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Draft guidelines for Canadian drinking water 
quality, Haloacetic acids  
 
Guideline technical document for public consultation  
 
Consultation period ends March 13, 2026 
 

Purpose of consultation 
 
This guideline technical document outlines the evaluation of the available information on 
haloacetic acids (HAAs) with the intent of updating the guideline value(s) for HAAs in drinking 
water. The purpose of this consultation is to solicit comments on the proposed guideline 
value(s), on the approach used for its development, and on the potential economic costs of 
implementing it.  
 
The existing guideline technical document on HAAs, developed in 2008, recommended a 
maximum acceptable concentration (MAC) of 0.08 mg/L (80 µg/L) for total HAAs (measured as 
HAA5: monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic acid, 
and dibromoacetic acid) based on consideration of both treatment technology and the ability of 
treatment plants to achieve the guideline. The MAC is based on a locational running annual 
average of a minimum of quarterly samples taken in the distribution system. 
 
This document proposes a MAC of 0.08 mg/L (80 µg/L) for total HAAs (measured as HAA6: 
HAA5 plus bromochloroacetic acid [BCAA]) in drinking water, based on exposure and health 
effects, and taking into consideration both treatment technology and the ability of treatment 
plants to achieve the guideline. The MAC is based on a locational running annual average of a 
minimum of quarterly samples taken in the distribution system. If the locational running annual 
average for BCAA is measured at levels equal to or greater than 10 µg/L, steps should be taken 
to reduce brominated-HAA formation. 
 

This document is available for a 60-day public consultation period. Please send comments (with 
rationale, where required) to Health Canada via email: water-consultations-eau@hc-sc.gc.ca 
 
All comments must be received before March 13, 2026. Comments received as part of this 
consultation will be shared with members of the Federal-Provincial-Territorial Committee on 
Drinking Water (CDW), along with the name and affiliation of their author. Authors who do not 
want their name and affiliation shared with CDW members should provide a statement to this 
effect along with their comments. 
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It should be noted that this guideline technical document will be revised following the 
evaluation of comments received, and a drinking water guideline will be established, if 
required. This document should be considered as a draft for comment only. 
 

Proposed guideline value 
 

A maximum acceptable concentration (MAC) of 0.08 mg/L (80 µg/L) is proposed for total 
haloacetic acids (HAAs; measured as HAA6) in drinking water. The MAC is based on a locational 
running annual average of a minimum of quarterly samples taken in the distribution system. If 
the locational running annual average for bromochloroacetic acid (BCAA) is measured at levels 
equal to or greater than 10 µg/L, steps should be taken to reduce brominated-HAA formation.  
 
Water treatment systems should make every effort to maintain concentrations as low as 
reasonably achievable (ALARA) without compromising the effectiveness of disinfection. 
 
Given the potential health effects of HAAs, and the limited information on the risks and 
uncertainties of other chlorinated, brominated and iodinated disinfection by-products, it is 
recommended that treatment plants strive to maintain HAA levels ALARA. It is important to 
note that the health risks from disinfection by-products, including HAAs, are much less than the 
risks from consuming water that has not been disinfected. Therefore, efforts to manage HAA 
levels in drinking water must not compromise the effectiveness of water disinfection. 
 

Executive summary  
 
This guideline technical document was prepared in collaboration with the Federal-Provincial-
Territorial Committee on Drinking Water and assesses all available information on haloacetic 
acids (HAAs).  
 

Exposure 
 

HAAs are a group of compounds that can form when the chlorine used to disinfect drinking 
water reacts with naturally occurring organic matter such as decaying leaves and vegetation. 
The use of chlorine in the treatment of drinking water has virtually eliminated waterborne 
diseases, since chlorine can kill or inactivate most microorganisms commonly found in water. 
Most drinking water treatment plants in Canada use some form of chlorine to disinfect drinking 
water, to treat the water directly in the treatment plant and/or to maintain a chlorine residual 
in the distribution system to prevent bacterial regrowth. Disinfection is an essential component 
of public drinking water treatment; the health risks from disinfection by-products (DBPs), 
including HAAs, are much less than the risks from consuming water that has not been 
appropriately disinfected. 
 
Thirteen different types of HAAs were identified that could be found in disinfected drinking 
water. These include nine chlorine and bromine-containing HAAs and four iodine-containing 
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HAAs. The specific HAAs targeted by the current Canadian drinking water quality guidelines are 
monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), 
monobromoacetic acid (MBAA), and dibromoacetic acid (DBAA). The sum of these five HAAs is 
commonly referred to as HAA5. This document proposes to include bromochloroacetic acid 
(BCAA) in addition to these five HAAs; the sum of these is referred to as HAA6. In treated 
Canadian drinking water, the chlorinated HAAs DCAA and TCAA were the most common HAAs 
detected, representing greater than 95% of the total HAA5 concentration. Monitoring data 
were limited for brominated HAAs, such as bromodichloroacetic acid (BDCAA), 
chlorodibromoacetic acid (CDBAA), and tribromoacetic acid (TBAA). Among all brominated 
HAAs monitored, bromochloroacetic acid (BCAA) and bromodichloroacetic acid (BDCAA) were 
the most common in Canadian water. These were seen at much lower concentrations than 
DCAA and TCAA. Iodine-containing HAAs had very low detection rates and concentrations in 
Canadian water.  
 
Levels of HAA concentrations are generally higher in treated surface water than in treated 
groundwater because of the high organic content in lakes and rivers. Levels of HAAs are 
expected to be higher in warmer months because of the higher concentrations of organic 
precursor materials in the raw water and because the rate of formation of DBPs increases at 
higher temperatures. The presence of brominated HAAs will also depend on the presence of 
bromide in the source water. 
 
Ingestion of HAAs in drinking water is the main source of human exposure to HAAs. Dermal and 
inhalation exposure of HAAs is not expected to contribute significantly to overall exposure. 

 

Health effects 
 
HAAs are a large group of chemicals; some have more scientific data available than others. To 
better understand the risk from the group of HAAs, health information for all 13 HAAs was 
analyzed as a mixture. While some studies suggest possible male reproductive effects from 
exposure to HAAs, carcinogenicity (the ability to produce tumours) is reported at lower 
concentrations of HAAs. The mixture analysis considered how HAAs may act on the body to 
lead to the development of carcinogenicity. Based on this, the HAAs were organized into two 
groups: those that do not directly bind to DNA (deoxyribonucleic acid), and those that may bind 
directly to DNA. The most potent member of each of these smaller groups was considered. The 
chlorinated HAAs are in the subgroup that does not directly bind to DNA to cause 
carcinogenicity, and the most potent member of this subgroup was DCAA. A health-based value 
of 0.07 mg/L was calculated based on liver tumours in both mice and rats. The brominated and 
chlorobromo-HAAs were placed in the subgroup that may directly bind to DNA to cause 
carcinogenicity. The most potent member of this subgroup was DBAA. A health-based value of 
0.003 mg/L was calculated based on tumours in several organs in both mice and rats. Since 
iodine-containing HAAs had limited human health effect data and they had very low detection 
rates and concentrations in Canadian water, they were excluded from the subgroupings. 
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A guideline for total HAAs (measured as HAA6) of 0.08 mg/L is proposed, based on exposure 
and health effects, and taking into consideration both treatment technology and the ability of 
treatment plants to achieve the guideline. In addition, if BCAA is present at levels greater than 
or equal to 10 µg/L, steps should be taken to reduce the formation of brominated HAAs. 
Chlorinated HAAs are found at the highest levels in drinking water. While brominated HAAs are 
less prevalent than chlorinated HAAs, they are more potent and have the potential to cause 
health effects at lower concentrations. For this reason, measurements of BCAA (the most 
common brominated HAA in Canadian waters that has health effect data) should be used as an 
indicator of locations with elevated concentrations of brominated HAAs. The proposed HAA6 
guideline is considered to be protective of health for all HAAs, considering the proportion of 
chlorinated and brominated HAAs seen in Canadian drinking water. 
 

Analytical and treatment considerations  
 

The development of a drinking water guideline takes into consideration the ability to both 
measure the contaminant and remove it from drinking water supplies. Several standardized 
analytical methods are available for measuring HAAs in water concentrations well below the 
proposed MAC and individual BCAA concentrations well below 0.01 mg/L (10 µg/L). 
Measurements for total HAA6 in a water sample should include MCAA, MBAA, DCAA, DBAA, 
TCAA and BCAA.  
 
The approach to reduce exposure to HAAs is generally focused on minimizing the formation of 
HAAs using strategies such as organic precursor removal prior to disinfection and changing 
disinfectant type or dose and the dosing location. This should include assessing the presence of 
bromide in the source water and characterization of brominated HAA species. Additionally, 
source water control strategies, such as a change in water source or blending of source waters, 
can be considered for reducing the formation of HAAs. In situations where HAAs have formed, 
there are options to remove formed HAAs (for example, biological activated carbon filtration 
and membrane separation). It is critical that any method used to control levels of HAAs must 
not compromise the effectiveness of disinfection.  
   

Distribution system 
 

HAAs continue to form within the distribution system. For this reason, it is recommended that 
water treatment systems develop a distribution system management plan to minimize the 
formation of HAAs. Strategies to reduce HAA formation may include optimizing chlorine 
residuals, switching to chloramines, decreasing water age, and system flushing. Well-
developed, calibrated and maintained distribution system models may provide another option 
to assess water age and simulate chlorine decay and HAA formation. Any control strategy 
should not compromise the effectiveness of disinfection.  

 

Application of the guideline 
 



5 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

Note: Specific guidance related to the implementation of drinking water guidelines should be 
obtained from the appropriate drinking water authority. 
 
All water treatment systems should implement a comprehensive and up-to-date risk 
management water safety plan. A source-to-tap approach should be taken to ensure that water 
safety is maintained. This approach requires a system assessment to characterize the source 
water; describe the treatment barriers that prevent or reduce contamination; identify the 
conditions that can result in contamination; and implement control measures. Operational 
monitoring is then established, and operational/management protocols are instituted (for 
example, standard operating procedures, corrective actions and incident responses). 
Compliance monitoring is determined and other protocols to validate the water safety plan are 
implemented (for example, recordkeeping, consumer satisfaction). Operator training is also 
required to ensure the effectiveness of the water safety plan at all times.  
 
HAAs are DBPs that are formed when chlorine reacts with organic and inorganic precursors. The 
proposed guideline is based on a locational running annual average of quarterly samples taken 
at the points in the distribution system with the highest potential HAA concentrations (for 
example, a location with high water age or dead ends). Locational running annual average 
means the average concentration for samples collected at a specified location and frequency 
for the previous 12 months. HAA levels can vary over time, including seasonally, with factors 
changing, such as the levels of organic matter, inorganics as well as temperature and pH. When 
the locational running annual average of quarterly samples exceeds the proposed MAC of 80 
μg/L for total HAAs (or exceeds 10 µg/L for BCAA), there should be an investigation, followed by 
appropriate corrective actions. If the total concentration of HAA6 in an individual sample 
exceeds 80 μg/L, it is a sign to evaluate the cause and determine next steps. Additionally, if the 
monitoring profile from an individual sample shows that the level of BCAA exceeds 10 µg/L, the 
cause should be evaluated to determine next steps, which could include characterization of all 
HAA species. The priority should always be to ensure proper disinfection. Any actions to reduce 
HAAs must not result in any microbial issues (such as detections of E.coli or total coliforms). 
 
The main approach for reducing exposure to HAAs is focused on minimizing their formation. 
The most effective and practical way to prevent the formation of HAAs in finished waters is 
primarily through the removal of organic and inorganic precursors.  
 
When appropriate drinking water treatment strategies are implemented to reduce HAAs, the 
levels of other DBPs may also be reduced. Changes implemented to address HAAs should be 
considered holistically to ensure that they do not compromise disinfection; increase other DBPs 
(for example, although pH adjustments may help reduce HAA formation, they may cause a 
corresponding increase in the formation of other DBPs, including trihalomethanes [THMs]); 
cause other compliance issues; or inadvertently increase the levels or leaching of other 
contaminants, such as lead, in the distributed water.   
 
HAAs, along with THMs, are the most commonly detected DBPs found in drinking water and are 
often detected in the highest concentrations. The concentration of THMs and HAAs can be used 
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as indicators or surrogates for the total loading of all DBPs in drinking water supplies. For this 
reason, it is recommended that treatment plants strive to maintain HAA levels as low as 
reasonably achievable without compromising disinfection.  
 

International considerations 
 

The United States Environmental Protection Agency and the European Union both have a value 
of 60 µg/L for HAA5. The World Health Organization and Australia’s National Health and 
Medical Research Council established values for individual HAAs in drinking water (MCAA, 
DCAA, TCAA). Variations in these values can be attributed to the age of the assessments or to 
differing policies and approaches, including the choice of key study and the use of different 
drinking water intake rates, body weights and source allocation factors.  
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1.0 Exposure considerations  
 

1.1 Substance identity 
 

Haloacetic acids (HAAs) all share a common structure with acetic acid as the parent compound 
(NTP, 2018). Each molecule consists of two carbons: one alpha carbon and one carbon as part 
of a carboxylic acid. For different HAAs, one or more of the three hydrogens on the alpha 
carbon are replaced with one or more halogen atoms, which could include fluorine, chlorine 
(Cl-HAA), bromine (Br-HAA) and iodine (I-HAA) (Error! Reference source not found.). Thirteen 
different types of HAAs have been identified in disinfected drinking water, including nine 
chlorine- and bromine-containing mono-, di-, or tri-HAAs and four I-HAAs (NTP, 2018). No 
fluorine-containing HAAs have been identified as water disinfection by-products (DBPs) (NTP, 
2018). 
 

 

Figure 1. Haloacetic acids (HAAs). One, two or three hydrogens on the methyl group of acetic acid can be 
substituted by halogens (chlorine [Cl], bromine [Br] and iodine [I]) 

 
The specific HAAs targeted by Canadian drinking water quality guidelines are monochloroacetic 
acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), monobromoacetic acid 
(MBAA) and dibromoacetic acid (DBAA). The sum of these five HAAs is commonly referred to as 
HAA5. Other HAAs include bromochloroacetic acid (BCAA), tribromoacetic acid (TBAA), 
chlorodibromoacetic acid (CDBAA), and bromodichloroacetic acid (BDCAA). HAA6 refers to the 
sum of HAA5 plus BCAA, while HAA9 refers to the sum of HAA6 plus TBAA, CDBAA and BDCAA. 
I-HAAs that have been identified in treated water (according to NTP, 2018) include 
monoiodoacetic acid (MIAA), diiodoacetic acid (DIAA), chloroiodoacetic acid (CIAA) and 
bromoiodoacetic acid (BIAA); however, there may be others. Although these chemical 
analogues are referred to as "acids" in this document, when they are found in drinking water at 
normal pHs, they are present as salts and are therefore acetates (Urbansky, 2000; EC, 2003). 
Physical-chemical properties of these HAAs are reported in Table 1. 

 
Table 1. Physical-chemical properties of haloacetic acids (HAAs)  

Haloacetic 
acid 

CAS RN 

Molecular 
formula 

Molecula
r weight 
(g/mol) 

Water 
solubility 
(mg/mL)7 

Vapour 
pressure 
(mmHg)7 

Octanol-
water 

partition 
coefficient 
(logKow) 

Henry’s Law 
constant 

(atm-
m3/mol)7 

Dissociatio
n constant 

(pKa) 

MCAA C2H3ClO2 94.50 8581 0.0652 0.223 9.26E-094 2.973 
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Haloacetic 
acid 

CAS RN 

Molecular 
formula 

Molecula
r weight 
(g/mol) 

Water 
solubility 
(mg/mL)7 

Vapour 
pressure 
(mmHg)7 

Octanol-
water 

partition 
coefficient 
(logKow) 

Henry’s Law 
constant 

(atm-
m3/mol)7 

Dissociatio
n constant 

(pKa) 

79-11-8 (very 
high) 

(moderat
e) 

(low) (negligible) 

DCAA 
79-43-6 

C2H2Cl2O2 128.94 1 000  
(at 20 °C)1  

(very 
high) 

0.1794 
(moderat

e) 

0.923 
(low) 

8.38E-094 
(negligible) 

1.413 

TCAA 
76-03-9 

C2HCl3O2 163.38 441 
(very 
high) 

0.064 
(moderat

e) 

1.333 
(low) 

1.35E-084 
(negligible) 

0.663 

MBAA 
79-08-3  

C2H3BrO2 138.95 941 
(very 
high) 

0.1184 
(moderat

e) 

0.413 
(low) 

6.52E-094 
(negligible) 

2.963 

DBAA 
631-64-1 

C2H2Br2O2 217.84 2 1101 
(very 
high) 

0.0235 
(moderat

e) 

0.73 
(low) 

4.42E-094 
(negligible) 

1.393 

TBAA 
75-96-7 

C2HBr3O2 296.74 2001 
(very 
high) 

0.000285 
(moderat

e) 

1.713 
(low) 

3.34E-094 
(negligible) 

0.033 

BCAA 
5589-96-8 

C2H2BrClO2 173.39 2501 
(very 
high) 

0.145 
(moderat

e) 

0.613 
(low) 

2.2E-085 
(negligible) 

1.43 

CDBAA 
5278-95-5 

C2HBr2ClO2 252.29 2.41 
(high) 

0.00525 
(moderat

e) 

1.623 
(low) 

2.6E-095 
(negligible) 

0.043 

BDCAA 
71133-14-

7 

C2HBrCl2O2 207.83 4.91 
(high) 

0.0365 
(moderat

e) 

1.533 
(low) 

7.9E-095 
(negligible) 

0.053 

MIAA 
64-69-7   

C2H3IO2 185.95 48.85 
(very 
high) 

0.03235 
(moderat

e) 

0.853 
(low) 

4.9E-085 
(negligible) 

2.953 

DIAA 
598-89-0 

C2H2I2O2 311.84 53.64 
(very 
high) 

0.01494 
(moderat

e) 

2.214 
(low) 

5.8E-094 
(negligible) 

NA 

CIAA 
53715-09-

6 

C2H2ClIO2 220.39 253.454 
(very 
high) 

0.002344 
(moderat

e) 

1.163 
(low) 

NA 1.473 

BIAA 
71815-43-

5 

C2H2BrIO2 264.84 263.784 
(very 
high) 

0.04944 
(moderat

e)  

1.243 
(low) 

5.73E-094 
(negligible) 

1.673 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; BIAA – bromoiodoacetic acid; CAS RN – 
Chemical Abstracts Service Registry Number; CDBAA – chlorodibromoacetic acid; CIAA –chloroiodoacetic acid; 
DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; DIAA – diiodoacetic acid; MBAA – monobromoacetic acid; 
MCAA – monochloroacetic acid; MIAA – monoiodoacetic acid; NA – not available; TBAA – tribromoacetic acid; 
TCAA –trichloroacetic acid. 
1 NTP (2018) 
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2 Morris and Bost (2002) 
3 Stalter et al. (2016) 
4 U.S. EPA (2022a) 
5 U.S. EPA (2022b)  
6 EPI Suite (2004) 
7 Reported at 25 °C (298.15 °K) unless noted otherwise. Temperatures are unknown for values obtained from U.S. 
EPA Comptox Chemicals Dashboard. 
 

1.2 Sources, uses and environmental fate 
 

Sources: HAAs may form when water disinfectants react with natural organic matter (NOM) or 
inorganic matter (for example, bromide ion) that is naturally present in raw water (WHO, 2000). 
HAAs may form during disinfection of water using chlorine, chloramines, chlorine dioxide and 
ozone (Kimura et al., 2017; Parvez et al., 2019). The majority of drinking water treatment plants 
(DWTPs) in Canada use some form of chlorine to disinfect drinking water, either to treat the 
water directly in the treatment plant and/or to maintain a chlorine residual in the distribution 
system to prevent bacterial regrowth. Disinfection is an essential component of public drinking 
water treatment. The health risks from DBPs, including HAAs, are much less than the risks from 
consuming water that has not been appropriately disinfected.   
 
HAAs are the second most prevalent chlorination by-products by weight in disinfected water, 
after trihalomethanes (THMs) (Singer, 2002; Krasner et al., 2006; NTP, 2018). Together, HAAs 
and THMs make up approximately 50%–75% of total halogenated DBPs and approximately 
25%–50% of total organic halides (Krasner et al., 2006, 2016). The formation and speciation of 
HAAs in drinking water may be influenced by a variety of factors, including type of disinfectant 
used, pH/temperature of the water (that is, seasonal variability) and type/amount of NOM 
(WHO, 2000; Singer, 2002; NTP, 2018). 
 
Uses: While disinfecting drinking water is the most relevant source of HAA exposure for this 
guideline, HAAs also have laboratory, medical and industrial uses. MCAA is used to synthesize 
industrial cellulose ethers, herbicides (2,4-dichlorophenoxyacetic acid, 2,4,5-
trichlorophenoxyacetic acid and 4-chloro-2-methylphenoxyacetic acid), surfactants (shampoos 
and industrial cleaning agents), indigo dyes, plastics and pharmaceuticals (caffeine and vitamin 
B6) (Morris and Bost, 2002; ECB, 2005). MCAA is also used to synthesize DCAA, a chemical 
intermediate in the synthesis of compounds used in the agricultural sector (Morris and Bost, 
2002). Other uses for MCAA/DCAA include as an analytical reagent in fibre manufacture, 
medicinal disinfectant, cauterizing agent, and therapy for congenital lactic acidosis and cancers 
(Gennaro, 2000; Tennant et al., 2010; IARC, 2014).  
 
TCAA has been used as an analytical agent, as an antiseptic, for organic syntheses, to treat local 
lesions and dermatological diseases, in textile finishing, in the surface treatment of metals and 
as a herbicide (Gennaro, 2000; WHO, 2004a; IARC, 2014; NTP, 2018). MBAA has been used in 
letterpress printing, organic synthesis, production of plastics and abscission of fruits (Larranaga 
et al., 2016). TBAA is used in organic synthesis and polymerization (O'Neil, 2006). DBAA, BCAA, 
CIAA and BIAA are used in laboratories for research purposes only (IARC, 2014). MIAA 
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derivatives have been used as reagents to block or crosslink sulfhydryl groups in proteins and 
other molecules and inhibit glycolysis (Hermanson, 2013; Kan, 2013). No industrial uses of 
CDBAA, BDCAA, DIAA, CIAA and BIAA were found. 
 
Environmental fate: In drinking water distribution systems, some HAAs may decompose or 
biodegrade under certain conditions (for example, high pH or absence of chlorine residual) 
(Singer, 2002). Some HAAs can decompose to form THMs, and therefore HAAs and THMs 
should be managed conjunctively. For example, TCAA, TBAA, dibromochloroacetic acid (DBCA), 
and BDCAA can decompose to form chloroform, tribromomethane, dibromochloromethane 
and bromodichloromethane, respectively (Zhang and Minear, 2002; Xiang et al., 2005). TBAA 
may also decompose to bromoform in aqueous solutions (Heller-Grossman et al., 1993). 
However, these decomposition reactions are predicted to be very slow. The decomposition 
half-lives at 15 °C were suggested to range from 103 days (TBAA) to 68 years (DCAA) in a study 
that calculated the half-lives of MCAA, DCAA, TCAA, MBAA, DBAA, TBAA and BCAA (Lifongo et 
al., 2010).  
 
In the environment, HAAs are predicted to move easily in water and have low adsorption to soil 
due to their high solubility in water and low octanol-water partition coefficients (Table 1), 
respectively. Volatilization from water surfaces is predicted to be minor based on the high 
water solubilities, moderate vapour pressures and negligible Henry’s law constants of these 
compounds. Low values of the dissociation constant (pKa) indicate that these compounds will 
exist almost entirely in the ionized form at pH values found in drinking water. 
 
The thermal degradation of HAAs in water is slow at environmental temperatures, which 
suggests that many of these compounds may be long-lived in water (Lifongo et al., 2010). HAAs 
such as MBAA, DBAA, MCAA and DCAA degrade through hydrolysis with half-lives of 2, 12, 15 
and 68 years, respectively, at 15 °C (Lifongo et al., 2010). BCAA also degrades through 
hydrolysis with a half-life of 6 years at 15 °C (Lifongo et al., 2010). Tri-substituted HAAs such as 
TBAA and TCAA degrade through decarboxylation with half-lives of 103 days and 46 years, 
respectively, at 15 °C (Lifongo et al., 2010). Photodegradation to less harmful products, carbon 
dioxide and hydrogen halide is a potentially faster route but depends on the intensity of 
radiation that penetrates the water (Lifongo et al., 2010). 
 

1.3 Exposure 
 

Ingestion of HAAs in drinking water is the main source of human exposure to HAAs. Inhalation 
and dermal exposures to HAAs are limited due to their physical and chemical properties 
(moderate vapour pressure and high polarity) (Savitz, 2012; NTP, 2018). Cl-HAAs generally 
dominate in drinking water; however, in high-bromide or high-iodide waters, the Br-HAAs or I-
HAAs, respectively, may be more prevalent (IPCS, 2000; Krasner et al., 2006; NTP, 2018). Air and 
food are potentially minor sources of HAA5; however, data are insufficient to quantify their 
relative contributions. No information on Canadian biomonitoring was found (Government of 
Canada, 2023). 
 



13 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

Water: Water monitoring data from distribution systems was obtained from the provinces and 
territories (Table 2 and Table 3) and from the National Drinking Water Survey (NDWS) (Table 4 
and Table 5). The results showed that the Cl-HAAs, DCAA and TCAA were the predominant 
HAAs; the Br-HAAs, MBAA, DBAA and TBAA were the least predominant. The mixed 
bromochloro HAAs, BCAA, CDBAA and BDCAA, had relatively high detection rates, but the 
concentrations were relatively low in comparison to DCAA and TCAA. BCAA and BDCAA had the 
highest occurrence and concentrations among the Br-HAAs. However, sufficient exposure and 
health effect data are available only for BCAA, making BCAA the better indicator of the 
presence of Br-HAAs.  
 
It is not generally known whether the exposure data was collected for compliance or 
operational purposes. In addition, other factors that affect HAA concentrations were not 
available for consideration in this analysis (for example, season, disinfection strategy, 
distribution system conditions). The exposure data provided reflect different detection limits 
(DLs) of accredited laboratories used within and amongst the jurisdictions, as well as their 
respective monitoring programs. As a result, the exposure data and its statistical analysis 
provide only a limited picture. For example, the HAA6 and HAA9 data provided by some 
jurisdictions cannot be compared to HAA5 monitoring results (Table 3) due to different 
monitoring campaigns. Overall, the analysis of the provincial and territorial data shows 
variability Canada-wide.  
 
Table 2. Occurrence of haloacetic acids (HAAs) in distribution systems within Canada 

Jurisdiction 
[sample collection 

timeframe]  

Parameter MCAA 
(μg/L) 

DCAA 
(μg/L) 

TCAA 
(μg/L) 

MBAA 
(μg/L) 

DBAA 
(μg/L) 

TBAA 
(μg/L) 

BCAA 
(μg/L) 

CDBAA 
(μg/L) 

BDCAA 
(μg/L) 

FNIHB Atlanticb 

[2014–2018] 
DL 5 5 5 5 5 NR NR NR NR 

FNIHB Atlanticb 

[2014–2018] 
# 

detects/N 
7/1 
889 

305/ 
1 189 

332/ 
1 189 

0/ 
1 189 

76/ 
1 189 

NR NR NR NR 

FNIHB Atlanticb 

[2014–2018] 
Detection 

% 
0.4 25.7 27.9 0 6.4 NR NR NR NR 

FNIHB Atlanticb 

[2014–2018] 
Median < DL < DL < DL < DL < DL NR NR NR NR 

FNIHB Atlanticb 

[2014–2018] 
Meana 3 6 8 < DL 3 NR NR NR NR 

FNIHB Atlanticb 

[2014–2018] 
90th 

percentile 
< DL 18 24 < DL < DL NR NR NR NR 

FNIHB 
Manitobab 

[2014–2018] 

DL 5 1–5 1–5 1 1 NR NR NR NR 

FNIHB 
Manitobab 

[2014–2018] 

# 
detects/N 

9/183 156/ 
183 

148/ 
183 

8/183 31/ 
183 

NR NR NR NR 

FNIHB 
Manitobab 

[2014–2018] 

Detection 
% 

4.9 85.2 80.9 4.4 16.9 NR NR NR NR 

FNIHB 
Manitobab 

Median < DL 15 25 < DL < DL NR NR NR NR 
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Jurisdiction 
[sample collection 

timeframe]  

Parameter MCAA 
(μg/L) 

DCAA 
(μg/L) 

TCAA 
(μg/L) 

MBAA 
(μg/L) 

DBAA 
(μg/L) 

TBAA 
(μg/L) 

BCAA 
(μg/L) 

CDBAA 
(μg/L) 

BDCAA 
(μg/L) 

[2014–2018] 

FNIHB 
Manitobab 

[2014–2018] 

Meana 3 22 34 1 1 NR NR NR NR 

FNIHB 
Manitobab 

[2014–2018] 

90th 
percentile 

< DL 50 78 < DL 2 NR NR NR NR 

FNIHB Ontariob 

[2014–2018] 
DL 1–2 0.5–50 0.5–50 2–40 0.5–5 NR 2 NR NR 

FNIHB Ontariob 

[2014–2018] 
# 

detects/N 
260/ 
2 058 

1 810/ 
2 193 

1 721/ 
2 193 

32/ 
1 876 

220/ 
2 193 

NR 561/ 
1 876 

NR NR 

FNIHB Ontariob 

[2014–2018] 
Detection 

% 
12.6 82.5 78.5 1.7 10.0 NR 29.9 NR NR 

FNIHB Ontariob 

[2014–2018] 
Median < DL 13 16 < DL < DL NR < DL NR NR 

FNIHB Ontariob 

[2014–2018] 
Meana 1 23 37 1 1 NR 2 NR NR 

FNIHB Ontariob 

[2014–2018] 
90th 

percentile 
2 54 94 < DL 1 NR 4 NR NR 

Manitobac 

[2014–2019] 
DL 5.0 1.0 1.0 1.0 1.0 NR 1.0 NR NR 

Manitobac 

[2014–2019] 
# 

detects/N 
86/ 

1 230 
1 169/ 
1 230 

1 053/ 
1 230 

89/ 
120 

401/ 
1 230 

NR 665/ 
875 

NR NR 

Manitobac 

[2014–2019] 
Detection 

% 
7.0 95.0 85.6 74.2 32.6 NR 76.0 NR NR 

Manitobac 

[2014–2019] 
Median < DL 18.2 22.1 0.50 <DL NR 3.2 NR NR 

Manitobac 

[2014–2019] 
Meana 2.9 26.2 36.9 0.57 1.3 NR 4.6 NR NR 

Manitobac 

[2014–2019] 
90th 

percentile 
< DL 51.4 75.6 0.50 2.8 NR 10.8 NR NR 

New Brunswickd 

[2014–2019] 
DL 1–5 1–5 1–5.3 1–5 1–5 NR 1–5 NR NR 

New Brunswickd 

[2014–2019] 
# 

detects/N 
70/79

6 
750/ 
796 

756/ 
795 

0/796 1/796 NR 126/ 
796 

NR NR 

New Brunswickd 

[2014–2019] 
Detection 

% 
8.8 94.2 95.1 0 0.1 NR 15.8 NR NR 

New Brunswickd 

[2014–2019] 
Median < DL 53.0 102.5 < DL < DL NR < DL NR NR 

New Brunswickd 

[2014–2019] 
Meana 2.4 49.3 98.6 < DL 0.05 NR 1.3 NR NR 

New Brunswickd 

[2014–2019] 
90th 

percentile 
2.5 84.0 180.3 < DL < DL NR 2.5 NR NR 

Newfoundland 
and Labradore 

[2004–2018] 

DL 5 5 5 5 5 NR 5 NR NR 

Newfoundland 
and Labradore 

[2004–2018] 

# 
detects/N 

4 
183/ 

11 111/ 
13 856 

11 000 
/ 

13 856 

57/ 
13 

856 

360/ 
13 

856 

NR 749/ 
6 308 

NR NR 
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Jurisdiction 
[sample collection 

timeframe]  

Parameter MCAA 
(μg/L) 

DCAA 
(μg/L) 

TCAA 
(μg/L) 

MBAA 
(μg/L) 

DBAA 
(μg/L) 

TBAA 
(μg/L) 

BCAA 
(μg/L) 

CDBAA 
(μg/L) 

BDCAA 
(μg/L) 

13 
856 

Newfoundland 
and Labradore 

[2004–2018] 

Detection 
% 

30.2 80.2 79.4 0.4 2.6 NR 11.9 NR NR 

Newfoundland 
and Labradore 

[2004–2018] 

Median < DL 33.0 37.8 < DL < DL NR < DL NR NR 

Newfoundland 
and Labradore 

[2004–2018] 

Meana 3.5 49.9 66.3 2.5 2.6 NR 2.9 NR NR 

Newfoundland 
and Labradore 

[2004–2018] 

90th 
percentile 

6.3 120.0 160.0 < DL < DL NR 2.6 NR NR 

Nova Scotiaf 

[2014–2019] 
DL 0.5–

1.7 
0.2–5 0.2–5 0.2–5 0.1–5 NR 0.2–1 NR NR 

Nova Scotiaf 

[2014–2019] 
# 

detects/N 
4/189 159/ 

189 
162/ 
189 

1/ 
189 

29/ 
189 

NR 75/1
89 

NR NR 

Nova Scotiaf 

[2014–2019] 
Detection 

% 
2.1 84.1 85.7 0.5 15.3 NR 39.7 NR NR 

Nova Scotiaf 

[2014–2019] 
Median < DL 16.9 16.0 < DL < DL NR < DL NR NR 

Nova Scotiaf 

[2014–2019] 
Meana 1.6 18.0 21.1 1.3 1.3 NR 2.2 NR NR 

Nova Scotiaf 

[2014–2019] 
90th 

percentile 
< DL 32.0 45.0 < DL 2.5 NR 3.1 NR NR 

Nunavutg  
[2015–2018] 

DL 5 NR 1 1 1 NR 1 NR NR 

Nunavutg  
[2015–2018] 

# 
detects/N 

0/11 11/11 11/11 7/11 10/11 NR 10/1
1 

NR NR 

Nunavutg  
[2015–2018] 

Detection 
% 

0 100 100 63.6 90.9 NR 90.9 NR NR 

Nunavutg  
[2015–2018] 

Median < DL 14.0 15.6 1.4 5.1 NR 12.0 NR NR 

Nunavutg  
[2015–2018] 

Meana < DL 15.4 19.3 1.2 4.2 NR 11.2 NR NR 

Nunavutg  
[2015–2018] 

90th 
percentile 

< DL 27.2 50.6 1.9 6.7 NR 19.4 NR NR 

Ontarioh 
[2017–2019] 

DL 0.3 0.3 0.75 0.15 0.3 0.3 0.15 0.15 0.3 

Ontarioh 
[2017–2019] 

# 
detects/N 

159/ 
257 

249/ 
257 

235/ 
257 

152/ 
257 

163/ 
257 

63/25
7 

243/ 
257 

161/ 
257 

251/ 
257 

Ontarioh 
[2017–2019] 

Detection 
% 

61.9 96.9 91.4 59.1 63.4 24.5 94.6 62.6 97.7 

Ontarioh 
[2017–2019] 

Median 0.72 13.0 14.0 0.20 0.53 < DL 2.3 0.42 2.2 

Ontarioh 
[2017–2019] 

Meana 1.1 16.6 18.5 0.26 0.75 0.29 2.8 0.68 2.9 
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Jurisdiction 
[sample collection 

timeframe]  

Parameter MCAA 
(μg/L) 

DCAA 
(μg/L) 

TCAA 
(μg/L) 

MBAA 
(μg/L) 

DBAA 
(μg/L) 

TBAA 
(μg/L) 

BCAA 
(μg/L) 

CDBAA 
(μg/L) 

BDCAA 
(μg/L) 

Ontarioh 
[2017–2019] 

90th 
percentile 

2.5 35.2 44.0 0.54 1.5 0.61 5.5 1.7 5.7 

Prince Edward 
Islandi 

[2015–2018] 

DL 1.7 0.2 0.2 0.3 0.1 NR 0.2 NR NR 

Prince Edward 
Islandi 

[2015–2018] 

# 
detects/N 

0/2 1/2 1/2 0/2 1/2 NR 1/2 NR NR 

Prince Edward 
Islandi 

[2015–2018] 

Detection 
% 

0 50 50 0 50 NR 50 NR NR 

Prince Edward 
Islandi 

[2015–2018] 

Median < DL NC NC < DL NC NR NC NR NR 

Prince Edward 
Islandi 

[2015–2018] 

Meana < DL 1.4 0.2 < DL 0.83 NR 0.75 NR NR 

Prince Edward 
Islandi 

[2015–2018] 

90th 
percentile 

< DL NC NC < DL NC NR NC NR NR 

Quebecj 
[2014–2018] 

DL 1–6 0.5–3 0.6–6 0.7–6 0.5–6 0.5 0.6 0.5 0.5 

Quebecj 
[2014–2018] 

# 
detects/N 

334/ 
531 

518/ 
531 

507/ 
531 

51/ 
531 

95/ 
531 

32/ 
123 

111/ 
123 

123/ 
123 

111/ 
123 

Quebecj 
[2014–2018] 

Detection 
% 

62.9 97.6 95.5 9.6 17.9 26.0 90.2 100 90.2 

Quebecj 
[2014–2018] 

Median 3.5 19.6 20.5 < DL < DL < DL 2.3 1.5 3.0 

Quebecj 
[2014–2018] 

Meana 7.0 32.4 35.8 3.0 3.1 18.3 5.3 8.5 6.6 

Quebecj 
[2014–2018] 

90th 
percentile 

19.3 89.6 101.0 < DL 2.6 36.4 16.5 27.8 18.0 

Saskatchewank 
[2015–2018] 

DL 0.5–
10 

0.5–10 0.5–5 1–5 0.5–5 0.5 0.5–
10 

0.5–1 0.5 

Saskatchewank 
[2015–2018] 

# 
detects/N 

115/ 
1 747 

1 597/ 
1 740 

1 564/ 
1 723 

329/ 
1 578 

665/ 
1 723 

1/26 1 261 
/ 

1 549 

27/43 26/26 

Saskatchewank 
[2015–2018] 

Detection 
% 

6.6 91.8 90.8 20.8 38.6 3.8 81.4 62.8 100 

Saskatchewank 
[2015–2018] 

Median < DL 16.0 14.0 < DL < DL < DL 3.0 1.7 9.5 

Saskatchewank 
[2015–2018] 

Meana 2.95 22.9 22.5 1.4 2.1 1.0 4.8 2.7 11.0 

Saskatchewank 
[2015–2018] 

90th 
percentile 

< DL 48.0 49.0 2.5 4.4 < DL 10.0 6.1 22.1 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA –
dibromoacetic acid; DCAA – dichloroacetic acid; DL – detection limit; < DL – less than detection limit (if detection % 
< 10% then 90th percentile < DL; if detection % < 50% then median < DL); FNIHB – First Nations and Inuit Health 
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Branch; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; N – sample size; NC – not calculated due 
to insufficient sample size; NR – not reported; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid. 
a Mean calculated using half the detection limit for non-detects.  
b Indigenous Services Canada (2019)  
c Manitoba Sustainable Development (2019)  
d New Brunswick Department of Environment and Local Government (2019)  
e Newfoundland and Labrador Department of Municipal Affairs and Environment (2019)  
f Nova Scotia Environment (2019)  
g Nunavut Department of Health (2019)  
h Ontario Ministry of the Environment, Conservation and Parks (2019)  
i Prince Edward Island Department of Communities, Land and Environment (2019)  
j Ministère du Développement durable, de l’Environnement et de la Lutte contre les changements climatiques du 
Québec (2019)  
k Saskatchewan Water Security Agency (2019) 

 
Table 3. Occurrence of HAA5, HAA6 and HAA9 in distribution systems in Canada 

Jurisdiction  
[sample collection timeframe] 

Parameter HAA5a  

(μg/L) 

HAA6a 

(μg/L) 

HAA9a 

(μg/L) 

FNIHB Atlanticd 

[2014–2018] 
DLb 5–10 NR NR 

FNIHB Atlanticd 

[2014–2018] 
# detects/N 374/1 189 NR NR 

FNIHB Atlanticd 

[2014–2018] 
Detection % 31.5 NR NR 

FNIHB Atlanticd 

[2014–2018] 
Median < DL NR NR 

FNIHB Atlanticd 

[2014–2018] 
Meanc 14 NR NR 

FNIHB Atlanticd 

[2014–2018] 
90th percentile 40 NR NR 

FNIHB Manitobad 

[2014–2018] 
DLd 5.4–29 NR NR 

FNIHB Manitobad 

[2014–2018] 
# detects/N 202/267 NR NR 

FNIHB Manitobad 

[2014–2018] 
Detection % 75.7 NR NR 

FNIHB Manitobad 

[2014–2018] 
Median 41 NR NR 

FNIHB Manitobad 

[2014–2018] 
Meanc 68 NR NR 

FNIHB Manitobad 

[2014–2018] 
90th percentile 158 NR NR 

FNIHB Ontariod 

[2014–2018] 
DLb 1.4–7.1 2–40 NR 

FNIHB Ontariod 

[2014–2018] 
# detects/N 248/317 1 612/1 876 NR 

FNIHB Ontariod 

[2014–2018] 
Detection % 78.2 85.9 NR 

FNIHB Ontariod 

[2014–2018] 
Median 29 33 NR 
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Jurisdiction  
[sample collection timeframe] 

Parameter HAA5a  

(μg/L) 

HAA6a 

(μg/L) 

HAA9a 

(μg/L) 

FNIHB Ontariod 

[2014–2018] 
Meanc 56 62 NR 

FNIHB Ontariod 

[2014–2018] 
90th percentile 126 157 NR 

Manitobae 

[2014–2019] 
DLb 5.4–6.4 5.5 NR 

Manitobae 

[2014–2019] 
# detects/N 1 070/1 230 777/875 NR 

Manitobae 

[2014–2019] 
Detection % 87.0 88.8 NR 

Manitobae 

[2014–2019] 
Median 42.7 46.2 NR 

Manitobae 

[2014–2019] 
Meanc 64.7 60.5 NR 

Manitobae 

[2014–2019] 
90th percentile 132.0 779.9 NR 

New Brunswickf 

[2014–2019] 
DLb 2.2–10.5 2.5–11.6 NR 

New Brunswickf 

[2014–2019] 
# detects/N 754/796 754/796 NR 

New Brunswickf 

[2014–2019] 
Detection % 94.7 94.7 NR 

New Brunswickf 

[2014–2019] 
Median 158.0 158.0 NR 

New Brunswickf 

[2014–2019] 
Meanc 148.5 148.8 NR 

New Brunswickf 

[2014–2019] 
90th percentile 264.3 265.1 NR 

Newfoundland and Labradorg 

[2014–2019] 
DLb 5 5 NR 

Newfoundland and Labradorg 

[2014–2019] 
# detects/N 11 542/13 856 5 082/6 308 NR 

Newfoundland and Labradorg 

[2014–2019] 
Detection % 83.3 80.6 NR 

Newfoundland and Labradorg 

[2014–2019] 
Median 75.0 78.0 NR 

Newfoundland and Labradorg 

[2014–2019] 
Meanc 117.7 120.4 NR 

Newfoundland and Labradorg 

[2014–2019] 
90th percentile 277.0 280.0 NR 

Nova Scotiah 

[2014–2019] 
DLb 4–10 1.8–12.3 NR 

Nova Scotiah 

[2014–2019] 
# detects/N 491/764 159/189 NR 

Nova Scotiah 

[2014–2019] 
Detection % 64.3 84.1 NR 

Nova Scotiah 

[2014–2019] 
Median 24.0 37.0 NR 

Nova Scotiah Meanc 28.8 37.0 NR 
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Jurisdiction  
[sample collection timeframe] 

Parameter HAA5a  

(μg/L) 

HAA6a 

(μg/L) 

HAA9a 

(μg/L) 

[2014–2019] 

Nova Scotiah 

[2014–2019] 
90th percentile 67.0 77.0 NR 

Nunavuti 
[2015–2018] 

DLb 5.4 5.5–8.8 NR 

Nunavuti  
[2015–2018] 

# detects/N 11/11 11/11 NR 

Nunavuti 
[2015–2018] 

Detection % 100 100 NR 

Nunavuti 
[2015–2018] 

Median 42.8 50.1 NR 

Nunavuti  
[2015–2018] 

Meanc 44.3 50.9 NR 

Nunavuti  
[2015–2018] 

90th percentile 80.1 92.9 NR 

Ontarioj 
[2017–2019] 

DLb 1 0.94 NR 

Ontarioj 
[2017–2019] 

# detects/N 10 713/10 720 251/257 251/257 

Ontarioj 
[2017–2019] 

Detection % 99.9 97.7 97.7 

Ontarioj 
[2017–2019] 

Median 8.0 32.4 37.2 

Ontarioj 
[2017–2019] 

Meanc 20.0 39.7 43.4 

Ontarioj 
[2017–2019] 

90th percentile 51.8 83.6 88.4 

Prince Edward Islandk 
[2015–2018] 

DLb 1.8 4 NR 

Prince Edward Islandk 
[2015–2018] 

# detects/N 1/2 1/2 NR 

Prince Edward Islandk 
[2015–2018] 

Detection % 50 50 NR 

Prince Edward Islandk 
[2015–2018] 

Median NC NC NR 

Prince Edward Islandk 
[2015–2018] 

Meanc 2.7 4.0 NR 

Prince Edward Islandk 
[2015–2018] 

90th percentile NC NC NR 

Quebecl 
[2014–2018] 

DLb 1.5–11.2 1.65 1.86 

Quebecl 
[2014–2018] 

# detects/N 520/531 123/123 123/123 

Quebecl 
[2014–2018] 

Detection % 97.9 100 100 

Quebecl 
[2014–2018] 

Median 48.4 20.5 28.9 

Quebecl 
[2014–2018] 

Meanc 78.4 30.6 63.6 
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Jurisdiction  
[sample collection timeframe] 

Parameter HAA5a  

(μg/L) 

HAA6a 

(μg/L) 

HAA9a 

(μg/L) 

Quebecl 
[2014–2018] 

90th percentile 214.2 81.9 165.9 

Saskatchewanm 
[2015–2018] 

DLb 5.2–10.5 7.14 7.19 

Saskatchewanm 
[2015–2018] 

# detects/N 1 444/1 577 26/26 26/26 

Saskatchewanm 
[2015–2018] 

Detection % 91.6 100 100 

Saskatchewanm 
[2015–2018] 

Median 33.0 145.0 158.6 

Saskatchewanm 
[2015–2018] 

Meanc 49.3 138.3 151.6 

Saskatchewanm 
[2015–2018] 

90th percentile 102.1 204.7 211.4 

DL – detection limit; FNIHB – First Nations and Inuit Health Branch; HAA5 – sum of monochloroacetic acid, 
dichloroacetic acid, trichloroacetic acid, monobromoacetic acid and dibromoacetic acid; HAA6 – sum of HAA5 and 
bromochloroacetic acid; HAA9 – sum of HAA6 and tribromoacetic acid, chlorodibromoacetic acid, 
bromodichloroacetic acid; N – sample size; NC – not calculated due to insufficient sample size; NR – not reported. 
a When HAA5, HAA6 and/or HAA9 values were not provided, they were calculated manually by summing the 
respective detectable HAAs using the same monitoring data that was utilized to calculate the statistics in Table 2.  
b Non-detectable HAA5, HAA6 and/or HAA9 values were derived when all individual HAAs were present below the 
DL, or when the calculated sum was smaller than the calculated HAA5, HAA6, or HAA9 DL. Where not provided, the 
DL was calculated by taking the root mean square using the DLs from the individual HAA species.  
c Mean calculated using half the detection limit for non-detects.  
d Indigenous Services Canada (2019)  
e Manitoba Sustainable Development (2019) 
f New Brunswick Department of Environment and Local Government (2019)  
g Newfoundland and Labrador Department of Municipal Affairs and Environment (2019)  
h Nova Scotia Environment (2019)  
i Nunavut Department of Health (2019)  
j Ontario Ministry of the Environment, Conservation and Parks (2019)  
k Prince Edward Island Department of Communities, Land and Environment (2019)  
l Ministère du Développement durable, de l’Environnement et de la Lutte contre les changements climatiques du 
Québec (2019)  
m Saskatchewan Water Security Agency (2019) 

 
Table 4. Occurrence and concentrations of haloacetic acid (HAA) compounds in distribution systems from the 
National Drinking Water Survey (2009–2010) 

Water 
Source 

Parameter MCAA 

(μg/L) 

DCAA 

(μg/L) 

TCAA 

(μg/L) 

MBAA 

(μg/L) 

DBAA 

(μg/L) 

TBAA 

(μg/L) 

BCAA 

(μg/L) 

CDBAA 

(μg/L) 

BDCAA 

(μg/L) 

N/A DL 0.9 0.83 0.69 0.91 0.79 2.84 1.14 1.22 0.65 

Lake 
water 

# 
detects/N 

69/111 109/111 111/111 2/111 16/111 0/111 58/111 13/111 70/111 

Lake 
water 

Detection 
% 

62.2 98.2 100 1.8 14.4 0 52.3 11.7 63.1 

Lake 
water 

Median  1.4 18.1 16.6 < DL < DL < DL 1.3 < DL 1.3 
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Water 
Source 

Parameter MCAA 

(μg/L) 

DCAA 

(μg/L) 

TCAA 

(μg/L) 

MBAA 

(μg/L) 

DBAA 

(μg/L) 

TBAA 

(μg/L) 

BCAA 

(μg/L) 

CDBAA 

(μg/L) 

BDCAA 

(μg/L) 

Lake 
water 

Mean1  1.8 23.0 20.8 0.47 0.9 < DL 1.4 0.8 2.1 

Lake 
water 

90th 
percentile  

3.9 44.8 42.6 < DL 2.9 < DL 8.3 1.6 5.7 

River 
water 

# 
detects/N 

85/151 151/151 151/151 0/151 24/151 0/151 87/151 4/151 82/151 

River 
water 

Detection 
% 

56.3 100 100 0 15.9 0 57.6 2.6 54.3 

River 
water 

Median  1.5 15.2 9.4 < DL 0.40 < DL 1.4 < DL 0.9 

River 
water 

Mean1  1.8 24.0 19.8 < DL 0.56 < DL 2.8 0.7 2.4 

River 
water 

90th 
percentile 

3.8 37.7 43.6 < DL 1.1 < DL 8.6 < DL 8.7 

 
Well 

water 

# 
detects/N 

5/107 63/107 52/107 0/107 33/107 0/107 22/107 5/107 18/107 

Well 
water 

Detection 
% 

4.7 58.9 48.6 0 30.8 0 20.6 4.7 16.8 

Well 
water 

Median < DL 1.6 0.4 < DL < DL < DL < DL < DL < DL 

Well 
water 

Mean1 0.5 2.9 2.2 < DL 0.9 < DL 1.2 0.9 1.4 

Well 
water 

90th 
percentile 

< DL 6.2 4.7 < DL 1.7 < DL 2.0 < DL 1.4 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – 
dibromoacetic acid; DCAA – dichloroacetic acid; DL – detection limit; < DL – less than detection limit (if detection % 
< 10% then 90th percentile < DL; if detection % < 50% then median < DL); MBAA – monobromoacetic acid; MCAA – 
monochloroacetic acid; N – sample size; N/A – not applicable; TBAA – tribromoacetic acid; TCAA – trichloroacetic 
acid. 
1 Mean calculated using half the DL for non-detects.  
Source: Health Canada (2017). 
 
Table 5. Occurrence and calculated concentrations of HAA5, HAA6 and HAA9 in distribution systems from the 
National Drinking Water Survey (2009–2010) 

Water Source Parameter HAA5a 

 (μg/L) 

HAA6a 

(μg/L) 

HAA9a  

(μg/L) 

N/A DLb 1.85 2.17 3.83 

Lake water # detects/N 111/111 111/111 111/111 

Lake water Detection % 100 100 100 

Lake water Median 33.6 37.4 39.1 

Lake water Meanc 45.9 48.5 50.7 
Lake water 90th percentile 88.7 93.2 95.1 

River water # detects/N 150/151 150/151 149/151 

River water Detection % 99.3 99.3 98.7 

River water Median 27.1 27.8 28.3 

River water Meanc 45.6 48.1 50.4 

River water 90th percentile 107.5 118.5 124.1 
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Water Source Parameter HAA5a 

 (μg/L) 

HAA6a 

(μg/L) 

HAA9a  

(μg/L) 

Well water # detects/N 61/107 58/107 43/107 

Well water Detection % 57.0 54.2 40.2 

Well water Median 2.3 2.5 1.9 

Well water Meanc 5.6 6.4 9.3 

Well water 90th percentile 12.0 15.2 16.6 

DL – detection limit; FNIHB – First Nations and Inuit Health Branch; HAA5 – sum of monochloroacetic acid, 
dichloroacetic acid, trichloroacetic acid, monobromoacetic acid and dibromoacetic acid; HAA6 – sum of HAA5 and 
bromochloroacetic acid; HAA9 – sum of HAA6 and tribromoacetic acid, chlorodibromoacetic acid, 
bromodichloroacetic acid; N – sample size; N/A – not applicable.  
a HAA5, HAA6 and/or HAA9 values were calculated manually by summing the respective detectable HAAs.  
b The DL was calculated by taking the root mean square using the DLs from the individual HAA species.  
c Mean calculated using half the DL for non-detects.  
Source: Health Canada (2017). 
 

To compare HAA formation in distribution systems from surface water versus groundwater 
sources, data from different sources were analyzed. These datasets include three national 
surveys (Appendix C, Table C1) and data from Newfoundland and Labrador and Ontario 
(Appendix C, Table C2). Generally, it was found that: 

• DCAA and TCAA are higher with a surface water supply. 

• TBAA, CDBAA and BDCAA had similar levels between ground and surface waters. 

• DBAA and BCAA are slightly higher in groundwater. 

• Overall, surface water sources resulted in higher HAA5 and HAA6 concentrations and 
occurrence than groundwater. 

 
Using the NDWS dataset, data was paired for treated water and at a point farthest from the 
treatment plant (samples taken on same day). These data were then separated for summer and 
winter (Appendix C, Table C3). These results showed that: 

• MCAA, DCAA, TCAA, BCAA and BDCAA concentrations were higher for distributed than 
treated water. 

• MCAA, DCAA, TCAA, BCAA and BDCAA concentrations were higher in summer than winter. 

• MBAA, TBAA, DBAA and CDBAA concentrations had little change seasonally or between 
treated and distributed water. 

• Total HAA concentrations were higher in distributed water than treated water regardless 
of season. 

 
A similar pairing was done for the Quebec data, comparing the centre to the extremity of the 
distribution system (Appendix C, Table C4) and the Ontario data, comparing treated and 
distributed water (Appendix C, Table C5). The Quebec dataset did not show a big difference in 
HAA concentrations between the middle of the distribution system and the extremity. The 
Ontario dataset generally showed higher HAA concentration in the distribution system than in 
treated water. 
 
Water supply systems in Newfoundland and Labrador were studied to evaluate the impacts of 
source water and treatment plant size based on population served (≤ 100; 101–250; 251–500; 
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501–1000; 1001–3000; 3001–5000; 5001–10 000; and 10 000+). This study took place over an 
18-year period (1999 to 2016) (Chowdhury, 2018). For all systems, regardless of size, those 
using surface water had higher mean HAA5 concentrations than those using groundwater 
(Appendix C, Table C6). The mean HAA5 concentration was generally highest for smaller 
systems. 
 
A study evaluating HAA5 and bromide concentrations in the United States showed that, overall, 
there has not been a significant change in HAA5 concentrations since 2004. However, the 
extremely high concentrations, represented by 95th percentiles, have been decreasing over 
time (Westerhoff et al., 2022). At some water treatment systems, seasonal changes in bromide 
were noted. Generally, these changes were more prevalent in surface source waters from 
rivers. Bromide concentrations were found to be higher during periods of lower streamflow. 
Bromide incorporation into DBPs has been variable with no statistical temporal trends. 
Groundwater sources tend to have higher Br-HAAs.  
 
I-HAAs were measured as part of the NDWS of Disinfection By-Products and Selected Emerging 
Contaminants. Out of 369 samples, zero samples had any detectable level of any of the I-HAAs 
(Health Canada, 2017). Concentrations of two I-HAAs were measured in chloraminated and 
chlorinated drinking waters from 23 cities in Canada and the United States in 2005–2006 
(Richardson et al., 2008). MIAA and BIAA were found at most treatment plants with maximum 
concentrations of 1.7 μg/L and 1.4 μg/L, respectively. Quebec and Ontario also provided some I-
HAA data. Quebec had a total of 123 samples collected in 2014–2016, of which there were no 
detects for BIAA. For MIAA, there was one detect of 0.9 μg/L; for CIAA, there were five detects 
with a maximum of 0.9 μg/L; and for DIAA, there were three detects with a maximum of 
0.7 μg/L (Ministère du Développement durable, de l’Environnement et de la Lutte contre les 
changements climatiques du Québec, 2019). MIAA was reported within the Ontario data and 
had no detects for 244 samples (Ontario Ministry of the Environment, Conservation and Parks, 
2019). 
 
