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This study investigates the occurrence and distribution of fluoride in Iowa's groundwater and drinking water.

Fluoride, added to community water supplies to prevent dental caries, can pose health risks at high

concentrations. The U.S. Public Health Service recommends an optimal fluoride concentration of 0.7 mg L−1,

while the EPA sets a maximum contaminant level (MCL) at 4 mg L−1 and a secondary MCL at 2 mg L−1. This

research analyzes fluoride data from various sources, including the Iowa Department of Natural Resources

and the US Geological Survey, covering 9011 raw groundwater samples from 1931 and 2017 and 26 280

treated drinking water samples from 1934 to 2021. Fluoride concentrations in Iowa's groundwater ranged

from <0.1 mg L−1 to 11.2 mg L−1, with an average of 0.65 mg L−1 and a median of 0.35 mg L−1.

Approximately 69% of untreated raw source groundwater samples fell below the recommended 0.7 mg L−1,

while 7% exceeded the secondary MCL of 2 mg L−1. Higher fluoride levels are associated with deeper wells

and specific aquifers, such as the Cambrian-Ordovician and Mississippian. Treated public drinking water

showed an average fluoride concentration of 0.87 mg L−1, indicating a higher average of 0.24 mg L−1 (mean)

compared to untreated groundwater due to fluoridation practices. Fluoride concentrations in treated water

peaked between 1980 and 1999, then declined slightly after 2000 and more so when systems began

aligning with the 2015 recommendation to lower the optimal level to 0.7 mg L−1. This pattern reflects how

regulatory guidance and water source management have influenced fluoride levels over time. This study

highlights significant regional variability in fluoride levels, influenced by aquifer lithology, well depth, and

water chemistry. Anthropogenic sources also contribute to fluoride concentrations. The findings underscore

the need for tailored water management strategies to balance the benefits of fluoridation with the risks of

excessive fluoride intake. This research provides valuable insights for public health agencies, water suppliers,

and residents, aiming to optimize fluoride levels in Iowa's drinking water to ensure safety and efficacy.
Environmental signicance

This study evaluates uoride levels in Iowa's untreated groundwater and treated drinking water, revealing signicant regional variation. While uoridation raises
average uoride concentrations to benecial levels for dental health, about 7% of groundwater samples exceed safe thresholds. The ndings underscore the need
for tailored water management strategies to balance the benets of uoridation with the risks of excessive uoride exposure. This research provides valuable
insights for public health agencies, water suppliers, and residents, aiming to optimize uoride levels in Iowa's drinking water to ensure safety and efficacy.
1. Introduction

Community water uoridation has been employed to improve
human dental health in the United States since the mid-1900s.1
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recommended by most public health agencies and advocacy
groups including the U.S. Public Health Service (USPHS),2

World Health Organization (WHO),3 American Dental Associa-
tion,4 and American Academy of Pediatrics.5 It is widely recog-
nized as the most efficient, equitable, and cost-effective/cost-
saving method of delivering uoride to the general pop-
ulation.6 An estimated 400 million people in 25 countries, such
as Australia, Brazil, Canada, Chile, Ireland, Malaysia, United
Kingdom, the United States, and Vietnam, receive drinking
water with added uoride.

Decient uoride concentrations can contribute to a higher
occurrence of tooth decay, while excess uoride concentration
is linked to irreversible dental or skeletal uorosis.2,3 Some
associations with other health effects also have been
reported.7–13 Fluoride exposure greater than 1.5 mg L−1 (ref. 14)
during early pregnancy has been associated with adverse fetal
outcomes, including miscarriages and stillbirths,12,15 preterm
and low birth weight infants,16,17 neurological malformations,12

and maternal anemia.12,18 Although uoride ingestion has been
proposed as a risk factor for osteosarcoma, a type of bone
cancer, the best available studies do not support an association
between uoride levels in drinking water and an increased risk
of osteosarcoma.19–24 Available evidence also suggests that
children and teenagers may be more susceptible to uoride
exposure compared to adults.25 For instance, neurocognitive
decits in children aged 3 to 4 years have also been
observed,7,12,26 but these results should be interpreted with
caution, as signicant concerns regarding the quality of these
studies including methodological, data integrity variability in
study quality and potential biases have been noted by
experts.27,28 Importantly, most of these studies have focused on
populations with uoride exposures substantially higher than
those typically provided by U.S. water supplies.24 Despite these
reports of adverse health effects, uoridation is widely consid-
ered one of the great public health successes of the 20th
century.29

The ideal range for uoride concentrations in drinking water
is relatively narrow. In 2015, the U.S. Public Health Service
(PHS) lowered its recommended uoride concentration in
drinking water from a range of 0.7 to 1.2 milligrams per liter
(mg L−1) to a single, optimal level. The prior recommendation
was put in place in 1962.30 The U.S. Public Health Service (PHS)
now recommends an optimal uoride concentration of
0.7 mg L−1 in drinking water to prevent tooth decay with
minimal risk of uorosis.2,30,31Due to the health risks associated
with long-term exposure to high uoride concentrations, the
U.S. Environmental Protection Agency (USEPA) has set an
enforceable maximum contaminant level (MCL) at 4 mg L−1

with a secondary MCL (SMCL) of 2 mg L−1.32 The World Health
Organization recommends a guideline limit of 1.5 mg L−1 with
an optimal range between 0.5–1.0 mg L−1.3

