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Abstract

Perchlorate (ClO4
−) is a ubiquitous environmental contaminant with high human exposure 

potential; it has both natural and man-made sources in the environment. Natural perchlorate forms 

in the atmosphere from where it deposits onto the surface of Earth, whereas synthetic perchlorate 

is manufactured as an oxidant for industrial, aerospace, and military applications. Perchlorate 

exposure can potentially cause adverse health effects in humans by interfering with the production 

of thyroid hormones through competitively blocking iodide uptake. To control and reduce 

perchlorate exposure, the contributions of different sources of perchlorate exposure need to be 

quantified. Thus, we demonstrate a novel approach for determining the contribution of different 

perchlorate exposure sources by quantifying stable and radioactive chlorine isotopes of perchlorate 

extracted from composite urine samples from two distinct populations: one in Atlanta, USA and 

one in Taltal, Chile (Atacama region). Urinary perchlorate from the Atlanta region resembles 

indigenous natural perchlorate from the southwestern USA [δ37Cl = +4.1 ± 1.0 ‰; 36Cl/Cl = 1811 

(± 136) × 10−15], and urinary perchlorate from the Taltal, Chile region is similar to natural 

perchlorate in nitrate salt deposits from the Atacama Desert of northern Chile [δ37Cl = −11.0 

± 1.0 ‰; 36Cl/Cl = 254 (± 40) × 10−15]. Neither urinary perchlorate resembled the isotopic pattern 

found in synthetic perchlorate. These results indicate that natural perchlorate of regional 

provenance is the dominant exposure source for the two sample populations, and that chlorine 

isotope ratios provide a robust tool for elucidating perchlorate exposure pathways.
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INTRODUCTION

Perchlorate (ClO4
−) is a highly oxidized anion and is a widespread contaminant that when 

ingested can potentially cause adverse health effects in humans. Once in the body, 

perchlorate can competitively block iodide from entering the thyroid, potentially affecting 

further production of thyroid hormones. Deficiency of thyroid hormones has severe health 

effects especially for fetuses, infants, and young children. Because the thyroid hormones are 

crucial for neurodevelopment in the early stages of life, their deficiency can cause 

irreversible impairment in the nervous system, particularly in the brain.1-5

Perchlorate has been detected in surface water and groundwater across the United States 6-14 

as well as in a wide range of food products including milk, infant formulas, fruits, and 

vegetables.15-21 The primary routes of perchlorate exposure to humans appear to be through 

oral intake of food and drinking water.21-25 Perchlorate has been detected in human U.S. 

breast milk 16, 26-28 and all urine samples tested as part of the National Health and Nutrition 

Examination Surveys between 2001 and 2008 22,29, 30 indicating widespread human 

exposure across the United States. Urinary perchlorate is an indicator of exposure since 

perchlorate is not metabolized and exits the body primarily through urine.31 Children are 

exposed to significantly higher doses of perchlorate compared with adults, likely because of 

higher rates of consumption of foods that tend to contain higher perchlorate levels.21, 32, 33

Perchlorate originates from different natural and manufactured sources that can be 

distinguished by their relative isotopic signatures based on the stable chlorine isotope ratios 

reported in the conventional delta (δ) notation and on 36Cl/Cl ratios. Perchlorate that forms 

in the atmosphere deposits onto the surface of Earth, but it accumulates mainly in dry 

regions such as the Atacama Desert in Chile and the Death Valley in the United States.34-40 

Two main types of isotopically distinct natural perchlorate have been measured to date: one 

type having generally positive δ37Cl values (0 to +6 per mil) combined with relatively 

high 36Cl/Cl ratios (3,000 × 10−15 to 29,000 × 10−15) has been found at locations across the 

United States and in Namibia, United Arab Emirates, China, and Antarctica; and the second 

type characterized by anomalously low δ37Cl values (−20 to −10 per mil) and relatively 

low 36Cl/Cl ratios (22 × 10−15 to 590 × 10−15) has been found only in the Atacama Desert of 

northern Chile.10, 41, 42 Atacama perchlorate is associated with nitrate-rich caliche deposits 

and is by far the largest known reservoir of natural perchlorate on Earth.8, 34, 43, 44 

Substantial quantities of Atacama perchlorate were introduced into the environment across 

the United States during the first half of the 20th century due to the widespread application 

of imported Chilean nitrate fertilizer.35, 45-47 Synthetic perchlorate is primarily used as an 

oxidant in a variety of solid rocket propellants and explosives as well as in consumer 

products including fireworks, matches, air bags, chlorine bleach, safety flares, and chlorate 

herbicides.9, 48-50 The isotopic composition of synthetic perchlorate is distinctly different 

from both types of natural perchlorate in its relatively consistent δ37Cl value (+0.6 ± 1.0 per 

mil) and its low 36Cl/Cl ratio (1 × 10−15 to 40 × 10−15).10, 42, 51

Recent studies evaluated dietary sources of perchlorate in the United States by estimating 

overall perchlorate contribution to the food chain from all potential sources 45 or by using 

quantities of perchlorate in different food products, drinking water, and urine.21, 22 However, 
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none of these studies can differentiate between indigenous natural perchlorate, natural 

