8.8, 17.2) 13.42 (6.32) –
    A high school diploma only 34.6 (29.9, 39.3) 34.32 (7.18) –
    Completing some college or associate’s degree 30.6 (27.25, 34.2) 30.72 (5.19) –
   A bachelor’s degree or higher 19.2 (15, 25.5) 21.54 (9.41) –
  Median household income (annual), US dollar 45,158.5 (38,792.5, 52,386) 46,963.46 (12,008.42) –
  Unemployment rate, % 6.0 (4.60, 7.50) 6.22 (2.22) –
  Poverty rate, % 15.80 (12.1, 20.4) 16.87 (6.43) –

 Healthcare service
  Medical-insured population (age < 65), % 86.10 (82.5, 89.5) 85.72 (5.04) –
  Physicians (per 1000 population), n 0.76 (0.39, 1.47) 1.21 (1.62) –

Residential environment and location
 Rural–urban continuum Code
  1 (Metro areas, 1 million population or more) – – 428 (13.90)
   2 (Metro areas, 250 thousand to 1 million popula-

tion)
– – 375 (12.18)

  3 (Metro areas, population fewer than 250 thou-
sand)

– – 350 (11.36)

  4 (Urban population of 20 thousand or more, adja-
cent to a metro area)

– – 213 (6.92)

  5 (Urban population of 20 thousand or more, not 
adjacent to a metro area)

– – 88 (2.86)

  6 (Urban population of 2,500 to 19,999, adjacent to 
a metro area)

– – 587 (19.06)

  7 (Urban population of 2,500 to 19,999, not adja-
cent to a metro area)

– – 418 (13.57)



4414	 Environ Geochem Health (2023) 45:4407–4424

1 3
Vol:. (1234567890)

associated with increased death from many causes 
(Supplementary Table 3). Adjusted results, where the 
‘Common’ cluster was set as the referent, are shown 
in Fig. 4. It was particularly worth noting that, com-
pared to the ‘Common’ cluster, the rates of the top 
five most frequent causes of death (i.e. cardiovascular 
diseases, neoplasms, neurological disorders, chronic 
respiratory diseases, and diabetes, urogenital, blood 
and endocrine diseases) were all significantly higher 
in the ‘Infertile’ cluster (Fig.  4). The differences in 
mortality rates from the 21 mutually exclusive causes 
among the three clusters over 1980–2014 are pre-
sented in Fig. 5.

Discussion

Biological and medical research on the effects of 
minerals on certain organisms has made great pro-
gress (Huybrechts et al., 2021; Lossow et al., 2021), 
although it is not yet clear which minerals are essen-
tial or beneficial, and which are non-essential or even 
toxic, particularly for humans (Maret, 2016). In the 
field of environmental research, geographically large-
scale studies on the spatial distribution of minerals 
in samples such as soil and water are common; how-
ever, there is a lack of corresponding assessments of 
health effects on human populations (Hu et al., 2020). 
On the other hand, epidemiological studies of human 
populations have typically been conducted only at a 
small region on specific minerals and diseases (Wang 
et al., 2021), due to difficulties in study design, cost, 
management and mapping of mineral exposures and 
population health outcomes. Due to the open-access, 
high-quality databases (Dwyer-Lindgren et al., 2016, 
2017; Smith et al., 2013), we have been able to con-
duct this study on a national scale in the USA, taking 

into account some new aspects which filled some 
important research gaps.

Concentrations of As, Ca, Na, Se and Zn in surface 
stream-sediment or soil were found to be associated 
with life expectancy at birth in a large geographical 
matter. Ca, Na, Se and Zn were in positive associa-
tions, whereas As was negative. For the other stud-
ied minerals (Al, Cu, Fe, Hg, Mg, Mn, P, Pb and Ti), 
our multivariate regression models suggested that 
those apparent associations that initially occurred 
in simple statistics could be due to their coexistence 
with Ca, Na, Se or Zn, suggesting to the need to 
carry out investigations including multiple minerals 
simultaneously.

For the first time, using LCA, the common patterns 
of geographical distribution of As, Ca, Na, Se and 
Zn across USA were identified where three distinc-
tive clusters were determined. Previous studies have 
described the spatial distributions of specific miner-
als separately (Hu et al., 2020; Rembert et al., 2017; 
Woodruff et al., 2015), but to our knowledge no one 
has considered the patterns of multiple minerals in 
an integrated way, particularly with regard to human 
health.

