
Perchlorate in Water Supplies: Sources, Exposures, and Health 
Effects

Craig M. Steinmaus, MD, MPH
School of Public Health, University of California Berkeley, 1950 Addison St, Suite #204, Berkeley, 
CA 94704, (510) 843-1736, craigs@berkeley.edu

Abstract

Perchlorate exposure occurs from ingestion of natural or manmade perchlorate in food or water. 

Perchlorate is used in a variety of industrial products including missile fuel, fireworks, and 

fertilizers, and industrial contamination of drinking water supplies has occurred in a number of 

areas. Perchlorate blocks iodide uptake into the thyroid, and decreases the production of thyroid 

hormone, a critical hormone for metabolism, neurodevelopment, and other physiologic functions. 

Occupational and clinical dosing studies have not identified clear adverse effects, but may be 

limited by small sample sizes, short study durations, and the inclusion of mostly healthy adults. 

Expanding evidence suggests that young children, pregnant women, fetuses, and people co-

exposed to similarly acting agents may be especially susceptible to perchlorate. Given the 

ubiquitous nature of perchlorate exposure, and the importance of thyroid hormone for brain 

development, studying the impact of perchlorate on human health could have far-reaching public 

health implications.
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Introduction

Perchlorate is a chemical anion that occurs from both anthropogenic and natural sources. 

The chemical structure and other characteristics of perchlorate are shown in Table 1. 

Perchlorate is a strong oxidizing agent and has been used in a variety of industrial and 

consumer products including missile fuel, fireworks, vehicle airbags, fertilizers, and other 

products (1). Perchlorate also occurs naturally and has been found in high concentrations in 

soil and water in certain arid areas such as northern Chile and the southwest US (2, 3). 

Perchlorate can also occur as a natural impurity in nitrate salts from the desert regions in 

northern Chile, which have been imported and used in the production of nitrate fertilizers 

used in the US and elsewhere.
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Perchlorate is highly stable in the environment and can be found in water, soil, and plants. 

Exposure to perchlorate is widespread and essentially everyone is exposed (4). Human 

exposure can occur from eating contaminated foods, inhalation or ingestion in 

occupationally-exposed workers, or from drinking water contaminated with perchlorate from 

either natural or man-made origins. In recent analyses of urinary perchlorate concentrations 

in the US National Health and Nutrition Survey (NHANES), detectable levels of perchlorate 

were found in every sample tested (detection limit=0.05 ppb) (5). Further analyses of 

NHANES participants’ diets and water sources suggested that food was the major source of 

perchlorate exposure in most people, with common sources being dark leafy green 

vegetables, milk products, fruits, and eggs (6). In 2005-2006 market basket analysis of 280 

foods in the US food supply by the US Food and Drug Administration, detectable levels of 

perchlorate were found in at least one sample of 74% of the foods tested, with some of the 

highest levels reported in milk products (e.g. sour cream, milk, ice cream), certain meat 

products (e.g. cured ham, bologna, shrimp), and vegetables (collards, tomatoes, green beans, 

summer squash, potatoes) (7). It is important to note that while food is probably the major 

source of perchlorate in the population as a whole, this is not the case for every individual. 

In people living in areas where drinking water perchlorate concentrations are elevated, such 

as those living near industrially contaminated sites, water may become a more predominant 

exposure source than food and may be the primary determinant of perchlorate toxicity in 

these populations.

Contamination of drinking water

A number of water supplies in the US are contaminated with elevated levels of perchlorate. 

In an analysis of water samples from 3,262 residences of NHANES subjects, detectable 

concentrations of perchlorate (>0.100 ppb) were identified in 83% of samples, with a 

median concentration of 1.16 ppb (8). As part of the 2001–2005 US Unregulated 

Contaminant Monitoring Regulation (UCMR) survey data, perchlorate concentrations were 

assessed in 3,865 public water supplies throughout the US (9). Of the systems tested, 

approximately 160 (4.1%) had at least one reading above the detection limit of 4 ppb. These 

detections were identified in 26 states and two territories, and involved systems supplying 

approximately 11 million people. Of those with detectable levels, the mean and median 

concentrations were 9.85 ppb and 6.40 ppb, respectively. The current California regulatory 

standard for perchlorate in water is 6 ppb. This standard is based on evidence from a human 

intervention trial linking perchlorate to decreases in iodide uptake into the thyroid gland and 

evidence suggesting an enhanced susceptibility in certain potentially susceptible groups 

(10). Currently, the US Environmental Protection Agency does not have a regulatory 

standard for perchlorate in drinking water.

