
Alfredo et al  |  http://dx.doi.org/10.5942/jawwa.2015.107.0036
Peer-Reviewed

E187

2015 © American Water Works AssociationJOURNAL AWWA APRIL 2015   |   107:4

Managing chlorate could become a challenge for water systems 
if the US Environmental Protection Agency (USEPA) establishes a 
maximum contaminant level (MCL) for this compound. Chlorate 
occurs in drinking water as a result of chlorine products used in 
treatment. Common sources of chlorate are the degradation of 
hypochlorite solutions, the on-site generation of hypochlorite, and 
the production and degradation of chlorine dioxide. Chlorate has 
been on the regulatory radar screen since the early 1990s, when it 
was part of the negotiated rulemaking for the proposed Stage 1 
Disinfectants and Disinfection Byproducts (D/DBP) Rule (USEPA, 
1994). Chlorate was not included in the final Stage 1 D/DBP Rule 
because the health effects data at that time were inadequate to 
establish a maximum contaminant level goal (MCLG) (USEPA, 
1998). However, chlorate was discussed in those negotiations, and 
it is currently being discussed again for potential regulation.

Every five years, USEPA is required to publish a contaminant 
candidate list (CCL) itemizing chemicals of concern for evaluation 
and potential regulation. The third CCL, published in 2009, listed 
104 chemicals of concern, including chlorate (USEPA, 2009). 
Chlorate is included in monitoring under the third round of the 
Unregulated Contaminant Monitoring Regulation (UCMR 3), 
which started in 2013 and will be completed at the end of 2015 
(USEPA, 2012a). On a five-year cycle after each CCL is finalized, 
USEPA is required to make regulatory determinations on at least 
five contaminants.

Section 1412(b)(1)(A) of the Safe Drinking Water Act (SDWA) 
details three criteria that USEPA must consider in identifying new 
contaminants for potential regulation and in making regulatory 
determinations:

•  The contaminant may have an adverse effect on the health 
of persons.

•  The contaminant is known to occur or there is a substantial 
likelihood that the contaminant will occur in public water systems 
with a frequency and at levels of public health concern.

•  In the sole judgment of the USEPA administrator, regulation 
of such contaminants presents a meaningful opportunity for 
health risk reduction for persons served by public water systems.

This article summarizes existing data related to the first two of 
these criteria—health effects and occurrence. The third criterion, 
whether a nationwide regulation provides a meaningful oppor-
tunity for risk reduction, is key for USEPA in making a regulatory 
determination. USEPA released the Preliminary Regulatory 
Determinations for Contaminants on the Third Drinking Water 
Contaminant Candidate List in October 2014, and a regulatory 
determination for chlorate was deferred to 2015 (USEPA, 2014a). 
This article also summarizes existing data on chlorate analytical 
methods, treatment, and control, all of which would be additional 
considerations for USEPA in developing a chlorate MCL.

A chlorate regulation would present a challenge for a growing 
number of water systems because the use of hypochlorite has 
increased as a result of safety, security, regulatory, or community 
concerns. Heightened security concerns since 9/11 and the regu-
latory requirements for risk management plans in Section 112(r) 
of the Clean Air Act are causing many utilities to move away from 
chlorine gas (AWWA, 2008a). In a 2007 survey of disinfection 
practices, 30% of utility respondents indicated that they had 
switched from chlorine gas to hypochlorite chlorination in the 
past eight to 10 years (AWWA, 2008a, 2008b). The majority of 
those who switched indicated they now use bulk liquid solutions 
(hypochlorite); only 6% of the 30% use on-site generation.

Keeping an appropriate amount of hypochlorite in storage to 
maintain disinfection during an emergency presents an additional 
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challenge. Too little hypochlorite in storage can compromise 
treatment, whereas aging stock continues to produce chlorate 
over time. A potential chlorate regulation would present a chal-
lenge from a regulatory development perspective in that these 
safety and security concerns would need to be balanced with the 
three SDWA criteria for identifying contaminants.