Globally, it has been estimated that as many as 330 million
people are exposed to uoride concentrations over 1.5 mg L−1.33

In the United States, over 522 000 people on domestic wells are
potentially exposed to concentrations above the EPA's 2 mg L−1

SMCL.34 For community water systems (CWS), from 2016–2021,
the CDC's Water Fluoridation Reporting System (WFRS)
130 | Environ. Sci.: Adv., 2026, 5, 129–142
reported that only 0.01% of population-weighted monthly
uoride measurements (person-months) exceeded this SMCL.35

Fluoride concentrations in natural waters are generally in
the range of 0.1–12 mg L−1, but substantial variation exists
across water supplies in different areas.36 Fluoride concentra-
tions in groundwater above theWHO guideline occur in parts of
Africa, China, India, Iran, and North and South America.25,34,36–45

In the United States, most of the aquifers with uoride
concentrations exceeding the EPA MCL and SMCL are found in
the western United States.34 In 2020, McMahon analyzed data
from 38 000 wells, nding that more than 85% of uoride
concentrations were below the 0.7 mg L−1 oral-health bench-
mark with an estimated 3 million people in the country served
with water containing F concentrations >0.7 mg L−1.34 In
comparison, uoride concentrations in Iowa's surface and
groundwater are relatively low, likemuch of the eastern US, with
low risk of excess uoride levels. However, there is a signicant
range of uoride concentrations observed in different Iowa
source waters, which are highly regionalized.

Aquifer lithology, including the presence of F-bearing
minerals such as uorite and apatite, is a key determinant of
uoride in drinking water, as uoride is mostly retained in
minerals in an aqueous environment.44 High levels of uoride
in groundwater typically are found in aquifers with acidic
igneous basement rocks, volcanic and geothermal rocks, as well
as derived from sedimentary deposits and metamorphic
rocks.33,34 Chemical and other characteristics of the water
including low pH, low calcium concentrations, high Total Di-
ssolved Solids (TDS) concentration, higher temperatures, long
groundwater residence times, and greater well depth are all
factors associated with higher uoride concentrations.33,34,45–47

Additionally, anthropogenic sources such as superphosphate
fertilizer, pesticides, and industrial waste also can inuence
uoride concentrations in water.34,48–50

Community water uoridation rst began in Iowa in 1951.51

By 1966 half of the state's population received water containing
adjusted or dosed uoridation in line with USPHS recommen-
dations.51 As of 2022, nearly 89% of Iowans, or 2.3 million
people, had access to uoridated water.52,53 Only 69.9% had
access to optimally uoridated water.52 Some drinking water
systems have naturally sufficient uoride concentrations, while
others have elevated uoride concentrations and blend with
water from other sources to maintain compliance with regula-
tory standards and optimize uoride levels for public health.44,54

The studies by McMahon and DeSimone34,55,56 suggest signi-
cant variability in F− concentrations in Iowa waters, with
concentrations ranging from 0.1 to 4 mg L−1. However, varia-
tion in uoride levels across the state, particularly in source
groundwater compared to nished drinking water, has not been
evaluated or discussed.34 For water providers, it is important to
understand the base concentration of uoride present in their
water sources to make evidence-based decisions regarding
uoridation. This paper aims to characterize the occurrence
and distribution of uoride in Iowa's source and nished
drinking water to better inform decision-making by water
suppliers, public health agencies, and the residents of Iowa.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1 Data

This study analyzed uoride data from several sources. First,
groundwater (n = 10 128) data collected between 1931 and 2017
were obtained from the Iowa Department of Natural Resources'
(IDNR) (n = 4029) database AQuIA57 and the US Geological
Survey's (USGS) National Water Information System (NWIS) (n=
6099) database.58 These data represent uoride concentrations
in raw source waters from public water systems and monitoring
wells; private wells were not included in this analysis. Sample
records were coded by aquifer lithology or aquifer age, so
aquifer codes were condensed, and samples re-classied by
aquifer age into seven groups: Alluvial, Quaternary, Cretaceous,
Mississippian, Devonian, Silurian, and Cambrian-Ordovician.
Samples that were listed as coming from multiple aquifers, an
unknown aquifer, or an unidentiable source were excluded
from this analysis. A total of 1117 samples were excluded due to
data errors or because the correct lithology or aquifer could not
be identied, leaving a total sample set of 9011.

Another compiled set of groundwater samples, which
included data from the IDNR and USGS,59 was used to examine
the relationships between uoride concentration and other key
Table 1 Fluoride concentrations (mg L−1) in untreated groundwater fro

Mean Std dev. 95% CI

Total 0.65 0.74 0.63 0.66

Aquifer type
Alluvial 0.27 0.21 0.26 0.28
Cambrian-Ordovician 1.18 0.94 1.13 1.22
Cretaceous 0.66 0.50 0.56 0.76
Devonian 0.86 0.78 0.81 0.91
Mississippian 0.94 1.03 0.88 1.00
Quaternary 0.39 0.29 0.38 0.41
Silurian 0.38 0.38 0.36 0.41