In a number of areas with elevated drinking water perchlorate concentrations, local water 

supplies have been contaminated with perchlorate from industrial sources. Perchlorates are 

soluble in water and generally have high mobility in soils (1). Perchlorate manufacturing, 

usually involving the production of ammonium perchlorate, sodium perchlorate, potassium 

perchlorate, and perchloric acid has taken place in facilities in a variety of locations in the 

US and elsewhere, and contamination of soil and water sources has occurred at some of 

these sites. For example, soil contamination at a perchlorate manufacturing facility near 
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Henderson, Nevada lead to a plume of perchlorate and other chemicals that eventually 

contaminated local aquifers and the nearby Lake Mead, which feeds into the Colorado River. 

This river is a major source of drinking water for much of the southwest US including Los 

Angeles and San Diego Counties. Perchlorate concentrations as high as 9 ppb were reported 

in the Colorado River but have been gradually reduced with recent clean-up efforts (11). A 

study involving over 1,800 pregnant women in San Diego County, which receives much of 

its drinking water from the Colorado River, reported urinary perchlorate concentrations that 

were approximately two-times higher than national averages (12).

Environmental perchlorate contamination may also occur at sites used for missile recycling, 

propellant or munitions disposal, or other military operations (13). The Department of 

Defense reported detectable levels of perchlorate at 284 (almost 70 percent) of its 

installations sampled from 1997 to 2009, with levels ranging from <1 ppb to 2.6 million ppb 

(14). Perchlorate has also been used in the manufacturing of fireworks. Although the extent 

of contamination from this source is unknown, environmental contamination can potentially 

occur at sites of fireworks manufacturing or displays.

Human pharmacokinetics and toxicity

Once ingested, perchlorate is fairly readily absorbed. In humans, perchlorate undergoes little 

metabolism and is excreted mostly unchanged. The primary route of perchlorate excretion is 

urination, and urinary levels of perchlorate are commonly used as a biomarker of perchlorate 

exposure (4). Following oral dosing in humans, perchlorate is fairly rapidly excreted with a 

half-life of about 8 hours (15). In lactating women, perchlorate is taken up into breast milk 

and this may be another site of perchlorate excretion as well as a source of exposure to 

breast fed infants (16).

Thyroid inhibition

The major toxic effect of perchlorate in humans is thyroid disruption. Perchlorate 

competitively inhibits the sodium-iodide symporter (NIS), an intrinsic membrane 

glycoprotein responsible for the uptake of iodide into the thyroid and other organs. 

Perchlorate is a potent inhibitor of this transporter with an affinity of about 30-times that of 

iodide (17). Iodide, the ion form of iodine, is a key component in the structure of the main 

forms of thyroid hormone (thyroxine (T4) and triiodothyronine (T3)) (Figure 1). As such, 

inhibition of its uptake into thyroid follicular cells, the cells responsible for the production of 

thyroid hormone, can lead to decreased production and secretion of thyroid hormone. In fact, 

in the past, perchlorate at high doses (600-1000 mg/day) was used as a treatment for 

hyperthyroidism, an overproduction of thyroid hormone. Since the 1950’s its medicinal use 

has diminished dramatically after several cases of aplastic anemia were reported in patients 

taking high doses of perchlorate (18, 19).

Thyroid hormone is involved in a wide variety of physiologic processes including 

metabolism, growth and development. Decreased production of this hormone can lead to 

hypothyroidism and clinical symptoms such as fatigue, muscle weakness, sensitivity to cold, 

constipation, weight gain, depression, and impaired memory. In the fetus and child, thyroid 

hormone is required for proper brain and neurological development (20). The fetal thyroid 
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does not begin producing significant amounts of thyroid hormone until later in pregnancy, so 

in early pregnancy maternal T4 that crosses the placenta is the major source to serum T4 in 

the fetus (21). Severe decreases this hormone in utero and in early-life can lead to cretinism, 

a condition of severely arrested mental and physical growth commonly associated with a 

missing or underdeveloped thyroid or severe iodine deficiency during pregnancy (22). In 

addition, the results of several studies have suggested that even moderate decrements in 

maternal thyroid hormone levels or increases in thyroid stimulating hormone (TSH) during 

pregnancy, including those occurring within normal reference ranges, may also be associated 

with significant declines in offspring IQ or other cognitive measures (23-25). TSH is a 

hormone that is produced by the pituitary in response to diminished production of thyroid 

hormone, and increases in its serum level is sometimes a more sensitive indicator of thyroid 

stress than serum T4 or T3 levels (Figure 1).