HEALTH EFFECTS
Chlorate is principally toxic through ingestion and inhalation, 

which typically lead to goitrogens and methemoglobin. A lethal 
oral dose is estimated to be as low as 20 g sodium chlorate, or 
230 mg chlorate/kg of body weight (NAS, 1982). The use of 
chlorate in weed killers in the United States has led to many case 
reports of chlorate intoxication. When ingested, chlorate is 
absorbed by the gastrointestinal tract and eliminated by the kid-
neys, unchanged by processes within the body. High concentra-
tions of chlorate impair the blood’s ability to transport oxygen, 
and the toxic effects result from chlorate rupturing the mem-
branes of red blood cells. The irreversible rupturing of red blood 
cells is followed by the formation of methemoglobin caused by 
the oxidation of free hemoglobin in the bloodstream. In most 
reported cases of chlorate poisoning, a drop in hemoglobin levels 
was observed, and methemoglobin was considered an early sign 
of intoxication (NAS, 1987).

Chlorate, similar to perchlorate, is a goitrogen and can 
decrease iodide uptake through competitive inhibition leading 
to the formation of goiters (enlargement of the thyroid gland). 
USEPA cited perchlorate’s interference with iodine transport into 
the thyroid gland and low iodine uptake in general as the major 
health concerns in making a regulatory determination for per-
chlorate (USEPA, 2011a). This mode of action might be a factor 
in USEPA’s consideration of a chlorate regulation.

To calculate a reference dose (RfD) from experimental studies 
that derive dose concentrations for no observed effect level 
(NOEL), no observed adverse effect level, (NOAEL), benchmark 
dose (BMD), or lowest observed adverse effect level (LOAEL), 
variations of Eq 1 are used. USEPA then uses the RfD to establish 
an MCLG by using Eq 2 (USEPA, 2003).

	         RfD =
 
BMD or LOAEL or NOAEL


UF × MF �
(1)

in which RfD = reference dose, BMD = benchmark dose (in mg/
kg/d), LOAEL = lowest observed adverse effect level (in mg/kg/d), 
NOAEL = no or low observed adverse effect level (in mg/kg/d), 
UF = uncertainty factor, and MF = modifying factor.

	           MCLG  mg

L  = 

Rfd × BW × RSC


I �
(2)

in which BW = body weight (70 kg for adults, 10 kg for children, 
4 kg for infants), RSC = the relative source contribution (fraction 
of the RfD received from drinking water), and I = daily intake of 
drinking water (2 L for adults, 1 L for children, 0.64 L for infants).

The most comprehensive study of the health effects of chlorate 
in drinking water was conducted by Lubbers et al (1981). Ten 

male volunteers ingested single doses of 0.01, 0.1, 0.5, 1.0, 1.8, 
and 2.4 mg of chlorate ion in 1 L of drinking water per dose (for 
a total of 60 doses). Lubbers et al (1981) also had volunteers 
consume 36 µg/kg/d of chlorate over a 12-week period and 
observed them for an additional eight weeks. Despite this inten-
sive study, no definitive detrimental physiological effect was 
determined. Therefore, the highest dose of chlorate, 36 µg/kg/d, 
was designated as the NOEL for the study. 

According to the UCMR 3 Fact Sheet, the RfD for chlorate is 
set at 0.03 mg/kg/d and, on the basis of a 2004 study in rats, is 
associated with an enlarged thyroid gland and focal mineraliza-
tion of thyroid gland follicles (USEPA, 2012b). This chronic 
toxicity study is cited in the National Toxicology Program’s 
(NTP’s) reregistration of inorganic chlorates (NTP, 2005; 
USEPA, 2006). The toxicity study cites several studies with 
NOAELs ranging from 0.9 to > 100 mg/kg/d, but no NOAEL 
was determined for non-neoplastic effects. Instead, a BMD of 
0.9 mg/kg/d and a UF of 30 were used in calculating the 
chronic toxicity RfD of 0.03 mg/kg/d adopted by USEPA. A 
health reference level (HRL) is a benchmark against which 
USEPA evaluates occurrence data. MCLGs and HRLs are both 
calculated using Eq 2.

Using the RfD of 0.03 mg/kg/d, the HRL calculation is based 
on the assumptions of a 70-kg adult consuming 2 L/d of water 
and the default RSC of 20%, resulting in an HRL of 210 µg/L. 
Although USEPA’s RSC default value of 20% was used in its 
calculation, the major exposure to chlorate comes from drinking 
water. An RSC of 80%, which some have argued is a more logical 
value, would increase the HRL to 840 µg/L (Cotruvo, 2014).