The ‘Infertile’ cluster, which were counties 
characterized by the lowest concentrations of As, 
Ca, Na, Se and Zn, was associated with a reduced 
life expectancy of their residents by approximately 
3  years (2014, unadjusted data). With adjustment 
for other collected variables, including population 
characteristics, socioeconomics, healthcare service, 
and residual environment and location, this rela-
tionship remained highly significant. This cluster 
was also associated with the smallest increase in 
life expectancy between 1980 and 2014 compared 
to the remaining clusters, further supporting its vul-
nerability from the view of longitudinal perspective. 
These results are important as this cluster accounts 

Table 1   (continued)

Characteristics, n = 3080 Median (interquartile range) Mean (standard deviation) Number (%)

  8 (Completely rural or less than 2,500 urban popu-
lation, adjacent to a metro area)

– – 217 (7.05)

  9 (Completely rural or less than 2,500 urban popu-
lation, not adjacent to a metro area)

– – 404 (13.12)

 Latitude 38.34 (34.69, 41.74) 38.3 (4.83) –
 Longitude  − 89.96 (− 97.79,  − 83.33)  − 91.51 (11.41) –
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for approximately one-quarter of the total numbers 
of USA counties. Particularly, geographically this 
cluster largely overlaps the areas where life expec-
tancy of their residents was the shortest (Fig.  2a, 
b). No difference in life expectancy or increase in 
life expectancy between 1980 and 2014 was found 
between the ‘Common’ and ‘Plentiful’ clusters, 
implying a sufficient amount of essential minerals 

rather than a higher amount is the key to maintain 
good health.

Through further analysis of age-specific mortality 
risk, we found that counties labeled as the ’Infertile’ 
cluster were associated with higher mortality risks 
at all age groups. Particularly, the risks of mortality 
attributed to the ’Infertile’ cluster were proportionally 
lager in populations who were younger. These results 

Table 2   Association between concentrations of minerals and life expectancy in 2014

Vari-
ables in 
univariate 
regression 
analysis

Regression 
coefficient

p value 99.5% 
Confidence 
intervals

R2 
(adjusted)

Variables 
in multiple 
regression 
analysis

Regression 
coefficient

p value 99.5% Confidence 
intervals

R2 
(adjusted)

– – – – – Model – – 0.295
Al (mg/kg) 5.93E-05  < 0.0001 (5.31E-05, 

6.55E-
05)

0.190 – – – – –

As (mg/kg) 0.033  < 0.0001 (0.012, 
0.055)

0.006 As (mg/
kg)

 − 0.028  < 0.0001 (−0.049,  − 0.008) –

Ca (mg/kg) 3.05E-05  < 0.0001 (2.49E-05, 
3.61E-
05)

0.070 Ca (mg/
kg)

1.85E-05  < 0.0001 (1.35E-05, 2.36E-
05)

–

Cu (mg/kg) 0.044  < 0.0001 (0.036, 
0.053)

0.065 – – – – –

Fe (mg/kg) 5.23E-05  < 0.0001 (4.31E-05, 
6.15E-
05)

0.077 – – – – –

Hg (mg/
kg)

0.692 0.003 (0.038, 
1.347)

0.003 – – – – –

Mg (mg/
kg)

1.64E-04  < 0.0001 (1.43E-04, 
1.85E-
04)

0.135 – – – – –

Mn (mg/
kg)

8.26E-04  < 0.0001 (5.66E-04, 
1.08E-
03)

0.025 – – – – –

Na (mg/kg) 2.51E-04  < 0.0001 (2.28E-04, 
2.73E-
04)

0.245 Na (mg/
kg)

2.19E-04  < 0.0001 (1.96E-04, 2.42E-
04)

–

P (mg/kg) 2.41E-04  < 0.0001 (1.18E-04, 
3.65E-
04)

0.009 – – – – –

Pb (mg/kg) 0.006  < 0.0001 (0.003, 
0.009)

0.012 – – – – –

Se (mg/kg) 1.702  < 0.0001 (1.244, 
2.161)

0.034 Se (mg/kg) 0.957  < 0.0001 (0.532, 1.382) –

Ti (mg/kg) 9.72E-05  < 0.0001 (3.56E-05, 
1.59E-
04)

0.006 – – – – –

Zn (mg/kg) 0.012  < 0.0001 (0.01, 
0.015)

0.060 Zn (mg/
kg)

0.005  < 0.0001 (0.003,0.007) –
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suggest that any insufficiency of Ca, Na, Se or Zn in 
the environment may have negative impacts on the 
health of local population throughout the lifetime.