Other – Swimming pools, spas, and food: Exposure to HAAs may occur in swimming pools and 
spas where chlorine, used for disinfection, reacts with organic matter (for example, sweat, hair, 
skin, lotions) present in the water (Kim et al., 2002; NTP, 2018). Mean concentrations for HAA9 
were 412.9 µg/L (364 µg/L in summer months) in 15 indoor pools and 807.6 µg/L in 39 outdoor 
pools. DCAA and TCAA were the most prevalent HAAs, accounting for almost 93% of the HAAs 
measured (Simard et al., 2013). However, due to the physicochemical properties of HAAs 
(moderate vapour pressure and high polarity), inhalation and dermal exposure in swimming 
pools is expected to be minor (Savitz, 2012; NTP, 2018). Accidental ingestion of the water could 
contribute to HAA exposure. 
 
HAAs have been detected in food due to the use of chlorine-based disinfectants in the food 
industry, along with preparing food with treated water during cooking (U.S. EPA, 1998; 
Cardador and Gallego, 2012, 2015, 2016, 2017, 2018; Lee et al., 2018, 2019). In general, DCAA 
and TCAA were the most prominent HAAs (or only HAAs) detected. In canned vegetables, MIAA 
was detected occasionally due to the use of iodized salts in the brine solution (Becalski et al., 
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2006; Cardador and Gallego, 2017). The United States Environmental Protection Agency (U.S. 
EPA, 1998) investigated the extent of HAA adsorption to food during cooking. Using water 
spiked with high concentrations of HAAs (50–500 ppb each), more than 60% of HAAs in the 
cooking water were taken up by the food in some cases. MBAA, DCAA, BCAA and DBAA showed 
the highest levels of uptake, while CDBAA and TBAA were not detected in the majority of foods 
after cooking.  

 

2.0 Health considerations 
 

2.1 Kinetics  
 

Kinetic information for human health considerations is largely based on rodent data and some 
human data.  
 
Oral absorption: HAAs are rapidly absorbed and distributed following oral exposure, as 
expected for small hydrophilic compounds (NTP, 2018; OEHHA, 2022). More than 99.99% of 
HAA5 exists as the dissociated carboxylate anions at a pH range of 6.8–8.5, which is typical for 
biological tissues (OEHHA, 2022). However, HAA5 becomes the corresponding acetate after it 
leaves the stomach (OEHHA, 2022). Structural features that have an effect on the distribution 
of HAAs include the substitution of a halogen for a hydrogen and the degree of bromine 
substitution (Schultz et al., 1999). HAAs generally are highly metabolized, except for TCAA, and 
are primarily eliminated from the body via urine (NTP, 2018; OEHHA, 2022). Information on the 
absorption, distribution, metabolism and elimination of mono-, di-, and tri-HAAs as classes can 
be found in Table 6 while this information for individual HAAs is in Table 7. As a group, HAAs are 
corrosive to tissues at high concentrations due to their acidic properties with the mono-
substituted acids being weaker acids than the tri-substituted acids (Table 1 for Phys/chem, pKa 
values). No kinetic data were found for DIAA, CIAA and BIAA. 
 
When exposed to a mixture of HAAs rather than a single dose, an increase in metabolism 
and/or reduced renal clearance may result, suggesting competitive interactions between HAAs 
(Saghir and Schultz, 2005; NTP, 2018). Pre-treatment with DCAA or TCAA may alter the 
metabolism and clearance of BDCAA, DCAA and BCAA (Austin and Bull, 1997; Barton et al., 
1999; Gonzalez-Leon et al., 1999; Schultz and Sylvester, 2001; Saghir and Schultz, 2002, 2005). 
See Section 2.4 Mode of action (MOA) for further information on cellular regulation of 
metabolism. 
 
Dermal and inhalation absorption: The daily dermal absorption of HAAs (MCAA, DCAA, TCAA, 
MBAA, DBAA) from bathing activities was determined to be an insignificant percentage of daily 
ingestion doses (around 0.01%–0.04%; steady-state permeability through the skin was very low 
1.1 × 10-3 to 2.6 × 10-3 cm/h [Xu et al., 2002]). Shower-generated airborne particulate HAA 
concentrations (MCAA, DCAA, TCAA, MBAA, DBAA, and BCAA) ranged from 4.25 ± 1.95 µg/m3 

(BCAA) to 9.98 ± 4.58 µg/m3 (MCAA) for a 10-minute shower with water HAA concentrations of 
250 µg/L. This level of HAAs during showers was concluded to represent less than 0.5% of the 
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ingestion dose (Xu and Weisel, 2003). Thus, dermal and inhalation exposure of HAAs is not 
expected to contribute significantly to overall exposure. 
 
Table 6. Kinetic information for mono-, di- and tri-haloacetic acids (HAAs) as classes 

HAA Absorption Distribution Metabolism Elimination References 

Mono-
HAAs 
  

Rats: rapidly 
absorbed via 
oral ingestion.  

Rats: rapid 
distribution; MCAA 
and MIAA 
distribute to organs 
rich in sulfhydryl 
groups.  

Rats: rapid 
metabolism.  

Rats: rapid 
elimination.  

Thomassen and 
Leicester, 1951; 
Hayes et al., 
1973; Bhat et al., 
1990; Kaphalia et 
al., 1992; Schultz 
et al., 1999; 
Saghir and 
Schultz, 2005 

Di-
HAAs 

Overalla: 
rapidly 
absorbed via 
oral ingestion.  

Rats: rapid 
equilibrium 
between plasma 
and tissues. 
Plasma protein 
binding 6%–11%.  
Apparent volume of 
distribution not 
significantly 
different among di-
HAAs.  
Rapid log-linear 
decline in blood 
concentrations to 
below LoD within 
12 h. 

Overalla: GST-ζ 
metabolism in 
cytosol to glyoxylic 
acid (BCAA > DCAA 
> DBAA). Reductive 
dehalogenation to 
mono-HAAs is a 
minor pathway. 
Ultimate 
metabolites are 
glyoxylic acid, 
glycolic acid, oxalic 
acids, glycine and 
carbon dioxide.  
Rodentsb: high 
metabolism DCAA, 
BCAA, DBAA 
irreversibly inhibit 
GST-ζ.  

Rodentsb: low 
amounts of 
parent 
compounds in 
urine.  
 
Rats: low renal 
clearance; urinary 
excretion of di-
HAAs is controlled 
by tubular 
reabsorption. 
 

Larson and Bull, 
1992; Lin et al., 
1993; Xu et al., 
1995; Gonzalez-
Leon et al. 1997; 
Yan et al., 1997; 
James et al., 
1997, 1998; Tong 
et al., 1998a and 
1998b; Cornett et 
al., 1999; Schultz 
et al., 1999; 
Anderson et al. 
1999; Tzeng et al., 
2000; Schultz and 
Sylvester, 2001; 
Saghir and 
Schultz, 2005; 
NTP, 2018 

Tri-
HAAs  

Overalla: 
rapidly 
absorbed via 
oral ingestion. 
 

Rats: rapid 
equilibrium 
between plasma 
and tissues.  
Plasma protein 
binding 50% to 
80%. 
Blood: plasma ratio 
0.66–0.82. 
Maximum blood 
concentrations 
~1.5–6 times 
greater for tri-HAAs 
than corresponding 
di-HAAs. Vd in rats 
not significantly 
different among tri-
HAAs. Rapid log-

Overalla: P450 
metabolism in 
microsomes to 
dihaloacetic acid 
via dihaloacetic 
radical. TCAA is the 
least metabolized 
HAA. 
 
In vitro: rapidly 
metabolized by 
liver microsomes; 
rate of metabolism 
directly 
proportional with 
number of 
bromines (that is, 

Rats: moderate to 
high renal 
clearance for 
brominated tri-
HAAs; moderate 
renal clearance 
for TCAA. Urinary 
excretion of tri-
HAAs is controlled 
by tubular 
secretion. 

Paykoc and 
Powell, 1945; 
Hobara et al., 
1988; Styles et al., 
1991; Larson and 
Bull, 1992; Xu et 
al., 1995; Schultz 
et al., 1999; 
Merdink et al., 
2000; Yu et al., 
2000; Saghir and 
Schultz, 2005; 
Saghir et al., 2011 
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HAA Absorption Distribution Metabolism Elimination References 

linear decline in 
blood 
concentrations to 
below LoD within 
12 h (except TCAA). 

TBAA > CDBAA > 
BDCAA).  
 
Rodentsb: ultimate 
metabolites 
glyoxylic acid, 
glycolic acid, oxalic 
acids, glycine and 
carbon dioxide.  

Di-HAAs – includes dichloroacetic acid (DCAA), dibromoacetic acid (DBAA) and bromochloroacetic acid (BCAA); 
GST-ζ – glutathione S-transferase zeta; h – hour; LoD – limit of detection; Mono-HAAs – includes monochloroacetic 
acid (MCAA) and monobromoacetic acid (MBAA), distribution data also includes monoiodoacetic acid (MIAA); Tri-
HAAs: includes trichloroacetic acid (TCAA), tribromoacetic acid (TBAA), chlorodibromoacetic acid (CDBAA) and 
bromodichloroacetic acid (BDCAA); Vd – volume of distribution.  
a Overall: observed in humans and animals. 
b Rodents: includes rats and mice.  
Adapted from NTP (2018). 

 
Table 7. Kinetic information for individual haloacetic acids (HAAs) 

HAAa Absorption Distribution Metabolism Elimination References 

MCAA Rats: rapidly 
absorbed via 
oral ingestion. 

Rats: rapidly 
distributed to 
organs rich in 
sulfhydryl 
groups such as 
liver and 
kidneys; 
distributed to 
the intestinal 
tract, thymus, 
brown and 
white fat, 
spleen, testes, 
lungs, brain and 
heart; rapid 
equilibrium 
between 
plasma and 
tissues. 

Rats: hepatic 
first pass 
metabolism 
follows oral 
exposure. 
 
Mice: 
glutathione 
conjugation-
mediated 
pathway 
produces two 
major urinary 
metabolites (S-
carboxymethylc
ysteine and 
thiodiacetic 
acid). Glycolic 
acid and oxalic 
acid are minor 
metabolites 
produced in an 
independent 
pathway. 

Rats: 64%–90% 
excreted via 
urine. 
 
Mice: 82%–88% 
excreted via 
urine, 8% as 
carbon dioxide 
and 0.2%–3% 
via feces. 
 

Yllner, 1971; 
Hayes et al., 
1973; Daniel et 
al., 1991; 
Kaphalia et al., 
1992; Schultz et 
al., 1999; Saghir 
et al., 2001; 
Saghir and 
Rozman, 2003; 
Saghir and 
Schultz, 2005 

DCAA Humans: 
variable from 
27% to 100%. 
 
Rats: 81% 
bioavailability, 

Humans: 
minimally binds 
to plasma 
proteins. 
 

Overallb: 
glutathione 
conjugation-
mediated 
pathway 
catalyzed by 

Overallb: only a 
small fraction of 
the parent 
compound (1%–
20%) was 

Lukas et al., 
1980; Larson 
and Bull, 1992; 
Lin et al., 1993; 
Abbas and 
Fisher, 1997; 
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HAAa Absorption Distribution Metabolism Elimination References 

mean 
absorption 
time: 4.5 h; 
Tmax: 8.0 h. 

Rats: Highest 
concentrations 
found in liver, 
muscle, skin, 
blood and 
intestines. 
Complex 
concentration-
time profile 
with multiple 
peaks. 
Vd = 618 mL/kg 
 
Mice: Vd = 548, 
497 mL/kg; 
tissues: blood 
partitions 
ranged from 
0.37 (muscle) to 
1.08 (liver). 

GST-ζ. Relative 
rates: mice > 
rats > humans. 
Metabolites 
include MCAA, 
glyoxylic acid, 
oxalic acid, 
glycolate, 
glycine and 
carbon dioxide. 
Inhibits GST-ζ 
activity (that is, 
inhibits its own 
metabolism). 
 
Humans: 
human GST-ζ 
more resistant 
to inhibition 
than rodent or 
dog GST-ζ; 
adults 
experience a 
five-fold greater 
metabolic 
inhibition 
compared to 
young subjects. 

recovered in 
urine. 
 
Humans: large 
interindividual 
variations in 
clearance may 
be due to GST-ζ 
polymorphisms. 
Plasma half-life 
after 
intravenous 
dose (10 or 
20 mg/kg): 20–
36 minutes. 
 
Rodentsc: 
mainly excreted 
via urine, with 
17%–46% 
excreted as 
carbon dioxide 
and 0.01%–2% 
via feces. t1/2 in 
rats: 2.40 h. 

Gonzalez-Leon 
et al., 1997, 
1999; Yan et al., 
1997; James et 
al., 1998; Tong 
et al., 1998a, 
1998b; 
Anderson et al., 
1999; Cornett et 
al., 1999; Kim et 
al., 1999; 
Schultz et al., 
1999; Tzeng et 
al., 2000; 
Schultz et al., 
2002; Saghir 
and Schultz, 
2002, 2005; 
Board and 
Anders, 2005, 
2011; Jia et al., 
2006; Schultz 
and Shangraw, 
2006; 
Maisenbacher 
et al., 2013 

TCAA Rats: ~100% 
bioavailability; 
mean 
absorption 
time: 6 h; Tmax: 
1.55 h. 

Humans: 
volume of 
distribution 
lower than in 
rodents, 
possibly due to 
greater plasma 
protein binding 
(75%–87%) in 
humans. 
 
Rats: blood 
levels still 
detectable after 
24 h. 39%–54% 
Bound to 
plasma 
proteins. 
Vd = 782 mL/kg. 
 
Mice: 19%–57% 
bound to 
plasma 

Overallb: least 
metabolized 
HAA in humans 
and animals 
with 45%–84% 
excreted 
unchanged in 
the urine. 
 
Rodentsc: 
primary 
metabolic route 
is reductive 
dechlorination 
of TCAA to 
DCAA. 
 
 

Humans: 
urinary 
clearance half-
life 2.1–6.3 
days; clearance 
slower than in 
rats and mice; 
75%–93% 
excreted 
unchanged in 
urine. 
 
Rats: 50%–58% 
recovered 
unchanged in 
urine; t1/2: 8.0 h. 
 
Mice: 45%–84% 
recovered 
unchanged in 
urine. 

Paykoc and 
Powell, 1945; 
Larson and Bull, 
1992; Allen and 
Fischer, 1993; 
Templin et al., 
1993, 1995; Xu 
et al., 1995; 
Abbas and 
Fisher, 1997; 
Gonzalez-Leon 
et al., 1999; 
Schultz et al., 
1999; Yu et al., 
2000; Lumpkin 
et al., 2003; 
Bader et al., 
2004 
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HAAa Absorption Distribution Metabolism Elimination References 

proteins. Vd = 
571 mL/kg; 
tissues: blood 
partitions 
ranged from 
0.54 (lungs) to 
1.18 (liver). 

MBAA Rats: rapid 
absorption. 

Rats: rapid 
distribution (not 
detected in 
plasma 1 
minute after 
oral dose). 

Rats: rapid 
metabolism 
(not detected in 
plasma 
1 minute after 
oral dose). 

Rats: rapid 
elimination (not 
detected in 
plasma 1 
minute after 
oral dose). 

Saghir and 
Schultz, 2005 

DBAA Rats: 30% 
bioavailability; 
mean 
absorption 
time: 1.2 h; 
Tmax: 1.0 h. 

Rats: detectable 
levels measured 
in testicular 
interstitial fluid, 
parental and 
fetal plasma, 
placental tissue, 
amniotic fluid 
and maternal 
milk. Does not 
bioaccumulate 
or bind 
significantly to 
plasma 
proteins. 
Vd = 400 mL/kg 

Overallb: not 
thoroughly 
investigated; 
however, 
proposed to be 
metabolized in 
a similar 
manner to 
DCAA. Currently 
unknown if 
toxicological 
effects are due 
to parent 
compound or 
active 
metabolite. 
Inhibits GST-ζ 
activity (that is, 
inhibits its own 
metabolism), 
which may 
indicate that 
repression of 
tyrosine 
degradation 
may be involved 
in the toxicity of 
brominated 
HAAs. 

Rats: rapidly 
cleared from 
the blood due 
to 
biotransformati
on. Small 
fraction (3%) of 
parent 
compound 
accounts for 
total clearance; 
negligible 
amounts 
recovered in 
feces. t1/2: 0.72 
h. 
 

Anderson et al., 
1999; Schultz et 
al., 1999; 
Christian et al., 
2001; Holmes et 
al., 2001; U.S. 
EPA, 2005 

TBAA Rats: 62% 
bioavailability; 
mean 
absorption 
time: 1.1 h; 
Tmax: 0.94 h. 

Rats: distributes 
uniformly 
outside the 
vascular system 
and has a low 
tendency to 
accumulate in 
peripheral 
tissues. Binds 

In vitro: rapidly 
metabolized by 
liver 
microsomes; 
predominant 
metabolite was 
DBAA, 
corresponding 

Rats: 31% of 
parent 
compound 
accounts for 
total clearance. 
t1/2: 0.58 h. 

Schultz et al., 
1999; Saghir et 
al., 2011 



29 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

HAAa Absorption Distribution Metabolism Elimination References 

significantly to 
plasma 
proteins. Vd = 
449 mL/kg 

to the loss of a 
bromine atom. 
 
 

BCAA Rats: 47% 
bioavailability; 
mean 
absorption 
time: 1.2 h; 
Tmax: 1.5 h.  

Rats: distributes 
uniformly 
outside the 
vascular system 
and has a low 
tendency to 
accumulate in 
peripheral 
tissues; does 
not bind 
significantly to 
plasma 
proteins. 
Vd = 881 mL/kg 

Overallb: not 
thoroughly 
investigated; 
however, 
proposed to be 
metabolized in 
a similar 
manner to 
DCAA. Currently 
unknown if 
toxicological 
effects are due 
to parent 
compound or 
active 
metabolite. 
Inhibits GST-ζ 
activity (that is, 
inhibits its own 
metabolism), 
which may 
indicate that 
repression of 
tyrosine 
degradation 
may be involved 
in the toxicity of 
brominated 
HAAs.  
 
In vitro: Rate of 
metabolism is 
stereospecific 
(metabolism 
more rapid for 
(–)-BCAA 
compared with 
(+)-BCAA). 

Rats: rapidly 
cleared from 
the blood due 
to 
biotransformati
on. Small 
fraction (2%) of 
parent 
compound 
accounts for 
total clearance; 
negligible 
amounts 
recovered in 
feces. t1/2: 3.93 
h. 
 

Anderson et al., 
1999; Schultz et 
al., 1999; 
Schultz and 
Sylvester, 2001; 
U.S. EPA, 2005  

CDBAA Rats: ~100% 
bioavailability; 
mean 
absorption 
time: 1.7 h; 
Tmax: 0.73 h.   

Rats: distributes 
uniformly 
outside the 
vascular system 
and has a low 
tendency to 
accumulate in 
peripheral 
tissues. Binds 

In vitro: rapidly 
metabolized by 
liver 
microsomes; 
predominant 
metabolite was 
BCAA, 
corresponding 

Rats: 60% of 
parent 
compound 
accounts for 
total clearance. 
t1/2: 1.26 h.   

Schultz et al., 
1999; Saghir et 
al., 2011 
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HAAa Absorption Distribution Metabolism Elimination References 

significantly to 
plasma 
proteins.  
Vd = 636 mL/kg 

to the loss of a 
bromine atom. 

BDCAA Rats: 96% 
bioavailability; 
mean 
absorption 
time: 0.7 h; 
Tmax: 1.10 h. 
 
Mice: 28%–73% 
bioavailability. 

Rats: distributes 
uniformly 
outside the 
vascular system 
and has a low 
tendency to 
accumulate in 
peripheral 
tissues. Binds 
significantly to 
plasma 
proteins.  
Vd = 730 mL/kg 
 
Mice: Vd = 518 
mL/kg 

Rodentsc: 
greater rate of 
metabolism in 
mice compared 
with rats. 
 
In vitro: greater 
rate of 
metabolism in 
mice compared 
with rats 
corresponding 
to the loss of a 
bromine atom. 
 
Mice: oxalate 
was a major 
metabolite; 
glycolate, 
glyoxylate and 
DCAA were 
minor 
metabolites. 
Limited 
evidence for the 
direct 
decarboxylation 
of BDCAA to 
form carbon 
dioxide and a 
THM. 

Rodentsc: 
urinary 
excretion higher 
in rats than 
mice, likely due 
to more 
efficient renal 
tubular 
reabsorption 
and greater rate 
of metabolism 
in mice. 
 
Rats: 49% of 
parent 
compound 
accounts for 
total clearance. 
t1/2: 1.85 h. 
 
Mice: 2.4% 
eliminated 
unchanged in 
urine, 50% as 
urinary 
metabolites, 
30% as carbon 
dioxide and 10% 
in feces. Total 
body clearance: 
156–220 
mL/h/kg. t1/2: 
1.4 h.  

Xu et al., 1995; 
Austin and Bull 
1997; Schultz et 
al., 1999; 
Merdink et al., 
2001; Saghir et 
al., 2011  

MIAA  ND Rats: 
distributed 
rapidly to 
organs rich in 
sulfhydryl 
groups such as 
thyroid and 
liver. 

ND ND Thomassen and 
Leicester, 1951; 
Hayes et al., 
1973 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; BIAA – bromoiodoacetic acid; CDBAA – 
chlorodibromoacetic acid; CIAA – chloroiodoacetic acid; DBAA – dibrimoacetic acid; DCAA – dichloroacetic acid; 
DIAA – diiodoacetic acid; GST-ζ – glutathione S-transferase zeta; h – hour(s); MBAA – monobromoacetic acid; 
MCAA – monochloroacetic acid; MIAA – monoiodoacetic acid; ND – no data; t1/2 – half-life; TBAA – tribromoacetic 
acid; TCAA – trichloroacetic acid; THM – trihalomethane; Tmax – time to peak concentration; Vd – steady-state 
apparent volume of distribution, calculated as the amount of HAA in the body divided by the concentration of HAA 
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in the plasma, using the time point where the net flux of the HAA between central and peripheral compartments is 
0.  
a No kinetic data found for DIAA, CIAA or BIAA. 
b Overall: observed in humans and animals.  
c Rodents: includes rats and mice.  
Adapted from NTP (2018). 
 

2.1.1 Physiologically based pharmacokinetic (PBPK) modelling 
 
PBPK models use kinetic data to reduce uncertainties with intraspecies, interspecies and high-
to-low dose extrapolations for risk assessment. PBPK models are available for humans and mice 
for both DCAA and TCAA and a rat model is available for DBAA. No PBPK models have been 
reported for the other HAAs. Due to limitations in the available models, they cannot be used at 
this time to reduce uncertainty in the risk assessments.  
 
While the DCAA models account for its metabolism by glutathione S-transferase zeta (GST-ζ) 
and the inhibitory effect of DCAA on its own metabolism (Barton et al., 1999; Keys et al., 2004; 
Li et al., 2008b), their limitations (as reported by OEHHA, 2022) include: 

• Low-dose data could not be fit to the mouse model (Barton et al., 1999); the model may 
inadequately predict internal doses at the low-dose range. 

• Limited validation studies and inter/intra species differences (especially age differences) in 
DCAA’s self-inhibition of its metabolism, which was not accounted for in the mouse and rat 
model (Keys et al., 2004). 

• While Li et al. (2008) extends the Keys et al. (2004) model to humans, the models do not 
include metabolites (uncertainty remains about whether parent or a metabolite is key for 
toxicity). Also, neither human nor mouse PBPK models account for age-dependent 
differences in metabolic self-inhibition; these differences could lead to increased 
uncertainty. 

 
Further studies on the metabolism of DCAA as well as intra- and inter-species differences are 
needed to enhance the current PBPK models. 
 
TCAA is included as a metabolite in the PBPK model for perchloroethylene in mice, rats and 
humans (Chiu and Ginsberg, 2011). While this model also considers DCAA, DCAA is directly 
excreted to urine without distribution to other tissues; thus, it is not suitable for modelling of 
DCAA kinetics. Further, the human module of the PBPK model cannot be calibrated or validated 
due to the lack of human oral TCAA exposure studies. Additionally, the TCAA PBPK model does 
not account for TCAA metabolism. Older PBPK models for perchloroethylene and 
trichloroethylene (from which TCAA is formed) are published but have the same limitations as 
the Chiu and Ginsberg (2011) model. Future studies on the human bioavailability of TCAA and 
metabolism of TCAA are necessary for the future use of PBPK modelling in the risk assessment 
of TCAA.  
 
The complex PBPK model for DBAA in rats includes hepatic DBAA metabolism with self-
inhibition by GST-ζ and its metabolites glyoxylate and oxalate (Matthews et al., 2010). In total, 
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12 parameters were calibrated in the model; however, for some parameters, DCAA values are 
used instead of DBAA and the metabolism followed a sequential irreversible scheme and not a 
Michaelis-Menten type of reaction. Nevertheless, the model predicted the observed DBAA 
blood concentration.  
  

2.2 Effects in humans 
 

Epidemiology studies evaluated the association between human exposure to HAAs in drinking 
water and cancer, as well as reproductive or developmental outcomes (Appendix D). However, 
with the potential co-exposure to numerous DBPs in drinking water, it is challenging to assign 
causation to any single component. No epidemiological studies investigating exposure to I-HAAs 
or the genotoxicity of HAAs were identified. Interestingly, DCAA has been used to treat 
inherited mitochondrial disorders and tumors through its ability to alter cellular energy 
metabolism; the main clinically limiting toxicity is reversible peripheral neuropathy (James et 
al., 2017).  

 

2.2.1 Carcinogenicity 
 

The International Agency for Research on Cancer (IARC, 2014) and the National Toxicology 
Program (NTP, 2018) considered the limited epidemiological data inadequate to evaluate the 
relationship between HAA exposure and cancer in humans. Only three studies examined 
associations between human exposure to HAAs in drinking water with carcinogenicity 
(Appendix D). The plausible associations with rectal and endometrial cancer require further 
study of exposure levels and replication in other populations (Jones et al., 2019; Medgyesi et 
al., 2022). No association was found with kidney cancer (Jones et al., 2017). In 2021, the NTP 
declared DCAA, DBAA, BCAA, TBAA, BDCAA and CDBAA as “reasonably anticipated to be a 
human carcinogen,” based on sufficient evidence of carcinogenicity from experimental animal 
studies and supporting evidence from mechanistic studies that demonstrated biological 
plausibility of carcinogenicity in humans (NTP, 2021).  

 

2.2.2 Reproductive and developmental 
 

Overall, the studies on reproductive and developmental outcomes associated with human 
exposure to HAAs are mixed (Appendix D).  
 
Reproductive outcomes: 3/6 identified studies found an association with HAA exposure.  

• Reduced sperm quality: 2 studies found an association with TCAA and DCAA exposure in 
the Chinese cohort; 2 other studies [American and Chinese cohort] did not find an 
association 

• Fertilization: 1 Chinese study found an association with DCAA exposure while 1 American 
study found no association with HAAs 

Developmental outcomes: 6/21 identified studies found a potential association with HAA 
exposure. 



33 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

• Fetal growth: 3 studies found an association with HAAs; 10 studies found no association 

• Defects: 2/4 studies found an association with HAAs (TCAA and DCAA) 

• Pregnancy loss: 1 study each found no association, inconsistent response, or positive 
association (in high DCAA exposure and HAA5 groups) 

• Hypospadias: No association with HAAs (two studies) 
 
Published reviews of the evidence for an association between human exposure to HAAs 
through drinking water and reproductive or developmental outcomes are also mixed. An 
association between maternal exposure to drinking water DBPs and adverse pregnancy 
outcomes was reported in 38%–40% of studies reviewed (Grellier et al., 2010; Mashau et al., 
2018). For higher HAA exposure categories, a slightly positive association with adverse 
pregnancy outcomes was found–small for gestational age (SGA) was reported (Mashau et al., 
2018). The State of California’s Office of Environmental Health Hazard Assessment (OEHHA) 
also concluded that the epidemiologic evidence is mixed, with five studies reporting modest but 
inconsistent evidence of an association with any individual HAA and four studies reporting no 
associations (OEHHA, 2022). A meta-analysis of the epidemiological data reported an increased 
risk for SGA with exposure to HAA5 (odds ratio [OR] = 1.12; 95% confidence interval [CI]: 1.01, 
1.25), DCAA (OR = 1.25; 95% CI: 1.01, 1.41) and TCAA (OR = 1.21; 95% CI: 1.07, 1.37) that was 
statistically significant only after a study was removed post-heterogeneity analysis 
(Summerhayes et al., 2021).  
 
Given the difficulties in differentiating the specific human outcomes of HAA exposure from 
other DBPs and the limited dose-response data, the epidemiologic data is not sufficient for 
quantitative risk assessment for HAAs at this time (Appendix D for individual study notes). 

 
 

2.3 Effects in animals 
 

Overall, the database for oral toxicity of HAAs in experimental animals is extensive 
(Appendix E). However, the completeness of the database for individual HAAs varies 
considerably. The available studies showed that the toxicity of HAAs follows two general trends: 
a) toxicity increases with increasing size of the halogen atom, Cl ≪ Br < I; and b) toxicity 
decreases with the number of halogen substitutions, that is, mono- > di- > tri-. These trends 
were consistently reported for cytotoxicity, oxidative stress, genotoxicity, and developmental 
toxicity (Atwood et al., 2019; OEHHA, 2022).  
 
As a group, HAAs at higher concentrations are corrosive to tissues due to their acidic properties 
with the mono-substituted acids being weaker acids than the tri-substituted acids (Table 1 for 
Phys/chem, pKa values). More than 99.99% of HAA5 exists as the dissociated carboxylate 
anions at a pH range of 6.8–8.5, typical of drinking water and in biological tissues (OEHHA, 
2022). However, HAA5 becomes the corresponding acetate after it leaves the stomach (OEHHA, 
2022). In the following studies, HAAs were administered as the free acid, as the sodium salt or 
as a neutralized solution, depending on the study methodology. The form of HAA used in each 
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study is noted, because the form can influence the effects seen in the test systems. As HAAs are 
present as salts and as acetates in drinking water (neutral pHs), studies using neutralized HAAs 
were given preference (Urbansky, 2000; EC, 2003). 
 

2.3.1 Acute 
 

Oral median lethal dose (LD50) values for HAAs were limited to MCAA, DCAA, TCAA, MBAA, 
DBAA and MIAA (Table E1). Overall, rats were more sensitive than mice to the acute toxicity of 
HAAs, based on their lower oral LD50 values (ranging from 55–5000 mg/kg). Un-neutralized 
HAAs were more toxic than neutralized HAAs, with the severity of effects being at least partially 
related to their low pKa values and irritant or corrosive properties (Table 1) (Eriksson et al., 
1994; NIOSH, 2000 cited in U.S. EPA, 2005). MCAA was more toxic than acetic acid, DCAA and 
TCAA (NTP, 1992; OEHHA, 2022). In general, the brominated and mixed halogenated HAAs tend 
to be more toxic than Cl-HAAs, but acute studies were limited (OEHHA, 2022). Clinical 
observations included necrosis, excessive drinking water intake and mobility problems (Table 
E1). 
 

2.3.2 Subchronic, chronic, reproductive/developmental, genotoxic and 
carcinogenic 

Monochloroacetic acid (MCAA) 

 

Database summary: The database for MCAA contained short-term, subchronic and chronic 
studies but lacked well-conducted reproductive and developmental studies (Appendix E). The 
main target organs included the liver, kidney, testes and heart (Appendix E). While MCAA 
caused neurological effects in LD50 and short-term studies in animals (Table E1), changes in 
brain weights or in histopathology were not seen in subchronic and chronic studies (Table E2). 
 
F344 rats were more sensitive than B6C3F1 mice to MCAA. Mice showed fewer morphological 
or functional changes and lower mortality when compared to rats in both 13-week and 2-year 
studies (Bryant et al., 1992; NTP, 1992). In the 2-year study, deaths occurred at 11 mg/kg bw 
per day in rats compared to 71 mg/kg bw per day for mice (Bryant et al., 1992; NTP, 1992). 
Although one study showed increased sensitivity of male rats to liver effects caused by MCAA, 
other studies did not show any sex-related differences (Table E2).  
 
The lowest no observed adverse effect level (NOAEL) was 3.5 mg/kg bw per day in male F344 
rats, based on weight changes in the liver, kidney and testes and depressed growth weights. 
The lowest observed adverse effect level (LOAEL) for the same study was 26.1 mg/kg bw per 
day (DeAngelo et al., 1997). MCAA is likely not genotoxic or carcinogenic. 
 
Development effects: In a single-dose study in which 10 pregnant Hsd:SD rats were gavaged 
with 193 mg/kg bw per day of neutralized MCAA throughout pregnancy, no fetal cardiac effects 
or gross external or noncardiac internal congenital abnormalities were seen (Johnson et al., 
1998). In whole CD-1 mouse embryo cultures, MCAA induced overall malformations and neural 
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tube defects starting at 175 µM, and heart and pharyngeal arch defects at 250 µM (Hunter et 
al., 1996) and cranial neural tube dysmorphogenesis at 74.3 µM (Hunter et al., 2006). 
 
Genotoxicity: Based on the weight of evidence (WOE), MCAA is likely not directly genotoxic 
(Table E3). Bacterial assays were mostly negative and mammalian assays for mixed DNA 
damage were positive in in vitro assays but negative at low doses in vivo. Discrepancies in the 
results may be attributed to varying degrees of cytotoxicity. Antioxidant addition reduced 
induced DNA damage and micronucleus formation, implicating oxidative stress in DNA damage 
induction (Ali et al., 2014). DNA damage in rat hepatocytes was secondary to cytotoxicity. 
OEHHA (2022) concluded that the evidence of genetic toxicity for MCAA is mixed.  
 
Carcinogenicity: There is no evidence of carcinogenicity in experimental mice or rats orally 
exposed to MCAA (NTP, 1992; DeAngelo et al., 1997; Table E4). NTP (2018) concluded that the 
evidence is not sufficient to classify the carcinogenicity of MCAA. The U.S. EPA classifies MCAA 
as “inadequate information to assess carcinogenic potential.” IARC has not reviewed MCAA.  

Dichloroacetic acid (DCAA) 

 

Database summary: The database for DCAA (Appendix E) is almost complete, lacking only 
single- and multi-generational developmental studies. The main targets of DCAA in rodents and 
dogs included liver, kidneys, brain and nervous system, male reproductive system and fetus; 
heart and eye defects were seen both in adult dogs and in fetal rats (Table E2). Dogs had 
multiple organ effects starting at 12.5 mg/kg bw per day, the lowest dose tested (Cicmanec et 
al., 1991). Changes in serum chemistry and markers of oxidation were seen in rats (3.9 mg/kg 
bw per day) and mice (7.7 mg/kg bw per day) at lower doses but they were not accompanied by 
organ effects or other signs of toxicity (Mather et al., 1990; Hassoun et al., 2010a, 2010b).  
 
The lowest NOAELs in rats were 3.6 mg/kg bw per day (LOAEL of 40.2 mg/kg bw per day; 
testicular weight changes and liver neoplasia in a 1-year rat study; DeAngelo et al., 1996) and 
3.9 mg/kg bw per day (LOAEL of 35.5 mg/kg bw per day; changes in liver and kidney weights 
and decreased final body weights in a 90-day study; Mather et al., 1990). For mice, the lowest 
NOAEL was 7.6 mg/kg bw per day (LOAEL of 77 mg/kg bw per day) based on liver weights in a 
60- to 75-week study (DeAngelo et al., 1991). These studies are considered in the selection of 
the key study (Section 2.5). While there is evidence of carcinogenicity, DCAA is not likely to be 
directly genotoxic. 
 
Reproductive effects: DCAA targeted the male reproductive system in both rats and dogs. 
Effects seen included changes in reproductive organ weights (epididymis, preputial glands, 
testes, prostate), altered sperm/spermatid parameters, and decreased fertility (Table E2). 
Decreased fertility (decreased number of live implants per untreated dams) was seen at the 
lowest dose tested of 26 mg/kg bw per day (Toth et al., 1992). The NOAEL for male 
reproductive effects was 3.6 mg/kg bw per day (the same NOAEL for liver effects) based on 
increased relative and absolute testes weight in male rats given drinking water containing DCAA 
for 100 weeks (DeAngelo et al., 1996). 
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Female reproductive effects were limited to effects on fertility (decreased mean live fetuses per 
litter, increased male:female sex ratio, decreased total implants per litter) and occurred at 
doses much higher (≥ 400 mg/kg bw per day) than those affecting fertility in males (Smith et al., 
1991). 
 
Development effects: Increased fetal malformations and maternal toxicity were observed after 
pregnant rats were given DCAA on gestational day (GD) 6–15 (NOAEL/LOAEL 14/140 mg/kg bw 
per day (Randall et al., 1991b; Smith et al., 1991; Table E2). In in vitro studies, DCAA was 
dysmorphogenic to rat (≥ 2 500 µM) and mice (≥ 5 871 µM) whole embryo cultures (Hunter et 
al., 1996; Andrews et al., 1999). 
 
Genotoxicity: Based on the WOE, DCAA is likely not directly genotoxic (Table E3). In vitro, 
bacterial assays were mostly negative and mammalian assays negative or mixed. In vitro studies 
that examined higher DCAA concentrations were more likely to report a positive finding 
(OEHHA, 2022). In vivo assays (given higher weight in the WOE analysis) were negative or only 
positive at high DCAA doses or at a later timepoint. OEHHA’s (2022) evaluation supports this 
non-genotoxic WOE (evidence of in vitro genetic toxicity of DCAA is inconsistent; DCAA 
genotoxicity in vivo was observed at higher doses and primarily in liver cells).   
 
Carcinogenicity: Hepatic adenomas and carcinomas were reported in both sexes of mice and 
rats exposed to DCAA in drinking water (Table E4). Three studies (DeAngelo et al., 1999; Bull et 
al., 2002; Wood et al., 2015) are considered of sufficient quality (multiple dose groups including 
low doses, large number of animals used, quality control performed and adequate reporting of 
results) for the selection of the key study (Section 2.5). OEHHA (2022) concludes that rat studies 
are not considered for dose-response analysis due to the lower sensitivity of this species as 
observed in the available studies. NTP (2018) concludes that DCAA is reasonably anticipated to 
be a human carcinogen based on sufficient evidence from studies in experimental animals and 
supporting mechanistic data. IARC classified DCAA as “Group 2B–possibly carcinogenic to 
humans” (IARC, 2014). The U.S. EPA classified DCAA as “likely to be carcinogenic to humans” 
(U.S. EPA, 2003a). Interestingly, DCAA has also demonstrated anticancer properties by 
inhibiting abnormal metabolic process in mitochondria (altered cellular metabolism in Section 
2.4 Mode of action [MOA]).  
 

Trichloroacetic acid (TCAA) 

 
Database summary: The database for TCAA is mostly well-characterized but lacks one- and/or 
two-generation reproductive and developmental studies (Appendix E). TCAA primarily targeted 
the liver with carcinogenicity being the most severe effect observed; effects on female 
reproduction, fetal development, and the kidneys were also observed (Tables E2 and E4). Rats 
were more sensitive than mice to TCAA; however, liver tumours were not reported in rats.  
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Subchronic studies report the lowest LOAEL of 7.7 mg TCAA/kg bw per day causing hepatic lipid 
peroxisome proliferation and oxidative stress (Hassoun et al., 2010a, 2010b). After chronic 
exposure to TCAA, the lowest LOAEL was 8 mg/kg bw per day, causing hepatic lesions and 
inflammation (DeAngelo et al., 2008). While there is evidence of carcinogenicity, TCAA is not 
likely to be directly genotoxic.  
 
Reproductive and development effects: The lowest NOAEL for reproductive effects was 330 
mg/kg bw per day; a LOAEL of 800 mg/kg bw per day led to altered reproductive outcomes, 
including increased percent post-implantation loss, decreased mean live fetuses per litter, 
increased number of totally resorbed litters and decreased number of viable litters in pregnant 
rats gavaged with TCAA on GD 6–15 (Smith et al., 1989). In this same study, TCAA (330 mg/kg 
bw per day; LOAEL) caused decreased fetal growth, increased malformations and cardiac 
defects. In in vitro studies, TCAA was dysmorphogenic to rat (0.5–5 µM) and mice (≥769 µM) 
whole embryo cultures (Saillenfait et al., 1995; Hunter et al., 2006). 
 
Genotoxicity: Based on the WOE (Table E3), TCAA does not appear to be directly genotoxic. In 
vitro bioassay results were mostly negative, with some positive results. Mixed results were 
reported for in vivo bioassays. Positive results were at high doses or in a species where TCAA 
exposure did not cause tumours (rats).  
 
Carcinogenicity: Liver tumours were reported in several chronic studies in mice of both sexes 
exposed to TCAA but not in rats (Table E4). Overall, DeAngelo et al. (2008) appeared to be the 
best quality study (multiple doses, large number of animals, longer duration than most other 
studies, multiple endpoints examined, consistent results in independent studies, examined the 
mode of action [MOA] of peroxisome proliferation) for the selection of the key study (Section 
2.5). NTP (2018) concludes that existing evidence of TCAA carcinogenicity as not sufficient. IARC 
has classified TCAA as “Group 2B – possibly carcinogenic to humans” (IARC, 2014). The U.S. EPA 
classifies TCAA as having “suggestive evidence of carcinogenic potential” (U.S. EPA, 2011). 

Monobromoacetic acid (MBAA) 

 
Database summary: The toxicological database for MBAA is limited, lacking subchronic, chronic 
and reproductive/developmental studies in experimental animals exposed to HAAs of sufficient 
quality (multiple doses, large number of animals, subchronic or chronic duration, multiple 
endpoints examined, reporting of study conditions) (Appendix E, Table E2). A 14-day oral 
gavage study did not find any effects on spermatotoxicity or on weight of testes, epididymis, 
seminal vesicles or ventral prostate in male rats gavaged with either 25 mg/kg bw per day for 
14 days or a single dose of 100 mg/kg bw (Linder et al., 1994a). Developmental effects 
(decreased size of live fetuses, increased soft tissue malformations) but not female 
reproductive effects were seen in the presence of maternal toxicity (100 mg/kg bw per day) in 
pregnant Long Evans rats gavaged with 25, 50 or 100 mg/kg bw per day from GD 6–15. 
However, further details of the study could not be obtained (Randall et al., 1991a; abstract 
only). In an in vitro study using cultured mouse embryos, MBAA disrupted neuro-regulation and 
caused malformations with a benchmark concentration of 2.7 µM (Hunter et al., 1996). While 
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there are no studies on the carcinogenicity of MBAA, there is evidence to suggest that MBAA 
may be genotoxic and may therefore be a carcinogen. 
 
Genotoxicity: Based on the WOE (Table E3), MBAA might be genotoxic; supported by OEHHA 
(2022). In in vitro studies of more than 70 DBPs, MBAA was the most cytotoxic and genotoxic 
among chlorinated and brominated DBPs (THMs and HAAs). The rank order of genotoxic 
response among monosubstituted HAAs was MIAA > MBAA > MCAA. MBAA was ranked more 
genotoxic than DCAA and TCAA. However, two in vivo bioassays in newt larvae and nematodes 
were negative for genotoxicity (Giller et al., 1997; Zuo et al., 2017). As MBAA is rapidly 
metabolized and excreted in vivo, the positive in vitro studies should be interpreted with 
caution (Saghir and Schultz, 2005).  
 
Carcinogenicity: No studies on the carcinogenicity of MBAA were located. OEHHA (2022) 
suggests that MBAA may be a carcinogen since MBAA is more potent in genotoxicity assays 
than DCAA (classified as carcinogen). The carcinogenicity of MBAA has not been evaluated by 
any route of exposure or by IARC or U.S. EPA.  

Dibromoacetic acid (DBAA) 

 
Database summary: Overall, the database for DBAA is well characterized (Appendix E). The 
liver, kidneys, nervous system, female and male reproductive tract and developing offspring 
were targets of DBAA toxicity (Table E2). Although organ weight changes were noted in adrenal 
glands, thymus, heart, brain and lungs, these changes were not accompanied by histological or 
functional changes and were considered secondary to decreased body weights (Christian et al., 
2002; NTP, 2007a). Body weight decreases were consistently seen in adult male and female rats 
as well as in offspring of treated rats and were commonly associated with decreased drinking 
water and/or food intake (Table E2). Body weights were unaffected in mice in a two-year study 
(Melnick et al., 2007; Table E2). The lowest LOAEL of 2 mg/kg bw per day for liver and kidney 
effects occurred in F344 rats in a two-year study and was based on minimal to mild cystic 
degeneration in livers of males and on nephropathy in females (NTP, 2007a). Liver effects were 
seen in both rats and mice drinking water studies and included increased absolute and relative 
weights, mild cystic degeneration, increased hepatocellular vacuolization and increased 
glycogen content (Table E2). Increased absolute and relative kidney weights occurred in adults 
and offspring of rats and in adult mice (subchronic studies only), while small kidneys and 
hydronephrosis were reported in the fetuses of mice given DBAA during GD 6–15 (Table E2). 
The WOE supports DBAA as a genotoxic carcinogen.  
 
Reproductive effects: DBAA had multiple effects on the male reproductive tract in all three 
species tested. It impacted spermiogenesis in rabbits starting at 1 mg/kg bw per day and 
delayed spermiation in rats and mice starting at 10 and 115 mg/kg bw per day, respectively 
(Table E2). Decreased testicular and epididymal weights, accompanied by histopathological 
changes, occurred at higher DBAA concentrations (50 mg/kg bw per day in rats; Table E2). 
DBAA caused delayed parturition in mice (LOAEL of 24 mg/kg bw per day) and rats (52.4 mg/kg 
bw per day) as well as increased prenatal loss in mice but not rats (Narotsky et al., 1996; 
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Cummings and Hedge, 1998; Christian et al., 2002). DBAA had no reproductive effects on 
estrous cycle, pre- and post-implantation loss or live litter size in rats given up to 250 ppm per 
day of DBAA via gavage in either a one- or two-generation study (Christian et al., 2001, 2002).  
 
Development effects: One- and two-generation studies in rats given up to 250 ppm of DBAA 
did not show any developmental effects, including alterations in gross external morphology 
(Christian et al., 2001, 2002). In an in vitro study using rat whole embryo culture, DBAA was 
dysmorphogenic at concentrations of ≥ 200 µM (Andrews et al., 2004), similar to the 
concentration of ≥ 250 µM needed to cause dysmorphology in mice (Hunter et al., 1996). 
 
Genotoxicity: Several studies have shown that DBAA is genotoxic in vitro and in vivo (Table E3). 
Based on the WOE, DBAA is likely genotoxic, a conclusion that is supported by OEHHA (2022). 
Although the mechanism of carcinogenicity of DBAA is unknown, IARC noted that “[s]everal 
comparative genotoxicity and mutagenicity studies … have demonstrated that [DBAA] is more 
potent than its chlorinated analogue, [DCAA], and that they have several molecular and 
biochemical activities in common” (IARC, 2013).  
 
Carcinogenicity: Liver tumours were reported in male and female mice (lowest LOAEL of 
4 mg/kg bw per day) and multiple organ mesothelioma in male rats (lowest LOAEL of 40 mg/kg 
bw per day) exposed to DBAA in drinking water for two years (Table E4; NTP, 2007a). IARC 
(2012) classified DBAA as “Group 2B – possibly carcinogenic to humans” and the NTP lists DBAA 
as “reasonably anticipated to be a human carcinogen” (NTP, 2021).  

Tribromoacetic acid (TBAA) 

 

Database summary: The database for TBAA is limited to only one 35-day reproductive and 
developmental rat toxicity screen (NTP, 1998a; Appendix E, Table E2). This screen did not find 
any reproductive/developmental effects, clinical signs of toxicity or changes in cellular 
proliferation from the liver, kidney or urinary bladder at doses as high as 39 mg/kg bw per day. 
The limited genotoxicity studies were equivocal, but TBAA may not be genotoxic at low doses 
(Table E3). No carcinogenicity studies were found. 

Bromochloroacetic acid (BCAA) 

 

Database summary: The database for BCAA contained a short-term reproductive and 
developmental study, as well as subchronic, chronic, and genotoxicity studies (Appendix E, 
Table E2). Key targets included the liver, kidney, reproductive and developmental systems in 
rats and mice of both sexes (Table E2). Exposure to BCAA for three months in drinking water 
resulted in increased liver and kidney weights in female mice (LOAEL 8 mg/kg bw per day) and 
increased liver weights in male rats (LOAEL 10 mg/kg bw per day; NOAEL 5 mg/kg bw per day) 
(NTP, 2009). Exposure to BCAA for two years in drinking water studies resulted in increased 
incidence of hepatocellular adenomas and/or carcinomas (LOAEL 15 mg/kg bw per day, female 
mice; NTP, 2009). While there is evidence that BCAA is carcinogenic, the evidence for its 
genotoxicity is limited. 
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Reproductive and development effects: BCAA may have effects on reproduction. BCAA 
decreased sperm parameters and percent fertility in male rats exposed by gavage for 14 days 
(LOAELs 1.6 and 8 mg/kg bw per day) and decreased number of live fetuses/litter and total 
implants per litter in female rats drinking water for 35 days (LOAEL 50 mg/kg bw per day; Table 
E2). However, no effects on sperm parameters (NOAELs 39 mg/kg bw per day for 35 days and 
75 mg/kg bw per day for three months) or estrous cycle (NOAEL 85 mg/kg bw per day for three 
months) were reported in rats drinking water containing BCAA (Table E2). In in vitro studies, 
BCAA was dysmorphogenic to rat (≥ 200 µM) and mice (≥ 100 µM) whole embryo cultures 
(Andrews et al., 1999, 2004; Hunter et al., 2006). 
 
Genotoxicity: The limited genotoxicity studies were equivocal, but BCAA may not be genotoxic 
at low doses (Table E3). 
 
Carcinogenicity: BCAA caused intestinal and mammary tumours in rats and liver tumours in 
mice at doses as low as 15 mg/kg bw per day (female mice; no NOAEL) and 25 mg/kg bw per 
day (rats; NOAEL 13 mg/kg bw per day; Table E4; NTP, 2009). NTP (2018) concluded BCAA is 
“reasonably anticipated to be a human carcinogen”.  

Chlorodibromoacetic acid (CDBAA) 

 

Database summary: The database for CDBAA was limited to one subchronic 
reproductive/developmental screening study, one in vitro developmental study, and one 
genotoxicity study (Appendix E, Tables E2 and E3). The subchronic study (35 days) did not find 
any clinical effects in rats in either the range finding or the main study (500, 1 000 or 1 500 ppm 
in drinking water; NTP, 2000; Table E2). Female reproduction and pup development were 
unaffected. However, decreased sperm velocity and maximum amplitude of lateral head 
displacement (no change in other sperm measurements) were seen in males starting at 
1 500 ppm (78 mg CDBAA/kg bw per day). Cell proliferation was statistically increased in the 
livers of male rats at 78 mg/kg bw per day and in the livers and kidneys of female rats at 58 
mg/kg bw per day but was only statistically significant at 124 mg/kg bw per day. The authors 
state that the lack of overt cytotoxicity in the presence of a cell proliferative response suggests 
a mitogenic MOA. In an in vitro study, CDBAA was dysmorphogenic to mouse embryos 
(≥ 1500 µM; Hunter et al., 1996). 
 
While CDBAA caused cytotoxicity and DNA damage in mammalian cells in vitro at higher doses 
(Plewa et al., 2010; Table E3), the WOE is insufficient to determine the genotoxic potential of 
CDBAA. No carcinogenicity studies were located and CDBAA has not been evaluated for 
carcinogenicity by either IARC or U.S. EPA. However, NTP classified CDBAA as “reasonably 
anticipated to be a human carcinogen,” based on sufficient evidence of carcinogenicity from 
experimental animal studies and supporting evidence from mechanistic studies that 
demonstrated biological plausibility of carcinogenicity in humans (NTP, 2021). This is supported 
by evidence that CDBAA is metabolized to BCAA (Schultz et al., 1999; Saghir et al., 2011), and 
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BCAA is reasonably anticipated to be a human carcinogen based on experimental animal 
studies and supporting evidence from mechanistic studies (NTP, 2009, 2018, 2021). 

Bromodichloroacetic acid (BDCAA) 

 

Database summary: The database for BDCAA is limited to a few subchronic, chronic, and 
reproductive studies in mice and rats, an in vitro developmental study and a genotoxicity study 
(Appendix E, Tables E2 and E3). The liver, kidney and fetus were targets of BDCAA (Table E2).  
 
Subchronic (14-week) exposure to BDCAA in drinking water affected the liver and kidneys of 
rats (LOAEL of 5 mg/kg bw per day for decreased serum alanine transaminase [ALT]) and mice 
(LOAEL of 30 mg/kg bw per day for increase liver weight) (NTP, 2015). The male/female 
reproductive systems of the mice were not affected at doses that went up to 129 mg/kg bw per 
day. Chronic exposure to BDCAA in drinking water increased incidence of carcinogenic activity 
in rats (LOAEL 11 mg/kg bw per day) and mice (LOAEL 17 mg/kg bw per day, increased 
incidences of hepatocellular adenomas and carcinomas) in both sexes (NTP, 2015; Tables E2 
and E4).  
 
Overall, BDCAA caused cancer in several organs. However, evidence for its genotoxicity is 
limited.  
 
Reproductive and development effects: In an in vitro study, BDCAA was dysmorphogenic to 
mouse embryos (≥ 1 200 µM; Hunter et al., 2006). 
 
Genotoxicity: The data is insufficient to provide a WOE for BDCAA’s genotoxic potential. A few 
in vitro mutation assays were positive, while a micronucleus assay in vivo was negative (NOAEL 
123 mg/kg; Plewa et al., 2010; NTP, 2015; Table E3). 
 
Carcinogenicity: Evidence of carcinogenicity was seen in both sexes of rats and mice in long-
term studies (NTP, 2015; Table E4). The increased incidence of mammary lesions in F344 rats 
given BDCAA seen in the NTP (2015) study prompted Harvey et al. (2016) to compare gene and 
protein expression in control and BDCAA-exposed F344 rats with relevant human breast cancer 
genes. Harvey et al. (2016) suggests that adenocarcinomas from BDCAA-treated rats are 
molecularly different from spontaneous tumours in rats and that they may be mediated by 
tumour growth factor-β, an important mediator in many human breast cancers. NTP (2018) 
concluded BDCAA is “reasonably anticipated to be human carcinogen”. BDCAA has not been 
assessed for carcinogenicity by either the IARC or the U.S. EPA. 

Iodinated HAAs (I-HAAs) 

 

Database summary: The database for I-HAAs is very limited (Appendix E, Table E2). Available 
studies were primarily reproductive and developmental studies on exposure to MIAA. MIAA 
caused reproductive, developmental and endocrine system effects. The lowest NOAEL reported 
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was 2.5 mg/kg per day based on teratogenicity (LOAEL 7.5 mg/kg per day; Long et al., 2021). 
While no carcinogenicity studies are available, I-HAA may potentially be genotoxic (Table E3). 
 
Reproductive and development effects: In female mice or rats, no reproductive toxicity was 
reported at doses < 500 mg MIAA/L (28–40 days; three studies). However, in one study, ovarian 
weights were decreased starting at 6 mg MIAA/kg bw per day and altered levels of hormones 
were seen in both male and female rats starting at 12 and 24 mg MIAA/kg bw per day (28 days), 
respectively (Table E2). 
 
In male rats, increased relative weights of testes (in the absence of histopathological changes) 
and seminal vesicles plus coagulating glands were seen at 22.5 mg MIAA/kg bw per day (Table 
E2). 
 
In offspring, MIAA caused increased head congestion starting at 7.5 mg/kg bw per day (NOAEL 
2.5 mg/kg bw per day) and decreased litter weight, lower viability index and decreased 
anogenital distance index in male pups at 22.5 mg/kg bw per day (Table E2; Long et al., 2021). 
Increased absolute ovarian weights, delayed rate of vaginal opening, increased anogenital 
distance relative to body weight and decreased percentage of atretic follicles were also seen in 
F1 female offspring (Table E2). 
 
In vitro studies using mouse ovarian follicles showed MIAA (2–15 µM) was an ovarian toxicant 
that decreased estradiol levels and ovarian follicle growth and altered gene expression involved 
in cell cycle regulation, apoptosis, cell proliferation, steroidogenesis, and estrogen receptors 
(Gonsioroski et al., 2020). MIAA was not cytotoxic, did not induce cell proliferation, and was not 
an estrogenic or an androgenic disrupter in in vitro assays (Long et al., 2021). Also, in in vitro 
studies, MIAA inhibited the differentiation of midbrain and limb bud cells (indicating a strong 
teratogen), reduced triiodothyronine-activated GH3 cell proliferation, and was antagonistic to 
thyroid hormone activity (Xia et al., 2018).  
 
Genotoxicity: Based on the WOE (Table E3), I-HAAs are likely genotoxic to humans.  
 
Carcinogenicity: No studies on carcinogenicity were located. I-HAAs have not been classified by 
either IARC or U.S. EPA. 