The World Health Organization (WHO) has a provisional 
guideline value that it calculated using a third study, a subchronic 
toxicity study conducted in rats by McCauley et al (1995). 
McCauley et al (1995) determined a NOAEL of 30 mg/kg/d on 
the basis of pituitary gland effects. Using a UF of 1,000, WHO 
also calculated an RfD of 0.03 mg/kg/d. This RfD, based on 
an RSC of 80% and a 60-kg adult ingesting 2 L/d of water led 
WHO to suggest a provisional guideline of 0.7 mg/L (WHO, 
2005). The guideline was provisional because of concern that 
disinfection practices would likely cause the guideline value to 
be exceeded routinely (WHO, 2005). Similarly, Health Canada 
set a maximum acceptable limit of 1 mg/L chlorate, consider-
ing a lifetime exposure (Health Canada, 2005). The limits of 
both WHO and Health Canada are much greater than the 
USEPA HRL of 0.21 mg/L (210 µg/L). If USEPA adopts an 
80% RSC in its calculations, the revised threshold of 840 µg/L 
would be in the same range as the thresholds of WHO and 
Health Canada.

Recently, USEPA released an update regarding the chlorate 
regulation (USEPA, 2014b). This document lists occurrence stud-
ies (e.g., Righi et al, 2012; Aggazzotti et al, 2004) that examine 
chlorate exposure in Italian populations. Righi et al (2012) con-
cluded that chlorate exposure > 200 µg/L increased the risk of 
congenital anomalies, but Aggazzotti et al (2004) concluded that 
there was no increased risk for birth defects. Therefore, USEPA 
continues to rely on the 2005 NTP study as critical for establish-
ing a chlorate RfD.
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ANALYTICAL METHODS
The ability to measure different chlorine compounds in water 

has improved tremendously over the past 50 years. In the 1960s 
the measurement of chlorine dioxide, chlorite, and chlorate neces-
sitated spectrometric determination of chlorine dioxide and 
chlorite concentrations, iodometric titration for concentrations 
of chlorite and chlorate, and a Mohr titration for chloride (Hong 
& Rapson, 1967). After spectrometric determination of chlorine 
dioxide concentration, the solution required bubbling with air to 
remove the chlorine dioxide before analysis of the other chlorine 
species was possible. In the mid-1980s the lack of chlorate analy
sis in the then-current edition of Standard Methods for the Exam-
ination of Water and Wastewater prompted the development of 
new methods based solely on a series of titrations (Aieta et al, 
1984). As reported by Aieta et al (1984), the best of the methods 
at that time achieved lower detection limits of 100 µg/L for chlo-
rate, still far above the detection levels for chlorine dioxide (50 
µg/L), chlorine (20 µg/L), and chlorite (20 µg/L).

USEPA currently lists two ion chromatography methods for 
determining chlorate in drinking water: USEPA Method 300.0 
(USEPA, 1993) and USEPA Method 300.1 (USEPA, 1997). 
Robust, accurate liquid chromatography–tandem mass spectrom-
etry (LC–MS/MS) methods are also available (Stanford et al, 
2013; Pisarenko et al, 2010; Li & George, 2005). An interlabora-
tory comparison indicated consistency among the USEPA-
approved methods and the LC–MS/MS methods as reported by 
Stanford et al (2013). LC–MS/MS methods are more robust for 
complex matrixes such as hypochlorite solutions. Chlorate sam-
ples preserved with 50 mg/L ethylenediamine (EDA) can be stored 
up to 28 days. If samples are collected from treatment plants using 
chlorine dioxide, the samples require sparging with an inert gas 
at the time of collection prior to the addition of EDA (USEPA, 
1997) to remove the chlorine dioxide, which otherwise could 
continue to form chlorite and chlorate. The UCMR 3 established 
a minimum reporting level (MRL) for chlorate of 20 µg/L (USEPA, 
2012a) and specified the use of Method 300.1 for monitoring.

OCCURRENCE IN DRINKING WATER
Chlorate occurrence in drinking water has been evaluated 

several times in the past, but none of these assessments was as 
comprehensive as the current UCMR 3 monitoring initiative. 
Initial occurrence data for chlorate were summarized in the nego-
tiated rulemaking for the proposed Stage 1 D/DBPR (USEPA, 
1994). In a limited DBP field study conducted by USEPA during 
1987–1991, chlorate concentrations ranging from 21 to 330 µg/L 
were found in all four (100%) samples from the treatment plants 
using chloride dioxide. In the plants not using chlorine dioxide, 
chlorate was found in 18 (60%) of the 30 samples from the 
plants, in concentrations ranging from < 10 to 660 µg/L. USEPA 
also found chlorate in three out of four (75%) of the samples 
from the distribution systems, in concentrations ranging from 
< 10 to 47 µg/L. Though the study was too limited for meaning-
ful conclusions to be drawn, it highlighted the presence of chlo-
rate in treated water.