Landform*

Des Moines Lobe 0.84 0.89 0.80 0.88
East-Central Iowa Dri Plain 0.30 0.22 0.27 0.34
Iowa-Cedar Lowland 0.35 0.5 0.21 0.5
Iowan Surface 0.60 0.6 0.57 0.62
Loess Hills 0.31 0.19 0.27 0.36
Mississippi River Alluvial Plain 0.20 0.24 0.17 0.22
Missouri River Alluvial Plain 0.51 0.47 0.42 0.59
Northwest Iowa Plains 0.47 0.35 0.45 0.50
Paleozoic Plateau 0.36 0.42 0.31 0.41
Southern Iowa Dri Plain 0.71 0.82 0.68 0.74

Distance from Manson impact structure
<50 km 0.81 0.74 0.76 0.85
51–150 km 0.63 0.75 0.60 0.65
151–250 km 0.64 0.72 0.62 0.67
>250 km 0.59 0.75 0.56 0.63

Well depth
<20 m 0.30 0.20 0.29 0.31
21–50 m 0.34 0.29 0.33 0.35
51–100 m 0.54 0.51 0.52 0.56
101–150 m 1.29 1.02 1.25 1.33

© 2026 The Author(s). Published by the Royal Society of Chemistry
parameters such as hardness, turbidity, pH, and well depth
using Spearman correlation coefficients (Table S1). While this
dataset consisted of over 19 000 data points, the number of
results for various parameters varied signicantly. As a result,
this dataset was only used for correlation analysis because these
parameters were not available with the primary data set.

Fluoride levels in nished drinking water samples (n = 26
280) from CWS were obtained from the Center for Health Effects
of Environmental Contamination (CHEEC) at the University of
Iowa. Iowans receive treated drinking water from 1801 CWS.
These systems consist of a mixture of CWS (n = 1076), non-
transient non-CWS (n = 113), and transient non-CWS (n =

612).60 Non-transient and transient systems represent water
systems such as schools, factories, gas stations, campgrounds,
and rest stops that either provide water to at least 25 people for
a minimum of 6 months or where people do not remain for long
periods of time.61 Alternatively, a CWS is dened as a system
that provides water for human consumption that has at least 15
service connections or serves at least 25 people at least 60 days
during the year.61 This study examined nished water samples
from CWSs. Data from 891 of the 1076 were identied with
uoride concentrations reported for post-treatment samples
from 1934 to 2021. CHEEC maintains a database of historical
m 1931–2017 by aquifer type (n = 9011)

Median Min 25% 75% Max N p-Value

0.35 0.00 0.23 0.75 11.20 9011

0.25 0.00 0.20 0.30 3.30 1958 <0.0001
1.10 0.00 0.40 1.60 11.20 1755
0.55 0.00 0.35 0.80 3.00 99
0.60 0.00 0.30 1.00 6.00 1088
0.50 0.00 0.30 1.20 9.00 1117
0.35 0.00 0.25 0.45 3.00 2098
0.30 0.00 0.20 0.40 3.00 896

0.40 0.00 0.30 1.10 9.00 2024 <0.0001
0.25 0.00 0.20 0.40 1.27 155
0.23 0.05 0.15 0.30 3.00 49
0.40 0.00 0.20 0.80 8.70 1998
0.30 0.00 0.25 0.35 1.60 66
0.15 0.00 0.10 0.20 3.20 399
0.37 0.00 0.30 0.40 2.80 123
0.40 0.00 0.30 0.50 2.80 752
0.25 0.00 0.20 0.40 3.30 297
0.35 0.00 0.25 1.00 11.2 3148

0.45 0.00 0.30 1.10 6.50 1039 <0.0001
0.35 0.00 0.25 0.60 9.00 3707
0.35 0.00 0.20 0.81 11.20 2629
0.30 0.00 0.15 0.70 5.30 1636

0.25 0.00 0.20 0.39 2.70 1526 <0.0001
0.30 0.00 0.20 0.40 3.60 2537
0.35 0.00 0.25 0.70 7.00 2481
1.10 0.00 0.50 1.80 11.20 2467

Environ. Sci.: Adv., 2026, 5, 129–142 | 131
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Table 2 Fluoride concentrations (mg L−1) in Iowa's groundwater from 1934–2021 by time period

Untreated groundwater (n = 9011) Treated public drinking water (n = 26 280)

Mean Med Min 25% 75% Max Mean Med Min 25% 75% Max p-Value

Total 0.65 0.35 0.00 0.23 0.75 11.20 0.87 0.86 0.00 0.56 1.05 8.60 <0.0001

Year
# 1959 0.80 0.50 0.00 0.25 1.00 9.00 0.54 0.30 0.00 0.25 0.50 4.60
1960–1979 0.68 0.38 0.03 0.25 0.80 11.20 0.90 0.60 0.10 0.30 1.10 8.60
1980–1999 0.47 0.30 0.00 0.20 0.45 5.30 0.98 0.96 0.00 0.67 1.12 8.00
$ 2000 0.44 0.28 0.05 0.22 0.43 4.70 0.83 0.83 0.00 0.60 1.01 4.30
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community water data on water sources (ground or surface
water), treatments used, populations served, and water
quality.62
2.2 Statistical analysis

Fluoride concentration data used in this study were obtained
from IDNR and USGS, both of which are reputable sources that
utilize certied laboratories and standardized procedures.
Although the publicly available datasets did not include meta-
data for inter-laboratory comparisons or detailed QA/QC docu-
mentation, prior work by the USGS has described the analytical
methods and quality assurance protocols used in their water
quality monitoring programs.34 Due to the absence of stan-
dardized metadata across all sources and time periods, we were
unable to provide a comprehensive range of detection limits or
conrm consistency in analytical methods between laborato-
ries. This limitation is acknowledged and should be considered
when interpreting long-term trends in uoride concentrations.