Human studies of perchlorate and thyroid hormone

Studies in laboratory animals have investigated the relationship between perchlorate 

exposure and iodide uptake inhibition and decreases in thyroid hormone production (26). 

However, because major differences exist between humans and other species in terms of 

thyroid hormone storage, excretion, and clearance; co-exposures; regulatory feedback 

mechanisms; and thyroid hormone protein binding, the relevance of these findings to 

humans is unknown (27, 28). As discussed above, high doses of perchlorate were used in the 

past for medicinal purposes in humans and are known to decrease iodide uptake into the 

thyroid and decrease thyroid hormone production (15, 19, 29). However, the exact impacts 

of lower perchlorate exposures, such as those that may occur from occupational or 

environmental exposures, have been somewhat controversial.

A number of studies have assessed the toxicity of low to moderate doses of perchlorate in 

human populations. In a series of studies of workers in an ammonium perchlorate production 

facility, pre-shift to during-shift increases in urinary perchlorate concentrations (e.g. average 

concentrations of 0.16 mg/g creatinine pre-shift to 43 mg/g creatinine during-shift), and pre-

shift to during-shift decreases in thyroidal radioactive iodine uptake (e.g. from 21.5 percent 

pre-shift to 13.5 percent during-shift) were reported (30-32). However, statistically 

significant decreases in serum thyroxine or increases in TSH were not seen. A number of 

clinical trials have also been done, in which human volunteers have been given known doses 

of perchlorate, and as a whole these have suggested that while lower exposures (e.g. 1.4 to 

10 mg/day) for limited periods of time may impact thyroidal iodide uptake, they are not 

clearly associated with serum thyroid hormone concentrations in these study subjects (15, 

33-35). Importantly though, in most of these studies, the daily doses of perchlorate were 

only given for a relatively short period of time (e.g. 14 days). This may be too short to 

overcome the compensation and maintenance of serum thyroid hormone levels due to the 

release of thyroid hormone stored in the thyroid (27). In one investigation, a double blinded, 

randomized clinical dosing study, 13 healthy volunteers received either placebo, or 0.5 mg or 

3 mg of potassium perchlorate once per day for six months. This study also found no 

significant changes in serum T4 or TSH concentrations with perchlorate dosing, either 

during or after the dosing period (33). Interestingly though, decreases in thyroid radioactive 

iodide uptake were also not seen, even at dose levels similar to those where they had been 
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reported in another study (15). The reason for this is unknown, although the authors noted 

that this could be due to the small number of participants, differences in dosing regimens, or 

the possibility that the NIS may be up-regulated as an adaptive response to long-term 

exposure.

Potentially susceptible populations

An important aspect of the clinical trial and occupational studies on perchlorate and thyroid 

function that have been done to date is that they have involved mostly healthy adults. A 

gradually expanding body of evidence suggests certain sub-populations could be more 

susceptible to perchlorate than healthy adult subjects (28). Table 2 shows several of the key 

epidemiologic studies of perchlorate and thyroid function. Supporting this evidence is the 

fact that healthy adults have an estimated several months of thyroid hormone stored in the 

thyroid gland, and these stores likely help maintain serum thyroid hormone concentrations at 

normal levels during relatively short periods of thyroid hormone disruption. In comparison, 

the half-life of T4 in the serum of neonates is only three days (36), and thyroidal stores of 

thyroidal hormone are estimated to be less than one day (37). Because of these low stores, 

neonates and other young children may not be able to compensate for intermittent short-term 

perchlorate exposures as well as adults. Another factor is that pregnancy is a time of 

increased stress on the thyroid, and an increased demand for iodine intake (38). Additional 

exposures like perchlorate during this time of stress could potentially lead to toxic effects 

that may not otherwise occur in healthy, non-pregnant people. Some data also suggests that 

many young children in the U.S. may not have an adequate iodine intake. In a study of 57 

women from the Boston area, Pearce et al. estimated that 47 percent of the breast milk 

samples did not contain enough iodine to meet the infant iodine intake recommended by the 

Institute of Medicine (39). Low levels of circulating iodide could lead to a reduced iodide 

uptake by the thyroid that may be exacerbated by perchlorate. As a whole, all of these 

factors provide a biological basis to suggest that fetuses, young children, or pregnant women 

might be especially susceptible to perchlorate.