The first comprehensive set of monitoring data for chlorate 
came from the Information Collection Rule (ICR), which was 

promulgated in 1996 (USEPA, 1996). ICR monitoring was con-
ducted over 18 months from July 1997 to December 1998 to 
create a nationwide database (USEPA, 2011b). Under the ICR, 
296 public water systems (PWSs) serving more than 100,000 
people collected information pertaining to water quality, micro-
biological contamination, DBP occurrence and precursors, and 
treatment plant design and operating parameters (Wysock et al, 
2002). All systems using chlorine dioxide or hypochlorite were 
required to measure chlorate at the treatment plant influent and 
effluent, with chlorine dioxide plants required to measure 
monthly and hypochlorite plants quarterly. This database is 
unique in that it includes long-term monitoring for chlorate, 
whereas most monitoring programs cover a shorter period of 
time or a more limited number of samples. The MRL for chlo-
rate under the ICR was 20 µg/L.

More recently, chlorate was included as part of the 2013–2015 
UCMR 3 monitoring, projected to finish by December 2015 
(USEPA, 2012a). Depending on the timing and USEPA’s decision 
in its upcoming 2016 third Six-Year Review of Drinking Water 
Standards, the UCMR 3 data collection efforts should be com-
pleted before a potential chlorate regulation is proposed.

USEPA is updating and posting summaries of the UCMR 3 
monitoring results on a regular basis (USEPA, 2014b); the latest 
set of UCMR 3 data was released in July 2014. USEPA is using 
the term “reference concentration” in its UCMR 3 reporting 
rather than HRL, but the reference concentration of 210 µg/L is 
the same as the previous HRL. The data available for this analy-
sis, both ICR data and the July 2014 release of UCMR 3 data, 
are summarized in Table 1. Approximately 15% of the samples 
included in both data sets had chlorate concentrations above the 
HRL of 210 µg/L, and only 1% had concentrations greater than 

TABLE 1	 Summary of ICR and UCMR 3 data

Monitoring Results
ICR Data*

Number (%)
UCMR 3 Data†
Number (%)

Samples 897 25,533

Systems 82 2,648‡

Samples > MRL§ 747 (83) 14,356 (56)

Systems > MRL§ 80 (98) 1,781 (67)

Samples > 210 µg/L 135 (15) 3,671 (14)

Systems > 210 µg/L 31 (38) 857 (32)

Samples > 700 µg/L 17 (21) 344 (1.3)

Systems > 700 µg/L 4 (5) 174 (7)

Samples > 840 µg/L 12 (1) 203 (0.8)

Systems > 840 µg/L 4 (5) 118 (4)

ICR—Information Collection Rule, MRL—maximum reporting level, UCMR 3—third round of 
Unregulated Contaminant Monitoring Regulation

*Finished water samples only
†Distribution system entry point and other monitoring samples as of July 2014
‡Represents 55–60% of the systems expected to report data under the UCMR 3
§20-µg/L MRL in both databases

Systems were evaluated using the utility’s maximum reported concentration.
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the higher 840-µg/L HRL calculated by Cotruvo (2014). For the 
following assessments, any nondetects in both the ICR and 
UCMR 3 databases were replaced by one-fourth of the MRL, 
similar to methods used by Alfredo et al (2014).

The maximum measured value associated with each PWS was 
used in the analysis of chlorate concentrations from both data 
sets to represent the highest potential for exposure. While 90th- or 
95th-percentile values would have produced similar results, the 
purpose of this analysis was to determine the highest concentra-
tions occurring at utilities. Figure 1 shows the distribution of 
available data for both the ICR and UCMR 3 databases as well 
as chlorate concentrations at the finished water’s entry point into 
the distribution system, regardless of the disinfection method 
used. The limited number of PWSs in this analysis makes it dif-
ficult to assess any geographic trends in the ICR data (Figure 1, 
part A). In the UCMR 3 database, utilities reporting high concen-
trations of chlorate (greater than the WHO limit of 700 µg/L) are 
scattered throughout the country.