 

2.4 Mode of action (MOA) 
 

A direct DNA-reactive or a non-direct DNA-reactive carcinogenic MOA informs whether a linear 
or threshold approach are used respectively in order to derive a health-based value (HBV) 
(Section 3.0). Six of the 13 HAAs found in drinking water are reasonably anticipated to be 
human carcinogens: BCAA, BDCAA, CDBAA, DBAA, DCAA and TBAA (NTP, 2018). In its Report on 
Carcinogens, the NTP concluded that direct acting genotoxicity does not appear to be a primary 
MOA for HAAs but instead states that the mutagenic and genotoxic effects of HAAs are likely 
due to oxidative stress (NTP, 2018). To determine if HAAs induced tumours in animals by 
directly damaging DNA (direct DNA-reactive) or, indirectly (non-direct DNA-reactive) and if this 
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MOA is relevant to humans, a comparative MOA/human relevance analysis was performed 
(guided by Meek et al., 2014a, 2014b) with consideration of the key characteristics of 
carcinogens (Smith et al., 2020).  
 
MOAs consistent with HAAs’ soft electrophilicity (electron withdrawal from the α-carbon by the 
halogen substituents) include indirect genotoxicity, generation of reactive oxygen species (ROS) 
(Stalter et al., 2016), as well as inhibition of pyruvate dehydrogenase kinase (PDK), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and GST-ζ (NTP, 2018). While evidence 
supports TCAA and DBAA as peroxisome proliferator-activated receptor α modulators, the 
relevance of this MOA for carcinogenesis in humans is low (Corton, 2008, 2014). No evidence of 
HAA modulation of other receptors were found. Evidence for HAAs inducing chronic 
inflammation or immunosuppression is generally weak and inconsistent (NTP, 2018).  
 

Figure 2 summarizes the key events in the postulated MOAs by which HAAs may induce 
tumours. The potential early key events are 1A) genotoxicity (discussed below and in 
Section 2.3 and in Table E3), 1B) epigenetic alterations (discussed below), and 1C) altered 
cellular energy metabolism (discussed below). These early key events potentially lead to later 
key events of altered key genes, ROS generation, oxidative stress and ultimately altered cell 
growth and survival and, subsequently, tumour formation. The early key events inform whether 
an individual HAA is directly DNA-reactive (1A genotoxic) or non-direct DNA-reactive 
(1B epigenetic or 1C altered cellular metabolism) and which approach may be used for 
derivation of a HBV (Section 3.0). 
 
Overall, the available data suggest that HAA carcinogenesis is complex and may involve multiple 
MOAs. HAAs may induce cancer through their electrophilic reactions with macromolecules 
leading to altered gene expression, oxidative stress and altered cell growth and survival. Data 
are not available for all 13 HAAs. MOAs that are potentially relevant to humans with 
experimental support include epigenetic alterations leading to altered expression of key genes 
and altered cellular energy metabolism leading to oxidative stress. Direct DNA genotoxicity 
does not appear to be a primary MOA for the HAAs and, overall, the data suggest that oxidative 
stress is responsible for the mutagenic and genotoxic effects of these compounds (NTP, 2018).  

 
Figure 2. Potential modes of action (MOA) examined for haloacetic acid (HAA)-induced carcinogenicity 
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Key event 1A) Direct DNA-reactive (genotoxic): HAAs bind to DNA to induce damage in critical genes and this 
damage is not repaired. Key event 1B) Indirect epigenetic: HAAs induce hypomethylation of DNA in the promoter 
regions of oncogenes to increase their messenger ribonucleic acid (mRNA) expression. Key events 1A) and 1B) 
could lead to 2AB) altered key genes in normal cells. Key event 1C) Indirect cellular metabolism:  

• Mono-HAAs (mH) inhibit glyceraldehyde-3-phosphate dehydrogenase (GAPDH): blocking formation of 
pyruvate for energy and inducing mitochondrial stress and decreased adenosine triphosphate (ATP) 
production; 

• HAAs inhibit pyruvate dehydrogenase kinase (PDK): alters the function of the pyruvate dehydrogenase 
complex (PDC) to form acetyl-CoA (AcCoA), used to produce energy via the Krebs cycle and oxidative 
phosphorylation (OxPhos) in the mitochondria, thus inhibiting energy production and enhancing oxidative 
metabolism 

• HAAs inhibit Glutathione S-transferase zeta (GST-ζ/GSTZ1): to a) decrease its own metabolism, clearance and 
increase its half-life, both in the cytosol and mitochondria, and b) increase levels of toxic tyrosine metabolites 
(maleylacetone*, maleylaceacetate*) in the cytosol 

Event 1C) could lead to 2C) Reactive oxygen species (ROS) formation, oxidative stress and activation of cell 
signalling pathways. Subsequently, the early key events (1 and 2) can lead to later key events of 3) altered cell 
growth and survival that could lead to 4) tumour formation.  
* – potential for direct DNA damage; e – epigenetic modification; GT – glucose transporter; MCT – sodium-
coupled monocarboxylate transporter; PDC-P – phosphorylated-PDC; PT – pyruvate transporter. 
Adapted from Vander Heiden et al. (2009), Lu et al. (2015), Tran et al. (2016) and NTP (2018). 
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Summary of the evidence for the potential MOAs 
1A) Genotoxicity: Based on the WOE (Section 2.3 and Table E3), MCAA, DCAA and TCAA are 
likely non-direct DNA-reactive, while MBAA, DBAA and I-HAAs are potentially directly DNA-
reactive; I-HAAs > BAA > CAA (Escobar-Hoyos et al., 2013). Insufficient data is available to 
evaluate BCAA, BDCAA, CDBAA and TBAA. MBAA was found to be the most cytotoxic and 
genotoxic among 70 chlorinated and brominated HAAs tested in vitro; the rank order of 
genotoxicity among mono-HAAs was MIAA > MBAA > MCAA (Kargalioglu et al., 2002; Plewa et 
al., 2004; Richardson et al., 2007; Komaki et al., 2009; Attene-Ramos et al., 2010; Muellner et 
al., 2010). NTP (2018) concludes that the genotoxicity of most HAAs is indirect, occurring at 
higher doses and as the result of ROS generation and oxidative stress. Antioxidant addition 
reduced induced DNA damage and micronucleus formation, implicating oxidative stress in DNA 
damage induction (Ali et al., 2014).  

 
1B) Epigenetic modification (DCAA, TCAA, DBAA): Hypomethylation of oncogenes may 
represent early events in the carcinogenicity of HAAs. DCAA, TCAA and DBAA dose-dependently 
induced hypomethylation of DNA in the promoter regions of oncogenes (c-myc, c-jun and 
insulin-like growth factor-2) and increased their messenger ribonucleic acid (mRNA) expression 
in mice (Tao et al., 2000a, 2000b, 2004a, 2004b, 2005; IARC, 2013, 2014). DBAA also induced 
liver and kidney DNA hypomethylation in rats (Tao et al., 2004b, 2005). Hypomethylation was 
prevented by methionine and methylation and returned to normal with termination of DCAA 
exposure (Tao et al., 1998, 2000a; Ge et al., 2001). Hypomethylation of c-myc occurred with 
enhanced cell proliferation and was correlated with the carcinogenicity of DCAA and TCAA in 
rodents (Tao et al., 1998, 2000a, 2000b, 2004a, 2004b, 2005; Pereira et al., 2001; Ge et al., 
2001). No clear potency trends were observed for HAAs (NTP, 2018). This MOA is biologically 
relevant to humans. 
 
1C) Altered cellular metabolism: Inhibition of GAPDH, PDK and GST-ζ can alter cellular energy 
metabolism leading to ROS generation, oxidative stress and subsequently altered cell growth 
and survival, leading to tumour formation (Figure 2). This MOA is biologically relevant to 
humans. 
 
GAPDH inhibition (monoHAAs): Mono-HAAs dose-dependently inhibit GAPDH (iodo- > bromo- 
≫ chloro-) (Hernández-Fonseca et al., 2008; Pals et al., 2011, 2016; Dad et al., 2013). MBAA and 
MIAA possessed the highest potencies in in vitro studies examining GAPDH inhibition (BDCAA < 
CDBAA << DCAA < DBAA < BCAA < TCAA < MCAA < TBAA < MBAA < MIAA) and altered 
adenosine triphosphate levels (ATP; energy to drive and support many processes in living cells; 
BDCAA < MCAA < MIAA < MBAA) (Pals et al., 2011; Dad et al., 2013, 2018).  
 
GAPDH inhibition blocks glucose metabolism to pyruvate (glycolysis). Decreased pyruvate leads 
to decreased ATP production, mitochondrial stress, increased intracellular Ca2+, generation of 
ROS and genotoxicity (Figure 2). Pyruvate addition enhanced ATP production and reduced DNA 
damage in vitro (Dad et al., 2013). GAPDH is also involved in DNA repair, cell-cycle progression 
and cell death (Colell et al., 2009; Zhang et al., 2015). 
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PDK inhibition (Di-/Tri-HAAs): Since DCAA is a structural analog of pyruvate, it enters the 
mitochondria through the pyruvate transporter where it binds and inhibits PDK activity, such 
that the pyruvate dehydrogenase complex (PDC) remains in its unphosphorylated, active state 
(Figure 2). The PDC regulates conversion of pyruvate to acetyl-CoA for use in the Kreb’s 
(tricarboxylic acid) cycle; thus, DCAA diverts cellular metabolism away from the glycolytic 
pathway towards oxidative metabolism (Stacpoole et al., 2008). Higher oxidative metabolism 
over time may overburden mitochondria, leading to accumulation of ROS, which can cause 
oxidative stress and DNA damage and, if left unrepaired, lead to tumour formation (Stacpoole 
et al., 2008).  
 
DCAA dose-dependently increased total and unphosphorylated PDC and this was not prevented 
by the addition of inhibitors of transcription or translation in rat liver and primary fibroblast 
cultures from PDC-deficient patients (Evans and Stacpole, 1982; Morten et al., 1998; Han et al., 
2008). DCAA inhibits PDK in rat, rabbit and pig (Deuse et al., 2014).  
 
This MOA made DCAA a potential therapy for clinical use in metabolic disorders and as a cancer 
therapy (Warbug effect: cancer cells using glycolysis for energy become more sensitive to 
hypoxia and apoptosis when DCAA switches cellular metabolism to oxidative metabolism; 
Stacpoole et al., 2008).  
 
MBAA and MIAA possessed the highest potencies in in vitro studies examining PDC activation 
(BDCAA < BCAA < CDBAA ~ TCAA < DBAA ~ MCAA < TBAA < DCAA MBAA < MIAA) (Pals et al., 
2011; Dad et al., 2013, 2018).  
 
GST-ζ inhibition (Di-HAAs; DCAA, DBAA and BCAA): Di-HAAs are metabolized by GST-ζ 
(tyrosine catabolism pathway) but also bind to and inhibit GST-ζ resulting in:  

a) self regulation of own decreased metabolism, clearance, and increased half-life; and  
b) increased levels of toxic tyrosine metabolites, both of which can result in oxidative 

stress and activation of stress-response pathway that could potentially lead to tumour 
formation (Stacpoole, 2011; James et al., 2017; Error! Reference source not found.). 

• BCAA > DCAA > DBAA to bind and irreversibly inhibit GST-ζ (Gonzalez-Leon et al., 1997; 
Tong et al., 1998b; Anderson et al., 1999; Cornett et al., 1999; Tzeng et al., 2000; Schultz 
and Sylvester, 2001). 

• Human GST-ζ has similar affinity for DCAA as mouse and rat enzymes, but its 
inactivation is 3.5 times slower (Tzeng et al., 2000). Relative rates: mice > rats > humans 
(Tong et al., 1998b). Human GST-ζ more resistant to inhibition than rodent or dog GST-ζ 
(Board and Anders, 2011; Maisenbacher et al., 2013).  

• Adults experience a five-fold greater metabolic inhibition compared to young subjects 
(Shroads et al., 2008). Cytosolic GST-ζ activity with DCAA is at or below the limits of 
detection prenatally and until about two months after birth, it rises with age until age 7 
and then it is similar to adults (James et al., 2017). Increased levels of maleylacetone 
(tyrosine metabolite) were measured in children treated for months or years with DCAA; 
however, reactive tyrosine metabolites were not detected in urine of humans exposed 
sub-acutely or chronically to environmental levels of DCAA (Stacpoole, 2011). 
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• GST-ζ is present in liver, kidney, testis, heart, brain and other tissues of mice, rats and 
humans (James et al., 2017). GST-ζ expression in rat liver cytosol (86%) is greater than in 
the mitochondria (4%); no differences in protein sequence were identified in GST-ζ 
isolated from either location in either rat or human (James et al., 2017). 

• GST-ζ-null mice appear normal unless stressed with diet high in homogentisic acid, 
tyrosine or phenylalanine which caused renal and hepatic failure and enlarged livers due 
to oxidative stress (James et al., 2017). 

• No human conditions due to loss of the GST-ζ enzyme are reported (James et al., 2017). 

• Humans with at least one copy of GST-ζ-1C are considered to be rapid DCAA 
metabolizers following repeat administration of 25 mg/kg per day for five or more days 
(James et al., 2017). 

• Chloride modulates GST-ζ inactivation by DCAA. Chloride prolongs in vitro half-lives of 
GST-ζ inactivation in human cytosols (James et al., 2017). 

• However, GST-ζ inhibition, observed at high DCAA concentrations, could be negligible at 
exposures to the relatively low environmental DCAA concentrations (Li et al., 2008b). 

 
Later key events – Altered cell growth and survival: Regardless of the early key events (DNA 
damage, epigenetic event, altered cellular metabolism), later key events that stimulate 
oxidative stress, cell proliferation or inhibit apoptosis have the potential to lead to tumor 
formation (Figure 2). Oxidative stress, lipid peroxidation and oxidative DNA damage potentially 
play a role in the carcinogenicity of HAAs. Rodent and human cancer cell lines exposed to HAAs 
induce oxidative stress (mono- > di- > tri-haloacetic acids and iodinated > brominated ≫ 
chlorinated acetic acids (Larson and Bull, 1992; Austin et al., 1996; Pals et al., 2013; Stalter et 
al., 2016). Plewa et al. (2004) showed that the rank order of cytotoxicity and genotoxicity of the 
monohaloacetic acids was correlated with their electrophilic reactivity (that is, iodo- > bromo- 
≫ chloroacetic acid). The potencies of cytotoxicity induced by MCAA, DCAA and TCAA were not 
correlated with their carcinogenic potencies, which suggest cytotoxicity is not the main cause 
for this group of chemicals (Plewa et al., 2002). Numerous studies report increased cell 
proliferation and decreased apoptosis in TCAA- and DCAA-induced hepatic foci and tumours in 
experimental animals (Sanchez and Bull, 1990; Richmond et al., 1991; Styles et al., 1991; Dees 
and Travis, 1994; Snyder et al., 1995; Pereira, 1996; Stauber and Bull, 1997; Channel et al., 
1998; Stauber et al., 1998; Ge et al., 2001; Tao et al., 2004a, 2004b; Walgren et al., 2005; 
DeAngelo et al., 1991, 2008; IARC, 2014). Transcriptomic analyses demonstrates that HAAs 
(chloro, bromo, iodo, dichloro, bromochloro, trichloro and bromodichloroacetic acids) affect 
the expression of genes involved in oxidative stress response, DNA damage and repair, cell 
growth and proliferation, tissue remodelling, apoptosis, angiogenesis, cancer progression, fatty 
acid metabolism and xenobiotic metabolism (NTP, 2018).  
 

2.5 Selection of key studies 
 

All endpoints were considered in selecting the key study(ies) for deriving HBVs for HAAs. The 
most sensitive endpoints were selected, and the dose-response relationships were analyzed. 
The response that could potentially lead to an adverse effect, that occurs at the lowest dose 
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(point of departure [POD]) is selected as the critical effect. Benchmark dose (BMD) modelling 
was used over the NOAEL/LOAEL approach, when possible, to identify PODs, since all 
experimental data is modelled, which offers better dose-response analysis. BMD modelling was 
performed at a default 10% benchmark response and then a BMD10 and a lower 95% 
confidence limit on that BMD (BMDL10) were selected (U.S. EPA BMDS online version 
https://bmdsonline.epa.gov; version 3.3.0). Data do not support moving away from default 
approach. All models were evaluated for fit: goodness of fit P-value greater than 0.1, 
BMD/BMDL ratio less than 5, visual inspection of the curve. All models with BMDs outside of 
observable range (that is, greater than highest dose tested or less than 3 times the lowest non-
zero dose) were not considered for PODs. The model with the lowest Akaike Information 
Criterion was selected to estimate the BMD10 and BMDL10 for each selected endpoint. This 
value was used as a POD for development of an HBV (Section 3.0). A NOAEL/LOAEL was 
selected when data was not sufficient for modelling (no dose groups showing a statistically 
significant response compared to controls or high variability in response, no statistically 
significant data trend). Selection of the approach to derive the HBV (Section 3.0; linear or 
threshold) was based on the weight of genotoxic evidence (ability to bind DNA; Section 2.3, 
Table E3) and MOA analysis (Section 2.4). A direct-DNA reactive or a non-direct DNA-reactive 
carcinogenic MOA informs whether a linear or threshold approach are used, respectively, to 
derive an HBV. 
 
Monochloroacetic acid (MCAA) 
 

No epidemiological studies linked MCAA exposure with adverse effects in humans. No 
carcinogenic effects of MCAA were identified (NTP, 1992; DeAngelo et al., 1997). Systemic and 
cardiovascular toxicities in rats appear to be the sensitive endpoints for MCAA (NTP, 1992; 
DeAngelo et al., 1997). The chronic NTP (1992) study reported mortality (unidentified causes; 
NOAEL of 11 mg/kg bw per day). DeAngelo et al. (1997) reported myocardial degeneration 
(LOAEL of 26 mg/kg bw per day) and systemic toxicity (NOAEL of 3.5 mg/kg bw per day) in a 
chronic study in male rats. DeAngelo et al. (1997) was chosen as the key study for MCAA 
because it had the lowest POD; studied a reasonable number of animals (23–25 male rats); 
administered MCAA in drinking water for a lifetime exposure; and included pathological 
examination and serum analysis. Based on systemic toxicity (decreased body weight and 
changes in relative liver weights), 3.5 mg/kg bw per day was selected as the NOAEL and 
26 mg/kg bw per day as the LOAEL, which were also selected by the U.S. EPA (2006) and 
OEHHA (2022). Given the lack of genotoxicity and carcinogenicity, a threshold approach is 
appropriate to derive an HBV (Section 3.0). 
 
Dichloroacetic acid (DCAA) 
 

No epidemiological studies link DCAA exposure with adverse effects in humans. The most 
sensitive endpoints in animals orally exposed to DCAA subchronic or chronically include liver 
toxicity and hepatic tumours (combined adenomas and carcinomas) in mice and rats, as well as 
testicular degeneration in dogs (low study numbers and varying effects; Cicmanec et al., 1991). 
Mather et al. (1990) and Wood et al. (2015) were excluded since they were of shorter 
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durations, thus introducing greater uncertainty in extrapolating from subchronic to chronic 
duration, which would require application of an additional uncertainty factor. DeAngelo et al. 
(1996) was excluded since the high dose was sequentially lowered to 1 g/L by 52 weeks and 
then discontinued at 60 weeks, and, although DCAA was a hepatocellular carcinogen in male 
F344 rats, the concurrent observations of high mortality and tumour incidences at the highest 
dose decreases the sensitivity of the study, making it unsuitable as a critical study for 
carcinogenesis.  
 
DeAngelo et al. (1991, 1999) and Bull et al. (2002) were considered of sufficient quality (chronic 
duration, multiple dose groups [including low doses], large number of animals used, quality 
control performed and adequate reporting of consistent adverse effects) for further 
consideration as the key study for liver effects. Table 8 compares the potential key studies and 
their potential PODs (NOAELs/LOAELs and BMDs/BMDLs). The NOAEL of 7.6 mg/kg bw per day 
for increased relative liver weight from DeAngelo et al. (1991) and the BMDL10 of 8.7 mg/kg bw 
per day for liver neoplasms (DeAngelo et al., 1999) are close. However, the lowest POD was a 
BMDL10 of 3.6 mg/kg bw per day for liver neoplasms (Bull et al., 2002). This value is also 
supported by NOAELs of 3.6 and 3.9 mg/kg bw per day for rats (testicular, liver and kidney 
weight changes and liver neoplasia) (Mather et al., 1990; DeAngelo et al., 1996).  
 
Based on the weight of genotoxic evidence (Section 2.3, Table E3) and MOA analysis 
(Section 2.4), DCAA should follow a non-linear risk assessment approach. Specifically, in vivo 
assays (given higher weight in the WOE analysis) were negative or only positive at high DCAA 
doses or at a later timepoint and the MOA supports epigenetic or altered cellular metabolism 
as early key events in the MOA. OEHHA (2022) and NTP (2018) evaluations support this non-
genotoxic WOE (evidence of in vitro genetic toxicity of DCAA is inconsistent; DCAA’s 
genotoxicity in vivo was observed at higher doses). 
 
3.6 mg/kg bw per day (Bull et al., 2002) was selected as the POD for deriving the HBV via a 
threshold approach (Section 3.0); this value would be protective of liver, kidney and testicular 
toxicity and liver neoplasms.  
 
Table 8. Potential key studies and points of departure for dichloroacetic acid (DCAA) 

Method Endpoint 
(mg DCAA/kg bw per day; 

incidence/total # animals at 
each treatment level) 

NOAEL/ 
LOAEL 

(mg/kg bw 
per day)  

BMD/BMDL10  
(mg/kg bw per 

day)  

Reference 

Mice, male B6C3F1 (50/dose) 
given pH adjusted DCAA at 
0.05, 0.5, 3.5, 5 g/L (calculated 
as 7.6, 77, 410, 486 mg/kg bw 
per day) in drinking water for 
60 or 75 weeks 

Liver Toxicity and neoplasia: 
≥77: increased final relative 
liver weights and 
carcinogenic.  

7.6/77 Did not pass 
BMD 
modelling 
quality control 
criteria 

DeAngelo et 
al. (1991) 

Male B6C3F1 mice (35-
88/dose); Drinking water, 0, 
0.5, 1, 2, or 3.5 g/L (0, 8, 84, 

Liver neoplasms: HA: 5/50, 
1/33, 5/25, 18/35*, 9/21*, 
5/11* HC: 13/50, 11/33, 

84/168 HA: 80.9/37.9 
(Hill model)  

DeAngelo et 
al. (1999) 
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BMD – benchmark dose; BMDL10 – BMD limit 10% increased risk of developing toxicity; HA – hepatocellular 
adenoma; HC – hepatocellular carcinoma; LOAEL – lowest observed adverse effect level; NOAEL – no observed 
adverse effect level.  
*significantly different from control.  
Dose response data was analyzed using U.S. EPA BMDS online version (https://bmdsonline.epa.gov; version 3.3.0) 
to estimate the lower 95% confidence limit of the dose associated with a BMDL10; only those passing BMD 
modelling quality control criteria are reported. 

 

Trichloroacetic acid (TCAA) 
 

No epidemiological studies link TCAA exposure with adverse effects in humans. Increased 
relative liver weight, hepatocellular necrosis and inflammation, peroxisome proliferation and 
hepatocellular adenomas and carcinomas were reported in several subchronic and chronic 
studies in mice exposed to TCAA. However, there was little or no evidence of neoplasms in 
females or rats. The tumours in mice are likely due to the MOA of peroxisome proliferation and 
not via a direct DNA-reactive MOA, which may not be relevant to humans (Section 2.4; Cattley 
et al., 1998). The developing fetus appears to be susceptible to maternal exposure to TCAA 
doses of 330 mg/kg bw per day (Smith et al., 1989); however, these doses are higher than those 
potentially causing liver effects in adults. 
 
Overall, DeAngelo et al. (2008) appeared to be the best quality study for the selection of the 
key study (multiple doses, large number on animals, longer duration, multiple endpoints 
examined, consistent results in independent studies, examined the MOA of peroxisome 
proliferation; correlated significant increases for both hepatic peroxisome proliferation and 
hepatic neoplasms at 68.2 mg/kg bw per day). Of the three experiments performed in this 
study, the third did not require a time adjustment for less than lifetime, which would introduce 
additional uncertainty. Therefore, experiment 3 was chosen as the critical study for TCAA dose-
response analysis (DeAngelo et al., 2008). The output for all PODs is displayed in Table 9. BMD 
modelling of the data identified a BMD10/BMDL10 of 8.9 and 6 mg/kg bw per day as the POD 
for TCAA to be used to derive the HBV via a threshold approach (Section 3.0). 
 

Method Endpoint 
(mg DCAA/kg bw per day; 

incidence/total # animals at 
each treatment level) 

NOAEL/ 
LOAEL 

(mg/kg bw 
per day)  

BMD/BMDL10  
(mg/kg bw per 

day)  

Reference 

168, 315, or 429 mg/kg bw per 
day) neutralized DCAA for up to 
100 weeks. (10/dose at 26-, 52- 
and 78-week interim sacrifices - 
data not reported here since 
concerned with chronic 
exposure.) 

12/25, 25/35*, 20/21*, 
11/11* HA or HC: 18/50, 
11/33, 14/25, 30/35*, 
21/21*, 11/11* 
Significant early mortality 
and decreased body weights 
at two highest doses. 

HC: 29.0/23.6 
(Probit model) 
HA or HC: 
11.7/8.7 
(multistage 
model) 

Male B6C3F1 mice (20/dose); 
Drinking water, 0, 0.1, 0.5, or 
2 g/L (0, 11, 54, or 216 mg/kg 
per day) neutralized DCAA for 
52 weeks. 

Liver neoplasms: HA: 0/20, 
1/20, 4/20, 10/19*; HC:0/20, 
0/20, 1/20, 1/19; HA or HC: 
0/20, 1/20, 5/20*,11/19* 

11/54 HA or HC: 
19.7/3.6 
(gamma 
model)  

Bull et al. 
(2002) 
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Table 9. Potential points of departure (PODs) for trichloroacetic acid (TCAA) 

BMD – benchmark dose; BMDL10 – BMD limit 10% increased risk of developing toxicity; Exp – experiment; HA – 
hepatocellular adenoma; HC – hepatocellular carcinoma; LOAEL – lowest observed adverse effect level; NOAEL – 
no observed adverse effect level.  
*significantly different from control.  
Dose response data was analyzed using U.S. EPA BMDS online version (https://bmdsonline.epa.gov; version 3.3.0) 
to estimate the lower 95% confidence limit of BMD associated with a 10% increased risk of developing toxicity 
(BMDL10); only those passing BMD modelling quality control criteria are reported.  

 

Monobromoacetic acid (MBAA) 
 

No epidemiological or chronic studies linking MBAA exposure with adverse effects in humans or 
animals were sufficient for quantitative risk assessment at this time. MBAA was neither a male 
nor female reproductive toxicant in rats but did cause developmental effects both in vivo and in 
vitro. A NOAEL of 25 mg/kg bw per day for male reproductive effects in rats exposed to this 
dose of neutralized MBAA for two weeks was reported (Linder et al., 1994a; no LOAEL). A 
NOAEL/LOAEL of 50/100 mg/kg bw per day was reported for developmental effects in the 
presence of maternal toxicity in rats gavaged with 25, 50 or 100 mg/kg bw per day MBAA from 
GD 6–15 (Randall et al., 1991b). Both studies are limited due to short duration and limited 
number of examined effects. While in vitro studies suggest that MBAA might be genotoxic, in 
vivo bioassays in newt larvae and nematodes were negative (Table E3). Importantly, animal 
data suggest that MBAA is rapidly metabolized and eliminated, thus in vitro studies should be 
interpreted with caution and in vivo toxicity studies may overestimate the human health risk of 
MBAA relative to other HAAs (Saghir and Schultz, 2005). While MBAA may be genotoxic, no 
carcinogenicity studies were identified. There does not appear to be an acceptable key study 
on which to base a guideline; therefore, a mixture assessment might be useful to compare 
exposure, kinetics, potential health effects and MOAs to other HAAs (Section 3.2).  
 

Method Endpoint 
(mg TCAA/kg bw per day; 

incidence/total # animals at 
each treatment level) 

NOAEL/
LOAEL  
(mg/kg 
bw per 
day)  

BMD/BMDL10 

(mg/kg bw per 
day) 

Reference 

Drinking water. Exp1: 0, 0.05, 0.5, 
or 5 g/L (0, 7.7, 68.2, or 602.1 
mg/kg bw per day) neutralized 
TCAA for 60 weeks; Controls 
received 2 g/L sodium chloride. 
Exp2: 0 or 4.5 g/L (0 or 572 mg/kg 
bw per day) neutralized TCAA for 
104 weeks; controls received 1.5 
g/L neutralized acetic acid. Exp3: 
0, 0.05, or 0.5 g/L (0, 6.7, or 
81.2 mg/kg bw per day) 
neutralized TCAA for 104 weeks; 
controls received deionized 
water. 

Exp1: HA and/or HC 45-60 
weeks: 4/35, 5/32, 12/34*, 
19/34*; HA and/or HC 60 
weeks: 4/30, 4/27, 11/29*, 
16/29*.  
Exp2: HA: 0/25, 21/36*; 
HC: 3/25, 28/36*; HA 
and/or HC: 3/25, 32/36*. 
Exp3: HA and/or HC 52-104 
weeks: 31/56, 21/48, 
36/51; HA and/or HC 104 
weeks: 27/42, 19/35, 
32/36*.  

Carcino
mas: 
Exp1: 
7.7/68.
2; Exp2: 
LOAEL 
572;  
Exp3: 
6.7/81.
2.   
 

Exp3: 
52-104 weeks 
19/12 (probit 
model) 
104 weeks 
8.9/6 (probit 
model) 

DeAngelo et 
al. (2008) 
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Dibromoacetic acid (DBAA) 
 

No epidemiological studies link DBAA exposure with adverse effects in humans. The most 
sensitive endpoints in experimental animals orally exposed to DBAA include liver toxicity, 
hepatic tumours, bronchial tumours, and reproductive and developmental effects.  
 
For non-cancer effects, the male reproductive tract was the most sensitive endpoint in a 
subchronic study, with the rabbit being the most sensitive species (Veeramachaneni et al., 
2007) with an LOAEL of 1 mg/kg bw per day (data not amenable to BMD modelling). Male 
reproductive toxicity is supported by several other reports in rats and mice (Table E2).  
 
For cancer, male mice were the most sensitive to the carcinogenic effects of DBAA; male mouse 
response/incidence was greater than rat and female mice (NTP, 2007a). Based on liver tumours, 
an NOAEL of 4 mg/kg bw per day and a BMDL10 of 3.68 mg/kg bw per day for DBAA-induced 
cancer effects were determined (Table 10). However, since the BMDL model did not pass all the 
quality control criteria and the BMDL value is similar to the NOAEL, 4 mg/kg bw per day was 
selected as the POD for cancer. Since DBAA could be a direct DNA-acting genotoxic carcinogen, 
linear low-dose extrapolation should be considered to derive DBAA’s HBV.  
 
Both the non-cancer and cancer PODs (1 and 4 mg/kg bw per day) are considered to derive 
the HBV via a threshold and linear approaches, respectively (Section 3.0). 
 
Table 10. Potential key studies and points of departure for dibromoacetic acid (DBAA) 

Method Endpoint 
(mg DBAA/kg bw per day; 

incidence/total # animals at 
each treatment level) 

NOAEL/ 
LOAEL  

(mg /kg 
bw per 
day)  

BMD/BMDL10 
(mg/kg bw per 

day)  

Reference 

Male or female Fischer 344 rats 
and B6C3F1 mice (50/ dose). 
Drinking water, 0, 50, 500, or 
1 000 mg/L (0, 2, 20, or 40 
mg/kg bw per day for male 
rats; 0, 2,25, or 45 mg/kg bw 
per day for female rats; 0, 4, 
45, or 87 mg/kg bw per day for 
male mice; and 0, 4, 35, or 65 
mg/kg bw per day for female 
mice) DBAA for 2 years. 

Male mice: HA: 18/49, 
37/50*, 37/50*, 42/50*; HC: 
14/49, 9/50, 19/50, 26/50*. 
HA or HC: 28/49, 41/50*, 
42/50*, 47/50*; Hepatic 
cystic degeneration in male 
rats. Alveolar epithelial 
hyperplasia in female rats. 
Male mouse response was 
greater than rat and female 
mice. 

4/45  
 
 

HA or HC: 
Male mice: 
5.66/3.68 
(multistage; 
but goodness 
of fit p-value 
less than 0.1) 

NTP (2007a) 

Dutch-Belted rabbits, pregnant 
dams and offspring (≥ 10 
dams/dose; 10–22 pups/dose). 
0, 1–1.25, 5.2–6.7, or 55–61 
mg/kg bw per day neutralized 
DBAA in drinking water from 
gestation day 15 to weaning at 

Offspring: Decrease in 
morpho-logically normal 
sperm, lesions in 
seminiferous epithelium. 
Reduced primordial follicles 
in first generation offspring 
at 24 weeks.   

Not 
available/1 

Data did not 
pass quality 
control 
criteria for 
BMD 
modelling 

Veeramach 
aneni et al. 
(2007)    
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BMD – benchmark dose; BMDL10 – BMD limit 10% increased risk of developing toxicity; HA – hepatocellular 
adenoma; HC – hepatocellular carcinoma; LOAEL – lowest observed adverse effect level; NOAEL – no observed 
adverse effect level.  
* significantly different from control.  
Dose response data was analyzed using U.S. EPA BMDS online version (https://bmdsonline.epa.gov; version 3.3.0) 
to estimate the lower 95% confidence limit of the BMD associated with a 10% increased risk of developing toxicity 
(BMDL10); only those passing BMD modelling quality control criteria are reported.  

 
Tribromoacetic acid (TBAA) 
 

No epidemiological or chronic studies linking TBAA exposure with adverse effects in humans or 
animals are available. There does not appear to be an acceptable key study on which to base a 
guideline; a mixture assessment might be useful to compare exposure, kinetics, potential 
health effects and MOAs to other HAAs (Section 3.2).  
 
Bromochloroacetic acid (BCAA) 
 

No epidemiological data linking BCAA exposure with adverse effects in humans were sufficient 
for quantitative risk assessment at this time. Several studies identified reproductive and 
developmental effects, as well as carcinogenicity in experimental animals associated with 
exposure to BCAA. The most sensitive non-cancer endpoint is reduced fertility in male rats 
(LOAEL of 1.6 mg/kg bw per day; Section 2.3). However, there is too much uncertainty to 
develop an HBV based on non-cancer effects, since the study is of short duration and data are 
not provided for dose-response assessment.  
 
For carcinogenicity, Table 11 summarizes the potential key study and the potential PODs 
(NOAELs/LOAELs and BMDs/BMLs). A BMDL10 of 7.07 mg/kg bw per day for hepatoblastomas in 
male mice was the lowest POD with a model passing the adequate fit criteria. Please note that 
the BMDL10 for this endpoint is 3 times lower than the lowest non-zero dose, which indicates 
that further data needs to be collected in this dose range; however, given that the BMD is in the 
observable range, the use of this BMDL10 is justified. Furthermore, this value is similar to the 
next lowest value of 7.72 mg/kg bw per day for hepatocellular carcinomas in male mice. Thus, 
the BMDL10 of 7.07 mg/kg bw per day was selected as the POD for HBV derivation (Section 
3.0). Given the limited genetic toxicology data and the positive results in various in vitro genetic 
toxicology studies, a linear extrapolation approach to calculating BCAA’s HBV for cancer should 
be considered. 
 

Method Endpoint 
(mg DBAA/kg bw per day; 

incidence/total # animals at 
each treatment level) 

NOAEL/ 
LOAEL  

(mg /kg 
bw per 
day)  

BMD/BMDL10 
(mg/kg bw per 

day)  

Reference 

6 weeks, continuing in 
offspring to 12 or 24 weeks. 
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Table 11. Potential key study and points of departure (POD) for bromochloroacetic acid (BCAA) 

BMD – benchmark dose; BMDL10 – BMD limit 10% increased risk of developing toxicity; HA – hepatocellular 
adenoma; HB – hepatoblastoma; HC – hepatocellular carcinoma; LOAEL – lowest observed adverse effect level; NA 
– not available; NOAEL – no observed adverse effect level.  
* significantly different from control.  
Dose response data was analyzed using U.S. EPA BMDS online version (https://bmdsonline.epa.gov; version 3.3.0) 
to estimate the lower 95% confidence limit of the BMD associated with a 10% increased risk of developing toxicity 
(BMDL10); only those passing BMD modelling quality control criteria are reported.  
 

Chlorodibromoacetic acid (CDBAA) 
 

The literature for CDBAA was limited to one subchronic 35-day study (NTP, 2000). Effects in 
male rats appeared at 78 mg/kg bw per day (NOAEL 62 mg/kg bw per day) and in female rats at 
124 mg/kg bw per day (NOAEL 100 mg/kg bw per day). The NOAEL of 62 mg/kg bw per day is 
selected as the POD for deriving a potential HBV via a threshold approach for non-cancer 
effects (Section 3.0). Since CDBAA is a metabolite of BCAA (Schultz et al., 1999; Saghir et al., 
2011), an HBV for BCAA’s carcinogenic effects would also be protective of CDBAA’s potential 
carcinogenic effects. 
 
Bromodichloroacetic acid (BDCAA) 
 

No epidemiological data linking BDCAA exposure with adverse effects in humans are available. 
NTP (2015) was the only high-quality study to investigate health effects associated with 
exposure to BDCAA in drinking water (mice and rats, both sexes), including short-term, sub-
chronic and chronic exposures, as well as genotoxicity. The NTP concluded that there is clear 
evidence of carcinogenicity in both sexes of both rats and mice, while results were mixed for 
genotoxicity endpoints. BDCAA induces multi-organ tumours in both sexes of rats and mice. 
Given the limited genetic toxicology data and the positive results in bacterial mutagenicity 
experiments (NTP, 2015), a linear extrapolation approach to determine a POD for 
carcinogenicity of BDCAA is appropriate.  

Method Endpoint 
(mg BCAA/kg bw per day) 

NOAEL/ 
LOAEL  
(mg/kg 
bw per 
day)  

BMD/BMDL10 
(mg/kg bw per 

day)  

Reference 

Female F344 rats; male and 
female B6C3F1 mice 
(50/dose). Drinking water 
for 2 years. BCAA 0, 250, 
500, 1 000 mg/L (rats: 0, 
13, 25, 50 mg/kg bw per 
day; male mice: 0, 25, 50, 
90 mg/kg bw per day; 
female mice:0, 15, 30, 60 
mg/kg bw per day). 

Rats: adenoma of large 
intestine at 50, multiple 
fibroadenomas of 
mammary gland at 25 and 
50, trend for HA.  
Male mice: HA at 25 and 
50, HC at 50 and 90, HA 
and HC combined at all 
doses, HB at all doses. Also 
reduced survival.  
Female mice: HA at all 
doses, HC at 30, combined 
at all doses. 

Rat: 
13/25;  
Male 
mice: 
NA/25; 
Female 
mice: 
NA/15 

Male mice: HB 
BMDL10 8.8/7.07 
(multistage 
model); HC 
BMDL10 7.72; 
Female mice: no 
BMD models 
passed quality 
control criteria 
Male rats: 
(Mesothelioma - 
all organs): 9.28 

NTP (2009) 
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Cancer and non-cancer effects following chronic exposure to BDCAA in drinking water (NTP, 
2015) were evaluated by BMD modelling. For non-cancer effects, the lowest POD is the BMDL10 
of 4.03 mg/kg bw per day for bone marrow hyperplasia in female rats. This BMDL10 is similar to 
those calculated for eosinophilic liver foci in female mice (4.08 mg/kg bw per day) and female 
rats (5.58 mg/kg bw per day), hematopoietic cell proliferation in the spleen (4.59 mg/kg bw per 
day), and bone marrow hyperplasia in male rats (6.49 mg/kg bw per day). 
 
For cancer, the endpoints with the lowest PODs had a high incidence of tumours in the control 
group, making interpretation of the results difficult (Table 12). It is possible that malignant 
mesotheliomas occur spontaneously in rats and are thus unrelated to treatment (Tokarz et al., 
2022). Therefore, the next lowest value, a BMDL10 of 3.32 mg/kg bw per day for increased 
combined incidence of malignant mesotheliomas in all organs of male rats, was selected as the 
POD. Note that the BMDL10 for this endpoint is 3 times lower than the lowest non-zero dose, 
which indicates that further data needs to be collected in this dose range; however, given that 
the BMD is in the observable range (greater than 3 times the lowest non-zero dose and less 
than the highest dose tested) the use of this BMDL10 is justified. The BMDL10 of 3.32 mg/kg bw 
per day is protective of both cancer and noncancer effects. Thus, a BMDL10 of 3.32 mg/kg bw 
per day for cancer is selected to derive an HBV for BDCAA using a linear approach (Section 
3.0).  
 
Table 12. Potential points of departure (POD) for bromodichloroacetic acid (BDCAA) 

Endpoint 
(NTP, 2015) 

Species Sex NOAEL/LOAEL 
(mg/kg bw per 

day) 

BMDL10 

(mg/kg bw per 
day) 

Notes 

HA multiple  Mouse F NA/17 2.70 High incidence in controls (25/49), 
making interpretation of results 
difficult. BMDL 3× lower than lowest 
non-zero dose for only models that 
fit.  

HA or HC Mouse F NA/17 3.23 High incidence in controls (36/49). 
BMDL is 3× lower than lowest non-
zero dose, but BMD is within 
observable range*. 

HA or HC or 
HB  

Mouse F NA/17 3.23 High incidence in controls (36/49). 
BMDL 3× lower than lowest non-zero 
dose, but BMD is within observable 
range*. 

Malignant 
mesotheliom
as - all 
organs 

Rat M NA/11 3.32 BMDL 3× lower than lowest non-zero 
dose for best fit model, but the BMD 
is within observable range* 
(multistage model). 

HA Mouse F NA/17 3.76 High incidence in control group 
(33/49). BMDL 3× lower than the 
lowest non-zero dose but BMD is 
within observable range*. 
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Endpoint 
(NTP, 2015) 

Species Sex NOAEL/LOAEL 
(mg/kg bw per 

day) 

BMDL10 

(mg/kg bw per 
day) 

Notes 

HC Mouse F 17/34 5.88 8 models fit; selected one with 
lowest AIC. 

HC or HB  Mouse F NA/17 7.20 BMDL 3× lower than lowest non-zero 
dose, but BMD is within observable 
range*. 

HC Mouse M NA/23 7.33 5 models fit, all with same BMDL. 

BMD – benchmark dose; BMDL10 – BMD limit 10% increased risk of developing toxicity; HA – hepatocellular 
adenoma; F – female; HA – hepatocellular adenoma; HB – hepatoblastoma; HC – hepatocellular carcinoma; LOAEL 
– lowest observed adverse effect level; M – male; Multiple – multiple incidences of tumours in an animal; NA – not 
available; NOAEL – no observed adverse effect level. 
* BMD within the ‘observable range’ indicates that the BMD is greater than 3× the lowest non-zero dose and lower 
than the highest dose tested. Trend indicates statistical significance in the trend of the tumour type.  
Dose response data was analyzed using U.S. EPA BMDS online version (https://bmdsonline.epa.gov; version 3.3.0) 
to estimate the lower 95% confidence limit of the BMD associated with a 10% increased risk of developing toxicity 
(BMDL10); only those passing BMD modelling quality control criteria are reported.   
 

Iodinated HAAs (I-HAAs) 
 

No epidemiological or chronic studies linking I-HAA exposure with adverse effects in humans or 
animals are available. The limited toxicity data available for I-HAAs precludes the selection of a 
key study for the derivation of an HBV for these substances. New approach methods (NAMs) 
and mixture analysis may be helpful. In the absence of traditional toxicity data, quantitative in 
vitro to in vivo extrapolation (qIVIVE) was used to examine in vitro effect levels in relation to 
human exposure levels (Health Canada, 2021a).  
 
An overview of the qIVIVE process is provided by Wetmore (2015). In brief, in vitro 
pharmacokinetic data (that is, metabolic stability, plasma protein binding and gut cell 
permeability) were collected and used to model a blood concentration at steady state (Css) for 
four I-HAAs using the approaches described in Pearce et al. (2017). Monte Carlo analysis was 
used to simulate population variability and to calculate the 95th percentile Css. In vitro toxicity 
data were then collected from the literature to determine the concentrations of I-HAAs, at 
which bioactivity was observed. Data on chronic mammalian cell cytotoxicity and bacterial 
cytotoxicity were used for the analyses (Richardson et al., 2008; Stalter et al., 2016). Reverse 
dosimetry was then used to estimate the human oral equivalent dose. This is the amount of a 
chemical that a person would need to be exposed to externally in order to achieve blood 
concentration levels that elicited activity in the in vitro toxicity assays.  
 
The human oral equivalents, calculated based on the in vitro assay results, are listed in Table 
13. The data show that MIAA is the most potent I-HAA and BIAA is the least potent based on all 
three assay results. When the derived human oral equivalent doses are compared to 
concentrations of I-HAAs to which humans are exposed through drinking water (Exposure 
Section 1.3), it is evident that human exposure levels are several orders of magnitude below 
those concentrations that would result in blood concentrations similar to those that elicited in 
vitro toxicity.  
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The interpretation of the qIVIVE undertaken for I-HAAs is limited by a lack of in vitro toxicity 
data in relevant systems that can accurately depict molecular initiating events following 
exposure to I-HAAs. There is also no abundant human exposure data to which the oral 
equivalent doses can be compared. However, the results of the qIVIVE process still provides an 
in vivo context to the in vitro data. NAMs such as qIVIVE could be used to inform relative 
potencies and mixture assessments and may be helpful as an initial tier in the future to 
prioritize chemicals for hazard and risk assessment. The columns showing oral equivalent doses 
are shaded.  
 
Table 13. Oral equivalent doses (OED) in humans for four iodinated HAAs (I-HAAs) 

 
I-HAA 

IVIVE Factora 

(mg/kg bw per 
day)/uM 

LTCb (M) OED_LTC 

(mg/kg bw 

per day) 

LC50
c (M) OED_LC50 

(mg/kg bw 

per day) 

EC50
d (M) OED_EC50 

(mg/kg bw 

per day) 

BIAA 0.0935 0.0002500 23.36 0.00089

7 

83.83 0.000160 14.95 

CIAA 0.1280 NA NA NA NA 0.000031 3.97 

DIAA 0.0924 0.0001000 9.24 0.00033

2 

30.68 NA NA 

MIAA 0.1344 0.0000005 0.07 0.00000

3 

0.40 0.000017 2.28 

BIAA – bromoiodoacetic acid; CIAA – chloroiodoacetic acid; DIAA – diiodoacetic acid; MIAA – monoiodoacetic acid; 
NA – not available; OED – oral equivalent dose (data from in vitro toxicity studies [LTC, LC50, EC50] were multiplied 
by an IVIVE conversion factor to arrive at the equivalent dose in humans).  
a In vitro to in vivo extrapolation (IVIVE) Factor – derived by dividing a 1 mg/kg bw per day dose by the product of 
the 95th percentile steady-state blood concentrations and the absorption.  
b LTC: lowest concentration of the I-HAA that induced a significant reduction in cell density as compared to the 
negative control, using Chinese hamster ovary cells in a chronic cytotoxicity assay. Data from Richardson et al. 
(2008).  
c LC50: concentration of the compound determined from a regression analysis that induced a cell density of 50% as 
compared to the negative control, using Chinese hamster ovary cells in a chronic cytotoxicity assay. Data from 
Richardson et al. (2008).  
d EC50: effect concentration of the compound, derived from the concentration effect curve, which induced 50% 
inhibition of bioluminescence, using Aliivibrio fischeri cells in the Microtox assay. Data from Stalter et al. (2016).  
 

3.0 Derivation of the health-based value (HBV)  
 

When possible, individual HBVs were derived (Table 14) using information from selected key 
studies, a linear or threshold approach (Section 2.5), and the standard approach for deriving the 
HBVs (Section 3.1). Since HAAs are a large group of DBPs with at least 13 distinct chemicals 
detected in disinfected drinking water and there is not enough scientific data available to derive 
HBVs for all HAAs, a mixture analysis was performed (Section 3.2). After analysis of all 
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integrated key information, the mixture analysis recommended grouping the HAAs based on 
their carcinogenic MOA (non-direct DNA-reactive or direct DNA-reactive) and then using the 
HBV of the most potent index chemical (IC) for each subgroup:  

• Subgroup – Non-direct DNA-reactive MOA (Cl-HAAs: MCAA, DCAA, TCAA): the HBV of 
the IC (DCAA) is 0.07mg/L (70 µg/L) 

• Subgroup – Direct DNA-reactive MOA (Br-HAAs: MBAA, DBAA, TBAA, BCAA, CDBAA, 
BDCA): the HBV of the IC (DBAA) is 0.003 mg/L (3 µg/L) 

 
These two HBVs were then considered with exposure, analytical and treatment considerations 
in the rationale for proposing a maximum acceptable concentration (MAC) for total HAAs 
(HAA6) in drinking water (Section 9.0). 

 

3.1 Derivation of HBVs for individual HAAs 
 
The key endpoint, POD, and low-dose extrapolation approach selected in Section 2.5 was used 
to derive an HBV for each individual HAA, if possible. Table 14 summarizes the HBVs derived 
using a threshold or a linear low-dose extrapolation approach, as follows:  

 
Threshold approach for a non-carcinogenic substance or a non-direct DNA reactive carcinogen: 

1) A Human equivalent dose [HED = POD × ASF] is determined by applying an allometric 
scaling factor (ASF) for interspecies differences in susceptibility to the POD (ASF; 0.14 for 
mice, 0.26 for rats and 0.48 for rabbits; see footnote to Table 14 for calculation). 

2) The Tolerable daily intake [TDI = HED/UFT] is then derived by dividing the HED by the 
appropriate total uncertainty factors (UFT), indicated for each HAA in Table 14. Since an 
ASF was applied to the POD, the inter-species uncertainty factor was reduced from 10 
(default) to 3 for all HAAs. A default uncertainty factor of 10 was applied for intra-species 
variability and a default uncertainty factor of 10 was applied for database deficiency. 

3) The HBV [HBV = (TDI × BW × AF)/WC] is then calculated by multiplying the TDI by the 
average body weight (BW) for an adult (74 kg; Health Canada, 2021b) and the default 
allocation factor (AF) of 0.8 or 80%. 80% was used as the proportion of exposure to the 
HAA from drinking water, as opposed to other environmental media, since drinking water 
is the main source of the contaminant (Krishnan and Carrier, 2013). The daily water 
consumption (WC) is the estimated daily volume of tap water consumed by an adult, 1.53 L 
(Health Canada, 2021b). Due to their physicochemical properties (Table 1) and 
experimental studies (section 2.1 absorption), showering or bathing in drinking water 
containing HAAs is not likely a significant source of exposure. Consequently, a multi-route 
exposure assessment, as outlined by Krishnan and Carrier (2008), was not performed. 
 

Linear approach for a direct DNA-reactive carcinogen or a carcinogen with an unknown MOA: 
1) A cancer slope factor (CSF) is calculated by: [CSF = BMR0.1/HED], where the default 10% 

benchmark response (BMR0.1) is divided by the HED [as above, HED = POD × ASF]. 
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2) The HBV is then calculated by: [HBV = (1 x 10−5/CSF) × BW/WC], where the excess lifetime 
cancer risk of 1 x 10-5 (used when intake from drinking water is predominant) is divided by 
the CSF. BW and WC are as described above for the threshold approach. 

 
Table 14. Derivation of health-based values (HBVs) for individual haloacetic acids (HAAs) 

HAA Key endpoint  
Section 2.5 
(Reference) 

POD and HED 
(mg/kg bw 
per day); HED 
= POD × ASF  

Low-dose extrapolation 
approach 
TDI = HED/UFT 
OR   
CSF = BMR0.1/HED 

HBV (mg/L) 
= (TDI × BW × AF)/WC 
OR 
= (10−5/CSF) × BW/WC 

MCAA Systemic toxicity and 
no incidence of 
cancer in rats 
(DeAngelo et al., 
1997) 

3.5 NOAEL  
0.91 HED = 
3.5 × 0.26 

TDI: 0.003 mg/kg bw per day = 
0.91/300 [x3 inter- x10 intra-
species variation, x10 database 
deficiency] 

0.12 = (0.003 × 74 × 
0.8)/1.53 

DCAA Hepatic adenomas 
and carcinomas in 
mice (Bull et al., 
2002) 

3.6 BMDL10 

0.50 HED 
= 3.6 × 0.14 

TDIa: 0.0017 mg/kg bw per day = 
0.50/300 [x3 inter- x10 intra-
species variation, x10 database 
deficiency] 

0.07 = (0.0017 × 74 × 
0.8)/1.53 

TCAA Neoplastic and non-
proliferative lesions 
in male mice 
(DeAngelo et al., 
2008) 

6 BMDL10 

0.85 HED 
= 6 × 0.14 

TDIa: 0.0028 mg/kg bw per day = 
0.85/300 [x3 inter- x10 intra-
species variation, x10 database 
deficiency] 

0.11 = (0.0028 × 74 × 
0.8)/1.53 
 

MBAA DD DD DD DD 

 
DBAA 

Tumours in mice 
(NTP, 2007a) 

4 NOAEL 

0.57 HED = 4 
× 0.14 

CSF: 0.176 = 0.1/0.57 0.00275 b = 
(10−5)/0.176 x 74/1.53  

DBAA Male rabbit 
reproduction 
(Veeramachaneni et 
al., 2007) 

1 LOAEL 
0.48 HED 
= 1 × 0.48 

TDI: 0.00016 mg/kg bw per day = 
0.48/3 000 [x10 used LOAEL, x3 
inter- x10 intra-species variation, 
x10 database deficiency] 

0.01 = (0.00016 × 74 × 
0.8)/1.53 
 

TBAA DD DD DD DD 

BCAA Hepatoblastomas in 
male mice  
(NTP, 2009) 

7.07 BMDL10 

1.00 HED  
= 7.07 × 0.14 

CSF: 0.1 = 0.1/1.00 0.00485c = (10−5)/0.1 × 
74/1.53 

CDBAA Male rat 
reproduction; no 
cancer studies (NTP, 
2000) 

62 NOAEL  
16.12 HED 
= 62 × 0.26 
 

TDI: 0.00537 mg/kg bw per day = 
16.12/3 000 [x3 inter- and x10 
intra-species variation, x10 short-
term study (default), x10 
database deficiency] 

0.21c = (0.00537 × 74 
× 0.8)/1.53 

BDCAA Malignant 
mesotheliomas in all 
organs of male rats 
(NTP, 2015) 

3.32 BMDL10 

 0.87 HED 
= 3.32 × 0.26 

CSF: 0.1149 = 0.1/0.87 0.00421 = (10−5)/(0.1 
× 74)/1.53 

I-HAAs DD DD DD DD 

AF – allocation factor (0.8 or 80% exposure through drinking water over other sources, Krishnan and Carrier, 2013); 
ASF – allometric scaling factor for interspecies differences in susceptibility [for mice 0.14 = (0.03 kg/74kg)1/4; rats 
0.26 = (0.35 kg/74kg)1/4; rabbits 0.48 = (4 kg/74kg)1/4]; BCAA – bromochloroacetic acid; BDCAA – 
bromodichloroacetic acid; BMD – benchmark dose; BMDL10 – benchmark dose limit 10%; BMR – benchmark 
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response (0.1, 10%); BW – body weight (74 kg; average for an adult, Health Canada, 2021b); CDBAA – 
chlorodibromoacetic acid; CSF – cancer slope factor; DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; DD – 
database deficient; HBV – health-based value; HED – human equivalent dose; I-HAAs – iodinated-HAAs; LOAEL – 
lowest observed adverse effect level; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; NOAEL – no 
observed adverse effect level; POD – point of departure; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid; 
TDI – tolerable daily intake; UFT – uncertainty factor total (since ASF was used, the inter-species uncertainty factor 
was reduced from 10 to 3); WC – daily water consumption (1.53L estimated daily volume of tap water consumed 
by an adult, Health Canada, 2021b); 10-5 – excess lifetime cancer risk of 10-5 (used when intake from drinking water 
is predominant) 
a DCAA and TCAA are evaluated as threshold carcinogens based on the weight of genotoxic evidence (Section 2.3, 
Table E3) and MOA analysis (Section 2.4).  
b HBV of 0.00275 mg/L for cancer effects would also be protective of non-cancer effects (HBV 0.01 mg/L).  
c Since CDBAA is metabolized to BCAA (Schultz et al., 1999; Saghir et al., 2011) an HBV for BCAA’s carcinogenic 
effects would also be protective of CDBAA’s potential carcinogenic effects. 
 

3.2 Mixture analysis 
 

In drinking water, HAAs often occur as a mixture with each other and other DBPs. Based on the 
toxicity database for mixtures of HAAs, the approach for a mixture assessment is not clearly 
evident (Appendix D for epidemiology studies and Appendix F, Table F1 for animal studies). The 
majority of available studies investigated reproductive and/or developmental effects of HAAs 
when administered as a combination of two, three or five. In almost all cases, the toxicity of 
HAAs was additive when administered as a mixture (Andrews et al., 2004; Kaydos et al., 2004; 
Hassoun et al., 2013, 2014).  
 