Atacama perchlorate, and synthetic perchlorate as the primary source of perchlorate 

exposure. The objective of this study was to identify the exposure source of perchlorate by 

measuring the chlorine isotopic composition (δ37Cl, 36Cl/Cl) of perchlorate extracted from 

urine. This novel approach can distinguish between natural and anthropogenic sources of 

perchlorate as the primary source of perchlorate exposure. We hypothesized that the chlorine 

isotopic composition of urinary perchlorate would resemble that of groundwater, surface 

water and soil in the geographical region of the population.

MATERIALS AND METHODS

Sample Collection

Perchlorate was extracted from composite urine samples for isotopic analysis by using 100 

cm3 clear PVC columns filled with Purolite A530E bifunctional anion exchange resin. This 

resin is exceptionally selective for perchlorate,52-54 and similar columns have previously 

been used to extract perchlorate from groundwater.11-13, 41, 55 Detailed description of 

sampling column design and isotopic analytical procedures are given by Hatzinger et al. 

(2011) 56. The first perchlorate sample was extracted from a total volume of 40 L urine 

pooled from ~133 anonymously collected urines from residents of the Atlanta metro area 

over a two week collection period. The second sample was extracted from a total volume of 

1.05 L urine pooled from 49 clinical residual urine samples collected from adult residents of 

Taltal, Chile (Atacama region). Human specimen use was in accordance with human 

subjects review (University of California Berkeley and Pontificia Universidad Católica de 

Chile).

After sampling was completed, the resin columns were shipped to the Environmental Isotope 

Geochemistry Laboratory at the University of Illinois at Chicago in a cooler filled with ice 

packs, and the sample columns were kept refrigerated until analysis.

Perchlorate concentrations in urine samples were determined before and after the Purolite 

columns using ion chromatography tandem mass spectrometry (IC-MS/MS) 57 at CDC. 

Aliquots were run in triplicates for each composite sample. The amounts of perchlorate 

retained on each column and the final yields of purified perchlorate were independently 

determined, and the estimates agreed well for both perchlorate samples (Table 1).

Extraction of perchlorate from the resin columns was performed using procedures described 

by Hatzinger et al. (2011) 56. Briefly, the resin was ultrasonically cleaned in deionized water, 

and then it was flushed with 4M HCl to remove common anions including organic acids. 

Subsequently, perchlorate was eluted with 1M FeCl3-4M HCl,54 and iron was removed by 

passing the diluted eluant through a cation exchange resin, then the iron-free solution was 

evaporated to ~2 mL volume. The final purification of perchlorate was performed by 

chromatography, then perchlorate was precipitated and recrystallized as tetra-n-

pentylammonium perchlorate (TPAClO4).58 The overall sample processing blank for 

perchlorate was 5 μg, which was less than 5% of the perchlorate recovered for isotopic 

analysis.59
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SIMS Measurements

The stable chlorine isotope ratio (37Cl/35Cl) in perchlorate is normally analyzed by Isotope 

Ratio Mass Spectrometry (IRMS).10, 11, 41 However, we used Secondary Ion Mass 

Spectrometry (SIMS) for stable chlorine isotope ratio measurements because of the small 

sample size. All analyses were performed on TPAClO4. Samples were mounted by pressing 

into indium metal in a 2.5-cm diameter sample holder and coating the surface with 50 nm of 

vapor-deposited gold. SIMS analyses were performed at the Center for Microanalysis of 

California Institute of Technology on an IMS 7f-GEO (CAMECA, Gennevilliers, France). 

Analyses were performed with a 10 keV Cs+ primary ion beam. The ion beam was focused 

to a diameter of ~20 μm with 5-6 nA of beam current. All isotope ratio analyses were 

performed by pre-sputtering of a 100 × 100 μm raster area for 120 sec, and then scanning a 

75 × 75 μm raster during data collection. 34SH contribution to 35Cl results was negligible at 

a mass resolving power (M/ΔM) of 1200 defined at the full width at 10% of the maximum 

peak height; this was also confirmed under a resolution of 5000. An energy bandwidth of 45 

eV was set for all SIMS measurements, and secondary ion accelerating voltage was −9 keV 

for all isotopic analyses. Chlorine isotopes 35Cl and 37Cl were measured by Faraday cups 

with data collection times of 1 sec and 2 sec per cycle, respectively, for a total of 20 cycles. 