When these data were analyzed further, the maximum chlorate 
values associated with each utility in the UCMR 3 database were 
compared by grouping systems according to three sets of attri-
butes: system size (Figure 2, part A), regional location (Figure 2, 
part B), and disinfection type (Figure 2, part C). The categories 
and abbreviations used by USEPA in association with these data 
were also adopted in the research reported in this article and are 
detailed in Table 2. The maximum chlorate concentration associ-
ated with each utility’s distribution system entry point was used 
in analyzing regional location and system size. Only 1,822 (69%) 
of PWSs reported disinfection data for the distribution system 
entry point; therefore, only this subset was considered in the fol-
lowing disinfection analyses. Despite the fact that only 69% of 
the utilities reported data, many utilities varied disinfection 
throughout the treatment plant, and this resulted in reports of 
varying chlorate concentrations depending on the type of disinfec-
tion used in the treatment facility and at the distribution system 
entry point. A total of 2,260 disinfection-related chlorate concen-
trations were reported, and this full data set was used in the 
disinfection analysis shown in Figure 2, part C. The 95th percen-
tile of each group plotted in Figure 2 was < 1,000 µg/L.

The UCMR 3 monitoring requirements apply to water sys-
tems serving more than 10,000 people, limiting the study 
primarily to these larger systems, as reflected in the number 
of data points for each size category shown in Table 2. Because 
the categories for very small and small systems contained few 
data points, trends were considered only for the categories con-
taining medium to very large systems. As shown in Figure 2, 
part A, the larger the system, the greater the probability that 
chlorate was present. The map of chlorate concentrations 
throughout the United States (Figure 1, part B) was not very 
conclusive; the boxplot for US region (Figure 2, part B) helps 
to indicate any trends that might be present. To further test 
the regional association, the chi-square test was used to test 
whether chlorate concentrations depended on the water sys-
tem’s regional location. The calculated chi-square value was 
well within the critical range (x2

obtained > > x2
critical = 16.919, 

9 degrees of freedom, a = 0.05), suggesting a correlation but 

not causation. Of the PWSs with maximum chlorate concen-
trations of > 700 µg/L, 43% were located in the South.

Figure 2, part C, groups utilities according to type of disinfec-
tion used. Most of the utilities that were using no disinfection had 
chlorate concentrations < 210 µg/L. There is more than a chance 
association between chlorate concentration and disinfection type 
(x2

obtained > > x2
critical = 36, 24 degrees of freedom, a = 0.05). 

Chloramination practices correlated not only the highest chlorate 
concentrations but also the largest variability in chlorate concen-
trations; 60% of facilities that produced chloramines on site had 
chlorate concentrations > 210 µg/L. These results indicate that it 
is extremely important for utilities to monitor the disinfection 
process and control unwanted by-products. More than 51% (38 
utilities) of the systems with chlorate concentrations > 840 µg/L 
used hypochlorite generated off site for chlorination. Only five 
utilities practicing on-site generation of hypochlorite measured 
chlorate concentrations > 840 µg/L. The two groups with the 
highest chlorate concentrations consisted of utilities that pro-
duced chloramines and chlorine dioxide on site, and both groups 
were most predominant in the South. The Midwest, the region 
with the lowest chlorate concentrations, was dominated by utili-
ties using gaseous chlorination and included very few treatment 
facilities that generated chloramines or chlorine dioxide on site.

Chlorine gas, the disinfectant many utilities are abandoning 
because of security considerations, produces the lowest concentra-
tions of chlorate in treated water. In the 2007 disinfectant-specific 
survey, chlorine gas remained the most prevalent disinfectant in 
use; however, 25% of the utilities surveyed planned to switch to 
hypochlorite (either bulk or generated on site) in the future 
(AWWA, 2008a, 2008b). The utilities that continued to use chlo-
rine gas cited its reliability and cost as the main drivers for not 
switching (AWWA, 2008b).

Although the ICR database is limited in its ability to allow 
the same analyses as those just described because of the num-
ber of utilities throughout the country reporting chlorate 
concentrations, it allows temporal comparisons within water 
systems because chlorine dioxide systems were sampled every 
month and hypochlorite systems were sampled quarterly dur-
ing the entire 18-month monitoring period. One utility using 
each type of disinfection was selected at random from the 
Northeast and South for comparison. Figure 3 consists of four 
plots of chlorate concentrations over time—one plot for each 
PWS. The New Jersey system was sampled in duplicate for 
quality control, and the average value was used in this analysis. 
If a 210-µg/L threshold had been enforced during this time, all 
but the Georgia utility would have accumulated violations. The 
seasonality and the variation of chlorate concentrations can 
affect how a regulation is enforced.