Descriptive statistics were calculated to summarize uoride
concentrations by year, aquifer, and water type (Tables 1 and 2).
The distributions of continuous data and their natural log
transformations were examined for normality using the Sha-
piro–Wilk test. Median, maximum, and minimum were re-
ported to account for skewed distributions. Non-detects were
historically recorded as zero and retained as such to maintain
consistency across the long temporal span of the dataset. Mean
values and other summary statistics were calculated using these
zero values, reecting historical reporting practices in Iowa's
water monitoring records. The strength and direction of asso-
ciation between pairs of continuous variables were measured
using Spearman's rank correlation analyses (Tables S1). Non-
parametric tests, Wilcoxon Rank-Sum Tests and Kruskal–
Wallis Tests, as appropriate, were used to compare differences
in uoride concentrations. Fluoride concentrations were
compared to the USPHS recommended concentration of
0.7 mg L−1, the US EPA's MCL and SMCL, and the WHO's
recommendations as benchmarks. Values above these stan-
dards were considered elevated for the purposes of this
study.2,3,31,32 Fluoride values below the USPHS recommendation
were considered low and, if used as source water, should be
considered for adjustment to the optimal water uoride level.
Values above the 2 mg L−1 and 4 mg L−1 EPA limits would be of
concern due to the increased risk of dental uorosis.
132 | Environ. Sci.: Adv., 2026, 5, 129–142
SAS 9.4 (SAS Institute, Cary, NC) was used to perform the
statistical analyses. Geographic data for boundaries of munici-
palities, locations of private wells, Iowa landforms and other
geological features were obtained from Iowa Geospatial Data
(https://geodata.iowa.gov/). Maps of Iowa uoride
concentrations were developed using kriging interpolation of
private well and mean nished water provider locations.
Kriging is a spatial interpretation method that lls in gaps
between observations. Kriging also weights the inuence of
nearby observations using a variogram of spatial correlation
of nearby points to minimize prediction error.63 The mean
uoride concentration for each nished water source was
calculated by averaging its collected sample concentrations.
Geographic mapping was conducted using ArcGIS Pro (version
3.2.1, ESRI, Redlands, California, USA).
3. Results and discussion
3.1 Fluoride in untreated raw source groundwater

Descriptive statistics for groundwater F− concentrations in each
aquifer are given in Table 1. Fluoride concentrations across all
aquifers ranged from <0.1 mg L−1 to 11.2 mg L−1, with amedian
value of 0.35 mg L−1 and mean of 0.65 mg L−1 (95% CI 0.63–
0.66). Broadly speaking, uoride concentrations in Iowa
groundwater were low. In this study, 69% of all untreated
groundwater samples were below the recommended uoride
level for public dental health (0.7 mg L−1), while only 0.4% were
above the EPA's MCL of 4 mg L−1 and 7% were above the SMCL
of 2 mg L−1. Similarly, 88% of all groundwater samples were
below the WHO's guideline limit of 1.5 mg L−1.

Fluoride concentrations were signicantly different by
aquifer type (Kruskal Wallis, p # 0.0001). Alluvial, Quaternary,
and Silurian aquifers wells had the lowest levels of uoride with
average concentrations of 0.27 (95% CI 0.26–0.28), 0.39 (95% CI
0.38–0.41), and 0.38 (95% CI 0.36–0.41), respectively. Their
median concentrations ranged from 0.25–0.35 mg L−1. Over
ninety-nine percent of all samples collected from these types of
aquifers had concentrations below 2 mg L−1. Wells from
Cretaceous and Devonian aquifers were generally closer to
0.7 mg L−1 with mean values of 0.66 mg L−1 (95% CI 0.56–0.76)
and 0.86 mg L−1 (95% CI 0.81–0.91), respectively. Twelve
percent of samples from these two aquifers exceeded the EPA's
SMCL.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Higher uoride concentrations were found in Mississippian
and Cambrian-Ordovician wells, with mean concentrations of
0.94 (95% CI 0.88–1.00) and 1.18 (95% CI 1.13–1.22) mg L−1,
respectively. The maximum concentration detected was
11.20 mg L−1. Both aquifers had concentrations below
0.7 mg L−1 in nearly half of their wells, while 16% of Missis-
sippian and 18% of Cambrian-Ordovician wells had concen-
trations above the SMCL. Less than 2% of samples from these
two aquifers exceeded the EPA's MCL. In Iowa, the Cambrian
Ordovician is the only aquifer where concentrations regularly
exceed both EPA and WHO recommendations. Concentrations
(Fig. 1 and Table S2) within the Cambrian-Ordovician (p =

0.052), Cretaceous (p = 0.452), and Silurian (p = 0.371) aquifers
have not varied signicantly over time since 1931, whereas
greater variability was observed over time in the Alluvial,
Devonian, Mississippian, and Quaternary aquifers (p = <0.05).