Data are normalized to measurements of KClO4 isotopic reference materials USGS37 and 

USGS38,11 which were converted to TPAClO4 prior to measurement. Stable chlorine 

isotope ratios are reported in the conventional delta (δ) notation, as follows:

where SMOC is the isotopic reference Standard Mean Ocean Chloride.60 Analytical 

precision corresponding to 1σ for δ37Cl values determined from replicate measurements of 

reference materials is ±1.0 ‰.

AMS Measurements

After the analysis of the stable chlorine isotope ratios by SIMS, the remaining samples were 

scraped from the indium metal sample holders and diluted with USGS37 standard in 

TPAClO4 form and homogenized by dissolving in 2 mL acetone. Sample J-1183 (Atlanta, 

USA) was diluted about 3.8 times, whereas sample J-1184 (Taltal, Chile) was diluted about 

3.1 times, in order to get a larger sample size to facilitate loading of AgCl targets for AMS 

measurements. Then, the diluted perchlorate samples were converted from TPAClO4 to 

KClO4 by using 0.5 mol/L KOH in absolute ethanol solution, and the KClO4 was sealed 

under vacuum into 20-cm lengths of 9-mm outer diameter borosilicate glass tubing. 

Afterwards, KClO4 was heated for 30 minutes at 600°C in order to decompose KClO4 

according to the following reaction: KClO4 => KCl + 2 O2(g). Subsequently, KCl was 

converted into AgCl, which was used as a target material for the measurements of 

radioactive 36Cl isotopic abundances by Accelerator Mass Spectrometry (AMS). Samples 

for the 36Cl abundances were analyzed at the Purdue Rare Isotope Measurement (PRIME) 

Laboratory at Purdue University. The 36Cl results were corrected for the instrumental 
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background and are reported in units of 36Cl/Cl × 10−15 along with errors based on counting 

statistics.

Comparative Isotopic Patterns

Chlorine-36 has previously been shown to be an effective tracer of the origin of perchlorate 

in various environmental matrices.42 Previous work indicates unique clustering of 36Cl/Cl 

ratios vs. δ37Cl values for perchlorate extracted from synthetic perchlorate, natural 

perchlorate from Atacama (Chile), and natural perchlorate from the southwestern USA.41, 42 

The chlorine isotope pattern for synthetic perchlorate was defined based on analysis of 

laboratory grade perchlorate salts. The chlorine isotope pattern for natural perchlorate 

indigenous of the southwestern USA was extracted from groundwater and soil samples 

collected from Texas, New Mexico and California. The chlorine isotope pattern for natural 

perchlorate from the Atacama Desert was characterized based on bulk soil and groundwater 

samples collected in that region. Concentration ellipses were computed using the “data. 

Ellipse” function in the CAR (Companion to Applied Regression) 61 package of R, an open 

source software environment for statistical computing and graphics,62 based on a bivariate 

normal distribution fit to the 36Cl/Cl ratios and δ37Cl variables of perchlorate reference 

materials. The concentration ellipses define the confidence curves within which 95% of the 

data is expected to lie, assuming a bivariate normality.

RESULTS AND DISCUSSION

The chlorine isotopic compositions of collected samples from the three known principal 

environmental sources of perchlorate in the United States and composite urine samples from 

Atlanta, USA and Taltal, Chile define three distinct, non-overlapping clusters in a diagram 

of 36Cl/Cl as function of δ37Cl (Figure 1). Natural perchlorate samples collected from the 

southwestern region have the highest values of 36Cl/Cl (3,100 × 10−15 to 28,800 × 10−15) 

and a range of δ37Cl values from −3.7 to 4.5 ‰. The Atacama Desert samples have much 

lower values of 36Cl/Cl ranging from 22 × 10−15 to 590 × 10−15 and δ37Cl values of −14.3 to 

−11.8 ‰ than those of the southwestern region. Most of the synthetic perchlorate samples 

have δ37Cl values in the range 0.2 to 1.6 ‰ and 36Cl/Cl ratios of 0.0 × 10−15 to 40 × 10−15 

which is consistent with a predominantly marine source of the brine used as a source of 

chloride ion.42, 63

The urinary perchlorate sample from the Atlanta region more closely aligns with indigenous 

natural perchlorate extracted from groundwater and soil samples from the southwestern 

United States 41, 42 in terms of its δ37Cl value and 36Cl/Cl ratio [δ37Cl = +4.1 

± 1.0 ‰; 36Cl/Cl = 1811 (± 136) × 10−15] (Table 1) indicating indigenous natural 

perchlorate as the primary source of exposure in the sampled Atlanta residents (Figure 1). 