We studied the mortality rates for 21 mutually 
exclusive causes of death and found that the ’Infer-
tile’ cluster was associated with higher mortality rates 
for many causes. In particular, increased rates were 
observed for the top five leading causes of death (i.e., 
cardiovascular diseases, neoplasms, neurological dis-
orders, chronic respiratory diseases, and diabetes, 
urogenital, blood and endocrine diseases). Previous 
studies provided varying degrees of evidence for the 
effects of these individual elements on specific dis-
eases or health outcomes (Adaramoye et  al., 2010; 
Benstoem et  al., 2015; Cavdar et  al., 2009; Dinh 
et  al., 2018; Eaton et  al., 2010; Guo et  al., 2012; 
Hasan, 2021; Jackson, 1988; Kazi et  al., 2012; Lit-
tle et al., 2010; Ma et al., 2020; Quansah et al., 2015; 
Rahman et  al., 2010; Wang et  al., 1990; Zaichick 
et  al., 1995; Zoroddu et  al., 2019), for example, the 

association of Zn and Se deficiency with cardiovascu-
lar diseases such as myocarditis, arrhythmias and cor-
onary artery disease (Benstoem et al., 2015; Coudray 
et al., 1993; Eaton et al., 2010; Powell et al., 1995), 
and with neoplasms such as stomach cancer, liver 
cancer, bladder cancer, prostate cancer and malignant 
lymphomas (Adaramoye et  al., 2010; Cavdar et  al., 
2009; Guo et  al., 2012; Jackson, 1988; Kazi et  al., 
2012; Wang et al., 1990). However, there has been no 
previous research looking at the patterns of multiple 
minerals in the environment in a geographical region 
and investigated their collective effects on different 
diseases and conditions. Our study, as the first of this 
type, provides novel insights on the spatial relation-
ship between environmental minerals and human 
health.

In the literature, many studies have demonstrated 
the substantial and still increasing geographical dis-
parities in life expectancy in the USA (Boing et  al., 
2020; Chang et  al., 2015; Dwyer-Lindgren et  al., 

Table 3   Cluster classification: posterior probability of membership of clusters

Assigned cluster, n = 3080 (%) Mean posterior probability for each cluster (standard deviation)

The ‘common’ cluster The ‘infertile’ cluster The ‘plentiful’ cluster

The ‘common’ cluster, n = 2056 0.974 (0.075) 0.013 (0.058) 0.014 (0.051)
(66.75%)
The ‘infertile’ cluster, n = 739 0.053 (0.113) 0.947 (0.113) 0.0 (0)
(23.99%)
The ‘plentiful,’ n = 285 0.064 (0.123) 0.0 (0) 0.936 (0.123)
(9.25%)

Fig. 1   Concentration characteristics of Ca, Na, Zn, Se and As by latent class analysis-derived clusters
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2016, 2017; Kulkarni et al., 2011; Wei et al., 2012). 
Based on the data of 1999–2001, Mississippi was 
associated with the shortest life expectancy at birth 
(73.9 years) and Hawaii the longest (80.2) (Wei et al., 
2012). Relative to a larger area, populations in the 
South region were associated with the shortest life 
expectancy, while in the Northeast the longest (Chang 
et  al., 2015). Health disparities between regions 
continued to widen: in 2007 the difference between 
counties with the highest and lowest life expectancy 
at birth was 12.5 years for females and 15.2 years for 
males (Kulkarni et  al., 2011), whereas in 2014 the 
difference enlarged to 20.1  years (summarized for 
both genders) (Dwyer-Lindgren et al., 2017). Differ-
ence in life expectancy should refer to disparities in 
the occurrence and outcome of diseases. Analyses 
of cause-specific mortality in the USA showed that 
such disparities by geographical location were very 
large. For example, for cardiovascular diseases, the 

top cause of death in the USA, it showed a sevenfold 
difference in mortality risks between the highest and 
lowest counties (503.1 vs. 70.7 per 100,000 popula-
tion, data of 2014) (Dwyer-Lindgren et  al., 2016). 
Regional factors associated with health disparities 
were mainly analyzed and discussed in the domains 
of population demographics, socioeconomics and 
healthcare service (Arora et  al., 2016; Boing et  al., 
2020; Chang et  al., 2015; Dwyer-Lindgren et  al., 
2016, 2017; Vierboom et al., 2019). Our study, at the 
USA national scale, provides evidence, in addition 
to the above domains, that geochemistry may also be 
a very important group of factors. In future studies, 
investigations on the influence of prenatal and early 
exposures to infertile environments on later health 
and development are of great interest.