In addition to well depth, previous analysis has shown
correlations between uoride concentration and environmental
and water quality factors like pH, TDS concentration, and mean
annual precipitation.34,57 Spearman tests (Table S1) indicated
strong statistically signicant (p < 0.0001) correlations between
uoride concentration and several water quality analytes or
characteristics. High concentrations of uoride correlated (P <
0.05) positively with well depth, pH, calcium, hardness, potas-
sium, and sodium and correlated negatively with barium,
carbon dioxide, dissolved oxygen, manganese, and tritium.
Deeper aquifers, such as the Cambrian-Ordovician, are gener-
ally highly mineralized because of long groundwater residence
times and may have increased uorite solubility because they
are warmer. The positive associations, therefore, likely reects
Fig. 1 Fluoride concentrations in untreated groundwater by year and aqu
are significantly different by aquifer type and time-period, Kruskal–W
concentrations in Alluvial, Devonian, Mississippian, and Quaternary aquif

© 2026 The Author(s). Published by the Royal Society of Chemistry
increasing mineralization and as aquifers become deeper. On
the other hand, low TDS waters are found in groundwater
recently recharged (shallow and carbonate aquifers). In partic-
ular, the negative associations with tritium suggest that uoride
concentrations are related to groundwater age.64,65 Tritium is
a radioactive isotope of hydrogen with a half-life of about 12.3
years.64,65 Its presence in groundwater is primarily due to
atmospheric nuclear testing in the mid-20th century, which
signicantly increased tritium levels in precipitation.64,65 Higher
levels of tritium suggest that the groundwater likely was
recharged aer 1953.64,65

These ndings align closely with associations found between
uoride concentrations and aquifer type. The average depth
across all aquifers was 143 meters (m) (469 feet ()), but depths
varied considerably by aquifer (Fig. 2). Average well depths
ranged from 15 m (49 ) for alluvial wells to 475 m (1558 ) for
Cambrian-Ordovician wells. The highest groundwater F−

concentrations in Iowa were found in deeper wells of the
Devonian (mean depth = 125 m, 410 ), Cambrian-Ordovician,
and Mississippian (100 m, 328 ) aquifers. Conversely, lower
concentrations were observed in the Alluvial, Quaternary (34 m,
112 ), Cretaceous (99 m, 325 ), and Silurian (105 m, 344 )
aquifers.

Groundwater uoride levels are determined largely by the
presence of uorine-bearing minerals and the solubility of
uorite. The positive correlation found in this study between F−

concentration and well depth indicates that deeper ground-
water is higher in uoride due to presence of F-bearing
minerals, residence time, or increased uorite solubility.
Median uoride concentrations are highest in volcanic rocks
ifer with interquartile range, median, andmean. Median concentrations
allis, p-value # 0.0001. See Table S1 for details. Median fluoride
ers all were significantly different by time-period.
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Fig. 2 Fluoride concentrations (mg L−1) by depth (m) and aquifer with trendlines.
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(0.4 mg L−1) followed by sandstone (0.3 mg L−1), sandstone-
carbonate rocks (0.3 mg L−1), carbonate rocks (0.2 mg L−1),
and shale (0.2 mg L−1).34 Elevated F− levels found in Devonian,
Cambrian-Ordovician andMississippian wells may be related to
the presence of sandstone and carbonates in these aquifers.
Fluorite solubility increases with temperature, and as deep
groundwater is warmed by geothermal heating gradients,
deeper groundwaters may have increased uorite solubility
causing higher F− concentrations. Groundwater temperature in
the Cambrian-Ordovician aquifer ranges from 60–80 °F.

Alluvial wells in Iowa have low levels of uoride, and this is
likely due to inltration of rainfall with low concentrations of F−

to recharge areas. While position in the groundwater-ow system
can inuence water–rock interactions and contribute to the
variability in F− levels across aquifers, regional groundwater
owpaths are not well-dened at the state scale.66 According to
the Iowa Geological Survey, ow is generally downward and
toward nearby rivers, with no consistent lateral direction.67 In
Iowa, uoride concentrations appear to be more strongly asso-
ciated with groundwater age than with ow direction. For
example, in the Cambrian-Ordovician aquifer, water ows from
northwest to southeast, yet uoride concentrations increase
from northeast to southwest, consistent with the age gradient of
the water.68 Position in the groundwater-ow system will impact
the dynamics of water–rock interactions and this likely has
bearing on the wide range of F− levels seen in most aquifers.
Globally, surface water uoride is generally low and rarely at
levels with potential to be detrimental to human health, except in
crystalline basement aquifers, volcanic areas, geothermal areas,
and areas with signicant evapotranspiration.69,70 Iowa surface
134 | Environ. Sci.: Adv., 2026, 5, 129–142
waters are low in uoride, with a mean value of 0.3 mg L−1 –

similar to levels seen in surcial aquifers. Fluoride can also be
anthropogenic in origin in groundwater and surface water,
coming from industrial wastewater or chemical spills.34,48–50