Any addition of synthetic or Atacama perchlorate would reduce the 36Cl abundance, while 

also shifting the δ37Cl result toward lower values on Figure 1 since both synthetic and 

Atacama perchlorate have lower δ37Cl values than indigenous natural perchlorate from the 

United States. Overall, the shift in the δ37Cl value appears to be minimal in the Atlanta 

sample relative to southwestern United States perchlorate, but the 36Cl abundance is 

somewhat lower than common southwestern United States perchlorate, indicating negligible 
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Atacama perchlorate contribution since it would produce a much larger shift in the δ37Cl 

value. However, a minor synthetic perchlorate contribution to a dominantly indigenous 

natural source could possibly explain both the δ37Cl value and the 36Cl/Cl ratio of the 

Atlanta urinary perchlorate sample.

Perchlorate δ37Cl value and 36Cl/Cl ratio [δ37Cl = −11.0 ± 1.0 ‰; 36Cl/Cl = 254 (± 40) × 

10−15] determined from the urine of residents from Taltal, Chile (Atacama region) are 

similar to perchlorate samples collect from the Atacama region, indicating natural Atacama 

perchlorate to be the main source of exposure in that region (Figure 1). Perchlorate 

contributions from synthetic or young atmospherically produced perchlorate appear to be 

negligible, because any synthetic perchlorate contribution would increase the δ37Cl value 

and decrease the 36Cl abundance. Otherwise, addition of significant quantities of young 

atmospheric perchlorate would increase the 36Cl abundance while preserving the δ37Cl value 

if we assume that the chlorine sources for atmospheric perchlorate formation in a given 

region have relatively constant δ37Cl value over time.

It was hypothesized that a few samples with anomalously high 36Cl/Cl ratios in perchlorate 

from the southwestern US might have been affected by the presence of the bomb-

produced 36Cl pulse from the 1950s thermonuclear tests (Figure 1).42 However, 36Cl/Cl 

ratios above 8,000 × 10−15 were also measured in perchlorate extracted from southwest US 

groundwater having 14C ages of more than 10 ka.42 The 36Cl/Cl ratios of the indigenous 

natural perchlorate demonstrated that even the lowest 36Cl/Cl value of about 3,100 × 10−15 

in perchlorate is much higher than the highest pre-bomb 36Cl/Cl value of about 1,200 × 

10−15 in meteoric chloride near the Earth's surface.64, 65 Thus, the stratosphere is the only 

known location that has sufficiently high 36Cl isotopic abundances 66 to account for the 

observed 36Cl/Cl ratios in perchlorate samples from the southwestern US as well as in the 

urinary perchlorate sample from the Atlanta region, which strongly indicates a stratospheric 

origin for the indigenous natural perchlorate and the urinary perchlorate from Atlanta, USA.

The 36Cl/Cl ratios in natural Atacama perchlorate samples are significantly lower compared 

to those in the indigenous natural perchlorate from the southwestern US , which might be 

explained chronologically since Atacama perchlorate is much older than the southwestern 

US perchlorate. Chilean nitrate deposits have an estimated three to eight million years (more 

than ten 36Cl half-lives) of accumulation time 67, 68 compared to the much shorter (on the 

order of tens of thousands of years) accumulation time for the indigenous natural perchlorate 

in the arid southwestern US. Thus the indigenous natural perchlorate would be expected to 

retain most of its initial 36Cl signature.41 The low 36Cl/Cl ratios in synthetic perchlorate are 

consistent with chloride sources from ancient marine halite deposits.42 Thus the 36Cl 

signature along with the stable chlorine isotope of perchlorate is a valuable tool, which can 

be used for tracing the source and origin of perchlorates in the environment. Although not 

analyzed in this study, stable oxygen isotopes (δ18O, Δ17O) of perchlorate offer additional 

tools for identifying perchlorate sources and origin.10-13, 41, 55, 69

Our results demonstrate the use of chlorine isotope ratios of perchlorate extracted from urine 

for identifying the primary sources of perchlorate exposure in pooled human urines from 

two distinct locations. This appears to be a robust approach because the perchlorate 
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molecule is stable in the environment, as well as in vivo,31 and can apparently retain its 

initial isotopic composition for centuries to millennia in groundwater or surface water 

systems.56, 70 The isotopic identification of perchlorate exposure sources can aid in targeting 

efforts to reduce exposure and improve public health.

ACKNOWLEDGMENTS

The authors appreciate the assistance of Dr. Yunbin Guan and Dr. John Eiler with SIMS analyses at Caltech. The 
findings and conclusions in this study are those of the authors and do not necessarily represent the official views or 
positions of the U.S. Centers for Disease Control and Prevention. Use of trade names and commercial sources is for 
identification only and does not constitute endorsement by the U.S. Department of Health and Human Services, or 
the U.S. Centers for Disease Control and Prevention.