Before the UCMR 3 monitoring program, comprehensive sets 
of chlorate data were sparse except for the ICR data, and they 
were limited to systems using chlorine dioxide or hypochlorite 
as a disinfectant. The current relevance of the ICR data for the 
ongoing regulatory development process is questionable because 
the monitoring was conducted in 1997–1998 and thus does not 
account for the increased use of hypochlorite since then. USEPA’s 
most recent regulatory update reports that the agency is relying 



Alfredo et al  |  http://dx.doi.org/10.5942/jawwa.2015.107.0036
Peer-Reviewed

E191

2015 © American Water Works AssociationJOURNAL AWWA APRIL 2015   |   107:4

< 210
211–700
701–1,000
> 1,000

FIGURE 1 Distribution of maximum chlorate concentrations in finished water reported in (A) the ICR database and (B) the UCMR 3 database as of the

 April 2014 data release

B  UCMR 3 Database

A  ICR Database

Chlorate Concentration—μg/L

ICR—Information Collection Rule, UCMR 3—third round of Unregulated Contaminant Monitoring Regulation
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on this database for analysis (USEPA, 2014b). What an analysis 
of the ICR data highlights is that chlorate can vary significantly 
over time, and thus regulatory considerations such as compli-
ance with running annual averages versus individual samples 
are also important.

TREATMENT AND CONTROL
Generally, minimizing chlorate concentrations by controlling 

the formation of chlorate is preferable to adding treatment for 
chlorate removal. There is no standardized treatment process 
for removing chlorate once it has formed. There is some indica-
tion that granular activated carbon (GAC) can partially remove 
chlorate through physical, reversible sorption to the media. 
Gonce and Voudrias (1994) achieved adsorption capacities of 
4.9 mg chlorate per gram of GAC for an influent chlorate con-
centration of 5 mg/L. However, desorption occurred as effi-
ciently as adsorption in their research, indicating the need for 
careful monitoring of finished water quality. Some research has 

indicated that chlorate removal can be achieved under anaero-
bic conditions by a membrane biofilm reactor (Ziv-El &  
Rittmann, 2009a), a process potentially limited to use at con-
taminated groundwater sites rather than in conventional surface 
water treatment. In hydrogen-limited systems in the Ziv-El and 
Rittmann (2009a) investigations, chlorate was lower in the 
sequential order of oxidation and removal after oxygen, nitrate, 
and nitrite. Anion exchange resins can also be potential means 
for removing chlorate, though competition from other anions 
in water (sulfate, carbonate, nitrate, perchlorate, chloride), 
natural organic matter, and seasonal water quality will all affect 
the efficacy and useful life of the resin. Reverse osmosis is also 
effective for chlorate removal but is very energy-intensive and 
creates a waste brine stream requiring disposal. Much of the 
research in the literature focused on chlorite and perchlorate 
removal, with chlorate monitoring mentioned only as a side note 
(Blute et al, 2013; Ziv-El & Rittmann, 2009b; Health Canada, 
2005; Katz & Narkis, 2001; Steinbergs, 1986).

FIGURE 2 UCMR 3 maximum chlorate concentrations at each utility, analyzed by (A) system size, (B) region, and (C) disinfection type

UCMR 3—third round of Unregulated Contaminant Monitoring Regulation

Box plots represent the 25th, 50th, and 75th percentiles. Outliers are included as individual data points on each plot.

Data from the July 2014 UCMR 3 data release
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Utilities using chlorine dioxide can reduce approximately 35% 
of the chlorate in their distribution systems by altering chlorine 
dioxide generation (Gallagher et al, 1994), though substantial 
amounts of chlorate will still be formed during degradation of 
the chlorine dioxide. The formation of chlorate ion in hypochlo-
rite solutions is directly influenced by storage methods and 
handling techniques at utilities using bulk hypochlorite (Stanford 
et al, 2011; Gordon et al, 1995, 1993). Dilution of bulk hypo-
chlorite with softened water and pH control in the 12–13 range, 
or careful temperature control, can help minimize the amount of 
chlorate formed during storage. Additionally, Stanford et al 
(2011) cautioned that the quality of stock hypochlorite delivered 
to a facility could affect chlorate concentrations as a result of 
storage conditions after manufacture and prior to delivery.