Iowa is composed of several distinct landforms (Fig. 3).
Different aquifers are present within each landform. The local
geology and quantity of water needed determines which aquifer
is utilized for water supplies by CWSs. Fluoride concentrations
in groundwater vary signicantly by landform region (Kruskal
Wallis, p # 0.0001). The Des Moines Lobe had the highest
concentrations with an average of 0.84 mg L−1 (95% CI 0.80–
0.88), while the Mississippi River Alluvial Plain had the lowest
average of 0.20 mg L−1 (95% CI 0.17–0.22). The geology asso-
ciated with these landform regions likely accounts for the
observed uoride variability. The aquifers utilized by CWSs in
the Des Moines Lobe include the Mississippian, Devonian, and
Manson Impact Crater. This paper documents higher mean
uoride concentrations in the Mississippian aquifer. High
uoride concentrations have been documented historically in
the Devonian aquifer.71 The Manson Impact Crater, which has
some of Iowa's highest uoride concentrations in groundwater,
is contained exclusively in the Des Moines Lobe.72 CWSs
primarily use shallow alluvial wells in the Mississippi River
Alluvial Plain. The groundwater in these wells is geologically
“young,” lacking substantial time to dissolve uoride from the
geological materials that constitute the aquifer.

The Cambrian-Ordovician aquifer illustrates the connection
between landforms and aquifers. The Cambrian-Ordovician
aquifer is inclined in a southwesterly direction under Iowa
and is present under all landform regions. Wells in this aquifer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Iowa landform and groundwater wells by aquifer from 1997 to 2017.
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in the northeast Iowa are shallower and utilize younger water
than those in southwest Iowa. Median uoride concentrations
increase from the northeast to southwest Iowa (Fig. 4). This
conrms associations found among uoride concentrations,
well depth, and age of groundwater.

The high F− concentrations seen in the Manson Impact
Structure (MIS) are likely due to dissolution of biotite and low
Ca2+ concentrations, which can allow for elevated F− levels.57,72

The MIS is a 37-km diameter crater formed about 74 million
years ago located in northwest Iowa near the city of Manson. It
lies buried under the southeast corner of Pocahontas County
and extends into portions of three adjoining counties – Cal-
houn, Humboldt, andWebster.72 TheMIS features an outer ring
of down-dropped rock blocks, a central peak of crystalline rocks
lied from deep below, and a crater moat lled with resurge
material called Phanerozoic-Clast Breccia (PCB).72 The one area
of the crater that is the most dependable source of water is the
central peak.72

A reconnaissance study of the groundwater supply in Iowa
published in 2015 found that groundwater from the central
peak aquifer contained high concentrations of uoride (max =
10.0 mg L−1).72 Schilling et al.72 also reported that uoride
© 2026 The Author(s). Published by the Royal Society of Chemistry
concentrations in Manson City wells from 1912 to 2010 ranged
from 4.0 to 4.7 mg L−1, exceeding the EPA's MCL for drinking
water.

In the current study, we found that proximity to the MIS was
a signicant predictor of uoride concentrations in ground-
water. Concentrations within 50 km of the MIS were signi-
cantly higher (Kruskal Wallis, p # 0.0001) than wells further
away, with an average concentration of 0.81 (95% CI 0.76–0.85)
compared to <0.64 mg L−1. This suggests that the MIS plays an
important role, at least within north-central Iowa, in inu-
encing uoride concentrations.

3.2 Fluoride in treated drinking water

The variation in uoride levels seen in Iowa source water
presents a challenge for drinking water utilities across the state
(Fig. 5). Historically, central and southeastern Iowa have re-
ported higher levels of uoride compared to the rest of the state.
Within the past 20 years, these geospatial trends are primarily
a result of aquifer use, with central Iowa relying primarily on the
Mississippian aquifer and being closer to the MIS. Alternatively,
southeast Iowa water systems have primarily used the very old
and deep Cambrian-Ordovician aquifer for water.
Environ. Sci.: Adv., 2026, 5, 129–142 | 135
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Fig. 4 Median fluoride concentrations in the Cambrian-Ordovician aquifer across Iowa's landform regions. Fluoride levels vary significantly by
region (Kruskal–Wallis, p < 0.0001), with the Des Moines Lobe showing the highest concentrations (mean 0.84 mg L−1) and the Mississippi River
Alluvial Plain the lowest (mean 0.20 mg L−1). The red circle marks the Manson Impact Structure, a geologic feature contributing to elevated
fluoride levels in the Des Moines Lobe.

Fig. 5 Average concentrations of fluoride in untreated groundwater and treated, finished drinking water from all sources from community water
systems in Iowa.
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Average uoride concentrations in treated drinking water
from all sources were 0.87 mg L−1 (95% CI: 0.86–0.87),
compared to 0.65 mg L−1 (95% CI: 0.63–0.66) in untreated
groundwater (Table 2). The median concentration in treated
drinking water (0.86 mg L−1) was more than twice that of
untreated groundwater (0.35 mg L−1), suggesting that uori-
dation practices have raised uoride levels by approximately
0.24 mg L−1 (mean) to 0.51 mg L−1 (median). Historically,
136 | Environ. Sci.: Adv., 2026, 5, 129–142
uoride concentrations in treated drinking water reached as
high as 8.6 mg L−1 (1979) and 8.0 mg L−1 (1982), while the
highest levels in untreated groundwater were 9.4 mg L−1 (1995)
and 11.2 mg L−1 (1974), likely reecting localized geologic
conditions.