REFERENCES

1. Wolff J. Perchlorate and the Thyroid Gland. Pharmacol Rev. 1998; 50(1):89–105. [PubMed: 
9549759] 

2. Chan S, Kilby MD. Thyroid hormone and central nervous system development. J Endocrinol. 2000; 
165:1–8. [PubMed: 10750030] 

3. NAP. NRC, Health implications of perchlorate ingestion. National Academies Press (U.S.), National 
Research Council (U.S.). Division on Earth and Life Studies; Washington, D.C.: 2005. p. xvip. 260

4. EPA. Interim Drinking Water Health Advisory For Perchlorate Office of Science and Technology 
(EPA 822-R-08-025). Washington, DC: 2008. 

5. Leung AM, Pearce EN, Braverman LE. Perchlorate, iodine and the thyroid. Best Pract Res Cl En. 
2010; 24:133–141.

6. EPA. Perchlorate Environmental Contamination: Toxicological Review and Risk Characterization 
(External Review Draft). National Center for Environmental Assessment; Washington, DC: 2002. 

7. Urbansky ET. Perchlorate as an Environmental Contaminant. Environ Sci Pollut R. 2002; 9(3):187–
192.

8. Dasgupta PK, Martinelango PK, Jackson WA, Anderson TA, Tian K, Tock RW, Rajagopalan S. The 
Origin of Naturally Occurring Perchlorate: The Role of Atmospheric Processes. Environ Sci 
Technol. 2005; 39:1569–1575. [PubMed: 15819211] 

9. ITRC. Perchlorate: Overview of Issues, Status, and Remedial Options. PERCHLORATE-1. 
Interstate Technology & Regulatory Council, Perchlorate Team; Washington, D.C: 2005. 

10. Sturchio, NC.; Böhlke, JK.; Gu, B.; Horita, J.; Brown, GM.; Beloso, ADJ.; Patterson, LJ.; 
Hatzinger, PB.; Jackson, WA.; Batista, J. Stable isotopic composition of chlorine and oxygen in 
synthetic and natural perchorate.. In: Gu, B.; Coates, JD., editors. Perchlorate: Environmental 
Occurrence, Interactions, and Treatment. Springer; New York: 2006. p. 93-110.

11. Bö̈hlke JK, Hatzinger PB, Sturchio NC, Gu B, Abbene I, Mroczkowski SJ. Atacama Perchlorate as 
an Agricultural Contaminant in Groundwater: Isotopic and Chronologic Evidence from Long 
Island, New York. Environ Sci Technol. 2009; 43(15):5619–5625. [PubMed: 19731653] 

12. Sturchio NC, Beloso A Jr, Heraty LJ, Wheatcraft S, Schumer R. Isotopic tracing of perchlorate 
sources in groundwater from Pomona, California. Appl Geochem. 2014; 43(0):80–87.

13. Sturchio NC, Hoaglund JR 3rd, Marroquin RJ, Beloso AD Jr. Heraty LJ, Bortz SE, Patterson TL. 
Isotopic mapping of groundwater perchlorate plumes. Groundwater. 2012; 50(1):94–102.

14. Impellitteri CA, Saxe JP, Schmitt EC, Young KR. A survey on the temporal and spatial distribution 
of perchlorate in the Potomac River. J Environ Monit. 2011; 13(8):2277–2283. [PubMed: 
21713293] 

15. Jackson WA, Joseph P, Laxman P, Tan K, Smith PN, Yu L, Anderson TA. Perchlorate accumulation 
in forage and edible vegetation. J Agric Food Chem. 2005; 53(2):369–73. [PubMed: 15656674] 

16. Kirk AB, Martinelango PK, Tian K, Dutta A, Smith EE, Dasgupta PK. Perchlorate and iodide in 
dairy and breast milk. Environ Sci Technol. 2005; 39(7):2011–7. [PubMed: 15871231] 

Poghosyan et al. Page 7

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Sanchez CA, Crump KS, Krieger RI, Khandaker NR, Gibbs JP. Perchlorate and nitrate in leafy 
vegetables of North America. Environ Sci Technol. 2005; 39(24):9391–7. [PubMed: 16475313] 

18. Sanchez CA, Krieger RI, Khandaker N, Moore RC, Holts KC, Neidel LL. Accumulation and 
perchlorate exposure potential of lettuce produced in the Lower Colorado River region. J Agric 
Food Chem. 2005; 53(13):5479–86. [PubMed: 15969537] 

19. Sanchez CA, Krieger RI, Khandaker NR, Valentin-Blasini L, Blount BC. Potential perchlorate 
exposure from Citrus sp. irrigated with contaminated water. Anal Chim Acta. 2006; 567(1):33–8. 
[PubMed: 17723376] 

20. FDA. Preliminary estimation of perchlorate dietary exposure based on FDA 2004/2005 exploratory 
data. Food and Drug Administration, Center for Food Safety and Applied Nutrition; Silver Spring, 
MD; 2007. 