The availability of mineral and health data 
across the USA offers a novel research opportu-
nity (i.e. linked database research) to investigate 

Fig. 2   Geographical pattern of minerals, and its association with life expectancy (2014) and increase of life expectancy (1980–2014)
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environmental epidemiological issues and explore 
the relationship between environmental expo-
sure and human health, at a very large geographi-
cal scale. An ecological study, using data reported 

at the county level, is a feasible and effortful 
approach, since that in the USA counties are the 
smallest administrative units where essential stud-
ied information can be provided (Dwyer-Lindgren 

Table 4   Association of clusters with life expectancy (2014) and change in life expectancy (1980–2014) with confounding adjust-
ment

Variables in multi-
variate regression 
analysis

Life expectancy, 2014
Model R2 (adjusted), 0.711

Change in life expectancy, 1980–2014
Model R2 (adjusted), 0.420

Regression coef-
ficient

99.5% Confidence 
intervals

p value Regression coef-
ficient

99.5% Confidence 
intervals

p value

Pattern of minerals
 The ‘common’ 

cluster
0 (referent) – – 0 (referent) – –

 The ‘infertile’ 
cluster

 − 0.437 (− 0.626,  − 0.248)  < 0.0001  − 0.282 (− 0.507,  − 0.056)  < 0.0001

 The ‘plentiful’ 
cluster

 − 0.129 (− 0.361, 0.104) 0.120 0.101 (− 0.177, 0.378) 0.308

Population size, n 
(per 10000 popula-
tion)

0.006 (0.003, 0.008)  < 0.0001 0.005 (0.003, 0.008)  < 0.0001

Gender, male % 0.117 (0.084, 0.149)  < 0.0001 0.132 (0.093, 0.170)  < 0.0001
Ethnicity, white 

alone %
0.022 (0.016, 0.028)  < 0.0001  − 0.034 (− 0.041,  − 0.027)  < 0.0001

Education level, 
bachelor’s degree 
%

0.111 (0.099, 0.123)  < 0.0001 0.078 (0.064, 0.092)  < 0.0001

Median household 
income, n (per 
10000 dollars)

0.177 (0.049, 0.305)  < 0.0001 0.261 (0.108, 0.414)  < 0.0001

Unemployment 
rate, %

 − 0.003 (− 0.044, 0.038) 0.823 0.189 (0.140, 0.238)  < 0.0001

Poverty rate, %  − 0.115 (− 0.138,  − 0.091)  < 0.0001  − 0.099 (− 0.127,  − 0.070)  < 0.0001
Insured popula-

tion, %
 − 0.041 (− 0.061,  − 0.022)  < 0.0001  − 0.111 (− 0.134,  − 0.088)  < 0.0001

Physicians, n (per 
1000 population)

 − 0.073 (− 0.125,  −  0.020)  < 0.0001 0.018 (− 0.044, 0.080) 0.418

Rural–Urban Con-
tinuum Code

 1 0 (referent) – – 0 (referent) – –
 2 0.449 (0.174, 0.724)  < 0.0001 0.018 (− 0.310, 0.346) 0.877
 3 0.682 (0.389, 0.976)  < 0.0001 0.221 (− 0.129, 0.571) 0.076
 4 0.612 (0.277, 0.947)  < 0.0001 0.049 (− 0.351, 0.449) 0.732
  5 0.303 (− 0.15, 0.755) 0.060  − 0.372 (− 0.912, 0.168) 0.053
 6 0.612 (0.329, 0.895)  < 0.0001 0.061 (− 0.277, 0.398) 0.614
 7 0.497 (0.191, 0.802)  < 0.0001  − 0.123 (− 0.487, 0.242) 0.345
 8 0.795 (0.446, 1.144)  < 0.0001 0.318 (− 0.099, 0.735) 0.032
 9 0.787 (0.468, 1.106)  < 0.0001 0.315 (− 0.066, 0.696) 0.020

Latitude 0.094 (0.074, 0.115)  < 0.0001 0.102 (0.078, 0.126)  < 0.0001
Longitude  − 0.007 (− 0.014, 0.0) 0.004 0.026 (0.018, 0.034)  < 0.0001



4419Environ Geochem Health (2023) 45:4407–4424	

1 3
Vol.: (0123456789)

et al., 2017). This study benefits from the fact that 
the USA is a well-developed country, across which 
information on population demographics, socioeco-
nomics, healthcare service and statistics of residual 
environment is well recorded by the Federal offices. 
It enabled us to carry out a relatively comprehen-
sive adjustment for potential confounding factors in 
our analyses. It is worth noting that our studied var-
iables together, based on our regression model, can 
explain more than 70% of the variance of county-
level statistics of life expectancy (R2 = 0.711, 
Table  4). However, many other variables, such as 

food and drinking water sources, are not available, 
which is an obvious limitation of this study.