Looking at temporal trends (Table 2 and Fig. 6), before 1959
the mean uoride concentration in drinking water was
0.54 mg L−1 (95% CI: 0.50–0.59). Aer the adoption of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of fluoride concentrations in untreated groundwater and treated, finished drinking water from all sources by time-period
with interquartile range, median, and mean. Median concentrations are significantly different by time-period (Kruskal–Wallis p-value # 0.0001)
and water type (Wilcoxon Rank Sum, p-value # 0.0001).
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widespread uoridation in Iowa in 1966,51 uoride concentra-
tions in treated drinking water increased signicantly, while
concentrations in untreated groundwater sources declined
sharply—likely due to reduced reliance on naturally uoridated
groundwater and a shi toward centralized water treatment.
From 1960 to 1979, the average uoride concentration in
drinking water rose to 0.90 mg L−1 (95% CI: 0.86–0.93), and
between 1980 and 1999, it peaked at 0.98 mg L−1 (95% CI: 0.96–
1.00). These elevated levels likely reect efforts by CWS to align
with earlier public health recommendations to maintain uo-
ride concentrations near 1.0 mg L−1 for the prevention of dental
caries. Aer 2000, the mean concentration declined slightly to
0.83 mg L−1 (95% CI: 0.83–0.84), indicating a gradual shi in
practice as systems began aligning with the 2015 U.S. Public
Health Service recommendation to lower the optimal uoride
concentration to 0.7 mg L−1. Aer 2000, the mean concentra-
tion declined slightly to 0.83 mg L−1 (95% CI: 0.83–0.84). Much
of this change occurred aer 2015, indicating a shi in practice
as systems began aligning with the more recent U.S. Public
Health Service recommendation to lower the optimal uoride
concentration to 0.7 mg L−1. In fact, aer 2015, the average
concentrations in treated drinking water declined to
0.64 mg L−1 from 2016 to 2021 compared to 0.89 mg L−1 from
2000 to 2015.

Since 2000, 99% of uoride measurements in treated
drinking water (n = 17 215 samples) have remained below the
EPA's Secondary Maximum Contaminant Level (SMCL) of
2.0 mg L−1. However, 285 samples from 56 systems exceeded
© 2026 The Author(s). Published by the Royal Society of Chemistry
the SMCL, and only one sample exceeded the EPA's Maximum
Contaminant Level (MCL) at 4.3 mg L−1. Most of these
exceedances (79%) were reported prior to the U.S. Public Health
Service's recommendation to reduce uoride concentrations in
drinking water from 1.0 to of 0.7 mg L−1 in 2015. Only 23 CWS,
serving a total population of over 27 000 people, have exceeded
the SMCL since 2015. Eighteen of these systems are in the Des
Moines Lobe region of in north-central Iowa. Over the entire 87-
year period analyzed, only 76 treated water samples exceeded
4.0 mg L−1. The changes in uoride concentrations in treated
drinking water over this time period reect efforts by commu-
nity water systems to maintain uoride at optimal levels—
initially around 1.0 mg L−1, and later adjusted to 0.7 mg L−1

following the 2015 recommendation.2,30,31 This pattern clearly
illustrates how regulatory guidance and water source manage-
ment have inuenced uoride levels in drinking water over
time.

Water from CWSs typically come from three types of sources:
groundwater (GW), surface water (SW), or groundwater under
the inuence of surface water (GU).60 Groundwater is the
primary source of water for over 90% of Iowa's water systems.41

From 2010 to 2021, the uoride concentrations in drinking
water from Iowa's CWSs varied across the three primary water
sources (Table 3). Systems using surface water (SW) had the
highest average uoride concentrations in treated, nished
drinking water at 0.75 mg L−1 (95% CI 0.74–0.77), with
a maximum concentration of 1.80 mg L−1. CWSs reliant on
groundwater (GW) had the next highest uoride level in
Environ. Sci.: Adv., 2026, 5, 129–142 | 137
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Table 3 Fluoride concentration (mg L−1) in finished drinking water by source

Treated, nished water source Mean Med Min 25% 75% Max p-Value

Groundwater under inuence of surface
water

0.61 0.60 0.00 0.49 0.75 1.32 <0.0001

Groundwater 0.70 0.68 0.00 0.50 0.84 3.60
Surface water 0.75 0.73 0.04 0.63 0.83 1.80
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drinking water with a mean of 0.70 mg L−1 (95% CI 0.69–0.71)
and a peak of 3.60 mg L−1, with the broader range between
mean and maximum values indicating more variability (Table
S3 and Fig. S1). CWSs using groundwater under the inuence of
surface water (GU) had the lowest mean uoride concentration
in drinking water, averaging 0.61 mg L−1 (95% CI: 0.57–0.65),
with a maximum observed value of 1.32 mg L−1.