At systems that generate hypochlorite on site, production of 
chlorate during the generation process is highly variable even 
from the same generator, and there is no apparent difference in 
chlorate production among brands or types of solutions pro-
duced (Stanford et al, 2013). Hypochlorite generated on site 
may be a significant source of chlorate at some utilities, as seen 
in the UCMR 3 data. Work published by Stanford et al (2013) 
indicated that 33% of the tested systems that generated hypo-
chlorite on site had > 210 µg/L of chlorate in their finished 
water with a 5-mg/L chlorine dosage; with a chlorine dosage of 

10 mg/L, 66% of the systems tested would have exceeded the 
210-µg/L concentration. However, only two of the 29 systems 
tested exceeded the WHO guideline of 700 µg/L, indicating that 
USEPA’s final regulatory determination could have a potentially 
significant impact on water utilities, depending on the MCL 
selected. Though further study is needed and generator-specific 
operating procedures need to be established, the concept of 
brine conditioning and temperature control may become a 
viable means for controlling chlorate formation in the future 
(unpublished data from the National Science Foundation’s Small 
Business Innovation Research). However, brine conditioning 
must also be carefully balanced with the negative effect that 
reducing pH will have on chlorine stability in the treated water.

The strategies described in this article constitute several potential 
methods for minimizing chlorate formation, which appears to be 
the best means of keeping chlorate out of finished water (as opposed 
to treatment). Utilities can access an online tool available from 
AWWA to better understand the effects of various storage and 
handling practices for bulk hypochlorite solutions (AWWA, 2012). 
Future research should focus on methods for minimizing chlorate 
production in hypochlorite solutions that are generated on site.

REGULATORY CHALLENGES RELATED TO CHLORATE
In its Preliminary Regulatory Determinations for Contaminants 

on the Third Drinking Water Contaminant Candidate List (USEPA, 
2014a), USEPA included chlorate (and nitrosamines) in a collective 
review of the Microbial and Disinfection Byproduct (M/DBP) 
Regulations, as part of the third Six-Year Review of Existing 
Regulations, expected to be proposed in 2015. Therefore, any 
potential chlorate regulation would be complicated by the multi-
dimensional question of whether the M/DBP Regulations should 
be revised or how they might be revised. As a result, USEPA could 
face its own regulatory challenges, depending on the threshold 
value used in the development of a potential chlorate MCL. An 
MCL of 210 µg/L would significantly increase the nationwide cost 
of compliance compared with an MCL in the range of WHO’s 
guideline of 700 µg/L or an 80% RSC of 840 µg/L.

Past regulatory determinations provide some insight as to how 
USEPA might address chlorate in upcoming regulatory determina-
tions. In its first two regulatory determinations, USEPA decided 
that if the contaminant was detected in concentrations above the 
HRL in fewer than 50 water systems, it did not warrant a federal 
regulation because this would not provide a meaningful opportu-
nity for risk reduction as mandated by the SDWA (Roberson, 
2012). The UCMR 3 data released in July 2014 indicate that more 
than 50 systems nationwide have chlorate concentrations above 
the HRL, whether occurrence is based on the WHO guideline of 
700 µg/L (174 systems) or an 80% RSC of 840 µg/L (118 systems). 
However, the UCMR 3 data that are currently publicly available 
include monitoring results only from systems serving > 10,000 
people, so nationwide occurrence for all PWSs will be higher.

Nevertheless, detections above the HRL in fewer than 50 sys-
tems do not constitute a bright line for determining whether a 
federal regulation is warranted. The SDWA gives the USEPA 
administrator some discretion in decision-making during the 
regulatory development process. The upper limit of that line is 

TABLE 2	 Details of the categories used to cluster utilities in the 
UCMR 3 database

Number of 
Systems System Size and Population Served

32

97

155

Very small: 25–500

Small: 501–3,000

Medium: 3,301–10,000

2,007 Large: 10,001–100,000

280 Very large: > 100,000

Region

423 Northeast: Conn., D.C., Del., Mass., Maine, N.H., N.J., N.Y., Pa., 
  R.I., Vt.

952 South: Ala., Ark., Fla., Ga., Ky., La., Md., Miss., N.C., Okla., 
  S.C., Tenn., Texas, Va., W.V.

621 Midwest: Iowa, Ill., Ind., Kans., Mich., Minn., Mo., N.D., Neb., 
  Ohio, S.D., Wis.

569 West: Alaska, Ariz., Calif., Colo., Hawaii, Idaho, Mont., N.Mex.,  
  Nev., Ore., Utah, Wash., Wyo.

Type of Disinfection Used

342 Chloramine (formed from gaseous chlorine)

213 Chloramine (generated off site)

114 Chloramine (generated on site)

88 Chlorine dioxide

705 Gaseous chlorine

617 Hypochlorite (generated off site)

168 Hypochlorite (generated on site)

109 None (no disinfection used)

26 Other (disinfectants other than those reported, excluding ozone)

UCMR 3—third round of Unregulated Contaminant Monitoring Regulation
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FIGURE 3 Seasonal variations in ICR chlorate measurements at PWS treatment plants practicing chlorine dioxide disinfection (A and B) and

 hypochlorination (C and D)