We were aware that the food and drinking water 
consumed may differ in rural versus urban areas, with 
the former being more likely to consume locally pro-
duced products as compared to the latter where more 
globalized and processed products are used. Thus, 
the Rural–Urban Continuum Code, which served as 
a surrogate for the difference between rural and urban 
areas, was included for statistical adjustment in our 
analyses. Furthermore, we conducted separate analy-
ses by metro and non-metro areas and found that the 

Fig. 3   Age-specific mortal-
ity risk by geographical 
pattern of minerals
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Fig. 4   Cause-specific mortality rate by geographical pattern 
of minerals. Disease group: HAT HIV/AIDS and tuberculosis, 
DLR diarrhea, lower respiratory, and other common infectious 
diseases, NTD neglected tropical diseases and malaria, MatD 
maternal disorders, NeoD neonatal disorders, NutD nutritional 
deficiencies, OCM other communicable, maternal, neonatal, 
and nutritional diseases, Neop neoplasms, CD cardiovascu-
lar diseases, CRD chronic respiratory diseases, COC cirrhosis 

and other chronic liver diseases, DD digestive diseases, NeuD 
neurological disorders, MSU mental and substance use disor-
ders, DUB diabetes, urogenital, blood, and endocrine diseases, 
MusD musculoskeletal disorders, ONC other noncommunica-
ble diseases, TI transport injuries, UI unintentional injuries, 
SHI self-harm and interpersonal violence, FNWL forces of 
nature, war, and legal intervention
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Fig. 5   Cause-specific 
mortality rate by geographi-
cal pattern of minerals over 
1980–2014
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association between mineral cluster and life expec-
tancy was weaker in metro areas (Supplementary 
Tables 4, 5).

Mean concentrations of minerals at the county 
level are the only data accessible from the National 
Geochemical Survey. Additional information, such as 
other parameters of samples that determine the bio-
availability of the analyzed minerals, is not available. 
The geochemical database currently includes only 14 
minerals, and thus, our results are based on this list. 
Other potentially important minerals such as Co, I, K 
and Mo were not analyzed.

Indicators of overall population health such as life 
expectancy and mortality were used in this study, 
instead of more specific measurements such as the 
status of certain diseases. It should be noted that there 
may be nonnegligible variations among the stand-
ards of disease identification and recording across 
the USA, and unbiased information of specific health 
measurements is scarce. Furthermore, many health 
indicators would be affected by detection capability 
and suffered from survival bias. For example, higher 
prevalence of lung cancer in a region could actually 
be attributed to a better method of cancer diagno-
sis, or a better treatment leading to a longer survival 
period. However, life expectancy and mortality data 
(from the national death registration database with 
information on the cause of death) are less problem-
atic particularly in geographically large-scale research 
across multiple administration areas, and they pro-
vide a less unbiased evaluation on overall population 
health.

As an ecological study, common issues, such as 
migration bias, may have their impacts. Our time 
series analysis from 1980 to 2014 (Fig. 5), however, 
suggested that the findings were largely consistent 
over the decades, ruling out a strong effect. We are 
unable to rule out potential reporting bias, which may 
exist across different counties, while the data used in 
this study are considered from high-quality sources 
(Dwyer-Lindgren et  al., 2016, 2017; Smith et  al., 
2013). Nevertheless, particular attention must be paid 
to ecological fallacy, and therefore, no inferences are 
intended to be made at the individual level (Sedg-
wick, 2014). The geographical pattern of minerals in 
this study is determined by LCA with the mentioned 
selection criteria for the optimal model; however, 
the use of other analytical approaches may generate 
slightly different results.

Conclusions

Our county-level ecological study identified the geo-
graphical patterns of life expectancy-related minerals 
(As, Ca, Na, Se and Zn) in stream-sediment (or sur-
face soil) samples across the contiguous USA, where 
three distinctive clusters were determined. In par-
ticular, the cluster, characterized by the regions hav-
ing the lowest concentrations of these five elements, 
was associated with a lower life expectancy at birth, 
higher mortality risks at all ages, and higher mortality 
rates of many specific reasons including the five lead-
ing causes of death. Our study brings new perspec-
tives to explain health disparities in the USA.
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