A “Combined exposure to multiple substances (Mixture) Risk Assessment” (Appendix F: Mixture 
Analysis) found evidence that combined exposure to some or all HAAs had potential for adverse 
effects in humans and to cause toxicity in a similar way or affect the same organ(s). A mixture 
risk assessment is appropriate for subgroups of HAAs, rather than consideration of all 13 HAAs 
together, since it is not reasonable to assume MOAs for all HAAs are the same (Section 2.4). 
Therefore, HAAs should be subgrouped based on their carcinogenic MOAs (direct DNA-reactive 
vs. non-direct DNA-reactive). Exposure and hazard information should be compared for risk 
characterization using a response addition method. Two response addition methods for 
combining the exposure and hazard information for the mixture of HAAs could be used.  

• The first method is simple and conservative whereby it assumes that the HAAs within each 
subgroup have equivalent potencies to the most toxic member (IC) and then adds the total 
exposures measured for each HAA within the subgroup. This total exposure value is then 
compared to the HBV for the subgroup IC. 

• The second Combined Relative Potency Factor (CRPF) method derives IC effective doses 
(ICEDs) for each subgroup HAA component before adding them (Appendix F, Table F3). The 
subgroup ICED can then be compared to the HBV of the IC for each subgroup. If the 
subgroup ICED < HBV of the IC, then the combined risk is considered acceptable. 

 
For the non-direct DNA-reactive subgroup (MCAA, DCAA, TCAA), the HBV of the IC (DCAA) is 
0.07mg/L (70 µg/L); for the direct DNA-reactive subgroup (DBAA, MBAA, TBAA, BCAA, 
CDBAA, BDCAA) the HBV of the IC (DBAA) is 0.00275 mg/L (3 µg/L).  
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4.0 Analytical and HAA formation considerations 
 

4.1 Analytical methods 
  

4.1.1 Standardized methods to detect haloacetic acids 
 
Standardized methods available for the analysis of HAAs in drinking water and their respective 
method detection limits (MDLs) are summarized in Table 15. MDLs are dependent on the 
sample matrix, instrumentation, and selected operating conditions and will vary between 
individual laboratories. These methods are subject to a variety of interferences, which are 
outlined in their respective references.    
 
The analytical methods in Table 15 measure the concentration of individual HAA compounds in 
the sample. The total HAA concentrations are calculated by summing the individual HAA 
concentrations.  
 
Accredited laboratories in Canada were contacted to determine MDLs and method reporting 
limits (MRLs) for HAAs analysis. The MDLs were in the same order of magnitude as the range of 
those reported in Table 15. The MRLs ranged from 0.5 to 10 µg/L for MCAA; 0.5 to 5 µg/L for 
DCAA; 0.5 to 5 µg/L for TCAA; 0.5 to 5 µg/L for MBAA; 0.5 to 5 µg/L for DBAA; and 0.5 to 5 µg/L 
for BCAA (AGAT Laboratories, 2020; City of Winnipeg, 2020; Metro Vancouver Laboratory, 
2020; Ontario Ministry of the Environment, Conservation and Parks, 2020; RPC, 2020; 
Saskatchewan Research Council, 2020). Of the accredited laboratories contacted, only one 
provided MDLs for BDCAA (0.3 µg/L), CDBAA (0.15 µg/L), and TBAA (0.30 µg/L) (Ontario 
Ministry of the Environment, Conservation and Parks, 2020). The DLs from provincial and 
territorial data are from 0.3 to 10 µg/L for MCAA; 0.2 to 10 µg/L for DCAA; 0.2 to 6 µg/L for 
TCAA; 0.15 to 6 µg/L for MBAA; 0.3 to 6 µg/L for DBAA; 0.15 to 10 µg/L for BCAA; 0.3 to 0.5 
µg/L for TBAA; 0.15 to 1 µg/L for CDBAA; and 0.3 to 0.5 µg/L for BDCAA (see Table 15). 
 
Drinking water treatment system operators should discuss sampling requirements with the 
accredited laboratory conducting the analysis to ensure that quality control procedures are 
met. MRLs need to be low enough to ensure accurate monitoring at concentrations below the 
MAC. 
 
Table 15. Standardized methods for the analysis of haloacetic acids (HAAs) in drinking water 

Method 
(Reference)  

Methodology MDL  
(µg/L) 

Interferences/Comments 

EPA 552.1 Rev. 
1.0 
(U.S. EPA, 1992) 

Ion-Exchange Liquid-Solid 
Extraction and Gas 
Chromatography with an 
Electron Capture Detector 
(IX/LSE-GC/ECD) 

MCAA – 0.21 
MBAA – 0.24 
DCAA – 0.45 
TCAA – 0.07 
BCAA – 0.1 
DBAA – 0.09 

Sulfate ion can cause 
inferences.  
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Method 
(Reference)  

Methodology MDL  
(µg/L) 

Interferences/Comments 

EPA 552.2 Rev. 
1.0 
(U.S. EPA, 1993) 

Liquid-Liquid Extraction and 
Gas Chromatography with an 
Electron Capture Detector 
(LLE-GC/ECD) 
 

MCAA – 0.273 
MBAA – 0.204 
DCAA – 0.242 
TCAA – 0.079 
BCAA – 0.251 
DBAA – 0.066 
BDCAA – 0.091 
CDBAA – 0.468 
TBAA – 0.820 

Potential interference with 
phthalates and other organic 
substances from sodium 
sulfate. 
 
 

EPA 552.3 Rev. 
1.0 
(U.S. EPA, 2003b) 

Liquid-Liquid Microextraction 
and Gas Chromatography 
with an Electron Capture 
Detector (LLME-GC/ECD) 
 

MCAA – 0.17a/0.2b 
MBAA – 0.027a/0.13b 
DCAA – 0.02a/0.084b 
TCAA – 0.019a/0.024b 
BCAA – 0.016a/0.029b 
DBAA – 0.012a/0.021b 
BDCAA – 0.034a/0.031b 
CDBAA – 0.054a/0.035b 
TBAA – 0.11a/0.097b 

Potential interference with 
phthalates and other organic 
substances from sodium 
sulfate. 
 
Substitution of H2SO4Cl can 
promote formation of 
brominated HAAs.  
 
Unchlorinated field samples 
should be extracted as soon as 
possible. 

EPA 557  
(U.S. EPA, 2009) 
 

Ion Chromatography 
Electrospray Ionization 
Tandem Mass Spectrometry 
IC-ESI-MS/MS 

MCAA – 0.2 
MBAA – 0.064 
DCAA – 0.055 
TCAA – 0.09 
BCAA – 0.11 
DBAA – 0.015 
BDCAA – 0.05 
CDBAA – 0.041 
TBAA – 0.067 

Chlorite anion may cause 
suppression of MCAA.  
 
CDBAA and TBAA may degrade 
during storage at higher pH and 
temperature between 25 oC and 
30 oC. 

Standard Method 
(SM): SM 6251B 
(APHA et al., 
2023) 
 

Micro Liquid-Liquid Extraction 
and Gas Chromatography  
(MLLE-GC) 

MCAA – 0.082 
MBAA – 0.087 
DCAA – 0.054 
TCAA – 0.054 
BCAA – 0.04 
DBAA – 0.065 

None 
 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – 
dibromoacetic acid; DCAA – dichloroacetic acid; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; 
MDL – method detection limit; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid. 
a Extraction with methyl tert-butyl ether. 
b Extraction with tert-amyl methyl ether. 

 

4.1.2 Sample preservation and preparation 
 
Sample processing considerations for analysis of HAAs in drinking water (that is, sample 
preservation, storage) using U.S. EPA methods can be found in the references listed in Table 15. 
In addition, SM 6010B provides guidance on sample collection and preservation for the 
methods listed in the standard methods manual (APHA et al., 2023). Appropriate sample 



63 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

handling procedures are essential to obtain accurate, precise, and reliable data on HAA 
occurrence and formation.  
 
Once a sample is taken, it is critical to stop disinfectants from further reacting with precursors 
to form more HAAs prior to analysis. This is generally achieved by adding reducing (quenching) 
agents in excess to the water samples. Quenching agents are listed in the analytical methods 
presented in Table 15. HAAs are biodegradable, therefore unchlorinated field samples should 
be extracted as soon as possible to prevent biological degradation of analytes (U.S. EPA, 2009).  
 

4.1.3 Online and portable meters 
 

Automated analyzers have been developed for quantifying individual HAA compounds and total 
HAAs (Foundation Instruments, 2025). Portable analyzers are currently not available for HAA 
analysis. Colorimetric Hach THM Plus method can be used operationally to estimate tri-HAAs. 
This method has been demonstrated to have good correlation with standardized methods and 
has been used in small-scale systems (Ali et al., 2019).  
 
Commercial online and portable total organic carbon (TOC) analyzers, which were specifically 
designed for the drinking water industry, are also available. These analyzers are intended for 
both raw and finished water monitoring and can measure organics at treatment plants or 
within distribution systems. These analyzers recover difficult-to-oxidize organic compounds, 
such as humic acid, and detect organics of all molecular weights (MWs) and chemical 
structures, including complex aromatics. Analysis is based on ultraviolet (UV) persulfate 
oxidation with membrane conductivity detection. Automatic calculations of TOC % removal for 
influent and effluent streams by the TOC analyzers can support HAA regulatory compliance. The 
TOC analysis can help optimize chemical dosing for coagulation, flocculation and other 
processes. 
 
Based on the assumption that THM concentrations are proportional to the concentration of 
other DBP classes and that THM formation kinetics are similar to those of tri-HAAs, the 
analyzers for THM quantification can be beneficial for better understanding HAA formation. 
Site-specific relationships between THMs and HAAs may be established and calibrated. These 
commercial online and portable analyzers can be used to obtain a rapid or near-continuous 
indication of THM concentrations. They can also be used to determine the potential of treated 
waters to form THMs in the distribution system. Real-time monitoring of THMs at various 
locations in distribution system will allow for:  

• optimization of treatment processes at the treatment plant 

• more targeted and effective treatment plant operation 

• identification of problematic areas (for example, inorganic/organic pipe deposits that cause 
increased levels of THM formation) 

• determination of flushing location and time in distribution system 

• water age evaluation in key locations in the distribution system 
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To ensure accurate measurements using these TOC and THM analyzers, water treatment 
systems should develop a quality assurance and quality control program. This program should 
include periodic verification of results using an accredited laboratory. These devices should be 
calibrated according to the manufacturer’s instructions. Water treatment plant managers 
should check with the responsible drinking water authority to determine whether results from 
these units can be used for compliance reporting. 
 

4.1.4 HAA formation potential tests  
 

Water treatment plants need to understand the source-specific reactivity of NOM when 
selecting a disinfectant to mitigate the formation of HAAs (Hua and Reckhow, 2007a). Source-
specific treatability studies, including HAA formation potential (FP) methods, should be 
conducted when evaluating different mitigation measures and/or alternative treatment 
options. The FP methods are intended to evaluate water sources or water treatment processes, 
or to predict HAA concentrations in the distribution system. All methods require control of 
certain parameters to obtain reproducible and meaningful results. These parameters include 
water temperature, pH, reaction time and free chlorine doses and residuals (or 
monochloramine for simulated distribution system [SDS] tests) (Symons et al., 1981; Koch et al., 
1991; Sketchell et al., 1995; Summers et al., 1996, APHA et al., 2023). 
 
Different methods to evaluate HAA FP along with test conditions and various considerations are 
presented in Table 16. FP test methods that use very high chlorine doses may not correctly 
evaluate difference in FP in water with bromide. This is because chlorine can out-compete 
bromine when in excess. For HAA FP, the mass concentration increased in presence of bromide. 
However, unlike with THMs, the HAA molar concentration remained about the same (Bond et 
al., 2014). Uniform formation conditions (UFC) tests utilize a typical chlorine dose and enable 
the direct comparison of results to assess the effectiveness of various treatment options 
(Summers et al., 1996; AWWA, 2011).  
 
Table 16. Analytical methods to determine haloacetic acid formation potential (HAA FP) 

Methods 
Test conditions: 
Chlorine residual 
at the end of test 

Test conditions: pH/T 
°C/Reaction time 

Comments/Limitations/Considerations 

SM 5710 D 
Haloacetic Acid 

Formation 
Potential  
(HAA FP) 

(APHA et al., 
2023) 

3–5 mg/L 
chlorine residual 

Standard reaction 
conditions: 
7.0 ±0.2/  

25 °C/  
7 days 

• Allows comparison of HAA formation potential 
between water treatment systems 

• Can evaluate effectiveness of water-treatment 
processes to reduce HAA precursors 

• Higher chlorinated-HAAs formed compared to 
Br-HAAs due to higher chlorine doses 

• Measures HAAs formed during the test (ignores 
pre-existing HAAs) 

• High chlorine dose and long incubation time 
maximizes HAA formation 

SM 5710 D 
Simulated 

Distribution 

Sample is 
disinfected so as 

to be 

Test conditions (for 
example, temperature, 

pH, incubation time, 

• Used to estimate individual and total HAAs that 
would form in a distribution system more 
accurately  
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System 
Haloacetic 
Acids (SDS-

HAA) 
(APHA et al., 

2023) 

comparable to 
finished drinking 

water 

bromide 
concentration, 

disinfectant dose and 
residual concentration) 

mimic local 
distribution system 

conditions 

• Difficult to evaluate between systems due to 
varying chlorination conditions 

• Difficult to evaluate precursor removal as 
formation conditions, especially temperature, 
vary seasonally 

• Not used to estimate precursor removal due to 
lower chlorine doses (often < 1.0 mg/L in DWDS) 

• Measures pre-existing and those HAAs formed 
during test  

Uniform 
Formation 
Conditions 
(UFC) test 

(Summers et 
al., 1996) 

1.0 ± 0.4 mg/L 
chlorine residual 

8.0 ±0.2/ 
20 °C/ 
1 day 

• Chlorine dose is typical of those used in practice 
and species distribution is not distorted 

• Can compare HAAs formed from different water 
qualities under similar conditions 

• Provides expected HAA formation due to 
representative chlorination conditions. 

• Measures pre-existing HAAs and those formed 
during test 

Hold Study 
(Alexander et 

al., 2019) 

Evaluated as part 
of test 

DWDS pH/DWDS 
temperature/  

0.6, 12, 24, 48 and 96 
hours 

• Modified version of SDS-HAA (SM 5710 D) 

• Evaluates disinfectant residual stability and HAA 
formation 

• Should be conducted to maximum residence 
time 

• Evaluates water quality entering DWDS 

• Measures pre-existing HAAs and those formed 
during test 

Br-HAA – brominated haloacetic acids; DWDS – drinking water distribution system; HAA – haloacetic acids. 

 

4.2 Operational indicators of HAA formation 
 

There are various operational parameters that can be used as indicators of HAA formation. 
These are not to be used for compliance to the MAC. However, these indicators provide 
alternative parameters that can be measured. Depending on the indicator, it may be measured 
more frequently and provide operators with additional information that may assist in the 
management of HAAs. For example, NOM has been characterized by surrogate parameters such 
as TOC, dissolved organic carbon (DOC) or UV absorbance (Reckhow et al., 2007; Health 
Canada, 2020). TOC and DOC are more related to the quantity of organic carbon. UV-visible 
light absorbance at 254, 350 and 440 nm can be linearly correlated to DOC concentration in 
some freshwater systems. The measurement of UV254 has historically been used in the water 
industry, providing valuable information to operators about pending impacts to the coagulant 
dose. 
 

4.2.1 Chlorine demand 
 

DBP formation during chlorination is directly related to chlorine demand. Gang et al. (2002) 
provide a simple mechanistic model to predict total THM and HAA9 formation based on 
chlorine demand. For surface waters subjected to alum coagulation, the average total THM and 
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HAA9 yield coefficients were 30 μg TTHM/mg Cl2 and 17 μg HAA9/mg Cl2 consumed, 
respectively. This DBP predictive model can be readily calibrated to local conditions. 
 

4.2.2 Specific UV absorbance  
 

Specific UV absorbance (SUVA) is defined as UV absorbance at 254 nm (m-1) divided by the DOC 
concentration (mg/L) (AWWA, 2011; Hua et al., 2015). While UV absorbance reflects more the 
bulk concentration of aromatic precursors, SUVA is used as an operational indicator of the 
reactivity of DBP organic precursors such as aquatic humic substances (Reckhow et al., 2007; 
Hua et al., 2015; Health Canada, 2020). SUVA is not a strong indicator of the overall DOC 
reactivity, especially for waters with low humic content, considering that non-humic substances 
may also play an important role in HAA formation. Chowdhury (2013) demonstrated that higher 
MW NOM (greater than 1 kDa) was strongly correlated with DOC and SUVA, while SUVA may 
not effectively characterize NOM with lower MW (less than 1 kDa). Different species of HAAs 
can show different relationships with SUVA. Frequently, studies segregate HAA9 to mono-HAAs 
(MCAA and MBAA), di-HAAs (DCAA, DBAA and BCAA) and tri-HAAs (TCAA, TBAA, BDCAA and 
CDBAA) (Cowman and Singer, 1996; Bond et al., 2014). Tri-HAA concentrations correlated 
strongly with SUVA, whereas weak correlations were observed between SUVA and di-HAA 
yields during chlorination in Hua et al. (2015) study. It was concluded that these two groups of 
HAAs should be evaluated separately to better identify their precursors and control their 
formation. Moreover, the use of different disinfectant (that is, chlorination vs. chloramination) 
can alter the correlation between SUVA and DBP formation in the same source water. Hua et al. 
(2015) demonstrated that chloramines can react with organic precursors with a wider SUVA 
range to form DBPs in comparison with chlorine.  
 
In general, high SUVA sources (greater than 4 L/mg∙m) have NOM that is amenable to 
coagulation. However, the hydrophilic neutral fraction can have a high SUVA, which can be 
misleading with respect to the potential for organic carbon removal using coagulation (Health 
Canada, 2020). Low SUVA sources tend to have NOM that is not amenable to coagulation 
(Pernitsky, 2003). If the post-coagulation DOC residual remains reactive with respect to HAA 
formation, other technologies targeting the removal of specific NOM fractions may be 
necessary (Bond et al., 2011). 
 

4.2.3 Differential UV absorbance 
 

Differential UV absorbance (DUVA) evaluates the difference in UV absorbance at specific 
wavelengths before and after chlorination that can be correlated to DBP occurrence (Guilherme 
and Dorea, 2020). DUVA at wavelengths near 272 nm has been used to track the halogenation 
of NOM (Roccaro and Vagliasindi, 2009). The differential spectra generated during chlorination 
of NOM-containing waters have some common features. For example, the sign of differential 
absorbance is always negative as chlorination decreases the absorbance of NOM. Most 
importantly, DUVA is well correlated with the concentration of total organic halogen (TOX) 
formed in water. However, this parameter is not a predictive parameter. It reflects more the 
extent to which NOM has been changed by chlorination (Korshin et al., 2002). 
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Several bench-scale studies determined relationships between DUVA and various DBPs (for 
example, THMs and HAAs) before and after chlorination, with good correlation (Korshin et al., 
2002; Roccaro and Vagliasindi, 2009; Beauchamp et al., 2018; Guilherme and Dorea, 2020). 
These studies found that the relationship was site-specific and found to vary seasonally. 
However, it was not determined if they varied from year to year (Beauchamp et al., 2018). The 
DUVA-DBP relationships determined at full-scale were found to differ from those seen at lab-
scale. A bench-scale study by Guilherme and Dorea (2020) indicated the importance of 
developing this relationship at a range of DBP concentrations that would be expected to occur. 
 

4.2.4 Fluorescence spectroscopy 
 

Fluorescence spectroscopy is a low-cost, non-destructive, sensitive, and selective technique 
that can provide critical information on the molecular properties of complex fluorescent 
dissolved organic matter (FDOM) (Fernández-Pascual et al., 2023). A fluorescence excitation-
emission matrix (EEM) contains a large amount of information on FDOM composition and 
structure, which can be correlated with DBP formation. Advanced statistical and computational 
techniques, such as parallel factor analysis (PARAFAC), have been developed to analyze multi-
dimensional fluorescence data for exploration of the patterns within fluorescence spectra 
(Bridgeman et al., 2011). The EEM-PARAFAC components can be classified according to their 
wavelength pairs into the five environmental fluorescence regions: humic-like, fulvic-like, 
microbial humic-like, tyrosine-like, and tryptophan-like regions. Fernández-Pascual et al. (2023) 
summarized EEM-PARAFAC and DBP data reported in 45 studies and established 218 
statistically significant linear relationships with one or more DBP classes. The results showed 
that THMs and HAAs exhibited strong, recurrent relationships with ubiquitous humic/fulvic-like 
FDOM components, highlighting their potential as surrogates for carbonaceous DBP formation. 
In situ or online fluorescence spectroscopy has been developed for water analysis and has 
proven to be a reliable and fast monitoring tool in quantifying aquatic dissolved organic matter 
(DOM) from autochthonous, allochthonous, or anthropogenic sources (Carstea et al., 2020).  
 

4.2.5 Total organic halogen (TOX) and unknown TOX (UTOX) 
 

TOX is used to characterize the incorporation of a halogen into organic molecules (Kristiana et 
al., 2009). TOX would include THMs, HAAs, haloacetonitriles and any other known or unknown 
halogenated DBP. TOX is a parameter used in some studies to assess overall impact of a 
treatment or operational change on all halogenated DBPs. It has been shown that THMs and 
HAAs collectively account for about 50% of the TOX in chlorinated water and about 20% of the 
TOX in chloraminated water (Hua and Reckhow, 2007b). Unknown TOX (UTOX) represents the 
unknown halogenated DBPs in the water.  
 

4.3 Source water considerations 
 

Each water source in Canada has unique features and characteristics that can vary significantly 
from one region to another depending on the regional geological conditions and the 
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surrounding watershed (Health Canada, 2020). Many factors affect the formation of HAAs, but 
the concentration and characteristics of NOM may have the most significant influence on the 
generation of DBPs (Chang et al., 2001; Jung and Son, 2008).  
 
Although NOM concentrations are typically lower in groundwater than in surface water, 
concentrations of organic carbon vary widely (less than 0.1–22 mg/L) in North American 
groundwaters as they can flow through aquifer materials that are rich in organic matter (Health 
Canada, 2020). It is therefore important to also characterize groundwater as some sources can 
have elevated NOM concentrations.   
 
Since NOM characteristics vary with time and can be greatly affected by local conditions, 
seasonal variations and climate change, source water should be characterized as part of routine 
system assessments.   

 

4.3.1 NOM speciation 
 

NOM in raw water consists of hydrophobic and hydrophilic fractions that can be categorized 
based on their acid/neutral/base properties. Hydrophilic acids can also be reported as 
transphilic NOM (Health Canada, 2020). Hydrophobic fractions like humic acid and fulvic acid 
are expected to have a higher distribution proportion in surface waters; however, hydrophilic 
fraction concentrations have been increasing in the last decades due to anthropogenic activities 
(Chang et al., 2001). With rising water demand, water treatment systems are increasingly 
treating surface waters, which are more impacted by algae and municipal wastewater (Xue et 
al., 2014). The wastewater increases DBP precursors in the receiving water, leading to an 
increase in DBP formation in drinking water (Chu et al., 2002; Chen et al., 2009; Liu et al., 2014).  
 

4.3.2 Seasonal changes 
 

An increase in NOM concentration and a change in its character have been reported following 
snowmelt, spring runoff or heavy rain (Health Canada, 2020). The highest NOM concentrations 
can occur during the seasons with warmer temperatures, higher biological activity, and high-
intensity/short-duration rainstorms (Aitkenhead-Peterson et al., 2003). Rainfall events can 
result in overland flow of contaminants to surface water. This is offset by increased flowrate 
resulting in dilution (Clark et al., 2007). Changes in NOM quality and quantity during and after 
rainfall events can lead to HAA variations in the distribution system (Delpla and Rodriguez, 
2016). Generally, higher TOC was found in filtered water during and after rainfall events. This 
resulted in a need to increase chlorine and alum doses to compensate for these changes (Table 
17).  
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Table 17. Various impacts of rainfall events on haloacetic acid (HAA) formation at full-scale drinking water 
treatment systems using surface water 

Location Systems Parameter Comments Reference 

Quebec 
4 spring 
rainfall 
events 

2 systems HAA6 Rainfall events had less noticeable impact on HAA 
formation potential in raw waters in comparison to THMs.  
Following rainfall, the organic carbon reactivity of filtered 
waters (SDS tests) increased resulting in a two-fold 
increase in HAA concentrations for waters representing the 
end of distribution system (20-hour contact time). 
Br-HAA proportion decreased during and after rainfall with 
a rise in DCAA and TCAA.  

Delpla and 
Rodriguez 
(2016) 

Quebec 
4 spring 
rainfall 
events 

1 system Chloride 
and 

Bromide 

In general, levels remained constant during the three 
hydroclimatic periods. Potential leaching of road salts 
during rainfall. Rainfall dilution effect is partly offset by 
chloride and bromide transported to river. 

Delpla and 
Rodriguez 
(2017) 

Quebec 
4 spring 
rainfall 
events 

1 system TOC Somewhat higher during and after rainfall causing 
increased chlorine demand and alum dose. 

Delpla and 
Rodriguez 
(2017) 

Quebec 
4 spring 
rainfall 
events 

1 system HAA6 Small increase in HAA6 levels in treated waters during and 
after rainfall event (from <9 µ/L to 12.6 µg/L). DCAA was a 
predominant specie (47%–58%) followed by TCAA (20%–
31%) and MCAA (7%–24%). A slight decrease in Br-HAA 
proportion following rainfall events. Increased loads of 
bromide due to the intensification of rainfall events could 
lead to an increase in Br-DBP formation in future. 

Delpla and 
Rodriguez 
(2017) 

Br-DBPs – brominated DBPs; Br-HAAs – brominated HAAs; DBP – disinfection by-product; DCAA – dichloroacetic 
acid; HAA – haloacetic acid; HAA6 – sum of MCAA, DCAA, TCAA, MBAA, DBAA and BCAA; MCAA – 
monochloroacetic acid; QC – Quebec; TCAA – trichloroacetic acid; THM – trihalomethane; TOC – total organic 
carbon; SDS – simulated distribution system. 

 
So et al. (2017) observed the seasonal variations in the NOM composition of the source water 
of Lake Paldang, Korea for three years. Even though the average DOM concentration in the 
source water was not significantly different between summer and winter, the distribution of 
NOM components varied seasonally. For example, biopolymer concentrations were higher in 
winter, while low-MW neutrals and acids were higher in summer, which was explained by 
enhanced biodegradation and phototransformation during summer months. The biopolymer 
fraction mainly originated from autochthonous sources. It was the most readily available 
biodegradable fraction, especially during warm temperatures but less biodegradable at low 
temperatures. DOM exposure to simulated sunlight can cause decrease of average molecular 
mass and aromaticity (Niu et al., 2019).  
 

4.3.3 Climate change impacts 
 

More and more attention is given to the impact of climate change on water resources. Linden 
et al. (2018) suggests that the most likely climate-related risks to water quality are algal growth, 
increased turbidity, and increased DOC loads. Pagano et al. (2014) discussed in detail two 
hypotheses that can explain an increasing DOC trend. The reduction in acidic deposition and 
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consequences inherent to climate change (for example, increasing temperatures, unpredictable 
weather, increasing atmospheric CO2, etc.) are the two key considerations. The reduction in 
acidic deposition has resulted in the recovery of pH (increased) and acid neutralization capacity 
(alkalinity) of surface waters. Increases in NOM concentrations and in NOM hydrophobicity 
have been associated with this recovery in water quality (Anderson et al., 2023), whereas 
consequences inherent to climate change cause higher DOC concentrations and the 
accumulation of degrading biomass in surface waters (Pagano et al., 2014).   
 
Seidel et al. (2013) reported high spikes in HAA5 at four water treatment plants of the 
Cleveland Division of Water in the summer and fall of 2006. Since no significant changes were 
observed in TOC, SUVA, or treated water pH values, it was hypothesized that the high HAA5 
concentrations were due to changes in the character of the DOM in the water. In 2006, 
Cleveland and the Lake Erie region experienced an unusually warm winter with subsequent 
higher water temperatures. Since warmer water temperatures can contribute to increased algal 
blooms, it was hypothesized that the algal blooms may have changed DOM characteristics in 
the lake water resulting in higher HAA5 formation in the treated water.   
 
Studies showing impacts of extreme events on HAA formation are presented in Table 18. More 
detailed discussion of potential impacts to NOM from climate change can be found elsewhere 
(Ritson et al., 2014; Anderson et al., 2023). Source water changes from extreme weather events 
may benefit from early warning systems, allowing for treatment to be adjusted accordingly 
(Barry et al., 2016).  
 
Table 18. Various impacts of climate change on haloacetic acid (HAA) formation 

Event Systems Parameter Comments Reference 

North 
Carolina and 
South 
Carolina 
flooding 
(2016) 

18 sub-
watersheds 

HAA5 FP The average HAA FP was not significantly 
different between the flooding and baseflow 
conditions. 
This can be attributed to the increase in 
abundance of hydrophobic compounds under 
flooding conditions, which favour more THM 
formation. 

Majidzadeh et 
al. (2020) 

Hurricane 
Matthew 
(2016) 

2 sites HAA5 FP Increased continuously for up to 17 days after 
max rainfall. From 404.3 to 2 380 μg/L at one site 
(488% increase). From 1 460 to 2 760 μg/L at 
another site (89% increase). Both followed by 
gradual decline. 

Majidzadeh et 
al. (2020) 

Hurricane 
Joaquin 
(2015) 

Water 
collected 
from river 

HAA FP October 4 – around 2000 μg/L  
October 6 – peak discharge 
October 22 – maximum of 5772 μg/L  
November 30 – 3 751 μg/L indicating HAA FP 
remained high for a prolonged period after peak 
discharge and had long-term impacts. 

Ruecker et al. 
(2017)    

North 
California  
2 fires  
(2015) 

3 
watersheds 

(burn 
areas: 0%, 

HAA9 FP Higher in short term (< 1 year) in the > 90% 
burned area. Elevated bromide concentration 
shifted HAA speciation to Br-HAAs for up to 2 
years. Overall Br-HAAs decreased with 

Uzun et al. 
(2020) 
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Event Systems Parameter Comments Reference 

20% and 
> 90%) 

subsequent rainfalls and flushes as bromide 
concentration decreased. 

Br-HAAs – brominated HAAs; FP – formation potential; HAA – haloacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, 
MBAA and DBAA; MCAA – monochloroacetic acid; HAA9 – sum of HAA5 and BCAA, TBAA, CDBAA, BDCAA; THM – 
trihalomethane. 
 

4.4 HAA formation  
 

Chlorinated DBPs like HAAs and THMs are formed when chlorine reacts with organic and 
inorganic precursors. The type and amount of HAAs that form depend on numerous factors 
such as:  

• Organic precursors (for example, NOM) 

• Inorganic precursors (for example, bromide and iodide) 

• The oxidation and disinfection strategy 

• pH 

• Water temperature 

• Reaction time (Liang and Singer, 2003; Baribeau et al., 2006; Srivastav et al., 2020) 
 

4.4.1 Organic precursors  
 

NOM is an extremely complex mixture of organic compounds that can impact processes 
designed to remove or inactivate pathogens, contribute to the formation of DBPs and favour 
the development of biofilms in the distribution system. The treatability and reactivity of NOM 
varies significantly in Canada, as each water source has unique features. It is important to 
understand variations in NOM concentrations and character to select, design and operate 
appropriate water treatment processes and disinfection practices, to control HAA formation. 
More detailed information on NOM, its characterization and its impact on drinking water and 
treatment can be found elsewhere (Health Canada, 2020). 
 
When NOM is characterized using surrogate parameters (for example, DOC, UV absorbance), 
the measurements can be applied to isolated NOM fractions. These fractions are typically 
separated based on different chemical and physical properties, such as hydrophobicity and 
molecular size (Reckhow et al., 2007). Fractionation and molecular characterization of NOM can 
help to better understand the extent of DBP formation in different types of waters and at 
different times of the year and the interaction of different NOM fractions with treatment 
processes (Reckhow and Singer, 2011; Health Canada, 2020). For example, hydrophilic and 
lower MW fractions are more likely to pass through conventional treatment processes and 
produce DBPs when disinfectants are added. Additionally, a change of disinfectant and/or pre-
oxidant will alter the amount and type of HAAs formed from different NOM fractions. 
 
Reckhow et al. (2007) studied the relationship of HAA formation to precursor hydrophobicity 
and molecular size under chlorination and chloramination. Three geographically and chemically 
distinct natural waters from drinking water treatment plant intakes were collected, fractionated 
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and analyzed. These waters represent a wide range of DOC and SUVA levels. The authors found 
that decreasing raw water SUVA levels corresponded to an increase in the percentage of 
transphilic and hydrophilic carbon. This result indicated that hydrophilic NOM becomes a more 
important fraction for low SUVA waters. For all three waters, fractions with MWs higher than 3 
kDa had the highest SUVA values, while fractions with MWs lower than 0.5 kDa consistently had 
the lowest SUVA values.  
 
The samples were also analyzed for the molar yields of di-HAAs and tri-HAAs after chlorination 
(see Table 19) and chloramination. For chlorination, no significant trend between MW 
distribution and tri-HAA formation was evident, in particular for low humic content water. For 
all chlorinated waters, the MW less than 0.5 kDa fractions gave the highest di-HAA yields, and 
di-HAAs were the major DBPs identified in all chloraminated NOM isolates. No significant 
difference was observed for the di-HAA yields between NOM fractions of each chloraminated 
water. Tri-HAAs were negligible compared to di-HAA concentrations in chloraminated samples. 
In general, chlorine produces higher concentrations of all HAA species than any of the other 
disinfectants (that is, monochloramine, chlorine dioxide). Hua and Reckhow (2007b) 
demonstrated that tri-HAA formation was significant only with chlorination. Monochloramine 
and chlorine dioxide produced little or no tri-HAAs (less than 2 μg/L) in seven diverse natural 
waters. The di-HAAs formed by monochloramine and by chlorine dioxide were 15% to 29% and 
9% to 21%, respectively, of those formed by free chlorine. It is important to note that there is 
the potential for formation of other DBPs, such as N-nitrosodimethylamine, bromate and 
chlorate/chlorite, when using alternative disinfectants and/or oxidants (Health Canada, 2008, 
2011, 2018). 
 
Table 19. Haloacetic acid (HAA) yields during chlorination for natural organic matter (NOM) fractions of different 
waters 

Raw water NOM fractions as di-HAA 
and tri-HAA precursors: 
Hydrophobic     

NOM fractions as di-
HAA and tri-HAA 
precursors: Transphilic 

NOM fractions as di-HAA 
and tri-HAA precursors: 
Hydrophilic    

Winnipeg, Manitoba  
DOC: 7.8 mg/L 
SUVA254: 1.8 L/mg∙m    

Similar tri-HAA yields with 
other fractions; the lowest 
di-HAA yields 

Similar tri-HAA yields 
with other fractions; 
lower di-HAA yields  

Similar tri-HAA yields with 
other fractions; the 
highest di-HAA yields  

Waco, Texas 
DOC: 4.0 mg/L 
SUVA254: 2.9 L/mg∙m   
 

The highest tri-HAA yields; 
the lowest di-HAA yields  

Tri-HAA yields lower in 
comparison to 
hydrophobic fraction; 
higher di-HAA yields 
than from hydrophobic 
fraction 

The lowest tri-HAA yields 
(38% decrease from 
hydrophobic yields); the 
highest di-HAA yields  

Repentigny, Quebec 
DOC: 7.1 mg/L 
SUVA254: 4.4 L/mg∙m   
 

The highest tri-HAA yields; 
higher di-HAA yields than 
from transphilic fraction 

Tri-HAA yields lower in 
comparison to 
hydrophobic fraction; 
the lowest di-HAA yields 

The lowest tri-HAA yields 
(56% decrease from 
hydrophobic yields); the 
highest di-HAA yields  

Di-HAAs – dihaloacetic acids; DOC – dissolved organic carbon; HAAs – haloacetic acids; NOM – natural organic 
matter; SUVA – specific ultraviolet absorbance; Tri-HAAs – trihaloacetic acids. 
Source: Reckhow et al. (2007) 
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Studies have reinforced the hypothesis that di-HAAs and tri-HAAs form through different 
precursors and reaction pathways (Reckhow et al., 2007; Hua and Reckhow, 2007a, 2008, 2013; 
Hua et al., 2015). Hydrophilic and low-MW NOM fractions have been shown to produce the 
highest di-HAA yields, suggesting that these fractions were more significant di-HAA precursors 
than hydrophobic and high-MW carbons (Reckhow et al., 2007). However, in high SUVA waters, 
high di-HAA yields have also been observed for hydrophobic NOM during chlorination (Liang 
and Singer, 2003; Hua and Reckhow, 2007a).  
 
When comparing the speciation of HAAs during chlorination and chloramination, Hong et al. 
(2013) showed that di-HAAs (average 48.8%) and tri-HAAs (average 46.4%) were the dominant 
HAAs species in chlorinated water, whereas mono-HAAs were detected mostly in trace amount 
(average less than 5%). For chloraminated water, the yields of di-HAAs (average 68%) were 
much higher in comparison with the yields of mono-HAAs (average 14%) and tri-HAAs (average 
19%). The study results confirmed previous findings that different reaction pathways exist for 
the formation of tri-HAAs and di-HAAs. Hua et al. (2015) found that chloramine demand and 
TOX yields were generally one order of magnitude lower in comparison to chlorination 
regardless of the nature of the NOM fractions, indicating a much lower reactivity of 
monochloramine with NOM. 
 
The nature of NOM in source waters affects the reactions of ozone and DBP precursors. Ozone 
can destroy some DBP precursors by partially oxidizing humic materials and increase the 
proportion of hydrophilic material in raw water sources (Von Gunten, 2003; Swietlik et al., 
2004). Hua and Reckhow (2013) found that the impact of pre-ozonation on HAA formation was 
species-specific. Chlorination and chloramination were conducted on both raw water samples 
and ozonated samples of six diverse North American natural waters with low to high SUVA 
levels. In chlorinated samples, ozonation generally reduced the tri-HAA formation in waters 
with SUVA higher than 2 L/mg∙m, ranging from 18% to 50% of tri-HAA yield reductions, whereas 
the reductions of the di-HAA yields ranged from 2% to 16% for the higher SUVA waters. 
Ozonation increased the di-HAA yields by 22% to 26% for the waters with SUVA values below 2 
L/mg·m. It was concluded that ozone does not remove a large number of di-HAA precursors in 
comparison to tri-HAA precursors with subsequent chlorination. In chloraminated samples, 
ozonation reduced the yields of di-HAAs by 28% to 45% for all the tested waters.    
 
Chowdhury et al. (2008) characterized two Canadian source waters based on their NOM size 
and polarity. The response of different NOM fractions to ozonation in terms of HAA FP was 
studied (see Table 20). Aliquots from MW fractions were ozonated in bench-scale experiments 
for a period of 5 minutes (ozone/DOC ratio of approximately 1.1) for both waters. Bromide was 
not present in the waters tested; therefore, the HAA concentrations in chlorinated aliquots 
were determined in terms of MCAA, DCAA and TCAA. The two raw waters responded very 
differently to ozonation (Table 20). This result indicated that the use of ozone as a primary 
disinfectant does not necessarily reduce the DBP formation potential of NOM in all source 
waters. The study demonstrated the complex structure of NOM and that NOM from different 
sources cannot simply be treated as one entity and compared with one another. 
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Table 20. Effect of ozonation on haloacetic acid formation potential (HAA FP) 

Characteristics of  
raw waters 

HAA FP of different NOM fractions 
 

Capilano Reservoir  
DOC: 1.9 mg/L 
SUVA254: 5.28 L/mg∙m 
pH: 6.5   
Mostly hydrophilic NOM  
22% hydrophobic NOM 
27% NOM with MW < 1 kDa 
72% NOM with MW > 10 
kDa  
 

HAA FP of the hydrophobic NOM with MW < 1 kDa increased by 43%.  
HAA FP of the hydrophilic NOM with MW > 10 kDa decreased by 48%. 
 
Total HAA FP was reduced from 1 557 ± 54 μg/L to 966 ± 19 μg/L due to a 
reduction in the DCAA FP and TCAA FP of the hydrophilic NOM. 

South Thompson River 
DOC: 2.6 mg/L 
SUVA254: 2.49 L/mg∙m  
pH: 7.4  
Mostly hydrophilic NOM  
5% hydrophobic NOM 
95% NOM with MW < 1 kDa 
 

HAA FP of the hydrophilic NOM with MW < 1 kDa increased by 170%.  
No significant change in HAA FP of MW > 10 kDa NOM fractions. 
 
Total HAA FP was increased from 410 ± 39 μg/L to 891 ± 109 μg/L due to an 
increase in the DCAA FP of the hydrophilic NOM. 

DCAA – dichloroacetic acid; DOC – dissolved organic carbon; FP – formation potential; HAA – haloacetic acid; MW – 
molecular weight; NOM – natural organic matter; SUVA – specific ultraviolet absorption; TCAA – trichloroacetic 
acid.  
Source: Chowdhury et al. ( 2008) 

 
Algal organic matter (AOM) is a potential HAA precursor that can impact treatment processes. 
When algal blooms are present, there is an increase in algae cells and AOM. This type of NOM is 
primarily composed of amino acids, proteinaceous substances and carbohydrates that are more 
hydrophilic with abundant organic nitrogen (Fang et al., 2010). In general, terrestrial NOM 
produces more HAAs than those from AOM during chlorination or chloramination (Fang et al., 
2010; Li and Mitch, 2018; Zhao et al., 2018; Liu et al., 2020a). AOM can release extracellular 
organic matter (EOM) and, through cell lysis, intracellular organic matter (IOM) (taste and 
odour compounds and cyanotoxins). Generally, SUVA of EOM and IOM is less than 2 L/mg∙m 
(Huang et al., 2009; Pivokonsky et al., 2015; Dong et al., 2021).  
 
Fang et al. (2010) characterized organic nitrogen contents in both EOM and IOM produced from 
Microcystis aeruginosa (the most widely occurring blue-green algae). Additionally, the study 
assessed the roles of IOM and EOM in the formation of commonly found carbonaceous DBPs 
(HAA9) and nitrogenous DBPs (N-DBPs) in chlorination and chloramination. The formation of 
DBPs from Suwannee River NOM was also studied for comparison. The authors found that EOM 
and IOM were rich in organic nitrogen, with IOM having a higher fraction of total organic 
nitrogen with larger proportions of higher MW and more hydrophobic content. HAA9 yields 
were lower in chlorination/chloramination of EOM and IOM than those of NOM. However, 
chlorination of EOM and IOM produced more N-DBPs and less carbonaceous DBPs than did 
chlorination of NOM. Chloramination formed much less amounts of N-DBPs and HAA9 from 
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EOM or IOM than that from NOM. In general, EOM produced less DBPs than did IOM in both 
chlorination and chloramination. 
 
Plummer and Edzwald (2001) investigated the effect of ozone at 1 mg/L and 3 mg/L on HAA6 FP 
of two algae species, Scenedesmus quadricauda (green algae) and Cyclotella sp. (diatom) in the 
absence of bromide in batch scale chlorination experiments. The predominant HAAs among six 
species were DCAA and TCAA. For green algae, pre-ozonation did not substantially increase 
HAA6 levels at both ozone doses as compared to the control samples. For diatoms, with 3 mg/L 
of ozone, the HAA6 formation was increased by 43% over the control case (from 97 μg/L to 
139 µg/L). For the diatom experiments, without pre-ozonation, the production of DCAA and 
TCAA was comparable, whereas with pre-ozonation, DCAA formation was predominant. The 
authors compared the results of this study with some published DCAA formation data on humic 
and fulvic acids. It was concluded that with pre-ozonation, DCAA yields from the studied algae 
species exceeded the published yields for both humic and fulvic acids. Findings of this study 
demonstrated that algae could contribute considerably to the HAA precursor pool, especially 
during bloom periods, and that ozonation could increase HAA precursor concentrations.   
  

4.4.2 Inorganic precursors 
 

The presence of inorganic precursors, such as bromide and iodide, impact the type of HAAs that 
are formed. The presence of bromide may result in formation of Br-HAAs, while the presence of 
iodide in water may result in formation of I-HAAs. When ammonia is present, it will react with 
chlorine to form chloramines and impact the amount and type of HAAs formed. 

4.4.2.1 Bromide  

 

Bromide ion can occur naturally from saltwater intrusion and the dissolution of geological 
formations, or it can enter water sources through human activities. Relatively little information 
is available on the occurrence of bromide in Canadian water bodies. Health Canada conducted a 
drinking water survey of high-bromide sources in Canada in winter 2012 and summer 2013. 
Bromide was detected in 22 of 23 raw water samples (MDL = 0.006 mg/L); concentrations 
ranged from 0.034 to 2.55 mg/L, with a median of 0.505 mg/L and a mean of 0.62 mg/L (Health 
Canada, 2018). In the United States, the average raw water bromide concentration was found 
to be approximately 0.1 mg/L in a study undertaken to assess the nationwide occurrence of 
bromide (Health Canada, 2018). Westerhoff et al. (2022) showed that bromide concentrations 
can vary weekly or monthly within any given source water. The authors recommended the use 
of online bromide sensors at utilities with high bromide levels in source water in order to 
monitor data hourly. 
 
Aqueous chlorine, chloramines, and ozone are all capable of oxidizing naturally occurring 
bromide to form active bromine (Reckhow and Singer, 2011). Bromine exists in water as a 
combination of hypobromite ion (BrO-) and hypobromous acid (HOBr) (Amy et al., 1997). 
Oxidation and substitution reactions of aqueous bromine with NOM lead to the formation of 
organo-bromine compounds. Studies have demonstrated that bromine favourably competes 
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with chlorine in HAA formation, even when the chlorine concentrations are higher than the 
bromide ion concentrations (Pourmoghaddas et al., 1993; Cowman and Singer, 1996; Bond et 
al., 2014). When the bromine/chlorine ratio increases, the speciation of HAAs is shifted to 
mixed bromochloro species, such as BCAA, BDCAA and DBCAA, and eventually to fully 
brominated species (Pourmoghaddas et al., 1993; Cowman and Singer, 1996; Wu and Chadik, 
1998; Bond et al., 2014).  
 
Understanding and predicting the formation of DBPs during drinking water treatment processes 
is challenging-particularly when bromide occurs in source water, as it alters DBP formation. The 
bromine incorporation factor (BIF) and bromine substitution factor (BSF) are typically used to 
understand the formation of brominated DBPs. BIF describes the molar contribution of all 
brominated species into a given class of DBP compared to the total molar concentration of that 
class (MacKeown et al., 2020; Hua et al., 2021). BIF is the earliest indicator for the level of Br-
DBP formation and its maximum values can be one, two, and three for mono-, di-, and tri-DBPs, 
respectively. However, if the substitution levels of bromide among different DBP classes need 
to be compared (for example, di-HAAs vs. tri-HAAs), the BSF can be an alternative. BSF 
estimates the molar proportion of bromine incorporation relative to overall halogen content of 
HAAs (Young et al., 2020). The BSF for HAA6 can be calculated according  mb where BSF values 
range from 0 to 1, with the minimum and maximum signifying exclusively chlorinated or 
brominated HAAs.  
 

 
 
Surrogates typically used (for example, initial DOC, Cl2 dose, and SUVA) for the monitoring of 
DBP formation are insufficient for monitoring Br-DBPs and BSF (Young et al., 2020; Zheng et al., 
2020; Hua et al., 2021). For a given water sample, it is common to see the BSF of HAAs increase 
with bromide level (Hua et al., 2006; Ersan et al., 2019). However, because of variable raw and 
distribution system water quality, a single parameter such as raw water bromide is not 
sufficient to evaluate the BSF of HAAs (Zheng et al., 2020). Additionally, it is not known which 
bromide concentrations in source water can trigger substantial formation of Br-HAAs. Zheng et 
al. (2020) sampled eight different sites with source water bromide concentrations ranging from 
6.3 to 141.7 µg/L. The BCAA concentrations were 10.8 µg/L and 12.7 µg/L at 12.9 µg bromide/L 
and 11.9 µg bromide/L, respectively. MBAA and DBAA formation were negligible in the HAA6 
mix. DBAA levels of 10.3 µg/L and 13.7 µg/L were detected when the bromide concentrations 
were 119 µg/L and 141.7 µg/L, respectively. The BCAA levels were approximately five times 
higher than DBAA levels in samples, indicating that bromochloro HAA species are more readily 
formed than fully brominated species at this range of bromide concentrations in source waters. 
Canadian and U.S. monitoring data demonstrate higher BCAA occurrence and concentrations in 
comparison to MBAA and DBAA. Therefore, it can be concluded that BCAA is a better indicator 
than MBAA and DBAA of the occurrence and levels of Br-HAAs in total HAA6 for Canadian 
bromide levels and DBP formation conditions. 
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Francis et al. (2010) stated that the aggregated DBP subgroups, such as HAA5, used in statistical 
modelling of DBP bromine incorporation may only be representative of waters with low 
bromide content (such as less than 100 µg/L). When higher concentrations of bromide are 
present in the water, the total HAA concentrations are unlikely to be sufficient to predict the 
presence of brominated HAAs. In general, Br-DBPs are either not correlated or negatively 
correlated with fully chlorinated DBPs and, therefore, the analysis of individual HAA species is 
recommended, particularly when conditions favour Br-HAA formation.  
 
Krasner et al. (1996) compared the formation behaviour of BCAA at different bromide levels (10 
µg/L to 800 µg/L) in a bench-scale study. At a concentration of 10 µg/L of bromide, BCAA 
contribution to HAA6 total concentration was insignificant. However, at a concentration of 100 
µg/L of bromide, BCAA contributed from 15% to 26% of the total HAA6. The authors studied the 
use of pre-chlorination/post-chloramination on water with 4.15 mg DOC/L water and 10 µg 
bromide/L and 400 µg bromide/L. At a bromide concentration of 10 µg/L, the total HAA5 
concentration was 76 µg/L (exceeding the U.S. EPA regulated level for HAA5 of 60 µg/L). The 
main contribution to the total HAA5 concentration was found to be from chlorinated HAAs like 
DCAA and TCAA. However, at 400 μg/L of bromide, the HAA5 level was 54 µg/L, meeting the 
U.S EPA regulated level but indicating the formation shift towards Br-HAAs. The concentration 
of BCAA was analyzed and the calculated total HAA6 was 77 µg/L.  
 
Analysis of Canadian HAA6 monitoring data over five years for sites with BCAA detections over 
10 µg/L (Water Security Agency, 2024) found a clear indication of different HAA speciation 
between the sites. At one location, the total HAA5 concentrations were below or slightly above 
the current HAA5 MAC of 80 µg/L. DBAA commonly represented greater than 70 % of the total 
HAA5, and BCAA concentrations were often two times lower than DBAA levels at this site. 
Additionally, the formation of fully chlorinated species such as DCAA and TCAA was generally 
below 5 µg/L. Data on source water bromide levels were not available, but the results suggest 
that they were high and occurred with other conditions that favoured the formation of fully 
brominated HAAs. Neither the total HAA5 nor HAA6 value is predictive of the correlated Br-HAA 
toxicity risk. Br-HAA monitoring and control are necessary in this case. The data also showed 
that some sites with BCAA concentrations of greater than 10 µg/L had total HAA5 
concentrations of greater than 100 µg/L with the main concentration inputs from DCAA and 
TCAA, and low MBAA and DBAA concentrations. When managing such sites, it is important to 
note that there could be inputs from mixed bromochloro HAAs, thus increasing the toxicity risk 
from Br-HAAs. Some sites had high concentrations of DCAA, TCAA, BCAA and DBAA with total 
HAA concentrations much higher than the MAC of 80 µg/L. This data analysis demonstrates the 
importance of understanding the formation specifics of individual HAA species and bromine 
substitution behaviours, particular at sites with substantial levels of bromide in the source 
water. 
 
Useful surrogates for effective monitoring of Br-HAAs and bromine substitution behaviours 
have been discussed in recent studies (MacKeown et al., 2020; Young et al., 2020; Zheng et al., 
2020; Hua et al., 2021). Young et al. (2020) examined the source waters of small public 
groundwater systems on coastal islands prone to seawater intrusion. These systems have 
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reported frequent regulatory exceedances of halogenated organic DBPs with high proportions 
of brominated THMs and HAAs. The study included 18 groundwater sources (bromide levels 
ranged from 50 µg/L to 710 µg/L) supplying 15 treatment systems, most practising only 
chlorination. Similar to other studies (Zheng et al., 2020; Hua et al., 2021), bromide levels in 
source water were not a strong predictor of HAA formation and speciation, likely due to large 
differences in DOC between the water sources. Bromination of DBP precursors depends on the 
concentration of these precursors and free bromine. When free bromine is in excess, the 
organic precursor sites are expected to be predominantly brominated and the BSF would 
approach one. Assuming that DBP precursor concentrations are proportional to DOC 
concentrations, the BSF should rise with the increase of bromide/DOC ratio. Based on the study 
results, the authors concluded that the BSF of HAA9 showed good correlation with 
bromide/DOC ratios. Higher bromide/DOC values indicated a higher tendency to form 
brominated HAAs (mixed bromochloro species in particular). Only a weak correlation was 
observed for the BSF of HAA5 and was likely due to having only MBAA and DBAA included in the 
measure of the HAA5. In U.S. studies, fully brominated HAA species typically formed at the 
lowest concentrations and were detected in fewer water treatment systems than mixed 
bromochloro HAAs (Peterson et al., 2023). Young et al. (2020) noted large seasonal variations in 
DOC concentrations in several groundwater sources. The use of UV54 was recommended as a 
surrogate for DOC concentration when more frequent monitoring is needed. 
 
Zheng et al. (2020) also demonstrated the significant relationship between bromide/DOC ratios 
and BSFs of HAAs when investigating Br-HAA9 formation from chlorination of different source 
waters in China. In this study, bromide/UV254 was also shown to have a positive correlation with 
the BSF of HAAs, thus suggesting that bromide/UV254 may be the best indicator to describe BSF 
in chlorinated waters. The authors also investigated the difference in organic precursors of fully 
chlorinated, fully brominated and mixed bromochloro HAA species and the effects of DOC and 
SUVA on their formation. It was concluded that among detected HAAs, the yields of fully 
brominated HAAs such as MBAA and DBAA were significantly related with DOC but not 
significantly with SUVA. These results may indicate that aromatic organic precursors 
contributed little to the formation of MBAA and DBAA, whereas for the mixed bromochloro 
species BCAA and BDCAA, both aromatic and non-aromatic precursors played important roles 
during their formation. In comparison, the yields of DCAA and TCAA were only significantly 
related to SUVA, which reflects the reactivity of aromatic precursors such as aquatic humic 
substances. Various studies reported the higher formation of Br-HAA species in hydrophilic and 
low MW fractions of NOM in comparison to hydrophobic fractions (for example, humic and 
fulvic acids) (Heller-Grossman et al., 1993; Huang and Yeh, 1997; Liang and Singer, 2003; Hua 
and Reckhow, 2007a). 
 
Cowman and Singer (1996) analyzed the distribution of HAA species after the chlorination and 
chloramination of aquatic humic substances isolated from two American waters (Table 21). Ten 
bromide concentrations, 0–25 µM (0–2 mg/L), were applied in this study, while several other 
factors, such as chlorine dose, reaction time, and TOC concentration, were held constant. The 
authors concluded that bromochloro HAA species (BCAA, CDBAA and BDCAA) are readily 
formed from the chlorination of humic substances in the presence of bromide ion. These 
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species may constitute more than 50% of the total HAA9 concentration when bromide 
concentrations in water are greater than 0.2 mg/L.  

 
Table 21. Effect of bromide ion on haloacetic acid (HAA) formation and speciation 

Distribution of HAA 
species 

Chlorination Chloramination 

Total HAAs 
 
 
 
 
 
 

Both humic substance isolatesa 
showed similar distributions of HAAs. 
Quantitatively, the total HAA 
formation from surface water extract 
was approximately two times greater 
than from groundwater extract.  

For both humic substance isolatesa, total 
HAA formation decreased by 90% to 95% in 
comparison to chlorination. 
 
 
 

Yields of different HAA 
species 

The molar yields of mono-HAAs, di-
HAAs and tri-HAAs were constant. Tri-
HAAs constituted the greatest mole 
fraction of total  
HAAs (61%–67%), with di-HAA and 
mono-HAA molar fractions ranged 
from 30% to 36% and from 3% to 5%, 
respectively. 

Di-HAAs (DCAA in particular) were the 
principal species formed, while tri-HAAs 
were the minor species. DCAA observed 
concentrations did not exceed 0.07 µM (9 
µg/L).  

Brominated HAAs Bromine incorporation into HAAs 
increased with increasing bromide 
concentration. 
 
At bromide levels < 3 µM: TCAA > 
DCAA > BDCAA > BCAA > DBCAA > 
DBAA > TBAA.   
At bromide levels > 20 µM: TBAA > 
DBAA > BDCAA > BDCAA > BCAA > 
DCAA, TCAA. 

Bromine incorporation into HAAs increased 
with increasing bromide concentration. The 
extent of bromine incorporation into the 
HAAs was less during chloramination. 
 
Formation of MBAA, DBAA, BCAA, DBCAA 
and TBAA were observed. 
But DBCAA and TBAA were quantifiable only 
at bromide levels > 12.5 µM. 
 