21. Murray CW, Egan SK, Kim H, Beru N, Bolger PM. US Food and Drug Administration's Total Diet 
Study: dietary intake of perchlorate and iodine. J Expo Sci Environ Epidemiol. 2008; 18(6):571–
80. [PubMed: 18167505] 

22. Lau FK, deCastro BR, Mills-Herring L, Tao L, Valentin-Blasini L, Alwis KU, Blount BC. Urinary 
perchlorate as a measure of dietary and drinking water exposure in a representative sample of the 
United States population 2001-2008. J Expo Sci Environ Epidemiol. 2013; 23(2):207–14. 
[PubMed: 23188482] 

23. Mendez W, Dederick E, Cohen J. Drinking water contribution to aggregate perchlorate intake of 
reproductive-age women in the United States estimated by dietary intake simulation and analysis 
of urinary excretion data. J Expo Sci Environ Epidemiol. 2010; 20(3):288–97. [PubMed: 
19773816] 

24. Huber DR, Blount BC, Mage DT, Letkiewicz FJ, Kumar A, Allen RH. Estimating perchlorate 
exposure from food and tap water based on US biomonitoring and occurrence data. J Expo Sci 
Environ Epidemiol. 2011; 21(4):395–407. [PubMed: 20571527] 

25. Blount BC, Alwis KU, Jain RB, Solomon BL, Morrow JC, Jackson WA. Perchlorate, nitrate, and 
iodide intake through tap water. Environ Sci Technol. 2010; 44(24):9564–70. [PubMed: 21090606] 

26. Schier JG, Wolkin AF, Valentin-Blasini L, Belson MG, Kieszak SM, Rubin CS, Blount BC. 
Perchlorate exposure from infant formula and comparisons with the perchlorate reference dose. J 
Expo Sci Environ Epidemiol. 2010; 20(3):281–7. [PubMed: 19293845] 

27. Pearce EN, Leung AM, Blount BC, Bazrafshan HR, He X, Pino S, Valentin-Blasini L, Braverman 
LE. Breast milk iodine and perchlorate concentrations in lactating Boston-area women. J Clin 
Endocrinol Metab. 2007; 92(5):1673–7. [PubMed: 17311853] 

28. Borjan M, Marcella S, Blount B, Greenberg M, Zhang JJ, Murphy E, Valentin-Blasini L, Robson 
M. Perchlorate exposure in lactating women in an urban community in New Jersey. Sci Total 
Environ. 2011; 409(3):460–4. [PubMed: 21109291] 

29. Blount BC, Pirkle JL, Osterloh JD, Valentin-Blasini L, Caldwell KL. Urinary perchlorate and 
thyroid hormone levels in adolescent and adult men and women living in the United States. 
Environ Health Perspect. 2006; 114(12):1865–71. [PubMed: 17185277] 

30. Steinmaus C, Miller MD, Cushing L, Blount BC, Smith AH. Combined effects of perchlorate, 
thiocyanate, and iodine on thyroid function in the National Health and Nutrition Examination 
Survey 2007-08. Environ Res. 2013; 123:17–24. [PubMed: 23473920] 

31. Anbar M, Guttmann S, Lewitus Z. The mode of action of perchlorate ions on the iodine uptake of 
the thyroid gland. The International journal of applied radiation and isotopes. 1959; 7:87–96. 
[PubMed: 13793274] 

32. Valentin-Blasini L, Blount BC, Otero-Santos S, Cao Y, Bernbaum JC, Rogan WJ. Perchlorate 
exposure and dose estimates in infants. Environ Sci Technol. 2011; 45(9):4127–32. [PubMed: 
21449579] 

33. Blount BC, Valentin-Blasini L, Osterloh JD, Mauldin JP, Pirkle JL. Perchlorate exposure of the US 
Population, 2001-2002. J Expo Sci Environ Epidemiol. 2007; 17(4):400–7. [PubMed: 17051137] 

34. Ericksen GE. Geology and Origin of the Chilean Nitrate Deposits. Geological Survey Professional 
Paper 1188, United States Government Printing Office, Washington, DC. 1981

35. Urbansky ET. Perchlorate Chemistry: Implications for Analysis and Remediation. Bioremediation. 
1998; 2(2):81–95.

Poghosyan et al. Page 8

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Orris, GJ.; Harvey, GJ.; Tsui, DT.; Eldrige, JE. Open-file report 03-314. Vol. 2003. U.S. Dept. of 
the Interior, U.S. Geological Survey; Preliminary analyses for perchlorate in selected natural 
materials and their derivative products.. 