These differences highlight the variability in uoride levels
depending on the water source, and appreciating these differ-
ences across sources will be important for public health
protection and water management. Despite this variability,
median concentrations across the state have been near the
USPHS recommendation, with most testing results also within
the WHO's guideline limit of 1.5 mg L−1.
4. Conclusions

This study provides a comprehensive analysis of uoride
concentrations in Iowa's groundwater and treated drinking
water, highlighting the implications for public health and water
management. The ndings reveal signicant variability in
uoride levels across different aquifers, regions and source
water types, inuenced by both natural and anthropogenic
factors.34,48–50

Fluoride concentrations in Iowa's groundwater range widely,
with a median value of 0.35 mg L−1 and a maximum of
11.2 mg L−1 across the time span of nearly 90 years. In this
study, 69% of all untreated groundwater samples were below
the recommended uoride level for public dental health
(0.7 mg L−1), while only 0.4% were above the EPA's MCL of
4 mg L−1 and 7% were above the SMCL of 2 mg L−1. Similarly,
88% of all groundwater samples were below the WHO's guide-
line limit of 1.5 mg L−1. Higher uoride levels were found
predominantly in deeper wells and specic aquifers, such as the
Cambrian-Ordovician and Mississippian, which are character-
ized by the presence of uoride-bearing minerals and longer
groundwater residence times. Historically, central and south-
eastern Iowa have reported higher levels of uoride compared
to the rest of the state.

The analysis of treated, nished drinking water reveals an
average historical uoride concentration of 0.87 mg L−1, indi-
cating that CWS in Iowa have generally succeeded in imple-
menting uoridation practices aligned with public health goals.
Historical trends show that uoride concentrations in treated
water peaked between 1980 and 1999, with an average of
0.98 mg L−1, reecting the earlier recommendation to maintain
uoride levels near 1.0 mg L−1 to prevent dental caries.2,30,31

Since 2000, the mean concentration has declined slightly to
138 | Environ. Sci.: Adv., 2026, 5, 129–142
0.83 mg L−1, consistent with a broader shi in practice
following the 2015 U.S. Public Health Service recommendation
to lower the optimal uoride concentration to 0.7 mg L−1.2,30,31

These changes in treated drinking water reect deliberate
efforts by water systems to maintain uoride at levels consid-
ered both effective and safe—rst targeting 1.0 mg L−1, and
later adjusting downward in response to updated scientic
guidance. Notably, 99% of uoride measurements in treated
water (n = 17 215 samples) since 2000 have remained below the
EPA's Secondary Maximum Contaminant Level (SMCL) of
2.0 mg L−1. However, 285 samples since 2000 from 56 systems
exceeded the SMCL, and one sample surpassed the EPA's
Maximum Contaminant Level (MCL) of 4.0 mg L−1, raising
concerns about the potential for dental uorosis. Most of these
exceedances were found in the Des Moines Lobe region of in
north-central Iowa. This pattern clearly illustrates how regula-
tory guidance and water source management have shaped
uoride levels in drinking water over time.

The study underscores the importance of understanding the
regional variability in uoride concentrations to inform water
management strategies for both community water systems and
private wells. Although, the study focused on data from CWSs,
nearly 8% of Iowans, over 230 000 people rely on private well
water for their drinking water.73 The responsibility for deliv-
ering safe drinking water falls on property owners.74 Factors
such as aquifer lithology, well depth, water chemistry, and
anthropogenic sources contribute to the observed differences in
uoride levels. For instance, deeper wells in the Cambrian-
Ordovician and Mississippian aquifers tend to have higher
uoride concentrations due to the presence of uoride-bearing
minerals and increased solubility at greater depths. Addition-
ally, the use of superphosphate fertilizers, pesticides, and
industrial waste can elevate uoride levels in groundwater.

While this study focused on uoride concentrations in
community water systems (CWSs), the ndings may also have
relevance for private well users, particularly in regions where
naturally elevated uoride levels have been observed. The
results underscore the importance of regular testing for uoride
in areas with known geochemical vulnerability. Although
blending water from different sources is a common practice
among some CWSs to manage uoride levels, this approach
may be less feasible for private well owners. In such cases,
routine testing can help identify potentially problematic sour-
ces of exposure. With appropriate government support, private
well owners could explore practical mitigation strategies, such
as accessing water from less vulnerable aquifers or installing
point-of-use treatment systems. Given the health concerns
associated with excessive uoride intake, it is essential to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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balance the benets of community water uoridation with the
potential risks. The study's ndings highlight the need for
regionally tailored water management practices. In areas with
naturally high uoride levels, blending or treatment may be
necessary to reduce concentrations to safe levels, while regions
with low uoride levels may benet from adjusted uoridation
to achieve optimal concentrations for dental health. The study
also emphasizes the role of ongoing monitoring and data
collection in managing uoride levels in drinking water. By
maintaining comprehensive databases and regularly updating
water quality information, public health agencies and water
suppliers can make informed decisions to protect the health of
Iowa's residents. The use of advanced statistical and geospatial
analysis techniques, as demonstrated in this study, can further
enhance the understanding of water uoride distributions and
guide effective water management strategies.

In conclusion, this study provides valuable insights into the
occurrence and distribution of uoride in Iowa's groundwater
and drinking water. The ndings underscore the need for
region-specic water management practices to optimize uo-
ride levels, ensuring the dental caries-preventive benets of
community water uoridation, while minimizing the risks of
excessive exposure. By leveraging the study's results, public
health agencies, water suppliers, and residents can work
together to achieve safe and effective uoride concentrations in
Iowa's drinking water.
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