ICR—Information Collection Rule, PWS—public water system

A  New Jersey–Chlorine Dioxide B  Georgia–Chlorine Dioxide

C  Delaware–Hypochlorite D  Alabama–Hypochlorite
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likely higher than 50 systems and might be more in the range of 
1,000–2,000 systems to warrant a federal regulation. Between 
the floor of 50 systems and the ceiling of 1,000–2,000 systems is 
a gray area in which the USEPA administrator must take into 
account several factors, including the population and number of 
systems affected, the geographic distribution of occurrence, and 
the potential RSC of the contaminant.

The timing for a federal chlorate regulation is still unknown. 
The third regulatory determination will conclude in late 2015 or 
early 2016, and the M/DBP regulatory review in which USEPA 
has now placed chlorate is scheduled for a similar end date. Then 
USEPA would have 24 months to publish a proposed regulation 
(late 2017 or early 2018) and 12 months thereafter to publish a 
final regulation (late 2018 or early 2019). Water systems would 
most likely be given the typical three-year period to comply with 
the final regulation.

Another uncertainty is the concentration threshold of a final 
MCL. Though the current chlorate HRL of 210 µg/L is certainly 
some form of a benchmark, establishing an MCL is a complex 
process that takes into account several additional benefit–cost 
considerations. Balancing the risks previously discussed will likely 
be one of the additional considerations. Under the SDWA, the 
USEPA administrator has the flexibility to set an MCL at a value 
higher than is strictly feasible and has done so in the past for 
arsenic and uranium.

In addition to WHO, 13 countries and territories have estab-
lished standards > 210 µg/L (WHO, 2013). The standards set by 
Canada (1,000 µg/L) and New Zealand (800 µg/L) are higher 
than WHO’s provisional guideline of 700 µg/L, and those of 
Japan (600 µg/L) and the Dominican Republic (200 µg/L) are 
lower. The other nine use WHO’s provisional guideline. So the 
worldwide trend generally points toward a higher regulatory or 
guideline value than USEPA’s HRL of 210 µg/L.

A recent letter to the editor published in Journal AWWA pro-
vides additional insight into USEPA’s 210-µg/L HRL (Cotruvo, 
2014). HRLs are neither a potential USEPA standard nor a health 
advisory but rather an ICR screening benchmark that originated 
from a chlorate pesticide registration. So although the chlorate 
HRL of 210 µg/L is based on an RSC of 20%, an 80% RSC could 
be more appropriate because the dominant source of chlorate 
exposure is drinking water. Adopting an 80% RSC would increase 
the HRL to 840 µg/L. Though these two HRLs (210 and 840 µg/L) 
might be considered the boundary conditions for a potential 
chlorate regulation, any prediction about where a chlorate MCL 
might end up would be premature at this time.

Another consideration for a potential chlorate regulation would 
be the compliance determination. Most DBPs are regulated on 
the basis of a chronic health effects endpoint, with compliance 
based on a running annual average. However, because USEPA 
could potentially consider a drop in hemoglobin levels to be an 
acute health effect, a compliance determination could be based 
on an individual sample. This decision would present additional 
compliance challenges for water systems using hypochlorite.

Even with uncertainties about the schedule, the compliance 
determination, and the final MCL, utility officials should consider 
taking steps to better understand their water system’s chlorate 

concentrations and temporal variability. Chlorate presents some 
unique compliance challenges for water systems because no routine 
treatment technology exists for removing it. Though almost all 
regulated drinking water contaminants can be removed by one or 
more existing treatment technologies, the key to compliance with a 
potential chlorate regulation is to prevent the compound’s formation. 
Although some mitigation techniques are being explored for systems 
that generate hypochlorite on site, most of the control strategies 
revolve around proper storage and handling of bulk hypochlorite 
and carefully controlled production of chlorine dioxide.
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