37. Plummer LN, Böhlke JK, Doughten MW. Perchlorate in Pleistocene and Holocene Groundwater in 
North-Central New Mexico. Environ Sci Technol. 2006; 40(6):1757–1763. [PubMed: 16570594] 

38. Rajagopalan S, Anderson TA, Fahlquist L, Rainwater KA, Ridley M, Jackson WA. Widespread 
Presence of Naturally Occurring Perchlorate in High Plains of Texas and New Mexico. Environ 
Sci Technol. 2006; 403156-3162

39. Rao B, Anderson TA, Orris GJ, Rainwater KA, Rajagopalan S, Sandvig RM, Scanlon BR, 
Stonestrom DA, Walvoord MA, Jackson WA. Widespread natural perchlorate in unsaturated zones 
of the southwest United States. Environ Sci Technol. 2007; 41(13):4522–8. [PubMed: 17695891] 

40. Kounaves SP, Stroble ST, Anderson RM, Moore Q, Catling DC, Douglas S, Mckay CP, Ming DW, 
Smith PH, Tamppari LK, Zent AP. Discovery of Natural Perchlorate in the Antarctic Dry Valleys 
and Its Global Implications. Environ Sci Technol. 2010; 44:2360–2364. [PubMed: 20155929] 

41. Jackson WA, Böhlke JK, Gu B, Hatzinger PB, Sturchio NC. Isotopic composition and origin of 
indigenous natural perchlorate and co-occurring nitrate in the southwestern United States. Environ 
Sci Technol. 2010; 44(13):4869–76. [PubMed: 20521813] 

42. Sturchio NC, Caffee M, Beloso AD Jr. Heraty LJ, Böhlke JK, Hatzinger PB, Jackson WA, Gu B, 
Heikoop JM, Dale M. Chlorine-36 as a tracer of perchlorate origin. Environ Sci Technol. 2009; 
43(18):6934–8. [PubMed: 19806723] 

43. Schilt, AA. Perchloric Acid and Perchlorates. GFS Chemicals, Inc; Columbus: 1979. 

44. Ericksen GE. The Chilean Nitrate Deposits: The origin of the Chilean nitrate deposits, which 
contain a unique group of saline minerals, has provoked lively discussion for more than 100 years. 
American Scientist. 1983; 71(4):366–374.

45. Dasgupta PK, Dyke JV, Kirk AB, Jackson WA. Perchlorate in the United States. Analysis of 
relative source contributions to the food chain. Environ Sci Technol. 2006; 40(21):6608–14. 
[PubMed: 17144285] 

46. EPA. Perchlorate Environmental Contamination: Toxicological Rievew and Risk Characterization 
Based on Emerging Information (External Review Draft). National Center for Environmental 
Assessment; Washington, DC: 1998. 

47. Urbansky ET, Brown SK, Magnuson ML, Kelty CA. Perchlorate levels in samples of sodium 
nitrate fertilizer derived from Chilean caliche. Environ Pollut. 2001; 112(3):299–302. [PubMed: 
11291435] 

48. Trumpolt CW, Crain M, Cullison GD, Flanagan SJP, Siegel L, Lathrop S. Perchlorate: Sources, 
uses, and occurrences in the environment. Remediation Journal. 2005; 16(1):65–89.

49. Aziz, C.; Borsch, R.; Nicholson, P.; Cox, E. Alternative Causes of Wide-Spread, Low 
Concentration Perchlorate Impacts to Groundwater.. In: Gu, B.; Coates, JD., editors. Perchlorate. 
Environmental Occurrences, Interactions, and Treatment. Vol. 71-88. Springer; New York: 2006. 

50. Aziz, CE.; Hatzinger, PB. Perchlorate Sources, Source Identification, and Analytical Methods.. In: 
Stroo, HF.; Ward, CH., editors. Situ Bioremediation of Perchlorate. Vol. 55-77. Springer; New 
York: 2008. 

51. Ader M, Coleman ML, Doyle SP, Stroud M, Wakelin D. Methods for the stable iopic analysis of 
chlorine in chlorate and perchlorate compounds. Anal Chem. 2001; 73(20):4946–50. [PubMed: 
11681470] 

52. Batista, JR.; McGarvey, FX.; Vieira, AR. The removal of perchlorate from waters using ion 
exchange resins.. In: Urbansky, ET., editor. Perchlorate in the Environment. Vol. 135-145. Kluwer/
Plenum; New York: 2000. 