To date, the results of human epidemiologic studies on perchlorate and thyroid function in 

pregnant women have been mixed. For example, in a series of studies done in Wales, 

Greece, Italy, and Argentina, no clear associations between maternal urinary levels of 

perchlorate and serum thyroid levels during pregnancy were seen (40-42). However, in a 

recent analysis of 1,880 pregnant women from a more highly exposed area in southern 

California, a statistically significant association was identified between increasing urinary 

perchlorate concentrations and decreasing serum T4 and increasing serum TSH levels (12). 

Similar associations were also seen in a cross-sectional study in 200 pregnant women from 

Thailand (43). A number of studies have also examined associations between perchlorate 

concentrations in drinking water during pregnancy, and measurements of TSH or T4 

bloodspot concentrations in newborns (2, 44-51). These T4 or TSH levels are often collected 

as part of mandatory screening programs for congenital hypothyroidism. The results of these 

studies have also been mixed, with some but not all identifying statistically significant 

associations between increasing perchlorate exposure and increasing newborn TSH. Few 

studies have assessed associations between perchlorate exposure in pregnancy and 

subsequent offspring IQ or other cognitive measures. In a retrospective analysis of 487 
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mother-child pairs in mothers from Cardiff, UK and Turin, Italy who were pregnant from 

2000-2006 and who were hypothyroid or hypothyroxinemic during pregnancy, first trimester 

urinary perchlorate levels in the highest 10% of the study population were associated with a 

greater than three-fold increased odds of offspring IQ being in the lowest 10% at 3 years of 

age (odds ratio=3.14; 95% CI 1.38, 7.13; p=0.006) (52).

The reasons for most of the inconsistencies in results across the different studies of 

perchlorate in pregnant women and newborns are not known, but many could be related to 

differences in confounding factors (i.e. other factors that may impact thyroid hormone levels 

like age, thyroid or other disease, use of certain medications, or low iodine intake), the 

specific methods used to assess perchlorate exposure or thyroid hormone status, the presence 

of various levels of potential effect modifiers (e.g. the presence of thyroid disease or high 

nitrate or thiocyanate intake), differences in statistical analyses, or sample sizes and 

statistical power (26). One key aspect in the design of these studies is the methods used to 

estimate perchlorate exposure. For example, several studies have estimated perchlorate 

exposures based on the perchlorate concentrations in the drinking water supplies where the 

subjects have lived, without knowledge of whether or not the subject actually drank from 

this source, how much they drank, or the presence of perchlorate intake from food (46, 47, 

49, 53, 54). In addition, in almost all studies thyroid hormone status was based on only a 

single serum measurement, despite the fact that thyroid hormone levels can vary throughout 

the day and from day to day. Similarly, some studies have based perchlorate exposure on 

only a single urinary measurement, and these concentrations can also vary somewhat from 

day to day (55). Potentially, each of these factors could cause either false positive or false 

negative findings. However, in most studies measurements of exposure and outcome were 

done independently (e.g. the methods used to classify perchlorate exposure were 

independent of whether a subject had high or low thyroid hormone levels). As such, in most 

studies these measurement errors would most likely bias results towards underestimating any 

true perchlorate-thyroid hormone associations that may exist (26, 56). This bias, and the 

resulting underestimated effect sizes, could result in reduced statistical power and may have 

led to some null study results.