 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – 
dibromoacetic acid; DCAA – dichloroacetic acid; Di-HAAs – dihaloacetic acids; HAAs – haloacetic acids; MCAA – 
monochloroacetic acid; Mono-HAAs – monohaloacetic acids; SUVA – specific ultraviolet absorbance; TBAA; 
tribromoacetic acid; TCAA – trichloroacetic acid; Tri-HAAs – trihaloacetic acids. 
a Two humic acid isolates: surface water (SUVA254 4.17 L/mg·m) and groundwater (SUVA254 2.76 L/mg·m).  
Source: Cowman and Singer (1996) 
  

Hua and Reckhow (2013) studied the effect of pre-ozonation on the HAA formation of six 
natural North American waters with low to high SUVA levels that were chlorinated and 
chloraminated. The bromide concentrations in the waters ranged from less than 10–89 µg/L. 
Pre-ozonation shifted the formation of tri-HAA and di-HAAs to the more brominated species 
during subsequent chlorination. For example, pre-ozonation of the chlorinated water with a 
bromide concentration of 45 µg/L reduced the formation of the DCAA, TCAA and BDCAA 
species and increased the formation of the BCAA, DBAA and DBCAA species. For 
chloramination, di-HAAs were the predominant species formed, and pre-ozonation generally 
reduced the yields of di-HAAs by 28% to 45%. The authors stated that under the study 
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conditions, the HOBr produced by pre-ozonation did not contribute significantly to the 
formation of the Br-HAA species, likely due to the transformation of NOM caused by ozonation. 
This is supported by the findings that high concentrations of bromide are required for 
substantial bromine incorporation when using ozone (Reckhow and Singer, 2011).  

4.4.2.2 Iodide  

 

Two inorganic forms of iodine in natural water sources are iodide (I-) and iodate (IO3
-), with 

iodide being the largest contributor to the formation of iodinated DBPs (I-DBPs). Sharma et al. 
(2023) sampled 286 drinking water sources across the Unites States. Iodide was detected in 
41% of surface water and 62% of groundwater samples. The concentrations ranged from non-
detect (less than 1.0 μg/L) to 72 μg/L and from non-detect (less than 1.0 μg/L) to 250 μg/L in 
surface water and in groundwater, respectively. Organic forms of iodine as dissolved organic 
iodine (DOI) also exist. However, the biologically induced iodine cycling and DOI conversion by 
drinking water treatment processes are not well understood. Sharma et al. (2023) observed the 
cycling of iodine species in surface waters used as drinking water sources. The authors 
concluded that total iodine was comprised of iodide, iodate and DOI in surface waters and 
correlated well with bromide. But when the DOI was excluded from total iodine, the correlation 
was lower. The poor correlation between bromide and iodide concentrations has been 
reported in many source waters (Tugulea et al., 2018). For example, bromide/iodide mass ratios 
from source waters in the U.S. and Canada ranged between 2.9 to 238 µg/L(Richardson et al., 
2008). The large variations are due to salt water intrusion, various salt deposits containing 
different levels of bromide and iodide, anthropogenic influences, and the general instability of 
iodide species compared to bromide (Whitehead, 1984; Steinberg et al., 2008; Dong et al., 
2019). 
 
The formation of I-DBPs during disinfection involves the oxidation of iodide to hypoiodous acid 
(HOI), and then the reaction of HOI with organic matter. HOI can be further oxidized by some 
oxidants (for example, chlorine, ozone and ferrate) under aerobic conditions to form iodate. 
Iodate is thermodynamically stable and does not form I-DBPs. As such, it is the desired species 
of iodide in drinking water (Bichsel and Von Gunten, 1999; Hua et al., 2006; Hua and Reckhow, 
2007a, 2008; Gallard et al., 2009; Ye et al., 2012; Allard et al., 2013; Liu et al., 2017b; Postigo et 
al., 2017; Dong et al., 2019).  
 
Richardson et al. (2008) measured MIAA and BIAA acids in chloraminated and chlorinated 
drinking waters from 23 cities in the United States and Canada. Most of the water treatment 
plants used chloramination for treatment with only two treatment plants with chlorination. I-
HAAs were found in waters of almost all the DWTPs with maximum levels of 1.7 µg/L and 1.4 
µg/L of MIAA and BIAA, respectively. The formation of I-HAAs was highest at chloramination 
plants with short free chlorine contact times (less than 1 min) and were lowest at the chlorine-
only plants or at chloramination plants with long free chlorine contact times (greater than 45 
min) prior to ammonia addition.  
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The reaction rate constants for the oxidation of iodide to HOI by different oxidants are highly 
variable. The probability of forming iodoorganic compounds during drinking water disinfection 
increases in the following order: ozonation < chlorination < chloramination (Bichsel and Von 
Gunten, 1999). Postigo et al. (2017) conducted a laboratory-controlled reaction to assess the 
formation of MIAA, CIAA, BIAA and DIAA acids after chlorination and chloramination of 
different water matrices (see Table 22). In this study, Suwannee River and Nordic Lake NOM 
solutions (5 mg/L of NOM isolate) were fortified with 500 μg/L of bromide (as KBr) and two 
different levels of iodide (as KI), 50 μg/L and 100 μg/L. Llobregat River bromide and total iodine 
concentrations were 788 ± 83 μg/L and 17.7 ± 0.7 μg/L, respectively. Chlorine/monochloramine 
doses for each raw water were selected according to the specific chlorine demand resulting in 
0.5 mg/L of residual chlorine.  Chloramination resulted in higher I-HAA formation than 
chlorination. I-HAAs also had higher concentrations in less aromatic NOM solutions with low 
bromide/iodide and high iodide/DOC concentration ratios. The most abundant I-HAA was CIAA 
(detected in 86% of the disinfected water samples) with an average concentration of 0.9 μg/L. 
The authors stated that the occurrence of CIAA in drinking water distribution systems has not 
been well investigated.  
 
Table 22. Formation of iodinated haloacetic acids (I-HAAs) in different disinfected water matrices 

Raw water Disinfection 
scenarios with 

two 
bromide:iodide 

ratios 

MIAA 
(μg/L) 

CIAA 
(μg/L) 

BIAA  
(μg/L) 

DIAA  
(μg/L) 

Suwannee River 
reverse osmosis-
isolated NOM    
TOC: 5.4 mg/L 
SUVA254: 1.8 L/mg∙m    
pH:7.5 

Cl 10:1 ratio 
 
NH2Cl 10:1 ratio 
 
Cl 5:1 ratio 
 
NH2Cl 5:1 ratio 

0.3 
 

0.6 
 

0.4 
 

0.7 

0.8 
 

0.5 
 

1.8 
 

1.7 

0.2 
 

0.7 
 

0.3 
 

1.7 

ND 
 

0.6 
 

0.4 
 

0.9 

Nordic Lake reverse 
osmosis-isolated NOM 
TOC: 4.9 ± 0.9 mg/L 
SUVA254: 1.5 L/mg∙m   
pH: 7.5 

Cl 10:1 ratio 
 
NH2Cl 10:1 ratio 
 
Cl 5:1 ratio 
 
NH2Cl 5:1 ratio 

0.3 
 

0.4 
 

0.6 
 

0.9 

0.4 
 

0.9 
 

0.6 
 

1.7 

0.3 
 

0.3 
 

ND 
 

1.3 

ND 
 

0.3 
 

ND 
 

1.0 

Llobregat River water  
TOC: 6.8 ± 0.7 mg/L 
SUVA254: 4.3 L/mg∙m   
pH: 7.5 

Cl around 45:1 
ratioa 

 
NH2Cl around 
45:1 ratioa 

  

0.4 
 
 

0.3 

ND 
 
 

0.4 

0.1 
 
 

0.2 

ND 
 
 

ND 
 

BIAA – bromoiodoacetic acid; Cl – chlorine; CIAA – chloroiodoacetic acid; DIAA – diiodoacetic acid; MIAA – 
monoiodoacetic acid; ND – not detected; NH2Cl – monochloramine; NOM – natural organic matter; SUVA – specific 
ultraviolet absorbance; TOC – total organic carbon. 
a Calculated. 
Source: Postigo et al. (2017) 
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Liu et al. (2017) systematically investigated the factors influencing the formation of I-DBPs 
during chloramination of iodide-containing waters (see Table 23). After chloramination, MIAA, 
DIAA and triiodoacetic acid were detected in raw waters with Suwannee River NOM isolate. 
Triiodoacetic acid consistently had the highest concentrations among three I-HAAs detected 
under all experimental scenarios. Additionally, the authors assessed the effect of water matrix 
on other I-DBP formation in various water sources spiked with 200 µg/L of iodide. They found 
that low-SUVA254 NOM was more reactive in the formation of I-DBPs during chloramination 
than high-SUVA254 NOM. 
 
Table 23. Effect of different factors on iodinated haloacetic acid (I-HAAs) formation during chloramination of 
Suwannee River NOM isolate 

Factors influencing         
I-HAA formation 

MIAA concentration 
 

DIAA concentration TIAA concentration 

Reaction time  
(0 h–12 h) 

Increased with reaction 
time (45 nM at 12 hours). 

Increased with reaction 
time (71 nM at 12 hours). 

Increased with reaction 
time (321 nM at 12 hours). 

NH2Cl dose  
(0.01mM–0.4 mM) 

Increased progressively 
with increasing NH2Cl 
dose. 

Increased progressively 
with increasing NH2Cl 
dose. 

Significantly increased 
from 0.01–0.1 nM, and 
then decreased with 
higher NH2Cl doses. 

Iodide concentration  
(10 μM–300 μM)       
 

Decreased from 120 to 50 
nM with increasing iodide 

concentrations. 

Progressively increased 
with increasing iodide 
concentrations. 

Significantly increased 
from 10 to 200 μM, and 
then decreased slightly at 
higher iodide 
concentrations. 

pH 
(5.0–9.0) 

Decreased from 110 nM at 
pH 5.0 to 58 nM at pH 9.0, 
respectively, although the 
highest yield was observed 
at pH 6.0. 

Decreased from 183 nM at 
pH 5.0 to 72 nM at pH 9.0. 

Decreased from 382 nM at 
pH 5.0 to 364 nM at pH 
9.0, although the highest 
yield was observed at pH 
6.0.   

DOC concentration 
(1 mg/L–7 mg/L) 
 

Remained nearly constant 
over the studied DOC 
concentration range. 

Progressively increased 
over the studied DOC 
concentration range. 

Significantly increased 
with increasing DOC 
concentration from 1.0 to 
5.0 mg/L, and then 
decreased at a higher DOC 
concentration (that is, 7.0 
mg/L). 

DIAA – diiodoacetic acid; DOC – dissolved organic carbon; I-HAAs – iodinated haloacetic acids; MIAA – 
monoiodoacetic acid; NH2Cl – monochloramine; NOM – natural organic matter; TIAA – triiodoactic acid. 
Source: Liu et al. (2017b) 

 

4.4.3 Additional factors 
 
Additional factors that impact HAA formation are include reaction time, temperature, and pH. 
Generally, bromide and disinfectant dose affect HAA formation more significantly than reaction 
time, temperature, and pH (Hong et al., 2013).  

4.4.3.1 Reaction time   
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During disinfection processes, when a disinfectant residual persists, reaction time is one of the 
most important factors determining HAA concentrations. Because of their chemical stability, 
HAA concentrations typically increase with reaction time for as long as a disinfectant residual 
exists (Reckhow and Singer, 2011). However, in distribution systems, HAA concentrations can 
significantly decrease after long residence times due to biodegradation of di-HAAs (Section 6.0).  
 
Pourmoghaddas et al. (1993) studied the formation of nine HAA species in a water solution of 
humic acid at two chlorine dosages (11.5 mg/L and 25 mg/L), four bromide levels (0.0, 0.5, 1.5 
and 4.5 mg/L), and three reaction times (6, 48 and 168 hours). The authors observed similar 
HAA formation trends for the two chlorine doses. The reaction time had a substantial effect on 
the formation of TCAA and DCAA. The concentrations of these two HAA species increased with 
longer reaction time under all the experimental conditions. The concentrations of bromochloro 
and brominated species generally increased with reaction time; however, other experimental 
conditions such as pH and bromide levels strongly affected the formation of these species. For 
example, for DCBAA and DBCAA, their formation initially increased with reaction time; 
however, the high pH (9.4) changed the formation to being nearly zero. Hong et al. (2013) also 
demonstrated an increase in the yields of HAAs when the reaction time increased from 2–
24 hours and to 72 hours after chlorination of raw drinking water at pH 7. The reaction rate of 
the formation became slower after two hours, which indicated a decrease in NOM reactive 
sites.  
 
For chloramination, the concentrations of HAAs generally stayed stable as the reaction time 
prolonged (Hong et al., 2013). Hua and Reckhow (2008) pointed out that di-HAAs formed 
quickly within 30 minutes of chloramination and did not increase significantly after that. 
Ozonation by-products form quickly and show little increase with time due to the rapid 
dissipation of ozone residuals (Reckhow and Singer, 2011). 
 
The residence time is a function of water quantity and usage and can be subject to changes 
over time. These changes in residence time may coincide with water quality variations, which 
can compound effects on HAA formation. Overall, water quality and water quantity should both 
be examined to understand potential impacts to HAA concentrations. 

4.4.3.2 Disinfectant dose and residual 

 

Disinfectant dose and residual have a variable impact on DBP formation. For residual 
disinfection, small changes in disinfectant dose have a minor effect on the formation. Typically, 
there is an excess of disinfectant; therefore, the DBP formation reaction is precursor-limited. 
When the disinfectant residual drops below approximately 0.3 mg/L, DBP formation becomes 
disinfectant-limited (Reckhow and Singer, 2011). Disinfectant dose plays a greater role in DBP 
formation during primary disinfection than during secondary disinfection, as primary 
disinfectant amounts are usually below the long-term demand (Reckhow and Singer, 2011).  
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Uyak and Toroz (2007) carried out chlorination of Buyukcekmece Lake water samples in 
Istanbul at pH 7.0 with 5 mg/L and 12 mg/L chlorine doses. The concentrations of the HAA 
species were expected to increase in the high chlorine dose samples because of the HOBr 
generated from the reaction of chlorine and bromide. However, the increased chlorine dose did 
not significantly affect the distribution of the HAA5. The maximum concentrations of total 
HAA5 with 5 mg/L and 12 mg/L chlorine doses were 0.46 µM (at 50 µM bromide) and 0.66 µM 
(at 12.5 µM bromide), respectively.  
 
Reckhow and Singer (2011) demonstrated that the DBP formation was directly proportional to 
the chlorine dose increase from 3 mg/L to 5 mg/L. When the chlorine dose was higher than 
5 mg/L, the disinfectant residual was sufficient and DBP formation levelled off. The authors 
stated that with lower TOC values, chlorine demand could be less than 3 mg/L and no effect on 
the DBP formation would be expected at higher chlorine concentrations. 
 
Hong et al. (2013) studied HAA9 formation with both chlorine and chloramines. The authors 
found that HAA9 concentrations generally increased as the disinfectant dose increased. 
Chlorine and chloramine doses ranged from 0.65–3.9 mg/L and from 1.3–7.8 mg/L, 
respectively. The average yields of HAAs in chloramination were only 24% of those in 
chlorination. The authors speculated that some intermediate DBPs may be formed during 
chlorination/chloramination. These intermediates can further react with chlorine/chloramine 
resulting in the formation of downstream DBP products such as HAAs when NOM-reactive sites 
are exhausted. The HAA speciation was greatly influenced by the monochloramine dose. For 
example, higher percentage yields of tri-HAAs (increased from 9% to 26%) were observed as the 
monochloramine dose rose to 7.8 mg/L. These results were explained by more free chlorine 
release at higher monochloramine doses, leading to more oxidation products such as tri-HAAs. 
 
For chloramination, the presence of transient free chlorine residuals increased with the rise in 
the Cl2:N ratio, and it took longer for free chlorine residuals to disappear. This can shift HAA 
yields and speciation from that typical of chloramines to that of free chlorine (Reckhow and 
Singer, 2011).  

4.4.3.3 pH 

 

The formation of specific halogenated DBPs is strongly influenced by pH (Reckhow and Singer, 
2011). Generally, the formation of HAAs during chlorination increased with decreasing pH 
(Pourmoghaddas et al., 1993; Cowman and Singer, 1996; Liang and Singer, 2003; Hua and 
Reckhow, 2008; Reckhow and Singer, 2011). The highest concentrations of HAAs were observed 
by Pourmoghaddas et al. (1993) at pH 5.0, in particular for mixed halogenated species, with a 
definite increase in TBAA with decreasing pH. The increase of pH from 6.0–8.0 decreased tri-
HAA formation, with little effect on di-HAA formation(Liang and Singer, 2003). Hua and 
Reckhow (2008) also observed that tri-HAA formation was supressed at higher pH, whereas di-
HAA formation increased by 30% when pH was increased to 10.0. For chloramination, the 
authors observed the lowest di-HAA formation at pH 10.0, and only trace amounts of tri-HAAs 
formed at various pH values. 
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4.4.3.4 Temperature 

 

In general, the rate of formation of DBPs generally increases with rising temperature (Hua and 
Reckhow, 2008; Reckhow and Singer, 2011). Some DBPs are more sensitive to temperature 
changes than others. Increased chlorine decay with warmer temperature limits DBP formation 
reaction, particularly TCAA formation. However, in practice, the chlorine dose would be 
increased to accommodate for the chlorine decay (Rodriguez and Sérodes, 2001; Reckhow and 
Singer, 2011). DCAA formation is less sensitive to chlorine residual concentration, 
demonstrating again the different formation chemistry for di-HAAs and tri-HAAs. In addition, an 
increased biodegradation rate for di-HAAs is expected with higher temperatures (Reckhow and 
Singer, 2011).   
 
Hong et al. (2013) studied DBP formation at 10 °C, 20 °C and 30 °C. With chloramination, no 
effect was observed related to temperature increase in the case of HAA9 formation. With the 
chlorination, the authors observed that HAA formation initially increased when the 
temperature rose from 10 °C to 20 °C but decreased when the temperature rose to 30 °C. The 
decrease of HAAs was attributed mostly to the reduction of TCAAs. The authors concluded that 
elevated temperatures potentially contributed to the decomposition of tri-HAAs, as they are 
thermally unstable DBPs. The concentration of thermally unstable DBPs as a function of 
temperature depends on their formation and decomposition rates. 
 
Disinfectant residual within the distribution system can be impacted by a rise in temperature 
due to higher reaction rates, increased biological activity, and variations in NOM (AWWA, 
2017). Changes in water temperature should be considered together with other parameters 
that also vary seasonally, such as NOM quantity and composition. 
 

5.0 Treatment considerations 
 

Water treatment plants must balance effective disinfection against the creation of DBPs 
because drinking water must, first and foremost, be microbiologically safe in order to prevent 
waterborne disease. For HAA control, the preferred and most effective option is to reduce or 
limit its formation prior to and during distribution. In situations where HAAs have formed, there 
are options to remove formed HAAs.  
  

5.1 Municipal-scale treatment 
 

Strategies to reduce the formation of HAAs include precursor removal prior to disinfection, 
altering disinfectant dose, type or dosing location in a treatment train, or change in disinfection 
practices. Treatment may change seasonally or temporally to account for changes in factors 
that affect HAA formation. Additionally, there are treatment processes (for example, biological 
filtration and membrane separation) that can reduce HAAs after their formation. Any changes 
to control/minimize HAAs need to be evaluated using bench- and pilot-scale testing to ensure 
that treatment goals are met, effective disinfection is achieved, and changes do not result in 
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unintended consequences and challenges in complying with other regulatory requirements. 
These tests need to be repeated regularly to account for source water quality changes, seasonal 
variability and climate change. 
 
To minimize the formation of HAAs during drinking water treatment processes, the focus 
should be on reduction of HAA organic precursors before primary disinfection takes place. The 
HAA organic precursor control approaches include the following: optimized coagulation, 
biological filtration, oxidation before chlorination, granular activated carbon (GAC), ion 
exchange and membrane separation (McGuire et al., 2014). Switching disinfectant can lead to 
the formation of other DBPs. However, alternative oxidants and disinfectants can provide 
valuable options in DBP control strategies. Precursor removal and alternative 
oxidants/disinfectants may not be the best approach for systems, such as consecutive systems 
without control of treatment processes or large distribution systems with DBP hot spots. 
 
Changing source water or blending of source waters for DBP precursor dilution can be used for 
controlling HAA precursors if alternative source waters are available to a water utility (Becker et 
al., 2013). Characterization of alternative source water before blending is critical to ensure 
water quality is maintained (for example, potential for corrosion due to water chemistry 
changes and formation of other DBPs). These approaches can be used seasonally during periods 
of peak TOC concentration.  
 
Localized water treatment for removal of formed HAAs may include GAC, biological activated 
carbon (BAC), and membrane separation. Operational parameters drinking water 
characteristics should be carefully monitored. Implementing technologies that can remove 
DBPs and prevent their re-emergence in the distribution network may be necessary (Gilca et al., 
2020). 

 

5.1.1 Precursor control options 
 

Removal of organic and inorganic precursors can minimize the formation of HAAs. The NOM 
guidance document provides a detailed discussion of the various treatment technologies that 
can be used to remove NOM. The choice of treatment depends on many factors including 
(Health Canada, 2020): 

• type of NOM 
• interactions with other water constituents (for example, bromide and iodide) 
• interactions with treatment chemicals 
• interactions with processes (for example, fouling of membranes) 
• impacts on distribution system water quality 
 

Source-specific treatability studies, including bench- and/or pilot-scale testing, are essential to 
determine the most effective treatment option(s) to remove NOM, decrease its reactivity to 
form HAAs, and remove inorganic precursors. The lack of a source-specific treatability study 
may result in the selection of inappropriate treatment and an increase in HAAs following 
implementation. As water sources or treatment processes can change seasonally and 
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temporally, it is important to routinely monitor the concentration and character of NOM and to 
evaluate its impact on treatment, water quality, and distribution system conditions. 
 
Variable levels of organic precursor removal can be achieved using a single process (for 
example, coagulation) or by integrating multiple processes (for example, ion exchange-
coagulation). Conventional drinking water treatment processes may need to be followed by 
advanced technologies prior to disinfection in order to improve removal of DBP precursors 
(Gilca et al., 2020). Though many studies investigated the impact of specific treatment unit 
performance and source water quality on resulting DBP concentrations, few directly compared 
the technologies on various source waters and evaluated the integration of these technologies 
in one treatment train and the order of unit processes (Bond et al., 2011; Plourde-Lescelleur et 
al., 2015). Decisions on which technology to apply for control of HAA formation should include 
whether it can also address other water quality problems. The selection of treatment and 
disinfection strategies for controlling the formation of DBPs should also consider the formation 
of other DBPs of potential concern. 
 
Removal of inorganic precursors, such as bromide and iodide, can also be used to reduce 
formation of Br-HAAs and I-HAAs. Bromide is difficult to remove from water and, despite being 
technically feasible, a cost-effective option to reduce Br-HAAs is unlikely to be available (Health 
Canada, 2018; Criquet and Allard, 2021). The most common technologies used for organic 
precursor removal (for example, enhanced coagulation and GAC) result in a shift to more Br-
DBPs as they remove DOC but not bromide (Krasner et al., 1996; Criquet and Allard, 2021). The 
ratio of bromide/DOC increases; therefore, the BSF or BIF of HAAs increases (MacKeown et al., 
2020; Young et al., 2020; Zheng et al., 2020; Hua et al., 2021). During early GAC breakthrough 
when the organic precursor levels are low, bromine can react with active organic precursors 
more readily than chlorine. Krasner et al. (1996) indicated that enhanced coagulation had a less 
substantial effect than GAC on shifting the speciation towards Br-DBPs as it was less effective in 
reducing TOC. Wang and Chen (2014) studied the removal of HAAs in bench-scale experiments 
by catalytic ozonation followed by a biofiltration column. The authors concluded that when 
catalytic ozonation reduced DOC before chlorination, the formation of brominated HAAs 
increased. The subsequent use of biofiltration after ozonation and catalytic ozonation increased 
the BIF values.   
 
Many DWTPs use pre-chlorination to oxidize iron or manganese or to avoid biofouling of filters 
(Cuthbertson et al., 2019; MacKeown et al., 2020). Though pre-chlorination or intermediate 
chlorination results in the formation of DBPs, it also transforms NOM into intermediate 
aromatic halogenated DBPs, which may be more easily removed by GAC than larger precursor 
molecules (Jiang et al., 2017, 2018; Cuthbertson et al., 2019; Erdem et al., 2020; MacKeown et 
al., 2020). When high-bromide waters are chlorinated before GAC treatment, the bromide is 
oxidized and subsequently incorporated into hydrophilic NOM molecules that are more 

adsorbable by GAC (McGuire et al., 2014). Chlorination before GAC treatment may be a 
beneficial strategy for water treatment systems where Br-HAAs are detected at high levels in 
the distribution system. However, it is important to maintain the GAC capacity to retain formed 
HAAs. An overview of bromide removal strategies, including bench- and pilot-scale studies, are 
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presented in Westerhoff et al. (2022). The authors indicated the necessity for significant 
improvements in bromide removal capacities for removal to be viable at full-scale. Bromide 
selective ion exchange resins may be a viable option (see Section 5.1.1.5). Water treatment 
systems should have a good understanding of the sources, concentration, and seasonal 
variability of bromide in their source waters.  
 
For high-iodide source waters, the removal of iodide may be achieved by oxidation to iodate 
(stable compound that does not form I-HAAs). Pre-chlorination and pre-ozonation are two 
options that can oxidize iodide to iodate and avoid formation of I-DBPs (Allard et al., 2015; 
Kimura et al., 2017). However, it is important to note that pre-chlorination forms regulated 
DBPs. To provide effective oxidation of iodide to iodate, pre-chlorination time prior to ammonia 
addition (to form chloramines) can be optimized (Dong et al., 2019). Generally, organic 
precursors are more easily removed than inorganic precursors. The increase in the 
bromide/DOC and iodide/DOC ratios causes a shift towards more Br-HAAs and I-HAAs. 

5.1.1.1 Enhanced coagulation 

 

Enhanced coagulation often represents one of the simplest strategies to prevent DBP 
formation. This strategy may only require the modification of current coagulation practices by 
conducting jar tests (Ontario Ministry of the Environment, Conservation and Parks, 2023). 
Impacts such as elevated corrosivity, increased sludge production, and changes in disinfection 
efficacy are considerations for water treatment systems when selecting the coagulation 
strategy (McGuire et al., 2014).  
 
The reduction of HAA precursors can be achieved through increased coagulant dose or by 
adjusting the coagulation pH (McGuire et al., 2014). The choice of coagulant will depend on the 
characteristics of the water to be treated (Health Canada, 2020). The use of different 
coagulants results in different reactivity of the remaining NOM fractions towards HAA 
formation (Tubic et al., 2013).  
 
In a bench-scale study, Lapointe et al. (2021) compared the enhanced coagulation results of 
three Canadian source waters using six different coagulants (see Table 24). The formation of 
HAAs in the treated waters was performed under UFC. For the two river source waters, ferric 
sulfate outperformed aluminum-based coagulants for HAA precursor removal at pH 5, whereas 
at pH 6, alum had a better result. The NOM from Des Rapides Lake had a high DBP formation 
potential, and HAA precursors were better removed using highly pre-hydrolyzed coagulants at 
pH 5. Performance of polyaluminum chloride (PACl) coagulants decreased when pH increased. 
The best performance for the lake source water at pH 6 was demonstrated by aluminum 
chlorohydrate. The authors suggested that some NOM present in Des Rapides Lake interacted 
with Al cationic species and was removed via electrostatic affinities.  
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Table 24. Impact of pH and coagulant type on haloacetic acid (HAA) formation (µg/L) under uniform formation 
conditions (UFC) 

Coagulant St. Lawrence 
Rivera  
pH 5 

St. 
Lawrence 

Rivera 

pH 6 

Des Prairies 
Riverb 

pH 5 

Des  
Prairies 
Riverb 

pH 6 

Des 
Rapides 

Lakec 

pH 5 

Des Rapides 
Lakec 

pH 6 

Ferric sulfate 12 15 86 82 41 75 

Alum 20 13 142 68 72 65 

Polyaluminum chloride 
(PAX 14) 

23 30 109 82 31 42 

Polyaluminum chloride 
(PAX 18) 

17 25 188 105 26 43 

Polyaluminum chloride 
(PAX XL8)  

26 22 109 104 28 NA 

Aluminum chlorohydrate  
(PAX XL1900) 

33 32 102 96 34 36 

DOC – dissolved organic carbon; NA – not available; SUVA – specific ultraviolet absorbance. 
a DOC: 2.93 mg C/L; SUVA: 1.8 L/mg·m; Alkalinity: 79 mg CaCO3/L; Coagulation with 0.15 meq/L. 
b DOC: 7.27 mg C/L; SUVA: 3.8 L/mg·m; Alkalinity: 23 mg CaCO3/L; Coagulation with 0.40 meq/L. 
c DOC: 11.1 mg C/L; SUVA: 4.6 L/mg·m; Alkalinity: 1 mg CaCO3/L; Coagulation with 1.11 meq/L. 
Source: Lapointe et al. (2021) 
 

Zhao et al. (2013) reported the same observation with their high DOC source water when 
comparing four coagulants (ferric chloride, aluminum sulfate, PACl and composite 
polyaluminum) for HAA precursor removal. The greatest HAA precursor removals (59%) were 
achieved by PACl at pH 5.5, at which point charge neutralization was the predominant 
mechanism. The high-polymeric Al-containing PACl coagulants can outcompete commercial 
PACls in destabilizing DBP precursors (Lin and Ika, 2020).  
 
Enhanced coagulation is not very effective in removing the hydrophilic fractions of HAA 
precursors, resulting in increased formation of dihalogenated HAA species (Tubic et al., 2013; 
Lin and Ika, 2020). The high reactivity of the hydrophilic fractions of HAA precursors requires 
that special attention be paid to their removal from source waters with a high content of these 
fractions.  

5.1.1.2 Pre-oxidation strategies  

 

Pre-chlorination minimizes biological slime formation on filters, pipes, and tanks, controls zebra 
mussels at the raw water intake, and oxidizes hydrogen sulfide or reduced iron. However, the 
ideal approach for minimizing DBPs is to apply chlorination in the treatment train after NOM 
removal. When pre-oxidation is needed, alternative pre-oxidation strategies (for example, 
ozonation, chlorine dioxide [ClO2] and advanced oxidation processes) may be explored 
(McGuire et al., 2014; Gilca et al., 2020; Health Canada, 2020). By using pretreatment oxidants 
other than chlorine, water treatment systems can delay chlorine disinfection until after 
conventional water treatment where HAA precursor concentrations have been reduced (Singer 
et al., 2003). Under typical water treatment conditions, pre-oxidation processes transform the 
nature of the organics rather than remove bulk NOM. They can also be used for disinfection as 
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well as taste and odour control (Health Canada, 2020). However, there are still many 
uncertainties around the effect of some pre-oxidation processes on DBP formation (Yang et al., 
2013; Gao et al., 2019; Carra et al., 2020; Liu et al., 2021). In general pre-oxidation transforms 
large aromatic and long aliphatic chain organics to small, hydrophilic structures. Therefore, pre-
oxidation reduces UV absorbance, affecting SUVA without an associated reduction in NOM 
concentration. Thus, it is important to select appropriate sampling sites along the treatment 
train when measuring UV absorbance to calculate SUVA (Health Canada, 2020).  
 
Waters with low TOC content and SUVA value are not highly amenable to coagulation, 
therefore ozonation coupled with biofiltration treatment is recommended to increase DBP 
precursor removal (Chaiket et al., 2002). A survey of 284 United States drinking water 
ozonation facilities was undertaken with approximately 50% of the treatment plants using 
ozone as part of a DBP-control program (McGuire et al., 2014). The ozonation step in most 
facilities was implemented as a pre- or intermediate process within the water treatment plant. 
The post-ozonation step is typically positioned after the filters (Méité et al., 2015). Since ozone 
is rapidly consumed under typical drinking water conditions, most ozonation treatment 
scenarios include either chlorine or chloramine for residual disinfection (Hua and Reckhow, 
2013). 
 
Some studies reported variable results of HAA precursor removal based on the location of the 
ozonation step in relation to coagulation (Chaiket et al., 2002; Méité et al., 2015; Lin et al., 
2020). These differences indicate the effect of different raw water quality and operating 
parameters on treatment efficacy and their impact on other treatment processes located later 
in the treatment train. Singer et al. (2003) concluded in bench-scale experiments that the 
formation of HAA9 was lower for five of six source waters when ozone was applied prior to 
enhanced coagulation, in comparison to enhanced coagulation alone. Adjusting the pH to 6.5 
prior to ozonation was an important factor in reducing HAA formation. Reduced HAA FP (by an 
average of 30.3%) was also observed for ozonation after enhanced coagulation (intermediate 
ozonation). Fifty percent of the samples had higher reduction in HAA FP for each of the pre-
ozonation and intermediate ozonation approaches. However, the authors noted that biological 
filtration, commonly used with intermediate ozonation to remove additional HAA precursors, 
was not used on the settled waters.  
 
Chaiket et al. (2002) did not find clear evidence to demonstrate a dependence of HAA precursor 
removal at the location of ozonation with respect to coagulation. The authors conducted a 
study at pilot scale to investigate the effectiveness of coagulation, ozonation, and biological 
filtration in controlling HAA9 FP in drinking water with a low SUVA. Though pre-ozonation 
appeared to be more effective than intermediate ozonation when evaluated as a singular 
process, the total reduction in HAA FP was similar for the overall treatment process between 
nine pilot scale runs. The removal of HAA precursors by biological filtration was greater when 
ozone was applied immediately prior to filtration.  
 
In UFC experiments with low bromide waters (ranging from 3.5–25 µg/L) in Quebec, the 
average reduction of HAA6 was: 52% for DWTPs using pre-ozonation (3 treatment plants); 29% 
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for DWTPs using intermediate ozonation (3 treatment plants), and 26% for DWTPs using post-
ozonation (9 treatment plants) (Méité et al., 2015). In a study with high bromide concentrations 
in the raw water at a DWTP located in Zhejiang, China, treatment steps in the treatment train 
were pre-ozonation (O3 dosage: 0.5 -1.5 mg/L), coagulation, sedimentation, sand filtration, 
post-ozonation (O3 dosage: 0.5 - 3.0 mg/L), BAC filtration, and chlorination (Lin et al., 2020). The 
authors assessed the changes in HAA organic precursors at different locations of the treatment 
train. For example, HAA5 FP increased after pre-ozonation (by 27.33%) and post-ozonation (by 
30.86%), whereas a decrease was observed in HAA5 FP after coagulation with sand filtration (by 
14.02%) and after BAC filtration (by 36.64%). The authors attributed the increase in HAA5 FP 
after the ozonation steps to the increased formation of Br-HAAs (BCAA and DBAA). 
 
The inorganic by-products produced by ClO2, such as chlorite (ClO2

-) and chlorate (ClO3
-), are 

harmful to human health (Health Canada, 2008, 2011). Water treatment plants using chlorine 
dioxide as primary disinfectant should not exceed a maximum feed dose of 1.2 mg/L to ensure 
that the chlorite and chlorate concentrations do not exceed their respective MAC (Health 
Canada, 2008).  
 
Though ClO2 is an effective disinfectant, it is more often used as a pre-oxidant before 
chlorination or chloramination to keep its by-products at lower concentrations (Yang et al., 
2013). Studies show that the ClO2 application before chloramines resulted in an increase in 
overall N-nitrosodimethylamine formation (McGuire et al., 2014).   
 
Yang et al. (2013) investigated the formation of HAA9 at various ClO2 (from 2 mg/L to 10 mg/L) 
and bromide (from 0.1 mg/L to 2 mg/L) concentrations in sequential ClO2-chlorination and ClO2-
chloramination processes. Without bromide in the simulated high SUVA water (Suwannee River 
NOM), there was no significant reduction in HAA formation (only TCAA and DCAA were 
detected) with ClO2 pre-oxidation (at 2 mg/L) for both chlorination and chloramination. In 
contrast, when testing Beijiang river water, the reduction in HAA formation after pre-oxidation 
was 30% and 20% for chlorination and chloramination, respectively. In the simulated water 
using chlorination, di-HAAs remained constant at various bromide concentrations, but tri-HAA 
concentrations increased with rising bromide concentrations. The reduction levels after ClO2 
pretreatment remained constant for di-HAAs but varied for tri-HAAs. Bromine incorporation 
was higher in HAAs after pre-oxidation. When the ClO2 concentration was gradually increased 
from 2 mg/L to 10 mg/L, the total HAA9 formation reductions varied from 10% to 45%.  
 
UV treatment alone does not generate DBPs. However, UV irradiation can have an impact on 
the formation of DBPs from subsequent secondary disinfection when using chlorine or 
chloramine. UV irradiation can be applied to drinking water in three different processes in 
relation to DBP formation: UV for primary disinfection; UV/H2O2 advanced oxidation process 
(AOP) to destroy organic contaminants; and UV/Cl2 AOP whereby UV is applied in the presence 
of chlorine to remove organic contaminants. Studies have shown that UV irradiation at typical 
drinking water disinfection doses (for example, 40-140 mJ/cm2) does not substantially alter the 
DBP precursors.  
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In a study by Reckhow et al. (2010), the raw water of Quabbin Reservoir in Massachusetts, U.S., 
and sand and GAC filter effluents of a DWTP in Ohio, U.S., were collected and treated with UV 
and chlorine treatment. In this study, the UV treatment did not show any significant effect on 
HAA formation from post-chlorination with an average HAA precursor destruction of 5% or less. 
The UV/H2O2 AOP pretreatment was shown to impact subsequent DBP-FP, depending on the 
UV dose. AOP UV doses in the order of 1000 mJ/cm2 often caused increases in HAA formation 
with subsequent chlorination (Dotson et al., 2010). However, higher AOP UV doses (3500–
5000 mJ/cm2) led to reductions in HAA FP (Toor and Mohseni, 2007). During the UV/Cl2 AOP 
treatment, chlorine and reactive chlorine radical species produced from UV/chlorine photolysis 
can react with NOM to form chlorinated DBPs. Gao et al. (2019) indicated that the UV/Cl2 
process for degradation of humic acids generated more HAAs than chlorination alone. Carra et 
al. (2020) evaluated HAA formation during UV/Cl2 treatment using a UV-LED reactor at 285 nm. 
A strong pH effect was not observed on HAA formation in comparison to THMs. The UV/Cl2 

process greatly increased the HAA formation relative to THMs at a pH of 5.1 and pH of 6.5. An 
increase in HAA FP between 100% and 180% across the water samples was observed, while 
THM FP increased up to 30%. Wang et al. (2015) showed that pretreatment by both UV/Cl2 and 
UV/H2O2 AOPs resulted in a higher 24-hour HAA formation when compared to the controls (by 
40%–110% in Cornwall water and 20%–90% in Lake Simcoe water). 
 
Water treatment systems should be aware that all oxidants produce biodegradable products 
upon reacting with NOM. As a result, biologically active filtration may be necessary to stabilize 
treated water (Health Canada, 2020). Sarathy et al. (2011) concluded that the DBP FP did not 
change considerably after UV/H2O2 treatment. When a low-pressure UV/H2O2 process was 
followed by BAC treatment, HAA FP reduction was 75% after seven days and 51% after 10 days 
of the BAC run. 

5.1.1.3 Biological filtration with and without pre-ozonation 

 

Biological filtration is an operational practice of promoting and maintaining biological activity 
on granular media of a filter for enhancing the removal of organic (for example, biodegradation 
of organic HAA precursors) and inorganic constituents prior to the distribution system. 
Biofiltration systems enhance finished drinking water quality and are increasingly operated 
throughout North America by surface water facilities. A survey of 45 full-scale biofiltration 
facilities across the U.S. and Canada identified organic carbon reduction or DBP reduction as a 
goal. Twenty-eight (62%) of these facilities had ozonation upstream of biofiltration (Evans et al., 
2019).    
 
Granular media filters (that is, anthracite/sand or GAC) can be operated in biological mode 
without the maintenance of a disinfectant residual across the bed. Biological activity within the 
filters can be influenced by different factors, including filter media, water quality, temperature, 
oxidant dose and type, and backwashing methods (McGuire et al., 2014; Liu et al., 2017a; Evans 
et al., 2019; Health Canada, 2020). For example, GAC biofilters can demonstrate a superior 
performance than anthracite biofilters as microorganisms exhibit a better adhesion to GAC 
through their adsorption to its surface and pores, protecting microorganisms from detachment 
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during backwashing (Liu et al., 2017a). In general, HAA precursors are more susceptible to 
removal by biological treatment than THM precursors (Miltner et al., 1992; Speitel et al., 1993). 
Since ozone oxidizes NOM to form biodegradable organic matter, biological filtration provides 
additional HAA precursor removal (Miltner et al., 1992; Speitel et al., 1993). It also helps to 
create biologically stable water after ozonation, minimizing regrowth of microorganisms in the 
distribution system (McGuire et al., 2014). 
 
In a bench-scale study, biological filtration decreased HAA FP by 75% with and without pre-
ozonation (Miltner et al., 1992). However, the batch bioreactors employed in the study utilized 
a five- to seven-day reaction time, which is very different from the minutes to hours of 
detention time typically used in full-scale systems. Therefore, this level of removal is higher 
than what may be attainable in full-scale processes. Speitel et al. (1993) demonstrated 25%–
30% removal of HAA precursors by biodegradation in the absence of pre-ozonation, and 70% 
removal with pre-ozonation. The maximum biodegradation was observed at ozone doses of 2 
to 3 mg/mg TOC. Only DCAA, TCAA and DBAA were monitored in this research with ozone 
doses ranging from 0.5 to 5 mg/mg TOC. However, at the highest ozone dose (5 mg/mg TOC), 
the additional biodegradation was unable to offset the DBP formation potential (for example, 
DCAA formation) produced during ozonation.  
 
The effect of biofiltration with or without pre-ozonation on HAA9 formation was investigated 
by McKie et al. (2015) in pilot-scale studies using source waters from Lake Ontario and 
Otonabee River. The Lake Ontario pilot treatment plant influent had DOC between 1.5 and 2.5 
mg/L with bromide concentration of 40 µg/L and was treated by anthracite and GAC biofilters 
preceded by ozonation, whereas Otonabee River influent (DOC: 4–6 mg/L, bromide: 0.5 µg/L) 
was treated by anthracite and biofilters without pre-ozonation. Higher biomass activity was 
observed on Otonabee River biofilters due to the higher DOC and nitrogen concentrations. 
Though HAA9 FP reduction was 0.7–1.5 times more effective than the DOC reduction by 
biofiltration of Otonabee River water, it was still relatively low (4.3%–10%). For Lake Ontario 
water, the best performance was demonstrated by GAC biofilters that received water treated 
with 0.8 mg/L PACl coagulant after pre-ozonation. Though ozonation itself did not impact HAA9 
formation, GAC biofilters coupled with PACl achieved HAA9 FP reductions of 45% (16 min. 
empty bed contact time [EBCT]) and 54% (26 min. EBCT). Arnold et al. (2018) investigated 
ozone-biological filtration systems in relation to HAA5 FP. The pilot-scale system contained 
either a biological filtration column with BAC or anthracite. The ozonated BAC column was 
superior to the ozonated anthracite column with respect to TOC removal. A 51% reduction in 
HAA5 was achieved with the combination of ozone and BAC, whereas BAC alone was only able 
to achieve a 24% reduction in HAA5.  
 
Two full-scale and two pilot-scale treatment plants with biologically active filters were 
evaluated in terms of reduction of DOC, THM FP and HAA9 FP in the states of Georgia, Texas 
and Florida, U.S. (Selbes et al., 2017). Both full-scale treatment plants employed an ozonation-
coagulation-flocculation-biological filtration treatment train with anthracite as the filter media 
(water temperature ranged from 21 °C to 22 °C). The pilot-scale treatment plants had pre- and 
intermediate ozonation with GAC and anthracite as filter media. The observed reduction in 
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DOC, THM FP and HAA9 FP in all selected biofilters were in the order of HAA9 FP > THM FP > 
DOC. For example, DOC was decreased by 5%–25%, while HAA9 FP by 18%–57%. The authors 
concluded that the removal of HAA precursors was more preferential than bulk NOM. The 
biofilters did not remove bromide, so the DOC removal increased the bromide-to-DOC ratio and 
the fraction of brominated THMs and HAAs in the treated water in comparison to the influent 
water. Delatolla et al. (2015) studied the potential of biological filtration to reduce the 
formation potential of DBPs at a DWTP located in Ottawa, Ontario. The HAA5 FP decreased by 
78% and the highest decrease in HAA5 FP was observed immediately following a backwash 
event of a full-scale, biologically active filter, with anthracite and sand media. This suggests that 
a higher frequency of backwashing can reduce the formation of DBPs.  

5.1.1.4 Granular activated carbon 

 

The U.S. EPA identifies GAC adsorption as one of the best available technologies for removal of 
DOC from raw water. The GAC removal of organic precursors that form regulated DBPs, such as 
THMs and HAAs, has been widely studied in drinking water treatment applications (Erdem et 
al., 2020; Verdugo et al., 2020). Removal efficacy of GAC depends on EBCT, water temperature, 
GAC configuration, the type of carbon used, backwash frequency and DBP species being 
adsorbed. GAC adsorption capacity varies widely, depending on the quality of the source water 
(for example, HAA precursor characteristics) and the pretreatment of the raw water (for 
example, pre-chlorination). Two major challenges reported are the size exclusion effect of GAC 
pores for high MW NOM fractions (greater than 10 kDa) and its ineffectiveness for the removal 
of bromide and other inorganic DBP precursors (Jiang et al., 2017; Erdem et al., 2020).   
 
Generally, chlorine should not be introduced before GAC filtration as chlorine oxidizes the 
carbon surface and reduces its ability to adsorb organic compounds. However, studies suggest 
that the addition of chlorine prior to GAC filtration may reduce subsequent DBP formation 
(Jiang et al., 2017, 2018; Erdem et al., 2020). It has been postulated that this is due to the 
formation of aromatic, halogenated DBPs acting as intermediate DBPs and further decomposing 
during chlorination to form other DBPs such as THMs and HAAs. These intermediate aromatic 
DBPs are smaller in size and may have better access to the micropores of activated carbon 
particles, thus making better use of GAC total pore volumes. Additionally, they are typically 
hydrophobic with a higher affinity toward GAC (Jiang et al., 2017). For high-bromide waters, 
chlorination before GAC treatment oxidizes the bromide, resulting in its subsequent 
incorporation into hydrophilic NOM molecules and making them more adsorbable (McGuire et 
al., 2014).  
 
Jiang et al. (2017) conducted rapid small-scale tests to compare the results of two approaches: 
GAC adsorption prior to chlorination for NOM removal (traditional approach) vs. GAC 
adsorption during chlorination for intermediate aromatic DBP removal (novel approach) (Table 
25). Chlorine was dosed before GAC to achieve primary disinfection chlorine levels. A chlorine 
residual was not detectable after the GAC treatment in the novel approach, so it is important 
that secondary disinfection is addressed after the GAC step to ensure that there is a 
disinfectant residual in the distribution system. With the novel approach, the bed volumes (BV) 
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of 50% TOX breakthrough (BV50%) in the bromide-containing waters were substantially longer 
(5900 BVs) than those in the bromide-free waters (3350 BVs). This suggests an enhanced 
adsorption of brominated DBPs over chlorinated DBPs during the GAC adsorption. 

   
Table 25. Novel and traditional approaches for controlling haloacetic acid (HAA) formation 

Simulated raw water GAC characteristics HAA removal Process description 

3 mg/L Suwannee 
River NOM as carbon 
 
90 mg/L NaHCO3 as 
CaCO3 for alkalinity 
 
2 or 0 mg/L KBr as 
bromide 
 
5 mg/L NaOCl as Cl2 

Bituminous coal-
based GAC (Calgon 
F300)   
 
EBCT - 10 min 

Traditional approach 
2 mg/L KBr 
HAA5: 30.7%  
HAA9: 31.2% 
 
0 mg/L KBr 
HAA5: 26.1% 
HAA9: 26.1% 
 
Novel approach 
2 mg/L KBr 
HAA5: 78.2%  
HAA9: 88.6% 
 
0 mg/L KBr 
HAA5: 83.1% 
HAA9: 83.1% 
 
 

Traditional approach - Raw and treated 
waters were subjected to chlorination 
under the same CT values in both 
traditional and novel approach 
 
GAC adsorption prior to chlorination. 
 
 
 
Novel approach - GAC adsorption during 
chlorination. 
 
A 30-min. chlorination was conducted to 
simulate a typical disinfection scenario in 
water treatment systems. 
 
 

CaCO3 – calcium carbonate; Cl2 – chlorine; CT – the product of “C” (the residual concentration of disinfectant, 
measured in mg/L) and “T” (the disinfectant contact time, measured in minutes – typically calculated using a T10 
value, which is defined as the detention time at which 90% of the water meets or exceeds the required contact 
time); EBCT – empty bed contact time; GAC – granular activated carbon; HAA – haloacetic acid; HAA5 – sum of 
MCAA, DCAA, TCAA, MBAA and DBAA; HAA9 – sum of HAA5 and BCAA, TBAA, CDBAA, BDCAA; KBr – potassium 
bromide; NaHCO3 – sodium bicarbonate; NaOCl – sodium hypochlorite; NOM – natural organic matter. 
Source: Jiang et al. (2017)   
 

Jiang et al. (2018) also investigated the effect of different chlorine contact times (0.5, 1.0, 1.5, 
2.0, 2.5, or 3.0 hours) on removal of TOX through the novel and traditional approaches in batch 
experiments with Suwannee River NOM and coconut-based GAC. A dose of 5 mg/L NaOCl as Cl2 
was added to the simulated source water containing 1 mg/L KBr as bromide. The TOX level in 
the Suwannee River NOM sample with the traditional approach increased from 224 to 418 μg/L 
as Cl with an increase in chlorine contact time, whereas with the novel approach, the TOX level 
in the treated sample was kept relatively low and nearly constant (120–136 μg/L as Cl) with 
increased contact time (from 0.5 to 3.0 hours). In general, the TOX removals with the novel 
approach (up to 75%) were two to three times higher than those with the traditional approach 
(up to 36%) (Jiang et al., 2018).  
 
Erdem et al. (2020) conducted a systematic study to investigate the effects of GAC 
characteristics and different NOM isolates on pre-chlorination efficacy and on the subsequent 
reduction of DBP formation (Table 26). The removal efficacy of HAA9 precursors of Suwannee 
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River NOM by two activated carbon types was studied by conducting rapid small-scale column 
tests with 50 mg/L of each type of GAC. A lignite-based GAC (HD3000) exhibited a better 
precursor removal than a bituminous coal-based GAC. HD3000 was selected to evaluate the 
effect of NOM characteristics (that is, high SUVA254 vs. low SUVA254) in the presence of 200 µg 
bromide/L. The highest decrease was observed for brominated HAA precursors with pre-
chlorination. At the same DOC level, without pre-chlorination, HAA formation decreased after 
lignite-based GAC treatment in all NOM solutions. However, pre-chlorination further decreased 
HAA formation only for Suwannee River NOM but not for the other NOM solutions. Erdem et al. 
(2020) concluded that pre-chlorination of low and high SUVA254 organic matter affects the GAC 
adsorption of HAA precursors differently. Water treatment plants with high raw water bromide 
concentrations can control DBP formation by applying chlorine before the GAC filters.  
 
Table 26. The effects of different granular activated carbon (GAC) and natural organic matter (NOM) isolates on 
HAA9 formation 

Simulated raw water GAC characteristics HAA9 – UFC 
 decrease 

Process description 

1. Suwannee River 
NOM (SRNOM)   
DOC: 2.0 mg/L 
SUVA254: 4.3 L/mg·m    
pH:7.5 
 
2. NOM extracted from 
raw water of a 
treatment plant in 
South Carolina 
(RWNOM) 
DOC: 2.0 mg/L 
SUVA254: 4.0 L/mg·m   
pH: 7.5 
 
3. NOM extracted from 
treated water of a 
treatment plant in 
South Carolina 
(TWNOM) 
DOC: 2.0 mg/L 
SUVA254: 2.6 L/mg·m   
pH: 7.5 
 

Bituminous coal-
based GAC (F400) 
with microporous 
structure (pore size 
< 2 nm)  
 
 
Lignite-based GAC 
(HD3000) with 
mesoporous 
structure (that is, 2 
nm < pore size < 50 
nm) 

Suwannee River NOM  
Pre-chlorination: 
40% for F400 
58% for HD3000  
 
Without pre-
chlorination 10% for 
F400  
39% for HD3000 
 
HD3000 
Without pre-
chlorination 
27% for SRNOM 
37% for RWNOM  
66% for TWNOM  
 
Pre-chlorination  
≈ 47% for SRNOM 
≈ 37% for RWNOM  
47% for TWNOM  

Experiments were conducted 
at bromide concentrations of 
0, 200 and 800 µg/L. 
 
2 mg/L HOCl was selected for 
30-min. pre-chlorination. 
 
 

DOC – dissolved organic carbon; GAC – granular activated carbon; HAA9 – sum of MCAA, DCAA, TCAA, MBAA, 
DBAA, BCAA, TBAA, CDBAA and BDCAA; NOM – natural organic matter; SUVA – specific ultraviolet absorbance; 
UFC – uniform formation conditions.  
Source: Erdem et al (2020) 

5.1.1.5 Ion exchange 
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Anionic ion exchange (AIX) is considered as an alternative process to coagulation/flocculation 
and activated carbon adsorption for DOM removal. AIX removes a wide range of DOM types, 
can be applied in different reactor configurations, and can be operated continuously or 
intermittently (Boyer, 2015). AIX systems use non-fixed bed technologies that utilize AIX resins 
in fluidized, suspended and magnetic forms (Metcalfe et al., 2015; Caltran et al., 2020). Small-
bead magnetic ion exchange (MIEX) resins can be used in fluidized ion exchange processes 
because of its rapid settling, but also larger, typical resins can be used in this configuration, 
whereas suspended ion exchange uses only a typical strong base resin (Caltran et al., 2020). In 
comparison to the MIEX process, the suspended ion exchange process is a single-pass plug flow 
system. It limits resin fouling and provides more stable adsorption kinetics (Metcalfe et al., 
2015). Generally, AIX treatment of drinking water has the potential to increase lead release due 
to the co-removal of sulfate with DOC and the stoichiometric release of chloride (Boyer, 2015). 
This phenomenon leads to an increase of the chloride-to-sulfate mass ratio, which plays a role 
in lead release due to galvanic corrosion (Health Canada, 2022). This side effect needs to be 
considered and addressed when using AIX as a technology. Additionally, decrease of pH occurs 
from freshly regenerated ion exchange resin due to removal of bicarbonate ions during the 
initial BVs of a run (Rubel, 2003; Clifford, 1999; Wang et al., 2010; Clifford et al., 2011). 
Mitigation strategies to address potential corrosion issues can be found elsewhere (Health 
Canada, 2022). 
 
MIEX resin has been shown to control DBPs, in particular by controlling hydrophilic organic 
precursors. It has been used either as an alternative to coagulation or as an adjunct to reduce 
coagulant doses (Bond et al., 2011, Rajca et al., 2017 Health Canada, 2020). Additionally, the 
treatment combination of MIEX with coagulation has shown greater reductions in the fouling of 
microfiltration and ultrafiltration (UF) membranes because it removes both dissolved (low MW) 
and colloidal (high MW) fractions of organic matter (Boyer, 2015). Since MIEX resin is less 
effective for removal of bromide and other inorganic anions, selective ion exchange resins need 
to be used to achieve a potential reduction of Br-DBP formation (Soyluoglu et al., 2020).  
 
In the studies of Singer and Bilyk (2002) and Boyer and Singer (2005) with raw waters from 
different water treatment systems across the United States, MIEX treatment showed better 
results for the removal of HAA9 FP in comparison to alum coagulation (Table 27). In a 
continuous-flow pilot treatment plant study conducted at four locations in the U.S., Singer et al. 
(2007) established that MIEX was effective at removing DOC and UV-absorbing materials in 
waters with a higher SUVA254 (greater than 3.0 L/mg∙m). No additional HAA9 FP removal was 
seen with the coagulation of MIEX-treated waters (Boyer and Singer, 2005).  

 
Table 27. Range of HAA9 formation potential (FP) removal reported using magnetic ion exchange (MIEX) and 
alum coagulation 

Treatment process HAA9 FP percent 
removal under UFC 

Process details Reference 

Magnetic ion exchange 59–80 Bench scale 
DOC = 2.1–5.0 mg/L 
Resin dose = 2–6 mL/L 

Singer and Bilyk, 
2002 
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Treatment process HAA9 FP percent 
removal under UFC 

Process details Reference 

Contact time = 60-min. mixing, 
30-min. settling  

Magnetic ion exchange 50–70 Bench scale 
DOC = 1.9–5.1 mg/L 
Resin dose = 2–5 mL/L 
Contact time = 20-min. mixing,  
30-min. settling 

Boyer and Singer, 
2005 

Magnetic ion exchange 44–74 Pilot scale 
DOC = 1.4–4.8 mg/L 
Resin dose = 15–20 mL/L  
Contact time = 15–20 min. 