53. Gu B, Brown GM, Chiang CC. Treatment of perchlorate-contaminated groundwater using highly 
selective, regenerable ion-exchange technologies. Environ Sci Technol. 2007; 41(17):6277–82. 
[PubMed: 17937315] 

54. Gu B, Brown GM, Maya L, Lance MJ, Moyer BA. Regeneration of Perchlorate (ClO4−)-Loaded 
Anion Exchange Resins by a Novel Tetrachloroferrate (FeCl4−) Displacement Technique. Environ 
Sci Technol. 2001; 35(16):3363–3368. [PubMed: 11529578] 

Poghosyan et al. Page 9

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Böhlke JK, Sturchio NC, Gu B, Horita J, Brown GM, Jackson WA, Batista J, Hatzinger PB. 
Perchlorate isotope forensics. Anal Chem. 2005; 77(23):7838–42. [PubMed: 16316196] 

56. Hatzinger PB, Böhlke JK, Sturchio NC, Gu B. Guidance manual for forensic analysis of 
perchlorate in groundwater using chlorine and oxygen isotopic analyses. Environmental Security 
Technology Certification Program (ESTCP). 2011 ESTCP Project ER-200509. 

57. Valentin-Blasini L, Blount BC, Delinsky A. Quantification of iodide and sodium-iodide symporter 
inhibitors in human urine using ion chromatography tandem mass spectrometry. Journal of 
chromatography. A. 2007; 1155(1):40–6. [PubMed: 17466997] 

58. Dosch RG. Determination of Perchlorate by Precipitation with Tetra-n-Pentylammonium Bromide. 
Anal Chem. 1968; 40(4):829–831.

59. Poghosyan, A. Doctoral Dissertation. University of Illinois at Chicago; 2013. Global Geochemical 
Cycle of Perchlorate.. 

60. Godon A, Jendrzejewski N, Eggenkamp HGM, Banks DA, Ader M, Coleman ML, Pineau F. A 
cross-calibration of chlorine isotopic measurements and suitability of seawater as the international 
reference material. Chem Geol. 2004; 207(1-2):1–12.

61. Fox, J.; Weisberg, S. An R Companion to Applied Regression [Second Edition]. SAGE 
Publications, Inc; 2011. p. 472

62. R Core Team, R. R Foundation for Statistical Computing. Vienna, Austria: 2014. A language and 
environment for statistical computing.. URL http://www.R-project.org/

63. Eastoe CJ, Peryt TM, Petrychenko OY, Geisler-Cussey D. Stable chlorine isotopes in Phanerozoic 
evaporites. Appl Geochem. 2007; 22(3):575–588.

64. Moysey S, Davis S, Zreda M, Cecil LD. The distribution of meteoric 36Cl/Cl in the United States: 
a comparison of models. Hydrogeol J. 2003; 11(6):615–627.

65. Bentley, HW.; Phillips, FM.; Davis, SN. Chlorine-36 in the terrestrial environment.. In: Fritz, P.; 
Fontes, JC., editors. Handbook of environmental isotope geochemistry. Vol. 2. Elsevier; 
Amsterdam: 1986. p. 427-480.ch 10

66. Lal, D.; Peters, B. Cosmic Ray Produced Radioactivity on the Earth. In Kosmische Strahlung II / 
Cosmic Rays II. In: Sitte, K., editor. Vol. 9 / 46 / 2. Springer; Berlin Heidelberg: 1967. p. 551-612.

67. Alpers CN, Brimhall GH. Middle Miocene climatic change in the Atacama Desert, northern Chile: 
Evidence from supergene mineralization at La Escondida. Geol Soc Am Bull. 1988; 100(10):
1640–1656.

68. Hartley AJ, Chong G. Late Pliocene age for the Atacama Desert: Implications for the 
desertification of western South America. Geology. 2002; 30(1):43–46.

69. Bao H, Gu B. Natural perchlorate has a unique oxygen isotope signature. Environ Sci Technol. 
2004; 38(19):5073–7. [PubMed: 15506201] 

70. Hoering TC, Ishimori FT, McDonald HO. The Oxygen Exchange Between Oxy-anions and Water. 
II. Chlorite, Chlorate and Perchlorate Ions1. J Am Chem Soc. 1958; 80(15):3876–3879.

Poghosyan et al. Page 10

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.R-project.org/


Figure 1. 
Diagram comparing 36Cl/Cl ratios vs. δ37Cl values for perchlorate extracted from urine from 

residents of the Atlanta, USA metro area and Taltal, Chile (Atacama region), in comparison 

with synthetic perchlorate, and natural perchlorate from Atacama (Chile) and the 

southwestern USA.41, 42 36Cl/Cl errors are smaller than data points. The concentration 

ellipses define the confidence curves within which 95% of the data is expected to lie, 

assuming bivariate normality.
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Table 1

Stable and radioactive chlorine isotope ratios of perchlorate extracted from urine from Atlanta, USA and 

Taltal, Chile regions.

Sample ID Sample Location Urine Sample 
Volume (L)

ClO4
− on The 

Column (μg)
Final ClO4

− 

Recovered (μg)
δ37ClSMOC (‰) 36Cl/Cl (10−15)

J-1183 Atlanta, USA 40 198 202 +4.1 ± 1 1811±136

J-1184 Taltal, Chile 1.05 154 155 −11.0 ± 1 254±40
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