In addition to pregnant women and young children, another group that could be particularly 

susceptible to perchlorate are people who are exposed to other factors that also cause thyroid 

disruption. As with perchlorate, both nitrate and thiocyanate also competitively inhibit the 

NIS (57). Thiocyanate (SCN−) is an anion or a salt or ester containing this ion that is 

produced in the metabolism of cysteine and detoxification of cyanide, and is commonly 

found in cruciferous vegetables (e.g. cabbage, broccoli, Brussel sprouts) or as a result of 

tobacco smoking (58, 59). Nitrate (NO3 ) is a chemical commonly found in drinking water 

contaminated by agricultural use of nitrate fertilizers or by livestock grazing (60). It also 

occurs naturally in foods such as leafy green vegetables, and is used as a preservative in 

processed meats. In analyses of data from the 2001-2 NHANES study, perchlorate-thyroid 

hormone associations were found to be strongest in women with low urinary iodine levels 

(<100 µg/L) and elevated urinary thiocyanate concentrations (in the upper tertile) (61, 62). 

And, in a study of 284 women from New York City who were pregnant from 2009-2010, 

while statistically significant associations with serum thyroid hormone levels were not seen 

for urinary concentrations of perchlorate, thiocyanate, or nitrate individually, the weighted 
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sum of all three of these analytes was associated with increased maternal serum TSH, with 

perchlorate having the largest contribution (63).

An in vitro study involving human NIS transfected into Chinese hamster ovary cells has 

shown that perchlorate, thiocyanate, and nitrate, in combination with low iodine, can have 

additive effects at inhibiting iodide uptake by the NIS (17, 64). In this study, the relative 

potency of perchlorate on a molar basis at inhibiting iodide uptake was found to be 15, 30, 

and 240 times that of thiocyanate, iodide, and nitrate. Importantly, these results are based on 

potency per moles, and although perchlorate is more potent on this basis, human exposure 

levels on a molar basis are typically many times higher for nitrate and thiocyanate than for 

perchlorate. Given this, some authors have suggested that in human populations the iodide 

uptake inhibiting effects of thiocyanate and nitrate should far overwhelm those of 

perchlorate (65, 66). Importantly though, these potency estimates are based on in vitro data, 

without consideration of the complex compensatory mechanisms, lower exposure levels, 

chronic exposures, co-exposures, nitrate or thiocyanate metabolism, and other factors that 

can complicate their interpretation and limit their relevance to actual human conditions (26). 

In addition, as reviewed above, a number of studies have identified perchlorate-thyroid 

hormone associations in human populations at perchlorate, thiocyanate, and nitrate exposure 

levels that are inconsistent with these in vitro potency estimates. Given all of this, the ability 

of in vitro potency studies to mimic real-life human conditions and to accurately predict 

perchlorate toxicity in humans cannot be firmly established at this time.

Conclusion

In conclusion, perchlorate exposure is ubiquitous in humans. Although food may be the 

greatest source of exposure in most people, drinking water is likely the greatest source in 

those drinking from water sources that have been industrially or naturally contaminated with 

elevated concentrations of perchlorate. It has been well established that perchlorate can 

block iodide uptake into the thyroid gland, and result in decreased production and secretion 

of thyroid hormone. A number of studies have also linked relatively common lower, 

environmental levels of perchlorate to decrements in thyroid function, although findings are 

not consistent across all studies. Most positive findings have been reported in potentially 

susceptible groups including pregnant women, newborns, and people exposed to multiple 

thyroid disrupting agents. To date, major regulatory agencies such as the US Environmental 

Protection Agency have not established regulatory standards for perchlorate in drinking 

water, although a few states in the US have developed their own regulations. For example, 

California and Massachusetts have set maximum contaminant levels of 6 and 2 ppb, 

respectively, for perchlorate in public drinking water supplies (67). Given the widespread 

nature of perchlorate exposure, and the importance of thyroid hormone for proper brain and 

neurodevelopment and other physiologic functions, further research on the long-term 

toxicity of perchlorate, especially in susceptible populations, could have far-reaching public 

health implications.
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Figure 1. 
Competitive inhibition of the sodium iodide symporter (NIS) by perchlorate and subsequent 

impacts on thyroid hormones and symptoms.
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Table 1

Chemical characteristics of perchlorate

Chemical formula ClO4
−

Chemical
structure

CAS number 14797-73-0

Molecular weight 99.45 g/mole

Physical form White crystalline powder or clear
liquid

Common
chemical forms

Ammonium perchlorate, sodium
perchlorate, potassium
perchlorate, and perchloric acid
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