Singer et al., 2007 

Alum coagulation 19–72 Bench scale 
DOC = 2.1–5.0 mg/L 
Alum dose = 10–45 mg/L 
Contact time = 21-min. mixing, 30-
min. settling 

Singer and Bilyk, 
2002 

Alum coagulation 17–35 Bench scale 
TOC = 1.9–5.1 mg/L 
Alum dose = 10–60 mg/L 
Contact time = 21-min. mixing, 30-
min. settling 

Boyer and Singer, 
2005 

DOC – dissolved organic carbon; FP – formation potential; HAA9 – sum of MCAA, DCAA, TCAA, MBAA, DBAA, BCAA, 
TBAA, CDBAA and BDCAA; MIEX – magnetic ion exchange; TOC – total organic carbon; UFC – uniform formation 
conditions. 
 

Singer et al. (2007) focused on the speciation of HAAs before and after treatment with MIEX 
resin. The treatment process decreased DCAA (around 60%) and TCAA (around 75%) 
concentrations, and HAA speciation shifted to more heavily brominated forms. For example, 
DBAA and BDCAA concentrations were higher in treated water than in raw water. These results 
can be explained by the decrease of DOC concentration in treated water and a lower chlorine 
dosage required for achieving desired chlorine residuals. As the bromide to chlorine ratio 
increased, the HAA speciation shifted to more brominated forms. Though MIEX can remove 
bromide to some degree, it removes DOC to a greater degree (Singer and Bilyk, 2002; Boyer and 
Singer, 2005; Singer et al., 2007). High sulfate and bicarbonate concentrations in water are 
expected to limit bromide removal by the MIEX resins. Singer et al. (2007) concluded that 
hydrophobic and transphilic acid fractions of DOM were better removed by the MIEX resins 
than hydrophilic fractions, which also included hydrophilic bases and neutral species. 
Transphilic acids are the DOM fraction that are more hydrophilic and less aromatic than fulvic 
acids. They also have a greater nitrogen and oxygen content (Brown et al., 2004). Similar 
conclusions were made by Gan et al. (2013) when drinking and effluent-impacted waters were 
treated by MIEX resins in batch experiments. The relatively low DOC removal in effluent-
impacted waters with SUVA254 less than 3.0 L/mg∙m was due to the preferential removal of the 
hydrophobic fraction over the hydrophilic fraction by MIEX. The removal of HAA9 FP ranged 
from 42% to 87%, with lower removal achieved in effluent-impacted waters.  
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Metcalfe et al. (2015) compared DBP FPs of three United Kingdom surface waters (ranged from 
low to high DOC) treated by a full-scale conventional process that included pretreatment with 
powdered activated carbon and pilot-scale processes using a novel suspended ion exchange 
(SIX) process and inline aluminum coagulation followed by ceramic membrane filtration. The 
SIX process itself had similar HAA9 FP results with conventional treatment for the low and 
moderate DOC source waters and had lower performance results for the high DOC water. 
However, when SIX was combined with coagulation (with coagulant dose reduction greater 
than 50%), the HAA FP was very low for all the water sources. The combined process reduced 
the raw water DBP FP by 83%–97%. HAA FP was 62% lower than that achieved by conventional 
treatment (Metcalfe et al., 2015). Though no NOM was being removed directly by the 
membrane, the SIX/alum coagulation/ceramic membrane filtration process significantly 
reduced Br-DBP concentrations in comparison to conventional treatment. Removal of bromide 
by SIX was found to be related to bicarbonate alkalinity. The highest bromide removal was 
observed in the water with the lowest alkalinity (Metcalfe et al., 2015).  
 
The addition of the AIX process at the beginning of the treatment train can influence other 
treatment processes outside of the reduced coagulation dose. For example, several DWTPs in 
the North Sea region considered AIX in non-fixed bed configurations for NOM removal (Caltran 
et al., 2020). Based on their pilot experiments at three different locations, the authors 
concluded that AIX did not have a beneficial influence on the ceramic membrane fouling in 
comparison to coagulation. However, AIX removed the precursors of assimilable organic carbon 
(that is, the fraction of DOC that is readily assimilated by microorganisms), which is formed 
during advanced oxidation with UV/H2O2. It also reduced energy consumption during UV/H2O2 
treatment due to NOM and nitrate removal (Caltran et al., 2020).   
 
Soyluoglu et al. (2020) compared the performance of different anion exchange resins, 
particularly two novel bromide selective resins, for the removal of bromide at 250 µg/L. The 
performance of bromide-selective resins (Purolite-Br and MIEX-Br) was evaluated against the 
performance of traditional anion exchange resins (IRA900, IRA910, MIEX-Gold and MIEX-DOC) 
in the presence of competing anions. Both typical and challenging background water conditions 
were designed for these batch experiments by varying the concentrations of anions and organic 
matter. Under all conditions, Purolite-Br resin exhibited the highest removal efficacies (up to 
90%) for bromide, followed by MIEX-Br, IRA910, IRA900, MIEX-Gold and MIEX-DOC, 
respectively. The sulfate and chloride coexisting anions had the greatest influence in terms of 
decreasing the bromide removal efficacy for all resins. The performance of the Purolite-Br resin 
and the formation of HAA9 under UFC were assessed in two NOM solutions at two different 
DOC concentrations (Table 28). It was demonstrated that the NOM aromatic character had no 
effect on bromide removal by Purolite-Br resin, but an increased DOC concentration of 7.5 mg/L 
reduced the bromide removal. 
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Table 28. The performance of bromide selective ion exchange resin in two NOM solutions 

Simulated raw water 
DOC: 2.0 and 7.5 
mg/L; 
Bromide 250 µg/L; pH 
6 – 9 

AIX characteristics HAA9 – UFC  

1. Transphilic NOM    
SUVA254 : 1.7 L/mg∙m 
 
2. Hydrophobic NOM 
SUVA254 : 3.0 L/mg∙m 
 

Bromide selective IX resin: 
Purolite Bromide Plus/9218 
 
Capacity: 0.9 meq/mL 
Ionic form: Cl- 

Particle size: 520–620 µm 
Polymer structure: gel 
polystyrene crosslinked with 
divinylbenzene 

DOC = 2.0 mg/L 
Decrease in the formation of Br-HAAs (DBAA, TBAA, 
DBCAA, BCAA, and BDCAA) was more than 90% for 
both NOM solutions. The formation of DCAA and TCAA 
increased after the resin treatment, particularly for 
the hydrophobic NOM solution. 
DOC = 7.5 mg/L 
Bromide removal was reduced from 85% to 73%. After 
the resin treatment, the total HAA formation shifted to 
mostly TCAA and DCAA formation in both NOM 
solutions.  

AIX – anionic ion exchange; BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; Br-HAAs – 
brominated HAAs; DBAA – dibromoacetic acid; DBCAA – dibromochloroacetic acid; DCAA – dichloroacetic acid; 
DOC – dissolved organic carbon; HAAs – haloacetic acids; HAA9 – sum of MCAA, DCAA, TCAA, MBAA, DBAA, BCAA, 
TBAA, CDBAA and BDCAA; IX – ion exchange; NOM – natural organic matter; SUVA – specific ultraviolet 
absorbance; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid; UFC – uniform formation conditions. 
Source: Soyluoglu et al. (2020)  

 
The AIX process requires frequent regenerations, producing large volumes of high-
concentration spent brine that creates disposal issues (Amini et al., 2018; Wright, 2022). The 
management and shipment of regenerant chemicals may also be an issue for small and/or 
remote drinking water treatment systems (Amini et al., 2018). Biological ion exchange (BIEX), 
on the other hand, uses a naturally developing biofilm, formed by microbes in the raw water 
source, that consumes the attached DOC (Zimmermann et al., 2021). The BIEX technology has 
fewer regeneration cycles during drinking water treatment (months rather than days), thus 
resulting in less spent brine. Several bench- and pilot-scale studies evaluated BIEX and the 
factors that affect performance and demonstrated successful removal of DOC and DBP 
precursors (Amini et al., 2018; Liu et al., 2020b, 2022; Edgar and Boyer, 2021; Zimmermann et 
al., 2021, 2023; Wright, 2022; Lee et al., 2023).  

5.1.1.6 Membrane separation 

 

Membrane processes (UF and nanofiltration [NF]) were widely examined in drinking water 
treatment as an effective technology for removing DBP precursors. These processes can 
enhance or potentially replace conventional treatment (Lee and Cho, 2004; Ates et al., 2009). 
The predominant DBP precursor removal mechanisms by membranes are size exclusion and 
charge repulsion in higher pH levels (Lee and Cho, 2004; Zazouli and Kalankesh, 2017; Health 
Canada, 2020). In general, HAA precursors have a MW of less than 10 kDa, and membrane 
processes that can reduce HAA FP include UF, NF and reverse osmosis (RO) (Health Canada, 
2020). Charged UF membranes usually achieve higher removals of hydrophobic NOM in 
comparison to uncharged UF membranes (Cho et al., 2000; Zazouli and Kalankesh, 2017). 
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However, charged UF membranes are ineffective for the removal of hydrophilic NOM. NF is a 
pressure-driven membrane process that can successfully remove organic HAA precursors 
(Lamsal et al., 2012), and RO can remove both organic and inorganic DBP precursors 
simultaneously (Zazouli and Kalankesh, 2017). UF is suitable for the pretreatment step required 
by both NF and RO. The main limitation of NF and RO membranes in drinking water treatment 
is their organic and biological surface fouling and scaling (Mallya et al., 2023). RO also remains 
relatively expensive, and the disposal of the generated concentrate restricts the widespread 
application of this technique in DWTPs (Zazouli and Kalankesh, 2017). Since RO completely 
removes alkalinity in water, it continually lowers treated water pH and increases its corrosivity. 
Therefore, the treated water pH must be adjusted, and alkalinity may need to be increased to 
avoid corrosion issues in the distribution system, such as the leaching of lead and copper 
(Schock and Lytle, 2011; U.S. EPA, 2012).  
 
Ates et al. (2009) evaluated the performances of lab-scale NF and UF membrane systems on 
DBP precursor removal in a surface water with low to medium DOC (3.4 mg/L) and SUVA254 (2.5 
L/mg∙m) levels. The concentration of bromide in the water was 50 ± 10 µg/L. A total of four 
polymeric UF and NF membranes with different MW cut-off (MWCO) were tested in this study. 
Two NF membranes were negatively charged with a proprietary active nanopolymer layer. The 
HAA9 formation was examined according to the UFC protocol. The raw water had two different 
organic fractions with average MWs of 12 216 (28%) and 1 822 (72%) Da. All membranes 
removed high MW NOM fractions (89%–98% removal), but, for low MW fractions, the 
membrane rejection was inadequate, even for the NF membranes (30%). The highest reduction 
(89%) in HAA9 formation was achieved by one of the NF membranes, whereas the highest 
reduction achieved by UF membrane was 38%. The predominant species of HAAs in the 
untreated water were TCAA (42%) and DCAA (21%). After UF and NF membrane treatment, the 
HAA speciation shifted to the brominated species. The increase in bromine incorporation 
indicated that the tested membranes rejected DOC to a greater extent than bromide ion. In 
general, the reduction in HAA9 formation was lower than that of UVA254 and DOC. This 
difference indicated the higher association of HAA formation with low MW fractions and that 
the reduction of UVA254 and DOC may not be directly linked to DBP formation reduction in 
membrane processes (Ates et al., 2009).  
 
The effect of UF treatment on HAA precursor removal at a full-scale treatment plant in Nova 
Scotia, Canada was evaluated by Lamsal et al. (2012). The treatment plant consists of an 
integrated membrane design with UF followed by NF. The DOC of the raw water (French River 
water) was 5.5 mg/L with large percentages of hydrophilic neutral (50.4%) and hydrophobic 
acid (35.3%). The HAA formation was examined according to the UFC protocol. In this study, the 
UF treatment provided approximately 66% DOC removal, while the NF removed 83% of the 
remaining DOC. The authors indicated that the UF pretreatment led to very low fouling 
conditions for the NF membrane, which only required cleaning once in a two-year period. The 
overall reduction in HAA formation with UF treatment was 77%. The UF treatment decreased 
the hydrophobic acid fraction of NOM by 93%. In this source water, this fraction was the most 
important driver for DBP formation. The HAA formation was 10 times higher from the 



102 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

hydrophobic acid fraction than from the hydrophilic neutral fraction, confirming that the UF 
system was effective for this source water. 
 
Ceramic membranes (for example, titanium dioxide membrane) can be used for longer periods 
than polymeric membranes owing to their resistance to harsh chemical environments and their 
superior physical properties. Lee and Cho (2004) compared the performances of the tight 
ceramic UF membrane (T-1000) and the polymeric NF membrane (labelled ESNA) with an 
MWCO of 1 000 Da and 250 Da, respectively. The experiments were performed using a bench-
scale membrane unit. Both membranes exhibited similar NOM removal trends. The T-1000 
membrane removed larger amounts of the hydrophobic and transphilic NOM than expected. 
Even the hydrophilic NOM (with an average MW of 820 Da) was effectively removed (around 
70%) by T-1000 (MWCO of 1000 Da). The authors attributed these results to the higher 
membrane surface charge of the ceramic UF membrane and to hydrodynamically induced back 
diffusion from its membrane surface. In relation to the reduction in HAA6 FP and HAA9 FP, both 
membranes showed similar efficacies. For HAA6 FP, both tested membranes had a removal of 
77.1%. For HAA9 FP, the reduction was 79.3% and 80.9% for T-1000 and ESNA, respectively. The 
tight ceramic UF membranes, with their higher permeability, are good candidates for the 
removal of HAA precursors. 

 

5.1.2 Removal of formed HAAs 
 

Minimizing the formation of HAAs is the preferred strategy in order to control their drinking 
water concentrations. However, in some cases, pre-chlorination prior to precursor removal may 
be required (for example, for biofilm or zebra mussel control). Additionally, large distribution 
systems and consecutive systems may have locations with high levels of HAAs. In these cases, 
formed HAAs may be reduced through treatment processes (GAC, BAC or membrane 
separation), but aeration is not effective in removing HAAs (Johnson et al., 2009; McGuire et al., 
2014). GAC treatment can be used in the treatment train as filter-adsorbers, which are usually 
retrofitted rapid filters (EBCT3–9 minutes) or as postfilter-adsorbers (EBCT 15–20 minutes). GAC 
filter-adsorbers are often used for controlling episodic DBP issues (for example, spring runoff) 
similar to powdered activated carbon (McGuire et al., 2014). NF and RO have also been 
examined for HAA removal (Chalatip et al., 2009; Yang et al., 2017; Wang et al., 2018). Some 
water treatment systems also consider the installation of localized GAC or BAC treatment to 
control areas of high HAAs in distribution systems. It is important to note that HAAs will 
continue to form after any of these treatment options as any remaining NOM and chlorine 
continue to react.  

5.1.2.1 GAC and BAC 

 

Pilot-plant experiments were conducted at the water treatment plant of Galatsi, Athens, 
Greece with a GAC filter-adsorber (EBCT 9.5 minutes) (Babi et al., 2003) and a GAC postfilter-
adsorber (EBCT 14 minutes) (Babi et al., 2007). It is a conventional treatment plant with pre-
chlorination. The GAC postfilter-adsorber showed a significantly higher breakthrough capacity 
(breakthrough at 20% removal) than the GAC filter-adsorber. The breakthrough capacity was 
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found to be 2.7 times higher for HAA9 and 4.1 times higher for DOC (Babi et al., 2007). The 
authors observed that the remaining DOC concentrations after both filtrations were still 
relatively high. They concluded that, when evaluating breakthrough, both the DOC and HAA 
concentrations in the GAC effluent should be monitored, and GAC should be replaced when the 
first parameter reaches its breakthrough.  
 
Water temperature and EBCT are two major factors that affect BAC design and operation. In 
the study by Lou et al. (2016), the removal of the HAA5 from treated drinking water by a pilot-
scale BAC treatment system was investigated at various pH levels and EBCTs at 22.0 ± 2 °C. The 
treatment system reduced HAAs by approximately 80% at neutral pH. The EBCT ranged from 
30–50 minutes, and the HAA removal increased from 80% to 83% with longer EBCT. Among five 
HAA species, the TCAA was not easily removed by the biological filter.  
 
Wu and Xie (2005) investigated the effects of EBCT and water temperature on HAA6 removal in 
BAC columns. BAC samples were obtained from a local surface water treatment plant from GAC 
filters that had been online for 2.5 to 3.0 years. Experiments were conducted at different 
temperatures and EBCTs. The results of this study indicated that water temperature, EBCT, and 
HAA speciation affected the HAA removal in BAC columns (Table 29). In general, increasing 
water temperature or EBCT increased the removal of HAAs. However, at 20 °C and higher, 
increasing EBCT beyond five minutes yielded little benefit in HAA removal. It was concluded 
that a longer EBCT could be used to compensate for the effect of low water temperature. 
Biodegradation was found to be less effective for removal of brominated compounds (Miltner 
et al., 1992). 
 
Table 29. Removal of HAAs at five minutes empty bed contact time (EBCT) and various temperatures 

Temperature (°C) HAA species Average HAA removal (%) 

4 MCAA 39 

4 DCAA 27 

4 TCAA 7 

10 MCAA 79 

10 DCAA 56 

10 TCAA 23 
20 MCAA 99 

20 DCAA 96 

20 TCAA 56 

DCAA – dichloroacetic acid; HAA – haloacetic acids; MCAA – monochloroacetic acid; TCAA – trichloroacetic acid. 
Source: Wu and Xie (2005). 
 

A pilot-scale study was conducted in a reservoir/pump station to evaluate the removal of HAA5 
by GAC/BAC (Johnson et al., 2009). The removal of HAA5 by GAC decreased from 100% to 70% 
after 20 000 BVs. When GAC transitioned to BAC, the HAA5 removal increased back to 100%at 
30 000 BVs and remained at this level for the remainder of the pilot plant operation (52 000 
BVs). When considering DBP reformation in the distribution system after rechlorination, the 
authors demonstrated that treating 50% of the distribution system water with BAC resulted in a 
reduction of HAA5 by at least half. The localized BAC treatment also resulted in concentrations 
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below 60 µg/L for HAA5 for an additional 170 hours of contact time following rechlorination. 
The results of this study demonstrated that a localized treatment approach can be a practical 
alternative to the centralized DBP treatment. 

5.1.2.2 Membrane separation 

 

Though RO and NF have been widely used for the treatment of trace organic compounds in 
water, only a limited number of studies have evaluated the effectiveness of HAA5 rejection by 
NF/RO membranes (Yang et al., 2017). Chalatip et al. (2009) conducted a series of batch 
experiments to examine HAA5 removal efficacies of three NF membranes (Table 30). Since the 
MWs of HAA5 range from 94.5 to 163.5 Da, the authors concluded that electrostatic interaction 
between anions of HAA5 (at pH 6) and membrane surface charge also occurred. An increased 
operating pressure resulted in a performance decrease of the two negatively charged 
membranes. It was probably due to the increased permeate flux, which enhanced the 
concentration polarization across the membrane, resulting in the decrease in HAA5 rejection. 
Only the neutral membrane positively responded to the increased pressure. The authors 
speculated that with the operating pressure increase, more HAA5 anions would be trapped, 
forming a negative surface charge layer, which would repel other anions. The larger HAA 
species (for example, DBAA and TCAA) were retained less than the smaller HAAs. These results 
are correlated with the pKa values of individual species (for example, higher pKa represented 
higher reduction percentage). Chalatip et al. (2009) explained this phenomenon by HAA 
hydrogen bonding with water molecules. For example, TCAA has the lowest pKa and the highest 
hydrogen bonding potential. Therefore, TCAA would be more soluble than other species, and 
this would enhance TCAA movement through the membrane pores. 

 
Table 30. Haloacetic acid (HAA) reduction by nanofiltration (NF) under various experimental conditions 

NF membrane Effect of operating pressure 
(1 x 105 to 5 x 105 Pa) 

Effect of HAA5 concentration 
(60 to 120 μg/L) 

ES 10: 
Negatively charged 
membrane 
Pore size – 1 nm 
MWCO – 100 Da 

Decrease in HAA5 reduction with 
the increase in operating 
pressure. 
HAA5 reduction between 90% 
and 100%. 

No clear changes in HAA5 reduction as 
it is likely that electrostatic repulsion, 
which was enhanced at a high feed 
concentration, would counterbalance 
the sieving effect at the membrane 
surface. 

NTR 7410: 
Negatively charged 
membrane 
Pore size – 4 nm 
MWCO – 20 000 Da 

Decrease in HAA5 reduction with 
the increase in operating 
pressure. 
HAA5 reduction between 75% 
and 90%. 

No clear changes in HAA5 reduction as 
it is likely that electrostatic repulsion, 
which was enhanced at a high feed 
concentration, would counterbalance 
the sieving effect at the membrane 
surface. 

NTR 729HF: 
Neutral membrane 
Pore size – 1 nm 
MWCO – 200 Da 

Increase in HAA5 reduction with 
the increase in operating 
pressure. 
HAA5 reduction between 65% 
and 90%. 

HAA5 reduction percentage lowered 
from about 85% to 55% when feed 
concentration was increased. 

HAA – haloacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, MBAA and DBAA; MWCO – molecular weight cut-off; NF 
– nanofiltration. 
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Source: Chalatip et al. (2009) 

 
High energy consumption and low water recovery are serious limitations for extensive adoption 
of RO. Wang et al. (2018) evaluated an innovative, multi-stage RO system for rejection of seven 
HAAs including MIAA. The RO membrane was a commercial low-pressure membrane in spiral 
form made with cross-linked polyamide and microporous polysulfone. The system had five 
sequential RO stages. Every following stage was fed with the concentrate from the previous 
one. At the end of the treatment, the water recovery was 87%. In general, the ultimate 
rejection efficacy ranged from 74.6%–98.0% for all HAAs. The HAA rejections were ranked as 
follows: tri-HAAs > di-HAAs > mono-HAAs. The authors stated that if the compounds had equal 
halogenation degrees, their rejection by RO would be similar. Though the MW of MIAA was 
greater than those of BCAA and TCAA, MIAA rejection using the multi-stage RO process was 
17.7% and 23.1% lower than BCAA and TCAA, respectively. It was concluded that the HAA MW 
alone was poorly correlated with the HAA rejection for this system. The hydrophobic 
interaction and charge repulsion were additional factors that affected the HAA removal. 
Additionally, the increased pH (from 6.5 to 8.5) and the membrane age (from virgin to used) led 
to improved HAA rejections. 
 

5.1.3 Waste residuals   
 

Treatment technologies may produce a variety of residuals (for example, backwash water, 
reject water/concentrate, media waste, off-gases). The appropriate authorities should be 
consulted to ensure that the disposal of all waste residuals from the treatment of drinking 
water meet applicable regulations. Guidance can be found elsewhere (CCME, 2003, 2007). 

 
5.2 Residential-scale treatment 
 

For households that obtain drinking water from a private well that does not use chlorine to 
disinfect, HAAs would not be a concern. Systems classified as residential scale may have a rated 
capacity to treat volumes greater than that needed for a single residence, and thus may also be 
used in small systems.  
 
Before a treatment unit is installed, the water should be tested to determine the general water 
chemistry and HAA concentration and speciation in the chlorinated source water. Periodic 
testing by an accredited laboratory should be conducted on both the water entering the 
treatment unit and the treated water to verify that the treatment unit is effective. Units can 
lose removal capacity through use and time and need to be maintained and/or replaced. 
Consumers should verify the expected longevity of the components in the treatment unit in 
accordance with the manufacturer’s recommendations and service it, when required. Choosing 
a unit with a warning (for example, alarm, light indicator) will indicate when servicing is 
required.  
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Health Canada does not recommend specific brands of drinking water treatment units, but it 
strongly recommends that consumers use units that have been certified by an accredited 
certification body as meeting the appropriate NSF International Standard/American National 
Standard Institute (NSF/ANSI) for drinking water treatment units. The purpose of these 
standards is to establish minimum requirements for the materials, design and construction of 
drinking water treatment units that can be tested by a third party. This ensures that materials 
in the unit do not leach contaminants into the drinking water (that is, material safety). In 
addition, the standards include performance requirements that specify the removal that must 
be achieved for specific contaminants (for example, reduction claim) that may be present in 
water supplies. 
 
Certification organizations (that is, third parties) provide assurance that a product conforms to 
applicable standards and must be accredited by the Standards Council of Canada. The following 
organizations have been accredited in Canada (SCC, 2025): 
 

• CSA Group 

• NSF International 

• Water Quality Association 

• UL LLC 

• Bureau de normalisation du Québec (available in French only) 

• International Association of Plumbing and Mechanical Officials 

• Truesdail Laboratories Inc 
 

An up-to-date list of accredited certification organizations can be obtained from the Standards 
Council of Canada.  
 
Point-of-use and point-of-entry filtration systems, as well as some pour-through filters that use 
activated carbon filters, may be able to remove HAAs, since they can effectively remove THMs. 
However, there are no certified devices for the removal of HAAs from drinking water that rely 
on an adsorption (activated carbon) technology. HAAs are not included in the performance 
requirements of NSF/ANSI Standard 53 (Drinking Water Treatment Units – Health Effects). This 
standard includes criteria for the reduction of TBAA as part of the Volatile Organic Chemicals 
certification. For certification, the device must be capable of reducing an average influent TBAA 
concentration of 0.042 mg/L (42 μg/L) to a maximum effluent concentration of 0.001 mg/L (1 
μg/L) (NSF International, 2023a). The performance of filters is dependent on several factors, 
including filter type, media type, flow rate, water quality and age of the filter. The use of filters 
in areas of high turbidity may cause filters to clog up very quickly without pretreatment.  
 
RO treatment devices may be able to remove HAAs, but no certified devices are available for 
the removal of HAAs from drinking water that rely on RO technology. HAAs are not included in 
the performance requirements for NSF/ANSI Standard 58 (Reverse Osmosis Drinking Water 
Treatment Systems). This standard includes criteria for the reduction of TBAA as part of the 
Volatile Organic Chemicals certification. For certification, the device must be capable of 

https://protect.checkpoint.com/v2/___http:/www.csagroup.org___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6OGUyNzo1ZmU3NGVmM2Q0MzY1ODNkZDMyYzA0ZTVlMmYwZjZlMTRmYzQ1OGMzZDlmZmViYmQyMjY0ZjE4NGQxMzRhOWZmOnA6VDpO
http://www.nsf.org/
https://protect.checkpoint.com/v2/___http:/www.wqa.org___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6MzUwYjo2YTVjMmJkMmVjYWFkM2U3NTkyNzA0NzI1ZjQyZmIyOWQ5YmUxYTgzYzJiMGQ3MTZhYzc0MzdiMDY2NTI0OGNiOnA6VDpO
https://protect.checkpoint.com/v2/___http:/www.ul.com___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6ZjI0YzoyM2IwMGQ0Mzg3MTFjYzQ3YjMyMjc1OGJhNmNjMDJkMzE2NTBlNzNmMGMzN2M0NjIxODE4OTEzMDU0OThiZTI1OnA6VDpO
http://www.bnq.qc.ca/
https://protect.checkpoint.com/v2/___http:/www.iapmo.org___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6NmU2NTo3MzQ3NzUwYjVmZGI5ZjhhMTQ2ZjMwNjBhZWY3NzNiMDBlN2I5NGE2M2MxNTMwNTcyNzRlOTdjMzM0YzQ1NzIyOnA6VDpO
http://www.truesdail.com/
https://protect.checkpoint.com/v2/___http:/www.scc.ca___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6YjFjYzpjYzk4NTE2Yzc2YjNmM2Y1ZDhkYzdhOGYxMzMzMjliNjhlZDdjMTRlZWY0YjZkNDZjZDI2YjkxNTFlODE3ZWFlOnA6VDpO
https://protect.checkpoint.com/v2/___http:/www.scc.ca___.YzJ1Omxpb25icmlkZ2U6YzpvOjFhZmUxMTRmMjQzZWQxY2U0MGQ4NjU5Nzg0ZWQ3N2NkOjY6YjFjYzpjYzk4NTE2Yzc2YjNmM2Y1ZDhkYzdhOGYxMzMzMjliNjhlZDdjMTRlZWY0YjZkNDZjZDI2YjkxNTFlODE3ZWFlOnA6VDpO
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reducing an average influent TBAA concentration of 0.042 mg/L (42 μg/L) to a maximum 
effluent concentration of 0.001 mg/L (1 μg/L) (NSF International, 2023b). In RO systems, 
membranes can be easily damaged by chlorine in the feed water. This damage can lead to 
lower removals and to the need for membrane replacement. Water that has been treated using 
RO may be corrosive to internal plumbing components. Therefore, these devices should be 
installed only at the point-of-use. Also, as large quantities of influent water are needed to 
obtain the required volume of treated water, these devices are generally not practical for point-
of-entry installation. 
 
Chowdhury et al. (2019) studied the filtration of synthetic water with THMs and HAA9 mixtures 
through point-of-use GAC filters. The GAC filtration reduced THMs in the range of 77.3%–
92.8%, while HAA9 were reduced in the range of 64.7%–69.8%. 

 

5.2.1 Alternative disinfection strategies for small or residential-scale systems  
 

As with municipal scale, UV irradiation is an alternative disinfection technology that can be 
installed for small or residential-scale treatment systems. The responsible drinking water 
authority in the affected jurisdiction should be contacted to confirm the regulatory 
requirements that may apply for small systems.  
 
UV disinfection is dependent on light transmission to the microbes through the raw water. 
Decreasing TOC will also reduce potential for UV lamp scaling. For this reason, some 
pretreatment of the raw water may be required to ensure the effectiveness of the UV 
disinfection.  
 
The NSF/ANSI Standard 55 (Ultraviolet Microbiological – Water Treatment Systems) covers the 
certification requirements for UV disinfection systems. It addresses the Class A systems that are 
designed to inactivate and/or remove microorganisms, including bacteria, viruses, 
Cryptosporidium oocysts, and Giardia cysts from water. The Class A systems are not designed to 
treat wastewater or water contaminated with raw sewage and should be installed in visually 
clear water (NSF International, 2024). 
 

6.0 Distribution system and other considerations 
 

Within the distribution system, HAA concentrations can vary temporally and spatially. These 
changes depend on numerous factors, such as treatment processes, type(s) and dose(s) of 
oxidant and disinfectant, temperature, pH, type and quantity of NOM, inorganic precursors and 
microorganisms, presence of biofilms, pipe materials, corrosion, presence of sediments, 
hydraulic conditions, water age and distribution system operation and maintenance (Baribeau 
et al., 2006). For example, higher water demand reduces water residence time, minimizes 
water stagnation, and, consequently, reduces DBP formation in distribution systems (Scheili et 
al., 2015). Distribution systems are complex, and dynamic systems and more detailed 
information can be found with Health Canada (2020, 2022). 
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6.1 Seasonal variations 
 

The seasonal variation of HAAs in a drinking water distribution system is based on the 
understanding of seasonal changes in water quality and operational water treatment strategies. 
For example, TOC levels are higher in summer than in winter (Rodriguez et al., 2004; Al-Tmemy 
et al., 2018). Chlorine dosage is also often increased in summer to maintain a proper 
disinfectant residual in the distribution system as high temperature conditions promote the 
accelerated depletion of residual chlorine. The kinetics of reactions between disinfectants and 
NOM are faster in warmer months, and HAA concentrations in a distribution system are 
typically lower in colder months (Lebel et al., 1997; Rodriguez et al., 2004; Baribeau et al., 2006; 
Al-Tmemy et al., 2018; Zhang et al., 2020). Chen and Weisel (1998) measured DBP 
concentrations, including HAAs, in a central New Jersey water distribution system for one year. 
They concluded that temperature and chlorine residual were the most important parameters 
controlling DBP concentrations. Scheili et al. (2015) concluded that the most significant 
variables for HAA formation in small distribution systems were TOC and temperature. The 
highest HAA5 levels were observed during summer and fall.  
 
In a bench-scale experiments with post-filtration water collected from a water treatment plant, 
the increase in water temperature from 10 °C to 30 °C resulted in a two-fold increase of HAA5 
concentration (Zhang et al., 2020). Al-Tmemy et al. (2018) sampled tap water at various 
residential areas fed by five water treatment plants during each season in Wassit Province, Iraq. 
The authors concluded that the total HAA9 concentrations in summer were approximately 1.5 
times higher than those in winter. In a case study conducted by Rodriguez et al. (2004) at a 
treatment plant in the Quebec City region, the seasonal variation of HAAs in the distribution 
system was studied over wide temperature changes during a one-year period. Of the HAA5 
group, only DCAA and TCAA were present, and the highest concentrations were observed 
during spring (about four times higher than in winter). It was also observed that DCAA levels 
were higher than TCAA levels in winter and spring, whereas TCAA levels were higher than DCAA 
in summer and fall. 
 

6.2 HAA speciation  
 

In a number of chlorinated and chloraminated distribution systems with low levels of bromide 
ions, the main HAA species detected at the highest concentrations were DCAA and TCAA 
(Rodriguez et al., 2004; Baribeau et al., 2006; Tian et al., 2017; Zhang et al., 2020). Rodriguez et 
al. (2004) found that DCAA and TCAA were identified in 51% and 49%, respectively, of all 
samples combined. In systems with high source water bromide concentrations, the fraction of 
Br-HAAs were found to be similar to the fraction of chlorine-containing HAAs (Baribeau et al., 
2006). In the study by Al-Tmemy et al. (2018), the bromide levels ranged from 0.067 to 
0.65 mg/L in the source waters of five water treatment plants. The authors found that, 
generally, the distribution of HAA species in tap water was: TCAA 28.5% ˃ DCAA 21.1% ˃ 
MCAA16.1% ˃ BCAA 8.7% ˃ BDCAA 8.40% ˃ MBAA 8.1% ˃ DBAA 7.70% ˃ TBAA 1.5%.   
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6.3 Residence time and HAA degradation   
 

Studies have demonstrated that HAA concentrations reach a maximum value and gradually 
decrease at the maximum residence time locations (MRTL) in distribution systems (Chen and 
Weisel, 1998; Rodriguez et al., 2004; Speight and Singer, 2005; Tung and Xie, 2009; Scheili et al., 
2015; Tian et al., 2017; Behbahani et al., 2018; Al-Tmemy et al., 2018). The MRTL typically had 
low levels of free chlorine and high heterothropic plate counts (HPCs), particularly during 
warmer temperatures. Studies have found a possible correlation between biological activity 
and HAA degradation in distribution systems (Meyer et al., 1993; Landmeyer et al., 2000; 
Rodriguez et al., 2004; Speight and Singer, 2005; Baribeau et al., 2005, 2006; Tung and Xie, 
2009). 
 
Baribeau et al. (2005) studied the biostability of HAA9 in simulated distribution systems 
(annular reactors) in both cold (12 °C to 14 °C) and warm (17 °C to 22 °C) waters. Two parallel 
reactor trains were used, with chlorinated or chloraminated water consisting of two annular 
reactors in series. The upstream reactor received water with a disinfectant residual, while the 
downstream reactor received dechlorinated or dechloraminated water. A reconditioning period 
was required for biofilm formation and to achieve pseudo-steady-state conditions in water with 
a residual disinfectant. Observations are described in Table 31. The authors speculated that the 
increased tri-HAA levels in the dechlorinated reactor may have resulted from the breakdown of 
other DBPs. It was noted that the experimental setup allowed only an approximate 12-hour 
retention time in the presence or absence of a disinfectant. Longer retention times may allow 
degradation of the di-HAAs in cold water or degradation of THAAs. Furthermore, different 
species of HAAs can be expected to peak at different locations of distribution system because 
of differences in formation kinetics and biodegradability. 

  
Table 31. Stability of haloacetic acids (HAAs) in a simulated distribution system 

Disinfectant Upstream reactor 
(cold water) 

Downstream reactora 
(cold water) 

Upstream reactor 
(warm water) 

Downstream reactora 
(warm water) 

Chlorine Increase in HAA 
levels (for example, 
46% for DCAA). 

Unchanged levels for 
most species with a 
significant increase for 
TCAA and BDCAA. 

Increase in HAA 
levels (for example, 
95% for DCAA, 46% 
for TCAA). 

Decrease in di-HAA levels 
(for example, ∼ 75% for 
DCAA). Tri-HAA levels 
remained constant or 
increased.  

Chloramine HAA levels relatively 
unchanged with an 
increase in DCAA 
levels. 

HAA levels relatively 
unchanged. 

Increase in DCAA 
levels.  

Decrease in DHAA levels 
(for example, ∼ 60% for 
DCAA). Tri-HAA levels 
unchanged. 

BDCAA – bromodichloroacetic acid; DCAA – dichloroacetic acid; Di-HAAs – dihaloacetic acids; HAAs – haloacetic 
acids; TCAA – trichloroacetic acid; Tri-HAAs – trihaloacetic acids. 
a Downstream reactors were dechlorinated/dechloraminated.  
Source: Baribeau et al. (2005) 
   
In addition to biodegradation of HAAs in the distribution systems, the presence of iron 
corrosion products from unlined cast iron pipes can degrade HAAs. Chun et al. (2007) 
demonstrate that Br-HAAs reacted more rapidly with carbonate green rust than their 
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chlorinated analogues. Tri-HAAs can also undergo a self-decomposition process leading to the 
formation of corresponding THMs. The decomposition rates of tri-HAAs ranked as TBAA > 
CDBAA > BDCAA > TCAA (Zhang and Minear, 2002). Di-HAAs can be formed by base-catalyzed 
hydrolysis of dihaloacetonitriles and intermediate halogenated compounds (UTOX compounds) 
in the absence of chlorine residuals. The release of di-HAAs from the degradation of these 
halogenated compounds is enhanced at high pH conditions (Hua and Reckhow, 2012). 
 
Several studies examined HAA changes between the point-of-entry and other points within the 
distribution system (Table 32). Scheili et al. (2015) sampled 25 small municipal systems located 
in two Canadian provinces, Quebec and Newfoundland and Labrador. The authors found that 
HAAs formed up to the middle of the distribution system and then further decreased in both 
spring and winter, with the exception of the winter samples in Quebec. During the summer and 
fall, degradation was observed more frequently and occurred from the beginning of the 
distribution system. The authors concluded that the HAA degradation was more significant in 
small systems than in medium or large distribution systems reported in the literature.   
 
Baribeau et al. (2006) investigated the formation and decay of HAA9 in full-scale distribution 
systems. Five conventional water treatment systems were selected based on specific finished 
water characteristics with free chlorine or monochloramine as the secondary disinfectant. In 
the free chlorine systems, HAA9 concentrations generally increased or remained constant with 
increased residence time, except at the MRTLs (Table 32). In the chloraminated systems, HAA9 
concentrations were relatively constant throughout the system, except at MRTLs, with the 
exception of one utility. In Utility D, HAA9 concentrations were constant and did not decrease 
at MRTLs in the absence of nitrification, lower HPCs, and stable chlorine residual. The decrease 
in HAA concentrations was most noticeable during the warmer months and when the free 
chlorine residual was low, which are the preferred conditions for biodegradation to occur. 
 
Rodriguez et al. (2004) found that re-chlorination of distributed water, followed by a 22-hour 
residence time in a storage tank, resulted in a significant increase of DCAA and TCAA (only two 
HAA species detected). This result identified the need for an improved disinfection strategy for 
storage facilities. 
  
Table 32. Haloacetic acid (HAA) changes within distribution system of full-scale treatment plants 

DWDS 
Disinfectant 

DWDS location Parameter Impact Reference 

Chlorine  
(24 small systems) 
Chloramine  
(1 small system) 

Beginning  Annual average 
HAA5 with free Cl 
levels ≤ 1.19 mg/L 
at beginning 

> 110.4 μg/L for NL; > 29.5 μg/l for QC Scheili et 
al. (2015) 

Chlorine  
(24 small systems) 
Chloramine  
(1 small system) 

Middle   Annual average 
HAA5 with free Cl 
levels ≤ 1.19 mg/L 
at beginning 

145.4 μg/L for NL; 52.9 μg/l for QC 
Scheili et 
al. (2015) 

Chlorine  
(24 small systems) 

 Extremity  Annual average 
HAA5 with free Cl 

134.6 μg/L for NL; 51.7 μg/l for QC Scheili et 
al. (2015) 



111 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

DWDS 
Disinfectant 

DWDS location Parameter Impact Reference 

Chloramine  
(1 small system) 

levels ≤ 1.19 mg/L 
at beginning 

Chlorine 
  

MRTL HAA9 Decrease of 41% – Utility A Baribeau 
et al. 
(2006) 

Chlorine 
 

MRTL HAA9 Decrease of 11%–26% (greater stability of 
chlorine and lower water age): Utility B 

Baribeau 
et al. 
(2006) 

Chlorine 
 

5-hour 
residence 

Annual average 
HAA2 

1.5-fold increase (53.7 μg/L based on the 
samples with the highest concentration)  

Rodriguez 
et al. 
(2004) 

Chlorine 
 

14-hour 
residence 

Annual average 
HAA2 

Significant decrease (29.9 μg/L based on 
the samples with the highest 
concentration) 

Rodriguez 
et al. 
(2004) 

Chlorine 
 

Downstream of 
re-chlorination 

reservoir  

Annual average 
HAA2 

Significant increase (73.8 μg/L based on 
the samples with the highest 
concentration) 

Rodriguez 
et al. 
(2004) 

Chloramine MRTL HAA9 Decrease of 23%–85% (high HPCs and 
nitrification): Utility C  

Baribeau 
et al. 
(2006) 

Chloramine 
MRTL HAA9 Decrease of 59%–78% (high HPCs and 

nitrification): Utility D 
Baribeau 
et al. 
(2006) 

Chloramine and 
periods of 
chlorination 

MRTL HAA9 No clear decrease observed during the 
free chlorination nor chloramination 
periods: Utility E 

Baribeau 
et al. 
(2006) 

DWDS – drinking water distribution system; HAAs – haloacetic acids; HAA2 – sum of DCAA and TCAA; HAA5 – sum 
of MCAA, DCAA, TCAA, MBAA and DBAA; HAA9 – sum of HAA5 and BCAA, TBAA, CDBAA, BDCAA; HPCs – high 
heterotrophic plate counts; MRTL – maximum residence time location; NL – Newfoundland and Labrador; QC – 
Quebec 
  

6.4 Pipe diameter and material impacts 
 

Distribution pipe diameter and material impacts on HAA concentrations in distribution systems 
were discussed in different papers (Baribeau et al., 2006; Chen et al., 2020; Zhang et al., 2020). 
No significant effects on HAA9 concentrations of the pipe material and diameter were observed 
in the five distribution systems studied by Baribeau et al. (2006). Other studies mentioned that 
a smaller pipe diameter increases the impact of biofilm on HAA degradation, particularly for di-
HAA, at warm water temperatures (Rodriguez et al., 2004; Scheili et al., 2015). The pipe 
material can affect the HAA formation as the reaction of residual chlorine with pipe materials 
and attached microorganisms will also result in depletion of residual chlorine. The outcome of 
this reaction varies with the change of pipe materials. Zhang et al. (2020) observed that the 
HAA formation levels followed the order of plastic steel pipe > ductile iron pipe > polyethylene 
pipe. There was no significant difference in total HAA5 concentrations between copper and 
glass pipe (control); however, the distribution of HAA5 species was different between the pipes 
(Li et al., 2008a). The accelerative effect of copper on the depletion of chlorine restricted the 
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formation of TCAA, and relatively less TCAA and more MCAA, DCAA, and DBAA were produced 
in copper piping than in glass.  
 
I-DBPs can also form in pipes in the distribution system. Pb2O and MnO2 as part of mineral scale 
can provide an oxidant reservoir for I-DBP formation in distributions systems. For example, 
MnO2 can act as a catalyst in the electrophilic iodination of organic compounds through the 
activation of the iodine molecule. This can lead to the formation of iodinated organic 
compounds such as I-HAAs (Ye et al., 2012; Dong et al., 2019). 

 

6.5 Other considerations 
 

Many chloraminated drinking water systems periodically apply free chlorine for secondary 
disinfection during several weeks (also called chlorine burns) for nitrification and biofilm 
control. This application of free chlorine can substantially increase the DBP concentrations. 
Allen et al. (2022) evaluated DBP formation in two United States DWTPs during chlorine burns 
and found that THMs and HAAs reached concentrations of 249 and 271 μg/L, respectively. 
 
The fate of HAAs in residential hot water heating is impacted by factors such as pH, 
temperature, free chlorine residual and reaction time. Therefore, it is difficult to provide certain 
conclusions about impacts on HAA formation and decay. In general, average DCAA levels 
increased due to residential water heating, while there was no big difference in TCAA 
concentrations between hot and cold tap water (Liu and Reckhow, 2013, 2015; Legay et al., 
2019). Dion-Fortier et al. (2009) found a minor increase in HAA9 in comparison to THMs during 
cold water stagnation. DCAA and TCAA were the species found in the largest quantities in both 
the distribution system and in cold water stagnation in plumbing pipes. During the water transit 
in a hot water tank, DCAA concentrations increased, yet there was no apparent impact on TCAA 
concentrations. BDCAA and BCAA were found in lower concentrations in hot water than in cold 
(Liu and Reckhow, 2015).  
 

7.0 Management strategies 
 

All water treatment systems should implement a comprehensive, up-to-date risk management 
water safety plan. A source-to-tap approach should be taken to ensure water safety is 
maintained (CCME, 2004; WHO, 2012, 2017b). These approaches require a system assessment 
to characterize the source water; describe the treatment barriers that prevent or reduce 
contamination; identify the conditions that can result in contamination; and implement control 
measures. Operational monitoring is then established, and operational/management protocols 
are instituted (for example, standard operating procedures, corrective actions, and incident 
responses). Compliance monitoring is determined, and other protocols to validate the water 
safety plan are implemented (for example, record keeping, consumer satisfaction). Operator 
training is also required to ensure the effectiveness of the water safety plan (Smeets et al., 
2009).  
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Management of HAAs is generally focused on minimizing their formation. Changes 
implemented to address HAAs should be considered holistically to ensure that they do not 
increase other DBPs (for example, THMs) or cause other water quality issues.   
 
Kastl et al. (2016) reported that NOM removal requirements should be linked to distribution 
system conditions. Distribution system variations in residence times and temperatures will 
require different levels of NOM removal to meet DBP guidelines (for examples, see Rodriguez 
and Sérodes, 2001; Kastl et al., 2016). 

 

7.1 Control strategies 
 

The preferred control strategies should include methods to minimize HAA formation during 
treatment and within the distribution system. Effective management of HAAs requires a good 
understanding of the disinfectant demand/decay vs. HAA formation, temperature effects, and 
pH. Treatment facilities and distribution systems can differ significantly, necessitating system-
specific control strategies.  
 
Water treatment systems must balance effective disinfection against the creation of HAAs 
because drinking water must be microbiologically safe to prevent waterborne disease. Impacts 
to the distribution system from any control strategy implementation should be considered. 
Pilot-testing using harvested pipe specimens should be done to assess impacts of strategy 
implementation and methods to mitigate any adverse responses (Giani and Hill, 2017). 
 

7.1.1 Source water control options 
 

Source water control options for HAA formation are presented in Table 33 along with 
associated advantages and disadvantages. Water quality should be characterized, and seasonal 
and temporal changes should be monitored. It is important to assess the impact of using any of 
these control options to ensure other water quality issues do not arise, including potential 
impacts (for example, corrosion) to the distribution system. Any change to source water may 
have an impact on water quality (for example, pH, alkalinity), which may impact treatment, and 
has the potential to result in corrosion issues within the distribution system.  
 
Table 33. Source water control options 

Source control strategy Advantages Disadvantages Comments 

Source water change or 
blending of source 
waters 
(Becker et al., 2013)  

• HAA precursors may be 
diluted 

• Can be used seasonally 

• Alternate or additional DBPs 
may form 

• If using groundwater, 
bromide may alter HAA 
speciation 

Groundwater incorporation 
may result in greatest 
reduction of organic 
precursors. 

Choose source water 
with no bromide  
(Hong et al., 2013) 

• May shift speciation to Cl-
HAAs 

• Alternate or additional DBPs 
may form 

Bromide can be oxidized to 
HOBr and is a significant 
factor in Br-HAA formation.   

Modifications of 
reservoir operations 

• May dilute HAA precursors • Alternate or additional DBPs 
may form 

If easy to switch between 
water sources, can use 
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Source control strategy Advantages Disadvantages Comments 

(Becker et al., 2013) • May change the type of 
HAAs formed 

• Ability to select optimal 
water quality 

• Requires monitoring and 
active management 

reservoir preferentially 
based on water quality. Can 
also fill off-line reservoir 
when water is at the 
highest water quality. 

Purchase water 
(Becker et al., 2013) 

• Additional supply of 
treated water 

• Can be used to defer 
infrastructure costs 

• May have lower DBP 
formation 

• Water age of purchased 
water needs to be 
considered 

• Potential issues if using 
different disinfectant 

• Changes in water chemistry 

Purchase water to blend or 
replace source water during 
periods of high TOC. 
 
 

Aquifer storage and 
recovery 
(AWWA, 2011) 

• Store water during periods 
of good quantity and 
quality 

• Recharge water can be 
treated 

• Minimal infrastructure 
required and minimal 
water losses (no 
evaporation) 

• Improve local groundwater 
quality 

• Potential leaching of aquifer 
materials when redox shifts 
from oxic to anoxic 
(increasing iron and 
manganese) in extracted 
water 

• Potential for groundwater 
contamination if quality 
control is not adequate 

• Not all recharged water may 
be recovered 

Store high-quality treated 
water in the subsurface 
when available. 
 
Stored water is later 
withdrawn when source 
water quality is poor. 
 
Minor additional treatment 
required.  

Br-HAAs – brominated HAAs; Cl-HAAs – chlorinated HAAs; DBP – disinfection by-product; HAAs – haloacetic acids; 
HOBr – hypobromous acid; TOC – total organic carbon. 
 

7.1.2 Distribution system control options 
 

HAAs continue to form within the distribution system as chlorine will continue to react with 
remaining NOM in the treated water. Water age within a distribution system is dynamic and 
can vary throughout the day, as well as from season to season. Implementation of practices 
such as water saving measures/campaigns can also impact water age. The reader is referred to 
Table 34 of this document and to Section B.5 of Health Canada’s Guidance on Monitoring the 
Biological Stability of Drinking Water in Distribution Systems for more details on distribution 
systems and management strategies (Health Canada, 2022). This section covers management of 
the distribution system, including management of storage facilities, water age (for example, 
dead ends), and watermain cleaning. Some key best management practices in the distribution 
system include to: 

• manage water age (for example, minimize dead ends) 

• manage water temperature impact 

• maintain pH to ± 0.2 units 
 

Before any of these strategy options are implemented, bench- and pilot-scale tests should be 
conducted and repeated regularly to understand source water changes, seasonal variability and 
the impact of climate changes. This includes using harvested pipe specimens to optimize the 
approach. Water distribution system models can be used as a tool to provide water age and 
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simulate chlorine decay and HAA formation (Fisher et al., 2018). It is also important to ensure 
that no other water quality issues will occur as a result of changes made to address HAAs. 
 
Table 34. Distribution system control strategy options 

Distribution system 
control strategy 

Advantages Disadvantages Comments 

Optimize distribution 
system chlorination 
(Becker et al., 2013) 

• Easy to implement • Possible minimal changes in 
HAA formation 

• Corrosion potential 

Adjust chlorine residual targets 
to address seasonal variations. 
Allows for lower chlorine 
residuals at times and decreased 
HAA formation. 

Booster chlorination 
(Baribeau et al., 
2006; AWWA, 2017) 

• Allows for lower 
chlorine load at entry to 
distribution system 

• Can be used at 
specified locations 
where needed 

• Increase in HAA 
concentration immediately 
after booster chlorination 

Booster chlorination allows for 
adequate disinfectant residual 
in targeted locations without 
increasing chlorine levels 
throughout the entire 
distribution system. 

Optimize distribution 
system: limit water 
age in distribution 
system 
(Becker et al., 2013) 

• Leads to other water 
quality improvements 

• Need to understand water 
age throughout 

 

Can be done by looping dead 
ends, evaluating the status of 
valves (open or closed). 
Optimizing length of time water 
remains in distribution system 
can reduce HAAs. 

Optimize distribution 
system: limit water 
age in storage tanks 

• Reduces HAAs formed • Limited by minimum storage 
levels 

Can be done through tank 
cycling and tank mixing. 

Distribution system 
modelling 
(Fisher et al., 2018) 

• Allows for alternative 
ways to manage 
disinfection and 
minimize costs 

• Requires high level of 
operator knowledge and 
understanding 

Models can accurately predict 
free chlorine and by-product 
formation in distribution system 
if well developed, calibrated, 
and maintained.  

System flushing 
(Becker et al., 2013; 
Health Canada, 2022) 

• Lower water age in 
areas of distribution 
system 

• Maintain pipe hydraulic 
capacity and remove 
scale build-up 

• Less precise reduction of 
HAAs 

• May not work during high 
HAA formation events or 
seasons 

• May not be possible (for 
example, during dry summer 
months) 

Periodic flushing of distribution 
system in sections prone to long 
retention time can reduce water 
age. Best practices for proper 
flow rate and duration needed 
in order to be followed. 
In general, unidirectional 
flushing is best practice. 

HAAs – haloacetic acids. 
 

7.2 Monitoring 
 

Accurate control of the treatment process is important to ensure good water quality and to 
minimize HAA formation. Monitoring programs should be designed to consider risk factors that 
contribute to HAA formation and should verify that control strategies are operating as 
intended. Trend analyses will allow for forecasting water quality changes in advance and 
provide early warning signals. This monitoring will allow for the undertaking of control and/or 
proactive measures (Tomperi et al., 2016). 
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7.2.1 Source water monitoring 
 

Source water characterization should be part of routine system assessments. This 
characterization should include an understanding of NOM concentrations and character, as well 
as bromide and iodide concentrations (Health Canada, 2018, 2020). Parameters such as iron 
and manganese that impact disinfectant stability should be monitored. NOM varies seasonally, 
meaning that routine analysis is necessary. To aid in establishing a monitoring plan, a list of 
parameters is presented in Appendix G (Table G1). It suggests a monitoring frequency for 
variable and stable source water parameters, as well as an ideal monitoring frequency for 
NOM. Parameters such as UV absorbance (at 254 nm) or UV transmittance, DOC or TOC, SUVA, 
and various inorganic precursors are noted (Appendix G). Other parameters to consider in a 
monitoring program include disinfectant residual, water temperature, pH, bromide, iodide, and 
ammonia (AWWA, 2017). A good understanding of water quality and changes based on 
seasonal, temporal, anthropogenic activities, and climate impacts is important in managing 
treatment operations. 
 
Information on bromide concentrations in source water is important to assess potential for Br-
HAA formation. Westerhoff et al. (2022) recommend that source water that may experience 
changes in bromide levels should be monitored on a weekly basis. The authors also recommend 
pairing bromide concentrations with streamflow to better understand site-specific events.  
I-HAAs are formed when iodide is present in the water. Although I-HAAs do not form part of the 
MAC, understanding iodide concentrations is important when evaluating control options. 

 

7.2.2 Operational monitoring 
 

Operational monitoring in the context of HAAs consists of parameters that are useful in 
understanding the entire drinking water treatment system and managing the formation of 
these DBPs. Parameters identified for source water characterization can also be monitored 
within treated water (Table G1) (Health Canada, 2020). The table includes sampling locations 
and frequencies that can form the basis of a comprehensive monitoring program and good 
understanding of NOM (Health Canada, 2020). Suggested monitoring frequency for parameters 
that impact coagulation, such as coagulant demand and zeta potential, are noted. Any changes 
between treated and source water for these parameters can be used to guide changes to 
treatment that will reduce HAA formation. The parameters that form the basis of the 
monitoring program are designed to assess performance and make changes as needed, and 
they will depend on the chosen strategy(ies) to minimize HAA formation. 

 

7.2.3 Distribution system monitoring 
 

HAAs are formed through treatment and continue to form within the distribution system. 
Monitoring should be conducted at locations throughout the distribution system. Monitoring at 
entry points to the distribution system will provide a baseline for comparison. Within the 
distribution system, monitoring should be where HAA concentrations would be expected to be 
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the highest. These can include locations such as those with longest contact time, highest water 
age, after booster chlorination, or dead ends. However, where HAA concentration is the highest 
in the distribution system differs among HAA species (for example, di-HAAs vs. tri-HAAs). 
Therefore, using total HAA concentrations to select sampling locations for HAA monitoring may 
not be sufficient to capture the highest concentration of some HAA species (Marcoux et al., 
2017). A greater number of monitoring locations can enable better characterization of HAA 
species variability within the distribution system network (for example, entry to or midpoint of 
distribution system). When a location has a high HAA concentration, this may guide the 
management of the distribution system in determining where flushing and cleaning activities 
should be focused or whether changes in distribution system operation should be considered. 
These practices will help reduce water age and locations with high HAA concentrations.  
 

7.2.4 Compliance monitoring 
 

A locational running annual average of a minimum of quarterly samples, taken in the 
distribution system, should be calculated for total HAA6 and for BCAA. The calculated values 
should be compared against the MAC of 80 µg/L for total HAA6 and against 10 µg/L for BCAA. 
Sampling should be at points in the distribution system where HAA concentrations are expected 
to be the highest. The selection of locations should consider the kinetics of formation for the 
various HAA species. The locations of high concentrations may vary seasonally and temporally. 
Increased frequency may be required for facilities using surface water sources (including 
groundwater sources that are under the direct influence of surface water) during peak HAA 
formation periods. 

 

8.0 International considerations 
 

Other national and international organizations have drinking water guidelines, standards 
and/or guidance values for individual and total HAA in drinking water. Variations in these values 
can be attributed to the age of the assessments or to differing policies and approaches, 
including the choice of key study and the use of different drinking water intake rates, body 
weights and source allocation factors (Table 35). 
 
The U.S. EPA derived a maximum contaminant level of 60 µg/L for HAA5. The European Union 
has a parametric value of 60 µg/L for HAA5 to be used to assess the quality of water intended 
for human consumption. Australia’s National Health and Medical Research Council and the 
World Health Organization established values for individual HAAs in drinking water (MCAA, 
DCAA, TCAA).  
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Table 35. Comparison of international drinking water values for haloacetic acids (HAAs) 

Agency 
Year 

HAA Value 
(µg/L) 

Basis  
(Reference) 

POD (mg/kg 
bw per day) 

UFT or  
CSF 

BW 
kg 

DW 
intake 
(L/day) 

AF 
(%) 

Health 
Canada  
Proposed 
(2025) 

HAA6 80MAC Exposure, health effects, 
treatment technology and 
achievability  

n/a n/a n/a n/a n/a 

U.S. EPA 
(2006; 
2018) 

HAA5 60MCL Best available technology n/a n/a n/a n/a n/a 

EU (2020) HAA5 60 Not available n/a n/a n/a n/a n/a 

WHO 
(2004a, 
2017b) 

MCAA 20 Increased spleen weight 
(DeAngelo et al., 1997) 

3.5LOAEL 1 000 

UFT 
60 2 20 

WHO 
(2005, 
2017b) 

DCAA 50a Tumours (DeAngelo et al., 
1999) 

n/a 0.0075 

CSF 
60 2 n/a 

WHO 
(2004b, 
2017b) 

TCAA 200 Liver histopathology 
(DeAngelo et al., 1997) 

32.5NOAEL 1 000 

UFT 
60 2 20 

Australia 
NHMRC, 
NRMMC 
(2011) 

MCAA 150 Decreased survival (NTP, 
1992) 

15LOAEL 500 UFT 70 2 20 

Australia 
NHMRC, 
NRMMC 
(2011) 

DCAA 100 Tumours (DeAngelo et al., 
1991) 

7.6NOAEL 500 UFT 70 2 20 

Australia 
NHMRC, 
NRMMC 
(2011) 

TCAA 100 Increased liver 
peroxisomal activity 
(Mather et al., 1990) 

36NOAEL 2 000 

UFT 
70 2 20 

AF – allocation factor; BW – body weight; CSF – cancer slope factor; DCAA – dichloroacetic acid; DW – drinking 
water; EU – European Union; H – human equivalent dose; HAA5 – sum of MCAA, DCAA, TCAA, monobromoacetic 
acid and dibromoacetic acid; HAA6 – HAA5 plus bromochloroacetic acid; LOAEL – lowest observed adverse effect 
level; MAC – maximum acceptable concentration; MCAA – monochloroacetic acid; MCL – maximum contaminant 
level; NOAEL – no observed adverse effect level; n/a – not applicable; POD – point of departure; TCAA – 
trichloroacetic acid; UFT – uncertainty factor total; WHO – World Health Organization. 
a The WHO calculated a health-based guideline value of 40 µg/L for DCAA based on a 10-5 upper-bound excess 
lifetime cancer risk. Thus, the guideline of 50 µg/L is provisional because “the data on treatment are insufficient to 
ensure that the 40 µg/L value is technically achievable under a wide range of circumstances.”  
 

9.0 Rationale  
 

HAAs are formed in drinking water primarily because of the reaction of chlorine—which is 
added during treatment for disinfection—with organic matter present in raw water supplies. 
Due to its ability to kill or inactivate most enteric pathogenic microorganisms, the use of 
chlorine has virtually eliminated waterborne microbial diseases. Consequently, efforts to 
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manage HAA levels in drinking water must not compromise the effectiveness of water 
disinfection. 
 
Most available Canadian drinking water monitoring data are focused on HAA5. The HAA species 
consistently found at the highest concentrations in Canadian distribution systems were DCAA 
and TCAA. These two species commonly represented greater than 95% of the total HAA5 
concentration with similar detection frequencies (Table 2). For Br-HAAs included in HAA5, 
MBAA was generally below DLs, while DBAA made up less than 5% of the total HAA5 
concentration. However, among all the Br-HAAs monitored in Canadian drinking water, BCAA 
and BDCAA had the highest occurrence and concentrations (but at much lower concentrations 
than DCAA and TCAA). Similar results were observed under the U.S. EPA’s fourth unregulated 
contaminant monitoring rule (UCMR4) nationwide HAA survey.  
 
Since HAAs are a large group of DBPs with at least 13 distinct chemicals detected in disinfected 
drinking water and there is not enough scientific data available to derive HBVs for all HAAs, a 
mixture analysis was performed. After analysis of all integrated key information, the mixture 
analysis recommended grouping the HAAs based on their carcinogenic MOA (non-direct DNA-
reactive or direct DNA-reactive) and then using the HBV of the most potent IC for each 
subgroup:  

• Subgroup – Non-direct DNA-reactive MOA (Cl-HAAs: MCAA, DCAA, TCAA): The HBV of 
the IC (DCAA) is 0.07mg/L (70 µg/L), based on liver tumours in both mice and rats 

• Subgroup – Direct DNA-reactive MOA (Br-HAAs: MBAA, DBAA, TBAA, BCAA, CDBAA, 
BDCA): The HBV of the IC (DBAA) is 0.003 mg/L (3 µg/L), based on tumours in several 
organs in both mice and rats at the risk level of 1 x 10−5 

 
Health Canada, in collaboration with the Federal-Provincial-Territorial Committee on Drinking 
Water, is proposing a MAC of 0.08 mg/L (80 µg/L) for HAA6 (three Br-HAAs: MBAA, DBAA, and 
BCAA, and three Cl-HAAs: MCAA, DCAA, and TCAA) in drinking water rather than guidelines for 
individual HAAs. The MAC is based on a running annual average of quarterly samples taken in 
the distribution system. It is recommended that water treatment system operators strive to 
maintain HAA levels as low as reasonably achievable (ALARA) without compromising the 
effectiveness of disinfection. The proposed MAC is based on the following considerations: 

• The technological limitations associated with reducing individual HAA levels in drinking 
water while maintaining effective disinfection. 

• The mixture analysis recommendation to evaluate HAAs as subgroups. 

• 70 µg/L is the lowest calculated HBV for the HAA found in the highest proportion of the 
HAA mixture (DCAA). This HBV would be protective of HAAs with a similar MOA. 
Meeting a guideline of 70 μg/L for HAA6 in drinking water can present significant 
financial and operational challenges for treatment plants. As the increase in health risks 
from exposure to HAAs at average levels up to 80 μg/L is not expected to be significant, 
a MAC of 0.80 mg/L (80 μg/L) is proposed for HAA6 in drinking water, based on an 
annual running average. 
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• It is important to include BCAA in the total HAA6 measurement, because the 
brominated HAAs are more potent and can potentially cause health effects at lower 
concentrations than chlorinated HAAs. 

• Although the HBV for DBAA is the lowest value calculated for Br-HAAs, it makes up less 
than 5% of the total HAA5 concentration. As such, it is not considered to be the 
appropriate indicator for total Br-HAAs. 

• BCAA monitoring results are the best available indicator of locations with elevated 
occurrence and concentrations of Br-HAAs since: 

o Monitoring results show that the mixed bromochloro species (which include 
BCAA) are a better indicator of the occurrence of Br-HAAs. 

o BCAA was the Br-HAA compound with the highest occurrence and 
concentrations that also had data available on potential health effects, which 
provided sufficient exposure and health effect data for a risk assessment. 

o The addition of BCAA to the measure of total HAAs is unlikely to impact most 
water treatment systems as BCAA concentrations are approximately ten times 
lower than the combined DCAA and TCAA concentrations in most systems. 
However, for those systems with Br-HAAs present, measuring BCAA and acting 
on the results is important to address the potential health effects from these 
substance.  

• If the HAA monitoring profile shows that the concentration of the locational running 
annual average of quarterly samples for BCAA is equal to or greater than 10µg/L, 
measures should be taken to control the formation of the Br-HAA compounds at the 
treatment plant and within the distribution system: 

o Monitoring campaigns with sufficient sample size (N greater than 100) for BCAA 
indicate 90th percentile concentrations in Canadian distribution systems that are 
generally less than 10 µg/L. In the United States, the UCMR4 indicates 98th 
percentile concentrations of BCAA of approximately 9 μg/L (Peterson et al., 
2023). Therefore, 10 µg/L is achievable for BCAA, while maintaining very low 
concentrations of MBAA and DBAA. 

• The capability of laboratories to routinely measure HAA6 within reasonable limits of the 
stated precision and accuracy are well below the proposed MAC. 

 
Many types of DBPs may be found in drinking water. HAAs and THMs are the two major groups 
of DBPs that are generally found at the highest levels. The concentrations of these 
contaminants can be used as indicators of the total loading of all DBPs that may be found in 
treated drinking water. In the absence of information on other DBPs, control and management 
of HAAs and THMs are expected to reduce exposure to and risk from other DBPs.  
 
As part of its ongoing guideline review process, Health Canada will continue to monitor new 
research in this area and recommend any change to this guideline technical document that it 
deems necessary. 
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Appendix A: List of abbreviations 
 

AF Allocation factor 

AIX Anionic ion exchange 

ALARA As low as reasonably achievable 

ALT Alanine transaminase 

ANSI  American National Standards Institute 

AOM Algal organic matter 

AOP Advanced oxidation process 

ASF Allometric scaling factor 

ATP Adenosine triphosphate levels  

6C3F1, CD-1, F344, Hsd:SD Rat and mouse strains 

BAC Biological activated carbon 

BCAA Bromochloroacetic acid 

BDCAA Bromodichloroacetic acid 

BIAA Bromoiodoacetic acid 

BIEX Biological ion exchange  

BIF Bromine incorporation factor 

BMD Benchmark dose 

BMDL Lower 95% confidence limit on the benchmark dose  

Br-HAA Brominated haloacetic acid 

BSF Bromine substitution factor 

BV Bed volume 

BW Body weight 

CDBAA Chlorodibromoacetic acid 

CIAA Chloroiodoacetic acid 

Cl-HAA Chlorinated haloacetic acid 

CRPF Combined Relative Potency Factor  

CSF Cancer slope factor 

CSS Blood concentration at steady state 

DBAA Dibromoacetic acid 

DBCA Dibromochloroacetic acid 

DBP Disinfection by-product 

DCAA Dichloroacetic acid 

DIAA Diiodoacetic acid 

Di-HAA Dihaloacetic acid 

DL Detection limit 

DOC Dissolved organic carbon 

DOI Dissolved organic iodine 

DOM Dissolved organic matter 

DUVA Differential ultraviolet absorbance 
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DWTP Drinking water treatment plant 

EBCT Empty bed contact time 

EEM Excitation-emission matrix 

EOM Extracellular organic matter 

FDOM Fluorescent dissolved organic matter 

FP Formation potential 

GAC Granular activated carbon 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GD Gestation day 

GST-ζ Glutathione S-transferase zeta 

HAA Haloacetic acid 

HAA5 Sum of MCAA, DCAA, TCAA, MBAA and DBAA 

HAA6 Sum of HAA5 and BCAA 

HAA9 Sum of HAA6 and TBAA, CDBAA, BDCAA 

HBV Health-based value 

HED Human equivalent dose 

HOBr Hypobromous acid 

HOI Hypoiodous acid 

HPC Heterothropic plate count 

IARC International Agency for Research on Cancer 

IC Index chemical 

ICED Index chemical effective dose 

I-DBP Iodinated disinfection by-products 

I-HAA Iodinated haloacetic acid 

IOM Intracellular organic matter 

LD50 Median lethal dose 

LOAEL Lowest observed adverse effect level 

MAC Maximum acceptable concentration 

MBAA Monobromoacetic acid 

MCAA Monochloroacetic acid 

MIAA Monoiodoacetic acid 

MIEX Magnetic ion exchange 

MOA Mode of action 

Mono-HAA Monohaloacetic acid 

MRL Method reporting limit 

MRTL Maximum residence time location 

MW Molecular weight 

MWCO Molecular weight cut-off 

N-DBP Nitrogenous disinfection by-product 

NDWS National Drinking Water Survey 

NF Nanofiltration 
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NOAEL No observed adverse effect level 

NOM Natural organic matter 

NSF NSF International Standard 

NTP National Toxicology Program 

PACl Polyaluminum chloride 

PARAFAC Parallel factor analysis  

PBPK Physiologically based pharmacokinetic modelling 

PDC Pyruvate dehydrogenase complex  

PDK Pyruvate dehydrogenase kinase  

POD Point of departure  

qIVIVE Quantitative in vitro to in vivo extrapolation  

RO Reverse osmosis 

ROS Reactive oxygen species  

SGA Small for gestational age 

SIX Suspended ion exchange 

SUVA Specific ultraviolet absorbance 

TBAA Tribromoacetic acid 

TCAA Trichloroacetic acid 

TDI Tolerable daily intake 

THM Trihalomethane 

TOC Total organic carbon 

TOX Total organic halogen 

Tri-HAA Trihaloacetic acid 

UF Ultrafiltration 

UFC Uniform formation conditions 

UFT Uncertainty factor total 

UTOX Unknown total organic halogen 

UV Ultraviolet 

WC Water consumption 

WOE Weight of evidence  
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Appendix B: Provincial and Territorial Anticipated Impacts 
Additional information on anticipated impacts in specific jurisdictions has been provided by 
Federal-Provincial-Territorial Committee on Drinking Water (CDW) members and is presented 
verbatim. 

  

Alberta 
 
Drinking water systems in Alberta are currently required to monitor for HAA5 and meet the 
current MAC of 80 ug/L. They are not required to monitor for HAA6 or BCAA, though a few 
larger systems voluntarily monitor for this parameter. We, therefore, have very limited 
quantitative information on BCAA levels in water systems in the province. Nor are systems 
required to test for bromide in source water. Overall, this makes it difficult to provide a 
complete statement on how the proposed new guideline will impact water systems across the 
province.  We do know that roughly 60 out of 700 (about 8-9%) systems, mainly surface water 
systems, have difficulty meeting disinfection by-product (DPB) MACs for THM and/or HAA at 
present. These systems are in different stages of implementing plans to meet the limits while 
ensuring that disinfection is not compromised. The Province of Saskatchewan has tested for 
BCAA (Table 1.3.1) and their data shows the median BCAA concentration was 4.8 ug/L and the 
90% percentile concentration was 10 ug/L. If we assume similar occurrence in Alberta, we may 
expect to see some level of BCAA occurrence and that a few more systems that are currently 
close to the HAA5 limit will exceed the new HAA6 MAC of 80 ug/L.     
 
Solutions for meeting the disinfection by-product limits vary from facility to facility, but often 
involve capital investment to modify or upgrade the treatment system or to identify a new 
water source. Fortunately, solutions for reducing THM level will likely be effective for reducing 
HAA levels as well. Systems in Alberta can apply for funding through the Alberta Municipal 
Water and Wastewater Partnership Program or Water for Life Program to obtain funding, 
however, funding is limited and competitive. It will, therefore, take time to address existing and 
any new DBP exceedances.  The priority in the province will be to ensure proper disinfection. 
 
British Columbia 
 
No impact statement provided. 
 
Manitoba 
 
The updated draft guideline proposes a maximum acceptable concentration (MAC) of 0.08 
mg/L for the total sum of six haloacetic acids (HAA6) that can be found in disinfected drinking 
water in Canada. The specific HAAs targeted by the guideline are monochloroacetic acid 

Please note that this information is not available in both official languages because the 
source of the information is not subject to the Official Languages Act. 
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(MCAA), dichloroacetic acid (DCAA), trichloroacetic acid, (TCAA), monobromoacetic acid 
(MBAA), dibromoacetic acid (DBAA), and bromochloroacetic acid (BCAA). Under this updated 
guideline, the MAC for the sum of HAAs remains 0.08 mg/L; however, an additional sixth and 
new HAA, BCAA, has been added to the total summary of HAA results (going from HAA5 to 
HAA6). As well, it specifies that if BCAA is measured at levels equal to or greater than 0.01 
mg/L, steps should be taken to reduce brominated HAA formation. Manitoba has adopted the 
existing guideline (HAA5) as a water quality standard in regulation, which is applied to water 
systems through operating licences.  
 
Licenced water systems across Manitoba are currently adhering to monitoring protocols and 
implementing treatment technologies to achieve compliance with the existing MAC of 0.08 
mg/L for HAA5. The impact of adding a new, sixth HAA (BCAA) to the total HAA guideline cannot 
accurately be determined in Manitoba at this time. Although many larger water systems have 
control strategies and treatment processes already in place that should be able to 
accommodate the proposed new guideline, smaller water systems with less treatment and a 
smaller capital base would have greater difficulty meeting the requirements. Manitoba has 
confirmed that testing for BCAA is achievable using local laboratory services. 
 
New Brunswick 
 
Based on available data from a limited number of drinking water systems, the proposed Health 
Canada MAC for haloacetic acids is expected to have minimal to no impact. Regulated systems 
in New Brunswick are not required to monitor haloacetic acids in drinking water at this time. 
 
Newfoundland and Labrador 
 
The Province of Newfoundland and Labrador implemented the Multi-Barrier Strategic Action 
Plan (MBSAP) in 2001 to enhance drinking water safety in public drinking water systems.  The 
provincial government is responsible for extensive drinking water quality monitoring of public 
drinking water systems, including disinfection by-products (Trihalomethanes and Haloacetic 
Acids).  
 
There are currently 474 public drinking water systems (179 groundwater systems and 295 
surface water systems). 
 
Disinfection by-products are sampled four times per year for all surface water supplies that 
utilize chlorine as a disinfectant. The four samples must encompass the four seasons. 
Disinfection by-products are sampled at least once for all groundwater supplies that utilize 
chlorine as a disinfectant to establish background levels. If the value is below 10 µg/L, no 
further sampling is required. If the value is above 10 µg/L, then it will be sampled four times per 
year and will encompass the four seasons. 
 
The current monitoring program implements a MAC of 80 µg/L for total HAA5 based on the 
summation of Monochloroacetic Acid (MCAA), Monobromoacetic Acid (MBAA), Dichloroacetic 
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Acid (DCAA), Trichloroacetic Acid (TCAA), and Dibromoacetic Acid (DBAA). The MAC is based on 
a locational running average of quarterly samples taken in the distribution system.  
Based on historical water quality monitoring for public drinking water systems in NL: 
• Approximately 142 public drinking water systems exceed the current HAA5 MAC of 80 µg/L.   
• No monitoring for BCAA has been conducted in NL. 
• Historical source water quality data for NL indicates that bromide levels are typically less than 
detectable, except for seven (7) public water systems.   

 
The current monitoring program does not report BCAA and the cost to analyze is expected to 
be an additional $15 per sample.  Approximately 1400 HAA samples are collected per year, 
resulting in an increased cost of approximately $21,000 per year. 
Substantial changes will need to be incorporated into the data management and reporting 
system currently used for processing and disseminating drinking water quality data to the 
public. 
 
All seven (7) water systems with a historical detection for bromide are very small water systems 
that service less than 500 people. These very small water systems have limited financial and 
technical capacity that contribute to the challenge of providing reliable water treatment.   
 
Northwest Territories 
 
No anticipated impacts. 
 
Nova Scotia 
 
No impact statement provided.  
 
Nunavut 
 
No anticipated impacts.  
 
Ontario 
 
Ontario is supportive of the consultation document on Haloacetic Acids in Drinking Water 
noting that there is no change in the numerical guideline value of 0.080 mg/L as an average of 
quarterly samples taken from the distribution system. The guideline document adequately 
stresses that utilities should strive to provide properly disinfected water while maintaining the 
disinfection by-products such as trihalomethanes and haloacetic acids as low as reasonably 
achievable. Excursions above the drinking water quality standard for disinfection by-products 
are reported as prescribed by our regulation and addressed by the local health unit that also 
considers the presence of microbiological parameters as a part of the health risk as 
recommended by this guideline document. Overall, drinking water systems are providing water 
that is safe and of high quality. 
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Prince Edward Island  
 
The changes to the HAA guideline limit should have very little impact on PEI. All PEI 
municipalities rely on groundwater for water supply which contains very small amounts of 
natural organic matter. As well, since PEI uses groundwater there is very little fluctuation in 
water temperatures throughout the year. With consistent cool groundwater temperatures and 
low organic matter content, the two precursors for the formation of HAA’s, the risk of 
disinfection byproducts is low on PEI. 
 
Quebec 
 
Au Québec, les acides haloacétiques (AHA5) font l'objet d'une norme dans le Règlement sur la 
qualité de l'eau potable (RQEP – 60 µg/L, basée sur une moyenne de quatre trimestres 
consécutifs), mais ils ne font pas l'objet d'un contrôle systématique. Toutefois, il est exigé aux 
responsables des installations de distribution d'eau potable de faire analyser les concentrations 
d'acides haloacétiques lorsqu'ils soupçonnent que cette norme pourrait ne pas être respectée. 
C'est notamment le cas lorsque les concentrations de trihalométhanes totaux se rapprochent 
ou dépassent la norme applicable du RQEP (80 µg/L, basée sur une moyenne de quatre 
trimestres consécutifs) et que les valeurs de pH sont inférieures à 7,0. Ces deux situations, 
présentes simultanément, devraient amener le responsable à faire analyser les concentrations 
en acides haloacétiques dans l'eau distribuée en vertu de l'article 42 du RQEP. 
 
Ainsi, dans le cadre du RQEP, pour les années 2016, 2017 et 2018, 408 échantillons provenant 
de 40 installations de distribution d'eau potable ont été analysés. De ceux-ci, 205 échantillons 
provenant de 24 réseaux de distribution ont dépassé la valeur de 60 µg/L. 
 
Des suivis des concentrations en AHA5 ont également été réalisés dans le cadre du Programme 
de surveillance de la qualité de l'eau potable. Dans le cadre de ce programme, 131 échantillons 
provenant de 11 réseaux de distribution, sélectionnés en fonction de la présence potentielle de 
précurseurs de sous-produits émergents dans la source d’approvisionnement (bromures et 
iodures) et des concentrations de THM mesurées dans l’eau distribuée, ont été prélevés en 
2014, 2015 et 2016 et ont été analysés pour les AHA5. Le BCAA a également été analysé. Un 
seul de ces réseaux a présenté une concentration en BCAA supérieure à 10 µg/L, et des 
concentrations supérieures à 60 µg/L pour les AHA5 ont également été obtenues pour ce 
réseau.  
 
Considérant les résultats d'analyse disponibles et présentés sommairement ci-dessus, les 
impacts attendus de la modification de la recommandation canadienne pour les AHA seraient 
faibles au Québec. En effet, la norme au RQEP pour les AHA5 est plus sévère que la 
recommandation canadienne actuelle et le BCAA ne semble pas susceptible de faire augmenter 
le nombre de dépassements. 
 
Saskatchewan 
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The guideline document proposes a new Maximum Acceptable Concentration (MAC) of 80 µg/L 
for total haloacetic acids (HAA6; 6 haloacetic acids) in drinking water; this guideline includes a 
new guideline of 0.10 µg/L for bromochloroacetic acid (BCAA). The existing guideline is 80 µg/L 
for five halaoacetic acids (HAA5). Saskatchewan adopted the existing HAA5 guideline as a 
drinking water quality standard in 2010 and communities in Saskatchewan are implementing 
appropriate treatment technologies to achieve less than the standard, however, several 
communities in the province are facing challenges in meeting the HAA5 Standard of 80 µg/L. 
 
The health benefits associated with the proposed BCAA guideline are not clear in the 
document. Five year data (2018 to 2023) from the database showed that many communities in 
Saskatchewan are having at least one sample with BCAA level. There are 38 communities that 
have at least one data point above 10 µg/L. It is not clear how the existing treatment or new 
system will reduce this BCAA. The document didn’t address the treatment system details or any 
other to reduce the BCAA levels. More information is needed on the treatment aspects of 
BCAA. 
 
The estimation of treatment cost to comply with the proposed HAA6 guideline is not possible at 
this time, however, Saskatchewan expects that affected communities in the province may 
expect a significant treatment cost once the new HAA6 guideline is in place and the province 
adopts the guideline as a drinking water standard. There may be increased operational and 
maintenance costs, and salary for the higher level certified operators for the new systems etc. 
Also, not all the affected communities may be eligible or qualify for federal/provincial funding, 
some communities may have to put up their own cost to comply with the new MAC and that 
will increase their financial liability.  
 
The new MAC of 80 µg/L for HAA6 including BCAA will pose a significant compliance challenge 
for the affected communities in Saskatchewan including those already have a treatment in 
place to achieve less than the existing standard. Most of these communities are small and they 
may not have adequate funding to upgrade their treatment system. Saskatchewan has 
concerns regarding the achievability of the new MAC of 80 µg/L for HAA6 by the communities 
in Saskatchewan. 
 
Yukon 
 
No anticipated impacts. 
 
Indigenous Services Canada 
 
Quantifying the potential impact of the proposed change of the Maximum Acceptable 
Concentration (MAC) (that is, from a total of five haloacetic acids (HAA5) to a total of six HAAs 
(HAA6) while maintaining a value of 0.08 mg/L, and adding a target of 0.01 mg/L for 
bromochloroacetic Acid (BCAA)) on public and semi-public drinking water systems in First 
Nations communities south of 60o is challenging, as HAA6 is not currently included in routine 
monitoring programs. Limited HAA6 data from First Nations’ water systems in British Columbia 
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and Ontario suggest that a small number of additional systems may exceed the MAC for HAAs 
as a result of the proposed change from the current use of HAA5 to the use of HAA6. A separate 
data set for BCAA from First Nations communities in British Columbia, Manitoba, Ontario, and 
Atlantic regions was analyzed to assess the potential impact of the proposed target of 0.01 
mg/L. The concentrations of BCAA in British Columbia and Atlantic were observed to be low. In 
Ontario and Manitoba, between one and four percent of samples exceeded 0.01 mg/L, 
respectively. Therefore, it is anticipated that some First Nation drinking water systems in 
Ontario and Manitoba may need to take steps to reduce brominated HAA formation.  
In order to meet the proposed HAA6 MAC and address brominated HAA formation, a small 
number of drinking water systems will likely require capital investments and/or operational 
adjustments. Increased monitoring of HAA6 will be needed in the future to provide 
comprehensive data to be able to accurately assess the potential impact of the proposed HAA6 
MAC and BCAA ‘target’. Laboratory costs to analyze samples collected for HAAs by 
Environmental Public Health Officers and Water Treatment Plant Operators is expected to 
increase by five to twenty percent due to the additional cost for analysis of BCAA. Indigenous 
Services Canada will support First Nations to meet the final proposed guideline and will 
continue to support operator training and capacity-building programs. 
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Appendix C: Canadian Water Quality Data 
 

Table C1. Haloacetic acids (HAAs) in surface water and groundwater: 
Occurrence data obtained from three national surveys  

Survey 
(year) 

Source 
water 

Parameter MCAA DCAA TCAA MBAA DBAA TBAA BCAA CDBAA BDCAA 

Drinking 
water 
survey  
(2009–
2010) 

Surface 

# detects/ N 154/ 
262 

260/ 
262 

261/ 
262 

2/262 40/ 
262 

0/262 145/ 
262 

17/262 152/26
2 

Drinking 
water 
survey  
(2009–
2010) 

Surface 

Detect % 58.8 99.2 99.6 0.8 15.3 0 55.3 6.5 58.0 

Drinking 
water 
survey  
(2009–
2010) 

Surface 

Median 
(μg/L) 

1.4 16.1 13.3 < 0.57 < 0.26 < 2.84 1.4 < 0.76 1.1 

Drinking 
water 
survey  
(2009–
2010) 

Surface 

Meana  

(μg/L) 
1.8 23.6 20.2 0.5 0.7 < 2.84 2.8 0.7 2.3 

Drinking 
water 
survey  
(2009–
2010) 

Surface 

90th 
percentile 

(μg/L) 

3.9 47.5 43.0 < 0.57 1.4 < 2.84 8.3 < 0.76 6.8 

Drinking 
water 
survey  
(2009–
2010) 

Ground 

# detects/ N 5/107 63/107 52/ 107 0/107 33/ 
107 

0/107 22/ 
107 

5/107 18/107 

Drinking 
water 
survey  
(2009–
2010) 

Ground 

Detect % 4.7 58.9 48.6 0 30.8 0 20.6 4.7 16.8 

Drinking 
water 
survey  
(2009–
2010) 

Ground 

Median 
(μg/L) 

< 0.59 1.6 0.4 < 0.57 < 0.26 < 2.84 < 0.3 < 0.76 < 0.32 

Drinking 
water 
survey  
(2009–
2010) 

Ground 

Meana 

(μg/L) 

0.5 2.9 2.2 < 0.57 0.9 < 2.84 1.2 0.9 1.4 

Drinking 
water 
survey  

Ground 
90th 

percentile 
(μg/L) 

< 0.59 6.2 4.7 < 0.57 1.7 < 2.84 2.0 < 0.76 1.4 
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Survey 
(year) 

Source 
water 

Parameter MCAA DCAA TCAA MBAA DBAA TBAA BCAA CDBAA BDCAA 

(2009–
2010) 

Targeting 
highly 

brominat
ed water 

(2007) 

Surface 

# detects/ N 12/13 13/13 13/13 0/13 5/13 NR 13/13 1/13 12/13 

Targeting 
highly 

brominat
ed water 

(2007) 

Surface 

Detect % 92.3 100 100 0 38.5 NR 100 7.7 92.3 

Targeting 
highly 

brominat
ed water 

(2007) 

Surface 

Median 
(μg/L) 

2.4 26.4 15.1 < 0.91 < 0.79 NR 3.6 < 1.22 3.1 

Targeting 
highly 

brominat
ed water 

(2007) 

Surface 

Meana 

(μg/L) 

3.4 49.4 43.7 < 0.91 1.1 NR 4.9 0.4 5.2 

Targeting 
highly 

brominat
ed water 

(2007) 

Surface 

90th 
percentile 

(μg/L) 

10.5 184.2 200.1 < 0.91 4.1 NR 14.2 < 1.22 15.3 

Targeting 
highly 

brominat
ed water 

(2007) 

Ground 

# detects/ N 10/16 16/16 10/16 3/16 9/16 NR 13/16 2/16 8/16 

Targeting 
highly 

brominat
ed water 

(2007) 

Ground Detect % 62.5 100 62.5 18.8 56.3 NR 81.3 12.5 50 

Targeting 
highly 

brominat
ed water 

(2007) 

Ground Median 
(μg/L) 

0.9 2.8 1.4 < 0.91 1.5 NR 1.9 < 1.22 0.3 

Targeting 
highly 

brominat
ed water 

(2007) 

Ground Meana 

(μg/L) 

1.2 22.5 1.9 0.4 5.4 NR 5.1 0.5 1.5 

Targeting 
highly 

brominat
ed water 

(2007) 

Ground 90th 
percentile 

(μg/L) 

3.7 18.2 4.9 1.1 18.4 NR 23.5 1.2 6.8 

Targeting 
small 

systems 
Surface 

# detects/ N 133/ 
161 

158/ 
161 

154/ 
161 

10/ 
161 

23/ 
161 

NR 64/ 
161 

10/161 70/161 
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Survey 
(year) 

Source 
water 

Parameter MCAA DCAA TCAA MBAA DBAA TBAA BCAA CDBAA BDCAA 

 (1999–
2000 

Targeting 
small 

systems 
 (1999–

2000 

Surface Detect % 82.6 98.1 95.7 6.2 14.3 NR 40.0 6.2 43.5 

Targeting 
small 

systems 
 (1999–

2000 

Surface Median 
(μg/L) 

2.4 26.4 22.9 < 0.42 < 0.7 NR < 0.26 < 0.74 < 0.53 

Targeting 
small 

systems 
 (1999–

2000 

Surface Meana 

(μg/L) 

3.2 43.5 48.3 0.3 0.6 NR 2.3 0.4 2.2 

Targeting 
small 

systems 
 (1999–

2000 

Surface 90th 
percentile 

(μg/L) 

6.7 103.4 138.9 < 0.42 1.2 NR 6.9 < 0.74 7.6 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – dibromoacetic 
acid; DCAA – dichloroacetic acid; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; N – sample size; NR – not 
reported; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid.  
a Mean calculated using half the detection limit for non-detects  
Source: Health Canada (2017) 

 

Table C2. Haloacetic acids (HAAs) in surface water and groundwater: 
Occurrence data for Newfoundland and Labrador (2004–2018) and 
Ontario (2013–2019) 

Source 
water 

Param
eter 

Newfou
ndland 

and 
Labrador 

MCAA 
 

Newfou
ndland 

and 
Labrador  

DCAA 
 

Newfou
ndland 

and 
Labrador  

TCAA 

Newfou
ndland 

and 
Labrador  

MBAA 

Newfou
ndland 

and 
Labrador  

DBAA 

Newfou
ndland 

and 
Labrador  

BCAA 

Newfou
ndland 

and 
Labrador 

HAA5 

Newfo
undlan
d and 

Labrad
or 

HAA6 

Ontari
o 

HAA5 
 

Surface 
water 

# 
detect

s/N 

3993/ 
12 368 

10 367/ 
12 368 

10 303/ 
12 368 

42/ 
12 368 

211/ 
12 368 

653/ 
5630 

10 719/ 
12 368 

4751/ 
5630 

2878/ 
2878 

Surface 
water 

Detect 
% 

32.3 83.8 83.3 0.3 1.7 11.6 86.7 84.4 100.0 

Surface 
water 

Media
n  

(μg/L) 

< 5 37.1 42.5 < 5 < 5 < 5 83.9 85.0 31.4 

Surface 
water 

Meana 

(μg/L) 
3.6 53.1 70.8 2.5 2.6 2.9 125.5 127.5 38.6 

Surface 
water 

90th 
perce
ntile 

(μg/L) 

6.6 120.0 167.0 < 5 < 5 2.5 287.6 290.0 75.5 
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Ground
water 

# 
detect

s/N 

119/ 
1188 

512/ 
1188 

482/ 
1188 

14/ 1188 140/ 
1188 

68/ 508 748/ 
1188 

68/ 
508 

5644/ 
5644 

Ground
water 

Detect 
% 

10.0 43.1 40.6 1.2 11.8 13.4 63.0 13.4 100.0 

Ground
water 

Media
n 

(μg/L) 

< 5 < 5 < 5 < 5 < 5 < 5 2.5 < 5 5.3 

Ground
water 

Meana 

(μg/L) 
2.8 17.1 20.0 2.5 3.0 3.1 36.9 37.2 10.3 

Ground
water 

90th 
perce
ntile 

(μg/L) 

2.5 52.4 61.1 < 5 2.5 5.6 116.2 135.5 20.8 

BCAA – bromochloroacetic acid; DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, 
MBAA and DBAA; HAA6 – sum of HAA5 and BCAA; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; N – sample 
size; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid.  
a Mean calculated using half the detection limit for non-detects.  
Sources: Newfoundland and Labrador Department of Municipal Affairs and Environment (2019); Ontario Ministry of the 
Environment, Conservation and Parks (2019) 
 

Table C3. Occurrence of paired haloacetic acids (HAAs) in water: 
National Survey 2009–2010 

Parameter Treated water Treated 
water 

Treated 
water 

Farthest from 
treatment plant 

Farthest 
from 

treatment 
plant 

Farthest 
from 

treatment 
plant 

Parameter # detects/N Detection % Mean (µg/L) # detects/N Detection % Mean (µg/L) 

Parameter Winter Winter Winter Winter Winter Winter 

MCAA 19/60 31.7 1.0 27/60 45.0 1.4 
DCAA 45/60 75.0 10.9 53/60 88.3 17.7 

TCAA 43/60 71.7 8.5 53/60 88.3 14.7 

MBAA 0/60 0.0 < 1.0 0/60 0.0 < 1.0 

DBAA 7/60 11.7 0.6 11/60 18.3 0.8 

BCAA 16/60 26.7 1.4 30/60 50.0 2.4 

TBAA 0/60 0.0 < 2.8 0/60 0.0 < 2.8 

CDBAA 4/60 6.7 0.7 4/60 6.7 0.7 
BDCAA 18/60 30.0 1.0 29/60 48.3 1.8 

HAA5 45/60 75.0 20.4 54/60 90.0 34.0 

HAA6 44/60 73.3 21.4 55/60 91.7 36.2 

HAA9 41/60 68.3 22.6 51/60 85.0 37.9 

Parameter Summer Summer Summer Summer Summer Summer 

MCAA 21/57 36.8 1.2 28/57 49.1 1.7 

DCAA 47/57 82.5 15.3 52/57 91.2 19.7 
TCAA 44/57 77.2 12.2 50/57 87.7 17.2 

MBAA 0/57 0.0 < 1.0 0/57 0.0 < 1.0 

DBAA 10/57 17.5 0.6 15/57 26.3 0.8 

BCAA 27/57 47.4 2.2 30/57 52.6 2.8 

TBAA 0/57 0.0 < 2.8 0/57 0.0 < 2.8 

CDBAA 2/57 3.5 0.7 4/57 7.0 0.9 

BDCAA 21/57 36.8 1.7 30/57 52.6 3.1 

HAA5 45/57 78.9 28.7 52/57 91.2 38.7 
HAA6 44/57 77.2 30.6 50/57 87.7 41.2 

HAA9 41/57 71.9 32.3 49.57 86.0 44.6 
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Parameter Treated water Treated 
water 

Treated 
water 

Farthest from 
treatment plant 

Farthest 
from 

treatment 
plant 

Farthest 
from 

treatment 
plant 

Parameter # detects/N Detection % Mean (µg/L) # detects/N Detection % Mean (µg/L) 

Parameter Summer and 
winter 

Summer and 
winter 

Summer and 
winter 

Summer and 
winter 

Summer and 
winter 

Summer and 
winter 

MCAA 40/117 34.2 1.1 55/117 47.0 1.5 
DCAA 92/117 78.6 13.1 105/117 89.7 18.7 

TCAA 87/117 74.4 10.3 103/117 88.0 15.9 

MBAA 0/117 0.0 < 1.0 0/117 0.0 < 1.0 

DBAA 17/117 14.5 0.6 26/117 22.2 0.8 

BCAA 43/117 36.8 1.8 60/117 51.3 2.6 

TBAA 0/117 0.0 < 2.8 0/117 0.0 < 2.8 

CDBAA 6/117 5.1 0.7 8/117 6.8 0.8 
BDCAA 39/117 33.3 1.4 59/117 50.4 2.4 

HAA5 90/117 76.9 24.4 106/117 90.6 36.3 

HAA6 88/117 75.2 25.9 105/117 89.7 38.6 

HAA9 82/117 70.1 27.3 100/117 85.5 41.2 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – dibromoacetic 
acid; DCAA – dichloroacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, MBAA and DBAA; HAA6 – sum of HAA5 and BCAA; HAA9 – 
sum of HAA6 and TBAA, CDBAA, BDCA; MBAA – monobromoacetic acid; MCA – monochloroacetic acid; N – sample size; TBAA – 
tribromoacetic acid; TCAA – trichloroacetic acid. 
Source: Health Canada (2017) 

 

Table C4. Occurrence of paired haloacetic acids (HAAs) in water: 
Quebec 2014–2016 paired data from the centre and extremity of 
distribution systems  

Parameter Centre Centre Centre Extremity Extremity Extremity 

Parameter # detects/N Detection % Mean (µg/L) # detects/N Detection % Mean (µg/L) 

MCAA 26/58 44.8 0.9 24/58 41.4 1.0 

DCAA 58/58 100.0 9.4 57/58 98.3 8.1 
TCAA 58/58 100.0 11.1 58/58 100.0 12.7 

MBAA 9/58 15.5 0.7 11/58 19.0 0.7 

DBAA 39/58 67.2 4.6 36/58 62.1 4.3 

BCAA 56/58 96.6 5.6 48/58 82.8 5.3 

TBAA 12/58 20.7 17.7 14/58 24.1 16.4 

CDBAA 32/58 55.2 8.7 31/58 53.4 8.4 

BDCAA 52/58 89.7 6.6 52/58 89.7 6.9 
HAA5 58/58 100.0 26.0 58/58 100.0 26.1 

HAA6 58/58 100.0 31.5 58/58 100.0 31.4 

HAA9 58/58 100.0 65.1 58/58 100.0 62.8 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – dibromoacetic 
acid; DCAA – dichloroacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, MBAA and DBAA; HAA6 – sum of HAA5 and BCAA; HAA9 – 
sum of HAA6 and TBAA, CDBAA, BDCAA; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; N – sample size; 
TBAA – tribromoacetic acid; TCAA – trichloroacetic acid. 
Source: Ministère du Développement durable, de l’Environnement et de la Lutte contre les changements climatiques du 
Québec (2019) 

 

Table C5. Occurrence of paired haloacetic acids (HAAs) in water: 
Ontario 2013–2019 
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Parameter 
Treated 
water  

# detects/N 

Treated 
water 

Detection % 

Treated 
water  

Meana (µg/L) 

Distributed 
water  

# detects/N 

Distributed 
water 

Detection % 

Distributed 
water  

Meana (µg/L) 

MCAA 76/169 45 0.7 107/169 63.3 1.0 

DCAA 164/169 97.0 11.6 166/169 98.2 16.4 

TCAA 151/169 89.3 12.0 159/169 94.1 18.1 

MBAA 96/169 56.8 0.20 106/169 62.7 0.25 

DBAA 106/169 62.7 0.8 109/169 64.5 0.7 

BCAA 159/169 94.1 2.2 159/169 94.1 2.7 
TBAA 38/169 22.5 0.3 46/169 27.2 0.3 

CDBAA 103/169 60.9 0.6 106/169 62.7 0.6 

BDCAA 159/169 94.1 1.9 167/169 98.8 2.7 

HAA5b 625/631 99.0 18.4 628/631 99.5 27.5 

HAA6b 169/169 100.0 27.3 169/169 100.0 39.0 

HAA9b 169/169 100.0 30.0 169/169 100.0 42.1 

BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; CDBAA – chlorodibromoacetic acid; DBAA – dibromoacetic 
acid; DCAA – dichloroacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, MBAA and DBAA; HAA6 – sum of HAA5 and BCAA; HAA9 – 
sum of HAA6 and TBAA, CDBAA, BDCAA; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; N – sample size; NR – 
not reported; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid.  
a Mean calculated using half the detection limit for non-detects.  
b MCAA, DCAA, TCAA, MBAA, DBAA, BCAA, TBAA, CDBAA, and BDCAA monitoring data were only provided for 2017. 
Consequently, HAA6 and HAA9 values were calculated for sample dates in 2017 only. HAA5 sample values were provided for 
2017, 2018 and 2019.  
Source: Ontario Ministry of the Environment, Conservation and Parks (2019) 

 

Table C6. HAA5 in 441 water supply systems: Newfoundland 
and Labrador 1999–2016 

Population served HAA5 concentration 
(μg/L) Groundwater  

Mean 

HAA5 concentration 
(μg/L) Groundwater  

Maximum 

HAA5 concentration 
(μg/L) Surface water  

Mean 

HAA5 concentration 
(μg/L) Surface water  

Maximum 

< 100 15.82 585 135.79 1617 

101–250 61.87 428 108.00 1960 

251–500 64.22 612 153.96 1320 

501–1000 9.43 33 132.90 1200 

1001–3000 12.61 99.7 156.34 1600 

3001–5000 NA NA 108.24 574 
5001–10 000 36.22 125 71.14 492 

> 10 000 NA NA 76.28 326 

Overall 27.7 612 129.2 1960 

HAA – haloacetic acid; HAA5 – sum of MCAA, DCAA, TCAA, MBAA and DBAA; NA – not available.  
Source: Chowdhury (2018) 
 

Appendix D: Epidemiology studies  
Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

Carcinog
enicity 

HAA5, 
THMs 
and 
nitrates 
 

USA: Iowa 
Women’s 
Health 
Study; 
postmenop
ausal 
women 

15 577 
women; 125 
cases  

Historical 
measuremen
ts in public 
water 
supplies >10 
years use. 

Cohort Kidney  No 
associati
on. 

Large cohort 
study. Women 
only; focused 
on nitrates and 
THMs; low 
incidences; 
uncertainty in 
historical DBP 
levels. 

Jones et 
al., 2017 



172 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

Carcinog
enicity 

HAA5, 
THMs 
and 
nitrates 
 

USA: Iowa 
Women’s 
Health 
Study; 
postmenop
ausal 
women 

15 910 
women; 624 
colon and 158 
rectal cases 

Historical 
measuremen
ts in public 
water 
supplies >10 
years use. 

Cohort Colon and 
rectal 

Plausibl
e 
associati
on but 
requires 
replicati
on. 

Large cohort 
study. Women 
only; focused 
on nitrates and 
THMs; low 
incidences; 
uncertainty in 
historical DBP 
levels. 

Jones et 
al., 2019 

Carcinog
enicity 

HAA5, 
THMs 
and 
nitrates 
 

USA: Iowa 
Women’s 
Health 
Study; 
postmenop
ausal 
women 

10 501 
women; 261 
cases  

Historical 
measuremen
ts in public 
water 
supplies >10 
years use. 

Cohort Endometri
al 

Associat
ed with 
low 
grade 
endome
trial 
cancer 
risk.  

Large cohort 
study. Women 
only; focused 
on nitrates and 
THMs; low 
incidences; 
uncertainty in 
historical DBP 
levels. 

Medgyesi 
et al., 
2022 

Reprodu
ction 

HAA USA: 3 sites 228 males-
partners of 
women in 
pregnancy loss 
study (Savitz et 
al., 2006) 

Drinking 
water: 
distribution 
system wide 
weekly 
average 
concentratio
ns linked to 
telephone 
interview 
data on 
residences 
and water 
intake.  

Prospect
ive 
cohort 

Sperm 
quality  

No 
associati
on. 

Non-random 
selection; differ 
across sites 
(ethnicity, 
education, 
income and 
alcohol use). 

Luben 
 et al., 
 2007 

Reprodu
ction 

TCAA China: 
Wuhan 
Tongji 
Reproducti
ve and 
Environme
ntal cohort 

418 males; 
from  
couples 
seeking care 
for infertility 
 

Urinary TCAA 
collected at 
the time of 
semen 
collection. 
Questionnair
e on tap 
water use. 

Cross-
sectiona
l 

Sperm 
quality 

Negativ
e: No 
associati
on.  

Non-random 
selection;  
creatinine 
adjusted; 
personal 
interviews. 

Xie et al., 
2011 

Reprodu
ction 

TCAA China: 
Wuhan 
Tongji 
Reproducti
ve and 
Environme
ntal cohort 

2 009 men 
seeking semen 
analysis 

Urinary TCAA 
collected at 
the time of 
semen 
collection. 
Questionnair
e on tap 
water use. 

Cross-
sectiona
l 

Sperm 
quality 

Positive: 
Associati
on with 
some 
reduced 
semen 
quality 
paramet
ers but 
no clear 
dose-
respons
e 
pattern. 

Non-random; 
single spot 
morning urine 
sample; 
questionnaire 
on water 
exposure. 

Zeng et 
al., 2014  

Reprodu
ction 

DCAA 
and 
TCAA in 
urine 

China: 
Wuhan 
Tongji 
Reproducti
ve and 
Environme
ntal cohort 

1 230 
reproductive-
aged men 
 

Urinary 
DCAA and 
TCAA as 
internal 
biomarkers 
of DBP 
exposures; 
up to 3 
specimens 
from 

Cross-
sectiona
l 

Sperm 
motility 

Inversel
y 
associat
ed with 
sperm 
motility. 

Biomarkers 
rather than 
direct exposure 
through 
drinking water; 
more 
observable 
among leaner 
men. 

Zhang et 
al., 2024 
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

different 
time points. 

Reprodu
ction 

DCAA 
and 
TCAA in 
urine 

China: 
Wuhan 
Tongji 
Reproducti
ve and 
Environme
ntal cohort 

1 048 women 
undergoing 
assisted 
reproductive 
technology 
treatment 

Quartiles of 
urinary DCAA 
and TCAA 
among 
women 
undergoing 
in vitro 
fertilization. 

Prospect
ive 
cohort  

Fertilizatio
n 

Associat
ed with 
reduced 
number
s of 
oocytes 
and, for 
DCAA, 
decreas
ed 
proporti
ons of 
successf
ul 
implanta
tion, 
clinical 
pregnan
cy and 
live 
birth. 

Biomarkers 
rather than 
direct exposure 
through 
drinking water. 

Deng et 
al., 2023 

Reprodu
ction 

HAAs 
and 
THMs 

USA: 3 sites 236 women  Distribution 
system 
weekly 
average 
linked to 
personal 
questionnair
e data on 
water intake 
and 
residence. 

Prospect
ive 
cohort 

Time to 
pregnancy 

Negativ
e: No 
increase 
in time 
to 
pregnan
cy. 

Differences in 
age, ethnicity, 
education, 
and income 
across the 3 
sites; exposure 
period unclear. 

MacLehos
e et al., 
2008 

Develop
ment - 
Fetal 
growth 

TCAA 
and 
THMs 

France: 
PELAGIE 
cohort 

174 or 114 
cases, 399 
controls. 
Pregnant 
women.  

Drinking 
water. Only 
measured 
THM levels in 
water but 
looked at 
urinary TCAA 
in early 
pregnancy. 

Nested 
case 
control 

IUGR; 
preterm 
birth 

Positive: 
associati
on. 

Urinary TCAA 
results from 1st 
trimester; no 
water TCAA 
measured. 

Costet et 
al., 2012 

Develop
ment - 
Fetal 
growth 

HAAs 
total 
and 
individu
al 

USA: 
Arizona 

48 119 
pregnant 
women; 3 760 
IUGR and 8 59 
LBW 

Measured 
quarterly in 3 
water 
facilities, 
averaged 
over the 3rd 
trimester 
and assigned 
to zip code of 
residence 
listed in birth 
records. 

Retrosp
ective 
cohort 

LBW, IUGR 
and 
preterm 
birth 

Positive: 
associati
ons with 
LBW 
and 
IUGR. 

No personal 
interviews; 
data from birth 
records; only 
term births 
included; 
increases in 
ORs are small. 

Hinckley 
et al., 
2005 

Develop
ment - 
Fetal 
growth 

HAAs 
and 
THMs 

USA: 3 
communitie
s 

1 958 SGA 
1 854 term BW 
2 039 duration 
of gestation 

Drinking 
water: 
distribution 
system wide 
weekly 
average 
concentratio
ns linked to 

Prospect
ive 
cohort 

SGA, BW 
and 
duration of 
gestation 

No 
associati
on. 

Few details on 
selection; no 
adjustments for 
smoking; not all 
statistical 
analysis 
provided. 

Hoffman 
et al., 
2008a, 
2008b 
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

telephone 
interview 
data on 
residences 
and water 
intake.  

Develop
ment - 
Fetal 
growth 

HAAs 
and 
THMs 

USA; 
Includes 2 
of the 3 
sites 
in Hoffman 
et al., 
2008a  

31 008 births; 
1 543 SGA; 2 
075 preterm 

Weekly 
collection of 
drinking 
water at 
distribution 
centre in two 
cities. Levels 
of DBPs were 
below 
regulated 
levels (THM < 
80, HAA5 < 
60). Used 
public birth 
information. 

Prospect
ive 

SGA and 
preterm 
birth.  

Negativ
e: No 
associati
on. 

No personal 
interviews; 
data from birth 
records; only 
term births; 
exposure 2nd 
trimester.  

Horton et 
al., 2011  

Develop
ment - 
Fetal 
growth 

HAAs 
total 
and 
individu
al 

Canada: 
Quebec 
City 

571 newborn 
cases and 1 
925 term 
controls 

Drinking 
water 
exposure 
(monthly 
sampling at 
46 sites and 
questionnair
e on water 
consumption
) during 3rd 
trimester of 
pregnancy. 

Case- 
Control 

SGA Positive: 
HAA5, 
HAA9 (> 
60 µg/L) 
and 
TCAA (> 
17.48 
µg/L). 
Negativ
e: DCAA, 
but 
significa
nt for 
ingestio
n only 
exposur
e > 
14.80 
µg/L.  

Data from birth 
records; 
exposure 3rd 
trimester; 
potential 
interaction with 
cytochrome 
p450 
polymorphisms. 

Levallois 
et al., 
2012 

Develop
ment - 
Fetal 
growth 

HAAs + 
THMs 

Canada: 
Quebec 
City. 53 
sites within 
the 16 
water 
distribution 
systems 
serving the 
residence 
of 
participants 

1 549 mothers 
1 455 children  

Exposure 
assessment 
of mothers 
during the 
last trimester 
of their 
pregnancy 
was based on 
the 
estimation of 
concentratio
ns of these 
chemicals in 
the tap 
water of 
residence of 
mothers in 
their last 
trimester 
during that 
period and 
on the 
amount of 

Case-
control 

IUGR Negativ
e: No 
associati
on. 

Previously 
positive 
associations 
not replicated. 

Levallois 
et al., 
2016 
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

water 
consumed. 

Develop
ment - 
Fetal 
growth 

TCAA South 
Africa 

205 pregnant 
women 

Levels in 
urine and 
questionnair
e. 

Cross-
sectiona
l  

Premature 
birth, SGA 
and LBW 

Negativ
e: No 
statistic
ally 
significa
nt 
associati
on. 

One-time urine 
biomarker 
sample not 
valid for 
exposure 
during entire 
pregnancy; 
biomarker does 
not represent 
other DBPs; 
TCAA could be 
due to sources 
other than 
drinking water. 

Mashau et 
al., 2019 

Develop
ment - 
Fetal 
growth 

HAAs 
total 
and 
individu
al and 
THMs 

USA: 
Maryland 

15 315 births; 
1 114 IUGR 

Monthly HAA 
concentratio
ns at 4 
sampling 
points from 
local water 
utility. 

Retrosp
ective 
cohort 

IUGR No 
consiste
nt, dose-
respons
e or 
statistic
ally 
significa
nt effect 
on IUGR 
with any 
of the 
chlorine 
DBP. 
Potentia
l for 
slightly 
elevated 
risk of 
IUGR 
during 
the 2nd 
and 3rd 
trimeste
rs for 
total 
THMs 
and 
HAA5. 

Data from birth 
certificates; 
variations in 
HAA levels; 
exposure: 
whole 
pregnancy 
average and 
each trimester. 

Porter et 
al., 2005 

Develop
ment - 
Fetal 
growth 

HAAs; 
THMs 

USA: 
Massachus
etts 

68 409 SGA; 
370 136 
preterm births 

Quarterly 
town 
averages of 
public water 
system, 
linked to 
addresses. 

Retrosp
ective 
cohort 

SGA, mean 
birth 
weight, 
and 
preterm 
delivery. 

Negativ
e. Not 
statistic
ally 
significa
nt after 
adjustm
ents. 

Exposure: 2nd 
and 3rd 
trimesters; 
adjustments: 
source and 
disinfection not 
clear. 

Rivera-
Nunez 
and 
Wright, 
2013  

Develop
ment - 
Fetal 
growth 

HAA5. 
THMs 
and 
THMs + 
HAA  

England: 
Bradford 
Cohort 

7 438 term 
singleton 
infants 

Water 
monitoring 
data linked 
to personal 
questionnair
e to develop 

Prospect
ive 
cohort 

Low mean 
birth 
weight 

Negativ
e: HAA 
ingestio
n alone 
or with 
THM. 

Data from 
clinical records; 
major 
changes in 
results are 
seen after 
statistical 

Smith et 
al., 2016  
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

exposure 
models.  

adjustments;  
only 3 HAAs 
had data points 
for modelling. 

Develop
ment - 
Fetal 
growth 

HAAs 
(DCAA 
and 
TCAA) 
and 
THMs 

China: 
Xiaogan 
City 

1 660 mothers Biomarkers: 
THMs in 
blood and 
HAAs in 
urine. 

Retrosp
ective 
cohort 

SGA, LBW, 
and 
preterm 
birth 

Negativ
e. Not 
associat
ed with 
birth 
outcom
es.  

Birth outcomes 
from medical 
records. 
Biomarkers in 
single urine 
measure not 
representative 
of HAA in 
drinking water 
exposure. 

Sun et al., 
2020 

Develop
ment - 
Fetal 
growth 

HAAs USA: 
Massachus
etts 

194 827 births; 
17 359 SGA; 
11 580 
preterm 

Weekly to 
quarterly 
HAA 
monitoring 
data; town 
averages 
linked to 
subject 
residences. 

Retrosp
ective 
cohort 

SGA No 
associati
on. 

Exposure: 3rd 
trimester; 
data from birth 
records; age 
based 
on clinician 
estimate. 

Wright et 
al., 2004 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
Massachus
etts (113 
towns) 

366 
craniofacial 
birth defects 
cases, 10 
controls to 
each case. 

Public water 
system data 
and DBP 
concentratio
ns based on 
quarterly 
sampling of 
public water 
system and 
birth records 
by town of 
birth.  

Case–
control 

Defects: 
Craniofacia
l  

Positive: 
Elevated 
though 
imprecis
e 
associati
ons for 
eye 
defects 
and cleft 
palate 
with 
HAA5, 
TCAA 
and 
DCAA. 

Information on 
co-variates 
obtained from 
birth records 
or census data; 
exposure: 1st 
trimester. 

Kaufman 
et al., 
2018 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAA5 
and 
THMs 

USA: 
Massachus
etts  

187 cases and 
10 controls per 
case 

Weight-
averaged 
town-level 
first-
trimester 
DBP 
exposures 
were 
individually 
assigned 
based on 
residence at 
birth. 

Case-
control 

Defects: 
Musculosk
eletal  

Negativ
e: No 
associati
on. 

Indirect nature 
of exposure 
data and small 
case numbers. 

Kaufman 
et al., 
2020 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
multisite 
National 
Birth 
Defects 
Prevention 
Study  

680 cases (535 
isolated) and 1 
826 controls  

Maternal 
interview 
reports, 
linked with 
DBP 
concentratio
n data using 
maternal 
residential 
addresses 
and public 
water system 

Case-
control 

Defect: 
Orofacial 
cleft  

Negativ
e. 
Associati
ons 
were 
near or 
below 
unity. 

Maternal 
individual-level 
exposure data 
will be useful. 

Weyer et 
al., 2018 
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

monitoring 
data. 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
Massachus
etts 

904 cases and 
9 040 controls 

Assigned to 
individuals 
based on 
residence at 
birth. Based 
on quarterly 
water 
measuremen
ts and 
disinfection 
treatment. 
Averaged 
concentratio
ns for the 1st 
trimester 
used. 

Case-
control 

Defect: 
Cardiovasc
ular  

Positive: 
Associati
ons for 
tetralog
y of 
Fallot 
and the 
upper 
exposur
e 
categori
es for 
TCAA, 
DCAA, 
and 
HAA5, 
includin
g 
positive 
exposur
e–
respons
e 
relations
hips for 
DCAA 
and 
HAA5. 

Cases from 
birth defects 
monitoring 
program; 
controls 
randomly 
selected 
from all live 
births; 
exposure: 1st 
trimester. 

Wright et 
al., 2017 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
total 
and 
individu
al 

Canada: 
Nova 
Scotia; 
Ontario  

112 cases and 
398 controls 

Estimates of 
daily 
exposure 
based on 
household 
water 
samples and 
questionnair
e 
information 
on water 
consumption
. 

Case-
control 

Pregnancy 
loss  

Negativ
e: No 
associati
on. 

HAA and THM 
levels highly 
correlated;  
exposure 
period unclear. 

King et al., 
2005 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs USA: 3 sites 2 409 pregnant 
women; 258 
pregnancy 
losses 

Distribution 
system 
weekly 
average 
linked to 
personal 
questionnair
e data on 
water intake 
and 
residence. 

Prospect
ive 
cohort 

Pregnancy 
loss 

Inconsist
ent 
dose-
respons
e 
patterns
. 

Co-variate data 
from subject 
interviews; site 
differences in 
ethnicity 
and education; 
pregnancy loss 
not well 
defined; 
exposure 
period: 3–8 
weeks of 
pregnancy. 

Savitz et 
al., 2006 
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Endpoint HAA Population Sample size Exposure Design Outcome Findings  Notes Reference 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
Massachus
etts 

2 460 stillbirth 
cases; 10 
controls per 
case 

Drinking 
water: 
Quarterly 
THM and 
HAA5 town-
level drinking 
water data. 

Case-
control 

Pregnancy 
loss 

Positive: 
Associati
ons for 
stillbirth
s and 
upper 
DCAA 
quartiles 
and 
upper 
four 
HAA5 
quintiles
. No 
evidenc
e of 
exposur
e–
respons
e 
relations
hips for 
any 
categori
cal DBP 
metrics. 

Exposure 
period: 2nd and 
3rd trimesters; 
adjustments for 
“source” and 
“disinfection” 
are unclear. 

Rivera-
Nunez et 
al., 2018 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
Arkansas  

320 cases, 614 
controls  

Monitoring 
data from 
water 
treatment 
systems and 
usage 
questionnair
e. 

Case-
control  

Hypospadi
as 

Negativ
e: No 
increase 
risk and 
no clear 
associati
ons or 
dose-
respons
e 
patterns 
after 
adjustm
ents. 

Exposure: 6–16 
weeks of 
pregnancy; 
authors: fewer 
cases than 
expected and 
some cases 
may have been 
diagnosed out 
of study region. 

Luben et 
al., 2008 

Develop
ment – 
other 
(inc. 
defects, 
pregnanc
y loss 
and 
hypospa
dias) 

HAAs 
and 
THMs 

USA: 
multisite 
National 
Birth 
Defects 
Prevention 
Study 

324 cases and 
889 controls 

Maternal 
behaviours 
related to 
water use. 

Case-
control 

Hypospadi
as  

Negativ
e: No 
associati
ons. 

Estimates of 
exposure. 

Zaganjor 
et al., 
2020 

BW – birth weight; DBP – disinfection by-product; DCAA – dichloroacetic acid; IUGR – intrauterine growth retardation; HAAs – haloacetic acids; 
HAA5 – sum of monochloroacetic acid,, DCAA, TCAA, monobromoacetic acid and dibromoacetic acid; LBW – low birth weight; SGA – Small for 
gestational age; SNP single nucleotide polymorphism; TCAA – trichloroacetic acid; THM – trihalomethane; USA – United States of America. 
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Appendix E : Database for Oral Toxicity of HAAs in 

Experimental Animals 
 

Table E1. Acute oral LD50 values in experimental animals exposed to 
haloacetic acids (HAAs) 
 

HAA Rat LD50 
(mg/kg) 

Mouse LD50 
(mg/kg) 

Other LD50 
(mg/kg) 

Clinical observations Reference 

MCAA - 
neutralized 

76–580 165–255 80  
Guinea pig 

Apathy, rapid weight loss, 
narcosis. 

Woodard et al., 1941*; 
Morrison, 1946; Maksimov and 
Dubinina, 1974 

MCAA -  
un-
neutralized  

55–225 Not available Not available Mobility problems, coma, 
clonic and tonic convulsions. 

Maksimov and Dubinina, 1974; 
Saghir and Rozman, 2003 

DCAA - 
neutralized 

2 820–4 480 4 100–5 520 Not available Narcosis Woodard et al., 1941*; Smyth 
et al., 1951; Yount et al., 1982 

TCAA - 
neutralized 

3 200–5 000 4 970–5 640 Not available Narcosis Woodard et al., 1941*; Bailey 
and White, 1965 

TCAA -  
un-
neutralized 

Not 
available 

1 000 >1 000 Dog Emesis Traina et al., 1977; Miyagawa 
et al., 1995 

MBAA - 
neutralized 

177 100 Not available Excessive drinking water 
intake, hypomobility, 
laboured breathing, mild 
diarrhea. 

Morrison, 1946; Linder et al., 
1994a 

DBAA - 
neutralized 

1 737 Not available Not available Excessive drinking water 
intake, hypomobility, 
respiratory depression, 
laboured breathing, mild 
diarrhea, ataxia; misshapen 
epididymal sperm and 
abnormal retention of Step 
19 spermatids. 

Linder et al., 1994a 
 
 
 
 

 

MIAA 60–147 63 Not available Not available Hayes et al., 1973; Fuhrman et 
al., 1955 

*Woodard et al. (1941) originally reported LD50 – lethal dose to 50 percent values in g/kg; these  were converted to mg/kg. 
DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; MIAA 
– monoiodoacetic acid; TCAA – trichloroacetic acid. 
 
 

Table E2. Subchronic, chronic and reproductive/developmental studies  
 
Studies in experimental animals exposed orally to HAAs. Subchronic and Chronic studies: > 1 month of exposure to 
haloacetic acids (HAAs). Only statistically significant effects are reported in this table. Since studies were limited, 
studies using at least two doses were included. See Table E4 for further details on the carcinogenicity studies.  
Key studies are labelled under the Reference Column (see Section 2.5 selection of key study and Section 3.0 
derivation of HBV).  
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

MCAA 3.5/26.1 Rats, F344/N (50 
males/dose) given 
neutralized MCAA at 0.05, 
0.5 or 2.0 g/L (3.5, 26.1 or 
59.9 mg/kg bw per day) in 
drinking water for 104 
weeks; top dose lowered 
to 1.5 (at 8 weeks) to 1 (at 
24 weeks) g/L due to 
severe inhibition of bw 
gain. 

≥ 26.1: decreased absolute and relative liver 
weights and absolute kidney weights; increased 
relative testes weight; depressed growth rates; 
decreased drinking water intake. 
59.9: increased myocardial degeneration; 
decreased body weight  
Note: No evidence of hepatic neoplasia or 
changes in liver pathology or AST and ALT. No 
change in peroxisome proliferation (as measured 
by cyanide-insensitive palmitoyl coenzyme A) or in 
rate of hepatocyte proliferation.  

DeAngelo et 
al. (1997) 
Key study 

MCAA ND/11 Rats, F344/N 
(70/sex/dose) gavaged 
with un-neutralized 
MCAA at 15 or 30 mg/kg 
bw per day, 5 days per 
week for 104 weeks (11 
and 21 mg/kg bw per 
day). 

≥ 11: decreased survival in females  
21: decreased survival in males  
No evidence of carcinogenic activity. 
Note: Only two doses; organ weight changes 
observed at 6 months were not seen later; 
myocardial lesions were not seen despite being 
seen in 13-week study; decreased survival caused 
by increased natural deaths and moribund animals 
with no cause identified. 

NTP (1992) 

MCAA ND/30 
 

Rats, F344/N 
(20/sex/dose) gavaged 
with un-neutralized 
MCAA at 30, 60, 90, 120 
or 150 mg/kg bw per day, 
5 days per week for 13 
weeks. 
Note: Organ weights 
(absolute/relative) were 
provided for 60 mg/kg bw 
per day or less only.     

Males 
≥ 30: increased relative kidney and liver weights  
60: decreased absolute and relative heart weights; 
increased absolute liver and adrenal weights 
≥ 90: increased BUN; increased ChE; increased T4 
150: increased ALT and AST levels 
Females 
≥ 30: decreased relative heart weights 
60: increased relative liver weight; increased ALT; 
decreased absolute heart weights; ≥ 60: increased 
BUN; ≥ 120: increased ALT; 150: increased AST 
Both 
≥ 60: increased cardiomyopathy increased relative 
liver weights  
≥ 90: decreased survival; increased segmented 
neutrophils 
Note: Sialodacryoadenitis virus were present in 
both dosed and control rats. T4 changes could be 
related to caloric deprivation due to inhibition of 
the TCA cycle, as there was no change to T3.    

Bryant et al. 
(1992); NTP 
(1992) 

MCAA ND/15 Rats, Sprague-Dawley 
(10/sex/dose) gavaged 
with neutralized MCAA at 
15, 30, 60 or 120 mg/kg 
bw per day for 90 days. 
Note: No statistics were 
performed on males at 
120 mg/kg bw per day 
due to high mortality. 

Males 
≥ 15: pale, yellow-coloured livers; increased 
creatinine  
15 and 30: increased BUN, ALT; increased relative 
testes weights 
60: increased chronic nephropathy 
120: increased mortality 
Females 
≥ 30: increased white blood cell counts 
≥ 60: increased segmented neutrophils; pale, 
yellow-coloured livers   
120: increased absolute liver and kidney weights; 
increased inorganic phosphorus, BUN, AST and 
ALT 
Both 

Daniel et al. 
(1991) 



181 | Guidelines for Canadian Drinking Water Quality, Haloacetic Acids – January 2026 

 

HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

60: increased relative liver and kidney weights 
120: increased mortality 

MCAA 36/71 Mice, B6C3F1 
(60/sex/dose) gavaged 
with un-neutralized 
MCAA at 50 or 100 mg/kg 
bw per day (36 and 71 
mg/kg bw per day), 5 days 
per week for 104 weeks. 

Males 71: increased mortality  
Females 71: decreased mean body weight   
Both 71: forestomach squamous cell hyperplasia. 
No evidence of carcinogenic activity. 

NTP (1992) 

MCAA 100/150 Mice, B6C3F1 
(20/sex/dose) gavaged 
with un-neutralized 
MCAA at 25, 50, 100, 150 
or 200 mg/kg bw per day 
5 days per week for 13 
weeks. 

Females 
≥ 150: decreased liver ChE in females 
200: decreased final mean body weight and mean 
weight gain; increased relative and absolute liver 
weights  
Both sexes 
200: increased deaths; mice that died had 
increased incidence and severity of 
cardiomyopathy and increased hepatocellular 
cytoplasmic vacuolization 
Note: No change in hematologic or clinical 
pathology parameters. No evidence of peroxisome 
proliferation in liver. Statistically significant 
changes in organ weight to body weight ratios 
were not dose-dependent.  

Bryant et al. 
(1992); NTP 
(1992) 

DCAA 3.9/35.5 
 

Rats, male Sprague-
Dawley (10/dose) given 
neutralized DCAA at 50, 
500, 5 000 ppm 
(calculated as 3.9, 35.5 or 
345 mg/kg bw per day) in 
drinking water for 90 
days.  

≥ 35.5: decreased final body weights; increased 
relative kidney and liver weight; increased alkaline 
phosphatase; decreased water consumption  
345: increased absolute liver weight with 
microscopic hepatocellular enlargement, 
intracellular swelling and glycogen accumulation; 
liver enlargement; increased relative spleen 
weight; increased ALT levels; elevated peroxisomal 
beta-oxidation activity; renal tubular epithelium 
and glomeruli cell degeneration 
Note: No effects on immune system; no 
histopathological changes in spleen. 

Mather et al. 
(1990) 

DCAA 3.6/40.2 Study 1: Rats, male F344 
(50–78/dose) given 
neutralized DCAA at 0.05, 
0.5 and 5.0* g/L (3.6, 40.2 
mg/kg bw per day) in 
drinking water for 100 
weeks (*due to 
neuropathy, high dose 
lowered to 1 g/L by 52 
weeks and stopped at 60 
weeks). Study 2: Rats, 78 
male F344 given 
neutralized DCAA at 2.5 
g/L (139.1 mg/kg bw per 
day) in drinking water for 
103 weeks (dose lowered 
to 1 g/L by 26 weeks). 
Control groups given 2 g/L 
of sodium chloride. 

Study 1 
40.2: mildly increased relative and absolute testes 
weight; increased incidences of hepatocellular 
neoplasia and proliferative lesions 
Study 2 
139.1: decreased absolute testes and final body 
weights; decreased relative kidney and liver 
weights; increased incidences of hepatocellular 
carcinomas, neoplasia and proliferative lesions. 
Note: No significant differences in animal survival 
between any of the control and treatment groups. 
Unscheduled deaths were due to mononuclear cell 
leukemia. No changes in absolute and relative 
kidney, liver or spleen weights in Study 1. 
Note: Although DCA was a hepatocellular 
carcinogen in male F344 rats, the concurrent 
observations of high mortality and tumour 
incidences at the highest dose decrease the 

DeAngelo et 
al. (1996) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

sensitivity of the study making it unsuitable as a 
critical study for carcinogenesis. 

DCAA ND/26 Rats, male Long-Evans, 
gavaged with 31.25, 62.5 
or 125 mg NaDCAA/kg bw 
per day (26, 53, and 106 
mg DCAA /kg bw per day) 
for 10 weeks. 

≥ 26: decreased weight gain; decreased absolute 
epididymis and preputial gland weights; increased 
relative liver weights 
≥ 53: decreased final body weights; decreased 
relative epididymis and preputial gland weights; 
decreased cauda epididymis weight; decreased 
cauda epididymal sperm counts; decreased 
percentage normal intact sperm; increased 
relative kidney and spleen weights; decreased 
sperm motility; increased absolute liver weights; 
retention of late-step spermatids (stage 9); altered 
sperm parameters 
106: increased relative weight of testes; decreased 
prostate and seminal vesicles weight; retention of 
step 19 spermatids into stage 10 seminiferous 
tubules; decreased number of live implants per 
untreated dam. 

Toth et al. 
(1992) 

DCAA 54/160 Rats, male Harlan 
Sprague-Dawley (8/dose) 
gavaged with 18, 54, 160, 
480, 1 440 mg (pH-
adjusted) DCAA/kg bw 
per day for 14 days. 

≥ 160: decreased cauda sperm count; increased 
percentage of abnormal cauda sperm; decreased 
cauda and caput sperm motility; decreased mean 
body weight gain 
≥ 480: increased percentage of abnormal caput 
sperm; retained Step 19 spermatids; decreased 
epididymis weight; decreased body weights 
1440: atypical residual bodies in all stages; 
decreased caput sperm counts 
Note: No change in testosterone levels, testis and 
epididymis weights or sperm production. 

Linder et al. 
(1997a) 

DCAA ND/107  Rats, Sprague-Dawley 
(10/sex/dose) gavaged 
with DCAA as sodium salt 
at 125, 500, 2 000 mg/kg 
bw per day (107, 427, 
1 708 mg DCAA/kg bw per 
day) for 3 months; plus 5 
rats/sex for control and 
high dose for 4-week 
recovery. 

Males: 
427: increased relative adrenal weights  
≥ 427: testicular germinal epithelial degeneration 
1 708: small testes; aspermatogenesis 
Females: 
≥ 107: increased kidney weights  
1 708: increased relative adrenal weights 
Both: 
≥ 107: suppressed erythroid parameters; brain 
lesions; decreased growth and food intake; 
increased relative liver weights 
1 708: high mortality, hindlimb paralysis, 
pollakiuria 
Recovery: persistence of small testes and 
aspermatogenesis in males and of brain lesions; 
reversal of pollakiuria, hind limb paralysis and 
depressed growth; return to normal erythroid 
parameters and organ weights 
Note: Histologically normal bone marrow and 
spleens in treated animals. 

Katz et al. 
(1981) 

DCAA ND/140 
 

Mice, B6C3F1 (15 
males/dose; 10 
females/dose) neutralized 

Males 
≥ 140: increased relative liver weight; increased 
hepatoproliferative lesions (hyperplastic nodules, 

Bull et al. 
(1990); 
OEHHA (2022) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DCAA in drinking water 
males given 1, 2 g/L (140, 
300 mg/kg bw per day) 
for 37 with sacrifice at 52 
weeks; females given 
2 g/L (480 mg/kg bw per 
day) for 52 weeks. 

adenomas, carcinomas); glycogen accumulation in 
hepatocytes 
Females 
480: increased liver weights 

DCAA 7.6/77 Mice, male B6C3F1 
(50/dose) given pH 
adjusted DCAA at 0.05, 
0.5, 3.5, 5 g/L (7.6, 77, 
410, 486 mg/kg bw per 
day) in drinking water for 
60 or 75 weeks. 

≥ 77: increased final relative liver weights 
≥ 410: increased incidence of liver neoplasia and 
hyperplastic nodules; decreased final body 
weights; decreased drinking water intake; 
increased relative kidney weights at 410 mg/kg bw 
per day only 
Note: No effect on survival; no changes in relative 
testes or spleen weights. 
DCA was carcinogenic with a threshold 
concentrate of at least 0.5 g/L (77 mg/kg bw per 
day). 

DeAngelo et 
al. (1991) 

DCAA ND/7.7 Mice, male B6C3F1 
(7/dose) gavaged with 
7.7, 77, 154, 410 mg 
DCAA/kg bw per day for 4 
or 13 weeks. 

4 weeks:  

≥ 7.7: increased LP and SA production in hepatic 

tissues; increased MPO in PLCs 

≥ 77: increased SA production in PLCs; increased 

DNA SSBs in hepatic tissues; increased SOD activity 

in PLCs; TNF-α production in PLCs 

13 weeks: 

7.7–154: increased SA production in hepatic 

tissues and in PLCs; increased LP production in 

hepatic tissues; increased MPO activity in PLCs; 

increased TNF-α production in PLCs 

≥ 7.7: increased LP and SA production and SSBs in 

hepatic tissues; increased SOD activity in PLCs   

410: hepatomegaly; increased absolute and 

relative liver weight 

Note: Both dosing periods resulted in similar 

effects on SA, LP and SSBs in hepatic tissues 

although severity was greater following 13 weeks 

of dosing; effects following 4 weeks of dosing 

were not always statistically significant. Oxidative 

stress and markers considered initial events that 

may lead to liver toxicity/carcinogenicity. 

Hassoun et al. 
(2010a, 
2010b) 

DCAA ND/12.5 
 

Dogs, beagle 
(5/sex/dose), given 
neutralized DCAA orally in 
gelatin capsules at 12.5, 
39.5, 72 mg/kg bw per 
day for 90 days. 

Males: 
≥ 12.5: increased relative liver weight (at low and 
mid-dose only); testicular degeneration 
72: decreased absolute heart weight; increased 
lactate dehydrogenase  
Females: 
≥ 12.5: increased absolute liver weights  
72: increased absolute kidney and lung weights  
Both: 
≥ 12.5: increased relative liver weights; mild 
microscopic changes in brain and gallbladder; 
histopathological changes in pancreas; eye effects 
≥ 39.5: hemosiderosis; dyspnea; increased relative 
kidney weights; diarrhea 

Cicmanec et 
al. (1991) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

72: hematological changes; partial paralysis of 
hindlimbs; increased relative lung weights; 
increased relative brain weights; gross 
histopathological changes of the lungs, liver, 
kidney, pancreas and gall bladder  
Note: No change in ovary or testes weights. 

DCAA ND/50 Dogs (3/sex/dose) given 
capsules containing 50, 
75, 100 mg DCAA/kg bw 
per day for 3 months; 
additional 1 dog/sex for 
control and high dose for 
5-week recovery. 

≥ 50: ocular anomalies; brain lesions; liver effects; 
gall bladder effects; weight loss; suppressed 
erythroid parameters; altered blood chemistry 
(pyruvate, lactate, glucose); prostate glandular 
atrophy, testicular changes 
Females: 
≥ 50: decreased appetite 
Both: 
≥ 75: emesis  
100: bloody stool; paralysis 
Recovery: normal prostate; normal blood 
chemistry; improved erythroid parameters; 
persistent brain lesions and liver and gall bladder 
effects; improved ocular effects but lenticular 
opacities persisted 

Katz et al. 
(1981) 

DCAA Study 1 
ND/900 
 
Study 2 
ND/14 
 

Rats, female Long-Evans 
hooded (19–20/dose) 
gavaged with 0, 900, 1 
400, 1 900 or 2 400 mg 
DCAA/kg bw per day from 
GD 6–15 for study 1 and 
with 0, 14, 140 or 400 mg 
DCAA/kg bw per day from 
GD 6–15 for study 2 
Note: *DCA was pH-
adjusted and calculated as 
free acid. 

Study 1 
Maternal 
≥ 900: increased relative liver weights; decreased 
body weights and body weight gains 
≥ 1 900: dose-dependent maternal deaths 
Fetal 
≥ 900: decreased crown-rump length; decreased 
fetal body weights; increased incidence of total 
soft tissue and cardiovascular malformations (high 
interventricular septal defects) 
900–1 900: increased incidence of orbital 
malformations  
≥ 1 400: increased incidence of urogenital 
malformations 
2 400: decreased mean live fetuses per litter; 
increased male/female sex ratio 
Study 2 
Maternal 
≥ 14: increased relative liver weight 
≥ 140: decreased weight gain 
400: increased relative kidney and spleen weights 
Fetal 
≥ 140: increased incidence of total soft tissue 
malformations  
400: decreased total implants per litter; decreased 
crown-rump length; decreased fetal body weights; 
increased incidence of cardiovascular 
malformations (high interventricular septal 
defects)  
Note: No effect on number of viable litters in 
either study. No skeletal malformations. 

Smith et al. 
(1992) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DCAA ND/ND Rats, pregnant Long-Evans 
(7–10/ group) gavaged 
with neutralized DCAA at 
1 900 (GD 6–8, 9–11, 12–
15, 6–15), 2 400 (single 
dose on GD 10–13) or 3 
500 (single dose on GD 9–
13) mg/kg bw per day. 

Fetal 
1 900:  
GD 6–8: decreased fetal weight  
GD 9–11, 12–15: heart defects 
2 400: heart defects in groups treated on GD 10 
and 12 
3 500: heart defects in groups treated on GD 9, 10 
and 12 
 

Epstein et al. 
(1992) 

DCAA Initial study 
ND/140 
 
Repeat study 
ND/14 - 
maternal 
toxicity 
14/140 -
developmental 
 

Rats, pregnant Long-Evans 
given 140, 400, 900, 1 400 
or 2 400 mg DCAA/kg bw 
per day from GD 6–15; 
repeat study used 14, 
140, 400 mg/kg bw per 
day. 

Initial study 
≥ 140: cardiovascular malformations in fetuses in 
presence of maternal toxicity (reduced maternal 
weight gain) 
Repeat study 
≥ 14: increased maternal relative organ weights 
(liver, spleen, kidney)  
≥ 140: reduced maternal weight gain; increased 
total fetal soft tissues malformations  
400: decreased mean fetal weight and length; 
increased fetal cardiovascular malformations 
(predominantly defects between ascending aorta 
and right ventricle) 

Randall et al.     
(1991a) 
(abstract only) 

TCAA 7.7/77 Mice, male B6C3F1 
(7/dose) gavaged with 
7.7, 77, 154 or 410 mg 
TCAA/kg bw per day for 4 
or 13 weeks. 

4 weeks 

≥ 7.7: increased MPO activity in PLCs    

≥ 77: increased LP production in hepatic tissues 

and in PLCs; increased DNA SSBs in hepatic tissues; 

increased SA production in liver cells, increased 

SOD activity and TNF-α production in PLCs   

≥ 154: increased SA production in hepatic tissues 

13 weeks 

≥ 7.7: increased SA and lipid peroxidation 

production in hepatic tissues; increased SOD 

activity in PLCs 

77–154: increased MPO activity PLCs    

≥ 77: increased SSBs in hepatic tissues; increased 

TNF-α production in PLCs   

Note: Effects were similar regardless of dosing 
period although severity was greater following 13 
weeks of dosing. Biomarkers used to measure 
phagocytic activation included MPO, SA, SOD and 
TNF-α. 

Hassoun et al. 
(2010a, 
2010b) 

TCAA ND/6 Study 1 

Mice, male B6C3F1 

(35/dose) given 

neutralized TCAA at 0.05, 

0.5 or 5 g/L (calculated as 

8, 68 or 602 mg/kg bw per 

day) in drinking water for 

up to 60 weeks 

Study 2 

Mice, male B6C3F1 

(35/dose) given 

neutralized TCAA at 4.5 

Study 1 

≥ 8: increased severity of non-neoplastic lesions 

(centrolobular cytoplasmic alteration); increased 

incidence of hepatic inflammation 

≥ 68: increased hepatic peroxisome proliferation 

(increased cyanide-insensitive palmitoyl coenzyme 

A oxidase activity-PCO); increased absolute and 

relative liver weights; increased prevalence and 

multiplicity of adenomas; increased prevalence 

and multiplicity of either adenomas or carcinomas 

602: decreased terminal body weight; increased 

incidence of centrolobular cytoplasmic alteration; 

DeAngelo et 

al. (2008) 

Key study 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

g/L (calculated as 575 

mg/kg bw per day) in 

drinking water for up to 

104 weeks 

Study 3 

Mice, male B6C3F1 

(72/dose) given 
neutralized TCAA at 0.05 
or 0.5 g/L (calculated as 6 
or 58 mg/kg bw per day) 
in drinking water for up to 
104 weeks. 

increased hepatocyte proliferation; increased 

prevalence and multiplicity of adenomas, 

carcinomas  

Study 2 

575: increased hepatic peroxisome proliferation 

(increased cyanide-insensitive palmitoyl coenzyme 

A oxidase activity); increased hepatocyte 

proliferation; increased prevalence and 

multiplicity of adenomas, carcinomas and either 

adenomas or carcinomas  

Study 3 

≥ 6: increased percentage of large foci of cellular 

alteration in liver 

58: increased neoplastic lesions (adenomas, 
carcinomas and either adenomas or carcinomas) 

TCAA ND/25 Mice, male B6C3F1 
(20/dose) given 
neutralized TCAA at 0.1, 
0.5 or 2.0 g/L (calculated 
as 25, 125, or 500 mg/kg 
bw per day) in drinking 
water for 3 or 10 weeks. 

≥ 25: increased relative liver weight; increased 

peroxisome proliferation (measured by cyanide-

insensitive acyl-CoA oxidase or Acyl-CoA activity) 

≥ 125: increased absolute liver weight 

500: transient decreased body weight; increased 

12-hydroxylation/11-hydroxylation of laurate  

Note: Despite inducing peroxisome proliferation, 
TCAA does not cause oxidative damage to 
genomic DNA following prolonged treatment. 

Parrish et al. 
(1996) 

TCAA ND/54.6 Mice, male B6C3F1 
(20/dose) given 
neutralized TCAA at 0.5 
or 2 g/L (calculated as 
54.6 or 237.5 mg/kg bw 
per day) in drinking water 
for 52 weeks with an 
additional 35 weeks of 
treatment for low dose 
group. 

> 54.6: increased hepatocellular adenomas and 

combined hepatocellular adenomas and 

carcinomas 

Note: No effect on survival.  

Bull et al. 
(2002) 

TCAA ND/75 Mice, male B6C3F1 
(5/dose) given neutralized 
TCAA at 0.3, 1 or 3 g/L 
(calculated as 75, 250 or 
750 mg/kg bw per day) in 
drinking water for 12 
weeks. 

75: increased relative liver weights; decreased 

liver glycogen content 

≥ 250: increased absolute liver weights 

  

Kato-
Weinstein et 
al. (2001) 

TCAA ND/164 Mice, B6C3F1 (11-24 
males/dose; 10 
females/dose) neutralized 
TCAA in drinking water 
males given 1 or 2 g/L 
(calculated as 164 or 329 
mg/kg bw per day) for 37 
weeks with sacrifice at 52 
weeks; females given 2 
g/L (482 mg/kg bw per 
day) for 52 weeks. 

Males 

≥ 164: increased incidence of hepatoproliferative 

lesions; increased absolute and relative liver 

weights   

Females 

482: increased absolute and relative liver weights  

Note: No effect on kidney weights or body 
weights. Reversal of liver weight in males during 
recovery period. 

Bull et al. 
(1990)  
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

TCAA 32.5/364 Rats, male F344 (50 
/dose) given neutralized 
TCAA 0.05, 0.5 or 5.0 g/L 
(calculated as 3.6, 32.5, 
364 mg/kg bw per day) in 
drinking water for 104 
weeks. 

364: mild hepatocellular necrosis; depressed 

growth rate; decreased absolute liver weight; 

increased ALT levels; increased peroxisome 

proliferation in livers; increased palmitoyl CoA 

activity 

Note: No changes in absolute and relative organ 
weights (kidney, spleen, testes) were seen. No 
increase in deaths, hepatocyte proliferation, 
hepatocellular tumours or prevalence of 
neoplasms were seen. Non-neoplastic hepatic 
alterations were spontaneous and age-related. 

DeAngelo et 
al. (1997)  

TCAA 36.5/355.0 Rats, male Sprague-
Dawley (10/dose) given 
neutralized TCAA 50, 500 
or 5 000 ppm (calculated 
as 4.1, 36.5 or 355.0 kg 
bw per day) in drinking 
water for 90 days. 

≥ 36.5: decreased water consumption  

355.0: increased relative liver weight with 

microscopic hepatocellular enlargement, 

intracellular swelling and glycogen accumulation; 

elevated peroxisomal beta-oxidation activity; 

increased relative kidney weight 

Note: Decreased body weights were not 
statistically significant; absolute spleen weights 
were decreased at the lowest and highest doses 
but not the middle dose; no effect on immune 
system, organ weights or serum chemistry; normal 
tissues seen in spleen, thymus, testis, brain, heart, 
lung, thymus, pancreas, adrenals, lymph nodes, GI 
track, bladder, skin, muscle.  

Mather et al. 
(1990)  

TCAA ND/330 

  

Rats, female Long-Evans 
(20–26/dose) gavaged 
with pH adjusted TCAA at 
330, 800, 1 200 or 1 800 
mg/kg bw per day (as free 
acid) on GD 6–15. 

Maternal 

≥ 330: increased kidney and spleen weights; 

decreased body weight  

≥ 800: decreased percent weight gain; increased 

mean implants per litter; increased percent post-

implantation loss 

≥ 1 200: decreased mean live fetuses per litter; 

increased number of totally resorbed litters; 

decreased number of viable litters 

Fetal 

≥ 330: decreased crown-rump lengths; decreased 

body weights; increased total soft tissue external 

malformations and cardiovascular (interventricular 

septal defects, levocardia)  

≥ 800: increased embryo lethality 

≥ 1 200: increased skeletal and orbital 

malformations 

Note: No maternal deaths or overt toxicity were 
seen; no affect on pregnancy rates, no affect on 
maternal liver weights; no effect on fetal 
male/female sex ratio. 

Smith et al. 
(1989) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

TCAA ND/1000 

  

Rats, pregnant Charles 

Foster (25/dose) gavaged 

with neutralized TCAA at 

1 000, 1 200, 1 400, 1 600 

or 1 800 mg/kg bw per 

day on GD 6–15 

Note: A top dose of 2000 
mg/kg bw per day was 
dropped due to 100% 
implantation loss. 

Maternal 

≥ 1 000: increased percentage of post-

implantation loss  

≥ 1 200: decreased maternal weight gain 

≥ 1 400: decreased ovarian weight; decreased 

number of oocytes and increased vacuolar spaces 

in ovary 

Fetal 

≥ 1 000: decreased fetal weight; increased 

percentage of hydrocephalus and percent of brain 

vacuolation 

≥ 1 200: increased average frequency per litter of 

total brain lesions; decreased fetal brain weight; 

increased neuronal death; increased percentage of 

brain hemorrhages 

≥ 1 400: decreased fetal whole brain length 

1 800: decreased ovarian weight. 

Singh et al. 
(2005, 2006) 

MBAA 50/100 Rats, pregnant Long 

Evans, gavaged with 

MBAA at 25, 50 or 100 

mg/kg bw per day from 

GD 6–15. 

100: decreased maternal weight gain, 1 maternal 
death; smaller fetuses; increased fetal 
malformations (cardiovascular and craniofacial)  

Note: No effect on reproduction (that is, mean 

number of resorbed implants/litter). 

Randall et al. 
(1991b) 
(abstract only) 

DBAA 2/20 Rats, F344/N 

(50/sex/dose) given pH-

adjusted DBAA at 50, 500 

or 1 000 mg/L (calculated 

as 2, 20 or 40 mg/kg bw 

per day in males and 2, 25 

or 45 mg/kg bw per day in 

females) in drinking water 

for 2 years. 

≥ 20/25: decreased mean body weights male and 
females 

40: increased incidences of malignant 
mesotheliomas (males) 

Note: No effect on survival. Decreased body 

weights were associated with decreased drinking 

water intake. Although increased incidences of 

mononuclear cell leukemia occurred, it is a 

common, spontaneous cancer in F344 rats. 

Melnick et al. 
(2007) 

DBAA ND/2 Rats, F344/N 

(50/sex/dose) given pH-

adjusted DBAA at 50, 500 

or 1 000 mg/L (calculated 

as 2, 20 or 40 mg/kg bw 

per day and 2, 25 or 45 

mg/kg bw day in females) 

in drinking water for 2 

years. 

≥ 2: increased incidences of minimal to mild cystic 
degeneration of liver (males); increased incidences 
of nephropathy (females) 

≥ 20/25: decreased mean body weights; increased 
incidences of alveolar epithelial hyperplasia in lung 
(females) 

40/45: decreased water consumption; increased 
incidence of malignant mesothelioma in several 
organs (males); positive trend in incidence of 
mononuclear cell leukemia (females) 

Note: No effect on survival. Although increased 

incidences of mononuclear cell leukemia occurred, 

it is a common, spontaneous cancer in F344 rats. 

NTP (2007a) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/10 Rats, F344/N 

(10/sex/dose) given pH-

adjusted DBAA at 125, 

250, 500, 1 000 or 2 000 

mg/L (calculated as 10, 

20, 40, 90 or 166 mg/kg 

bw per day for males and 

12, 23, 48, 93 or 

181 mg/kg bw per day for 

females) in drinking water 

for 3 months. 

Male 

≥ 10: increased liver weights 

≥ 40: increased hepatocellular vacuolization; 
delayed spermiation (retained spermatids) and 
atypical residual bodies 

166: decreased testicular weights; increased 
testicular atrophy; hypospermia; decreased final 
mean body weights/body weight gains 

Female 

≥ 12: increased liver weights; decreased final 
mean body weights/body weight gains 

181: increased hepatocellular vacuolization 

Note: No effect on water consumption or survival 

and no clinical findings. 

Melnick et al. 
(2007) 
  

DBAA  ND/10 Rats, F344/N 

(10/sex/dose) given pH-

adjusted DBAA at 125, 

250, 500, 1 000 or 2 000 

mg/L (calculated as 10, 

20, 40, 90 or 166 mg/kg 

bw per day in males and 

12, 23, 48, 93, or 181 

mg/kg bw per day in 

females) in drinking water 

for 3 months. 

≥ 10/12: increased relative and absolute liver 
weights 

≥ 40/48: retained spermatids (but not at highest 
dose); increased incidences of hepatocellular 
vacuolization (males); increased relative and 
absolute kidney weights; delayed spermiation 
(retained Step 19 spermatids, retained large 
residual bodies) 

166/181: decreased mean final body weight and 
body weight gain (both sexes); decreased water 
consumption; testicular atrophy and hypospermia; 
decreased sperm motility; decreased absolute and 
relative testes weights; increased incidences of 
pituitary gland cellular hypertrophy (males); 
increased incidences of hepatocellular 
vacuolization (females); hematopoietic cell 
proliferation in spleen (females); decreased 
absolute (both sexes) heart weights; decreased 
absolute thymus weight 

Note: No mortalities associated with treatment. 

Minimally impaired erythropoiesis at 1000 mg/L. 

Treatment-related histopathological changes were 

noted in the liver, pituitary gland, epididymis, 

testes and spleen but not in the kidney, heart, lung 

or thymus. 

NTP (2007a) 

DBAA ND/20  Rats, F344 (12/sex/dose) 

given DBAA at 0.2, 0.6 or 

1.5 g/L (calculated as 20, 

72 or 161 mg/kg bw per 

day) in drinking water for 

6 months with functional 

observational 

battery/motor activity 

testing at 0, 1, 2, 4 and 6 

months. 

≥ 20: diarrhea (males); decreased sensorimotor 
responsiveness 

≥ 72: neuromuscular toxicity (limb weakness, gait 
abnormalities, hypotonia); diarrhea (females); 
degeneration of spinal cord and presence of 
cellular vacuolation 

161: decreased body weight; decreased motor 
activity 

Note: Neurotoxicity was present at 1 month, but 

continued exposure did not increase its severity. 

There were no differences related to sex, so data 

was combined for analyses. 

Moser et al. 
(2004) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/4 Mice, B6C3F1 

(50/sex/dose) given pH-

adjusted DBAA at 50, 500 

or 1 000 mg/L (calculated 

as 4, 45 or 87 mg/kg bw 

per day in males and 4, 35 

or 65 mg/kg bw per day in 

females) in drinking water 

for 2 years. 

Male 

≥ 4: increased incidence of hepatocellular 
adenoma or carcinoma 

≥ 45: increased incidences of hepatoblastomas 

Female 

≥ 35: increased incidence of hepatocellular 
adenoma or carcinoma 

Note: No effect on survival or mean body weights. 

Melnick et al. 
(2007) 

DBAA  ND/4 Mice, B6C3F1 

(50/sex/dose) given pH-

adjusted DBAA at 50, 500 

or 1 000 mg/L (calculated 

as 4, 45 or 87 mg/kg bw 

per day for males or 4, 35 

or 65 mg/kg bw per day 

for females) in drinking 

water for 2 years. 

≥ 4: positive trend in incidences of liver 
neoplasms; increased incidences of multiple 
hepatocellular adenoma and hepatocellular 
adenoma or carcinoma (males) 

≥ 35/45: increased incidences of hepatoblastoma 
(males); increased incidences of multiple 
hepatocellular adenoma and hepatocellular 
adenoma or carcinoma (females); positive trend in 
incidences of alveolar/bronchiolar adenoma 

87: increased incidence of hematopoietic cell 
proliferation (males) 

Note: No effect on mortality or water 

consumption. 

NTP (2007a) 

DBAA  30/56 Mice, B6C3F1 

(10/sex/dose) given pH-

adjusted DBAA at 125, 

250, 500, 1 000 or 2 000 

mg/L (calculated as 16, 

30, 56, 115 or 230 mg/kg 

bw per day in males and 

17, 34, 67, 132 or 

260 mg/kg bw per day in 

females) in drinking water 

for 3 months. 

≥ 56/67: increased absolute liver weights (both); 
increased relative liver weights (females) 

≥ 115/132: increased relative liver weight (males); 
increased hepatocellular cytoplasmic 
vacuolization; increased incidences of abnormal 
testicular morphology; increased absolute and 
relative lung weights (females) 

230/260: decreased mean body weights (females) 
and body weight gains (both sexes); decreased 
water consumption (males); slight decreases in 
mean cell hemoglobin and platelet counts (males); 
decreased absolute (both sexes) and relative 
(males) heart weights; increased relative kidney 
weight (females) 

Note: All mice survived to the end of the study. No 

effect on testes weights. No significant increases 

on BrdU labeling index in liver. 

NTP (2007a) 

DBAA 30/56 Mice, B6C3F1 

(10/sex/dose) given pH-

adjusted DBAA at 125, 

250, 500, 1 000 or 2 

000 mg/L (calculated as 

16, 30, 56, 115 or 

230 mg/kg bw per day for 

males and 17, 34, 88, 166 

or 309 mg/kg bw per day 

for females) in drinking 

water for 3 months. 

Male 

≥ 56: increased liver weights  

≥ 115: delayed spermiation, atypical residual 
bodies 

230: decreased final mean body weights/body 
weight gains 

Female 

≥ 88: increased liver weights 

309: decreased final mean body weights/body 
weight gains 
Note: No effect on water consumption or survival 
and no clinical findings. 

Melnick et al. 
(2007) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/72 
  
  

Mice, male B6C3F1 

(5/dose) given neutralized 

DBAA at 0.3, 1 or 2 g/L 

(calculated as 72, 240 or 

480 mg/kg bw per day) in 

drinking water for 12 

weeks. 

≥ 72: increased liver glycogen content 
≥ 240: decreased serum insulin; increased relative 
and absolute liver weights 
480: decreased terminal body weight; decreased 
serum glucose 

Kato-
Weinstein et 
al. (2001) 

DBAA ND/2 Rats, male Sprague-

Dawley (8/dose) gavaged 

with DBAA at 2, 5, or 10 

mg/kg bw per day for 14 

days or 2 or 4 mg/kg bw 

per day (48 rats/dose) for 

14 days; artificial 

insemination of untreated 

females with treated 

sperm. 

Range-finding 
10: decreased SP22 protein in testes  
Definitive 
≥ 2: decreased SP22 protein in testes 
4: decreased fertility 

Kaydos et al. 
(2004) 

DBAA 125/250 Rats, female Holtzman 

(8/dose) gavaged with 

DBAA at 62.5, 125, 250 or 

500 mg/kg bw per day 

from GD 1–8 (500 dose 

discontinued). 

250: increased serum 17β-estradiol  
Note: No effect on other female reproductive 
measures (preimplantation losses, number of 
resorptions, number of pups per litter, pup 
weights, placental weights). 

Cummings 
and Hedge 
(1998) 

DBAA 2/10 Rats, male Sprague-

Dawley (6 or 10/group) 

gavaged with DBAA at 2, 

10, 50 mg/kg bw per day 

for 79 days or with 250 

mg/kg bw per day for 42 

days (duration shortened 

due to high toxicity); 186-

day recovery period; 

reproductive performance 

was assessed via natural 

insemination and artificial 

insemination. 

≥ 10: retention of Step 19 spermatids in Stage IX-XI 
≥ 50: decreased body weight gain; moderate 
changes in sperm morphology and motility; 
decreased percent normal cauda and caput sperm; 
decreased epididymal sperm counts; atypical 
residual bodies in Stage IX; increased number of 
dead fetuses 
250: overt neurotoxicity (awkward gait, atypical 
limb movement, abnormal posturing); decreased 
fertility via natural mating with limited recovery 
and via artificial insemination; declining sperm 
quality; decreased testicular weights; atrophic 
seminiferous tubules persisting into recovery 
Note: At 6 months post-dosing, the high-dose 
group showed partial recovery in testicular 
weights and fertility but not related to atrophic 
seminiferous tubules. 

Linder et al. 
(1995, 1997b) 

DBAA ND/4.4 Two-generation rats, 

Sprague-Dawley 

(30/sex/dose/generation) 

given DBAA at 50, 250 or 

650 ppm (calculated as 

4.4–11.6, 22.4–55.6 or 

52.4–132.0 mg/kg bw per 

day) in drinking water for 

the P-generation for 92 

days (males) and 120 days 

P-generation 
≥ 4.4: increased absolute and relative liver and 
kidney weights; decreased absolute and relative 
adrenal weights (females) 
≥ 22.4: decreased water intake; decreased viability 
index; retained Step 19 spermatids in Stage IX and 
X tubules; increased abnormal residual bodies; 
testicular atrophy; hypospermia 
52.4: intermittent, decreased absolute and 
relative food intake; decreased terminal body 
(males) and body weight gains; clinical adverse 

Christian et al. 
(2002) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

(females); F1 generation 

were exposed in utero, 

during lactation and then 

via drinking water from 

post-weaning, mating; 

exposure of F1 females 

continued from 

parturition (F2) to 

lactation day 22. F2 

generation were exposed 

until lactation day 22. 

effects (soft feces in males); increased relative 
spleen and pituitary weights (males); increased 
relative brain weights (both sexes); increased 
average percent morphologically abnormal sperm 
but were within historical controls 
F1 
≥ 4.4: increased absolute and relative liver and 
kidney weights (males) 
≥ 22.4: decreased water intake; decreased pup 
body weights in pups consuming treated drinking 
water; decreased feed consumption post-weaning 
then increased feed consumption starting at 
premating period; increased number of litters with 
dehydrated pups; retained Step 19 spermatids in 
Stage IX and X tubules; increased abnormal 
residual bodies in affected seminiferous tubules; 
testicular hypoplasia and atrophy; hypospermia; 
clinical adverse effects in males (soft feces); 
decreased absolute and relative adrenal weights 
(males) 
52.4: decreased body weight gains (females); 
malformations of male reproductive tract; 
decreased sperm motility but within historical 
controls; delayed sexual maturation in both sexes 
(delayed preputial separation and delayed vaginal 
patency – attributed to decreased body weight); 
clinical adverse effects in females; decreased body 
weight gains starting at weaning; increased 
relative brain and spleen weights (males); 
increased average duration of gestation (females); 
increased absolute spleen and thymus weights 
(males) 
F2 
≥ 22.4: decreased pup body weights in pups 
consuming treated drinking water; decreased 
anogenital distance associated with reduced body 
weights (males) 
Note: Decreased body weights and clinical signs 
may have been related to decreased water intake 
related to taste aversion. P- and F1 generation 
(250, 650 ppm) had clinical signs (diarrhea, 
dehydration) associated with decreased drinking 
water intake. Delayed sexual maturity (F1) was 
associated with a general retardation of growth 
(lower body weights). Food consumption was also 
intermittently reduced. No histopathological 
changes to liver or kidney at any dose/generation. 
Increased pup mortality seen in F1 litters was 
unrelated to DBA. No effect on estrous cycling, 
gestation length, litter size, pup sex ratios in P or 
F1 generations. Most changes in organ weights 
were associated with decreased terminal body 
weights.  
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/10.2 Rats, Sprague-Dawley (56-

67/sex/dose) given DBAA 

at 125, 250, 500 or 1 000 

ppm (calculated in P 

adults as 10.2, 20.4, 35.7, 

or 66.1 mg/kg bw per day 

in males and 13.3–43.5, 

26.2–86.6, 41.8–150.7 or 

60.2–211.7 mg/kg bw per 

day in females and in F1 

weanlings as 31.8, 58.5, 

122.9 or 254.7 mg/kg bw 

per day in males and 33.3, 

61.5, 123.8 or 241.2 

mg/kg bw per day in 

females) in drinking water 

starting 14 days pre-

mating, throughout 

gestation and lactation 

(63–70 days of 

treatment).  

P-generation 
≥ 10.2/13.3: decreased body weight gain 
F1 
≥ 31.8: decreased body weight gain (secondary to 
decreased water/food intake) 
Note: Decreased water intake due to taste 
aversion in parental animals at 500 and 1000 ppm 
caused reduced feed intake and weight gain and 
dehydration. Detectable levels of DBA were found 
in plasma, placentas, amniotic fluid and milk. No 
effect on reproductive (decreased mating 
performance was seen at 1000 ppm but was 
within normal limits) or developmental 
parameters. No gross lesions were seen. No 
effects were observed on estrous cycle, pre- and 
post-implantation losses, live litter sizes, gross 
external morphology and sex ratios in pups. 
  

Christian et al. 
(2001) 

DBAA 4-week 
5/50 
2-week 
50/250 

Rats, male Sprague-

Dawley (6/group) gavaged 

with pH-adjusted DBAA 

at 5, 50, 250 mg/kg bw 

per day for 2 weeks or 5, 

50 mg/kg bw per day for 4 

weeks. 

4 weeks 
≥ 50: increased abnormal caput and caudal sperm; 
retention of Step 19 spermatids 
2 weeks 
250: decreased mean absolute epididymal 
weights; decreased sperm counts and motility; 
altered spermiation (presence of atypical residual 
bodies and retention of Step 19 spermatids); 
increased abnormal caput and caudal sperm; 
narrowing of duct lumina of epididymides 
Note: No effect on mortality or body/testicular 
weights. 

Tsuchiya et al. 
(2000) 

DBAA ND/10 Rats, male Harlan 

Sprague-Dawley (8/dose) 

gavaged with neutralized 

DBAA at 10, 30, 90 or 270 

mg/kg bw per day for 14 

days. 

≥ 10: decreased caput sperm count; altered 
spermiation (retention of Step 19 spermatids in 
Stages IX to XII; atypical Step 15 spermatid 
acrosomal development) 
≥ 90: decreased cauda sperm count 
270: mild lethargy; histopathological changes in 
testes and epididymis; decreased testes and 
epididymis weights; increased abnormal 
epididymal sperm morphology; decreased 
epididymal sperm motility  
Note: No signs of toxicity or effect on body 
weights. 

Linder et al. 
(1994b) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/66 Dose-finding 
Rats, pregnant female 

Sprague-Dawley (3 

litters/dose) given pH-

adjusted DBAA at 400, 

600 or 800 ppm 

(calculated as 49/66, 

74/99 or 99/132 mg/kg 

bw per day for dams/male 

pups) in drinking water 

from GD 15 to PND 21; 

weaned male pups (3 

litters/dose) given 

maternal dose until PND 

98; artificial insemination 

of untreated females. 

Male pups 

≥ 66: delayed preputial separation; decreased 
sperm protein SP22  

≥ 99: decreased epididymis weight; increased 
incidence of atypical residual bodies, delayed 
spermiation (retention of Stage VIII spermatids) 
and atrophic seminiferous tubules; altered sperm 
motility; decreased fertility (via intrauterine 
insemination) 

132: decreased body weight; decreased testes 
weight 

Female pups 

800 ppm: delayed vaginal opening 

Note: Data insufficient to calculate mg/kg bw 
equivalent for female pups. 

  

Klinefelter et 
al. (2004)  

DBAA ND/0.6 Definitive 
Rats, female Sprague-

Dawley (≥ 10 dams per 

dose; 6–10 pups/dose) 

given pH-adjusted DBAA 

at 4, 40 or 400 ppm 

(calculated as 0.49/0.6, 

4.9/6.3 or 49/66 mg/kg 

bw per day dams/male 

pups) in drinking water 

from GD 15 to PND 21; 

weaned F1 male pups (3 

litters/ dose) continued 

exposure until PND 56 or 

PND 120; artificial 

insemination of untreated 

females. 

Male pups 

≥ 0.6: delayed preputial separation; decreased 
sperm proteins SP22 and SP38  

66: decreased body weight; delayed preputial 
separation (in groups exposed until PND 56 and 
PND 120); decreased percentage of 
morphologically normal sperm 

Female pups 

≥ 66: delayed vaginal opening (group exposed until 
PND 56 and PND 120) 

Note: Delays in preputial separation and vaginal 
opening were independent of body weight. No 
organ weight changes. No effect on fertility using 
intrauterine insemination. Data insufficient to 
calculate mg/kg bw equivalent for female pups. 

Klinefelter et 
al. (2004) 
  

DBAA ND/24 Mice, CD-1 gavaged with 

DBAA at 24, 50, 100, 200, 

392, 610 or 806 mg/kg bw 

per day on GD 6–15. 

≥ 24: delayed parturition 
≥ 610: increased postnatal mortality; decreased 
pup weight; fetal skeletal malformations 
806: maternal toxicity (piloerection, motor 
depression); increased prenatal mortality 

Narotsky et al. 
(1996) 
(abstract only) 
 

DBAA 50/100 Mice, CD-1 gavaged with 

DBAA at 50, 100 or 

400 mg/kg bw per day on 

GD 6–15. 

≥ 100: fetal hydronephrosis 
400: renal agenesis (small kidneys) in fetuses 
Note: No maternal toxicity. No effects on prenatal 
survival, fetal weight and skeletal development.  

Narotsky et al. 
(1997) 
(abstract only) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

DBAA ND/1 Rabbits, male Dutch-

belted (9–22/dose) 

exposed in utero and via 

lactation to neutralized 

DBAA at 1, 5, 50 mg/kg 

bw per day (pregnant 

females dosed via 

drinking water) from GD 

15 to 6 weeks postpartum 

and then in drinking water 

at maternal doses for 12 

(1.02, 5.8 or 61.08 mg/kg 

bw per day) or 24 (0.99, 

5.2 or 55.57 mg/kg bw per 

day) weeks; untreated 

females artificially 

inseminated with treated 

sperm. 

≥ 1: impaired spermiogenesis; decreased SP22 
sperm membrane protein; altered seminiferous 
tubules; increased ejaculate volumes and 
decreased sperm concentrations; altered sperm 
morphology; decreased conception rates  

50: increased ejaculation time; increased liver 
weight  

Note: No effect on male or female reproductive 
hormones. No signs of overt toxicity.  
 

Veeramachan
eni et al. 
(2007)  

DBAA ND/0.97 Rabbits, male Dutch-

belted (10/dose) given 

DBAA in utero/via 

lactation to 0.97, 5.05 or 

54.2 mg/kg bw per day in 

drinking water from GD 

15 throughout life. 

≥ 0.97: decreased male fertility (based on artificial 
insemination) 

54.2: increased fetal malformations (cleft palate, 
cranioschisis) 

Veeramachan
eni et al. 
(2000) 
(abstract only) 
  

TBAA ND Range finding 
Rats, Sprague-Dawley 
given TBAA at 30, 100, 
300 and 500 ppm in 
drinking water for 2 
weeks. 
Main study 
Rats, Sprague-Dawley (5–
10/dose) given TBAA at 
10, 70 and 400 ppm (1, 7, 
39 mg/kg bw per day) in 
drinking water for 
35 days; rats further 
divided into Group A 
(non-BrdU) and B (BrdU) 
and exposure varied from 
peri-conception to 
gestational exposure. 
 

Range finding 
500 ppm: decreased water consumption 
Main study 
Both sexes 
39: slight and inconsistent decrease in water 
consumption 
Males – Group A 
39: mottled kidneys, increased liver-to-body 
weight ratio; small increase in blood urea nitrogen 
and serum albumin (could be related to 
dehydration or to mild kidney toxicity) 
Note: No deaths and no clinical signs of general 
toxicity at any dose level. No reproductive 
(number of corpora lutea, live/dead fetuses or 
implantation sites in females or sperm effects in 
males) or developmental (heart and brain, 
anogenital distance) effects or treatment-related 
findings in body weights or feed consumption. 
Cellular proliferation as measured by BrdU 
Labeling Index was unaffected.  

NTP (1998a) 

BCAA Main study 
Males 
15/39  
Females 
19/50  

Range finding 
Rats, Sprague-Dawley 
(30/sex/dose) given BCAA 
at 30, 100, 300, 500 ppm 
(3, 10, 28, 41 mg/kg bw 
per day) in drinking water 
for 2 weeks  

Range finding 
No effects on body weight, body weight gain, food 
and water consumption, clinical observations or 
mortality. 
Main study 
Males 
≥ 15: decreased ALT 

NTP (1998a) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

Main study 
Rats, Sprague-Dawley 
given BCAA at 60, 200, 
600 ppm (5–10 
males/dose as 5, 15, 39 
mg/kg bw per day; 5–13 
females/dose as 6, 19, 50 
mg/kg bw per day) in 
drinking water for up to 
35 days including GD 6 to 
parturition for some 
females; BrdU given to 
select groups. 
 

39: decreased water consumption likely due to 
taste aversion; increased albumin-to-globulin ratio 
(not likely significant, may be related to 
dehydration); increased relative liver weights; 
increased cytoplasmic vacuolization of 
hepatocytes 
Note: No effects on epididymal sperm measures, 
spermatid head counts, sperm morphology or 
sperm motility. 
Females 
50: decreased water consumption likely due to 
taste aversion; dose-dependent but not 
statistically significant increases in incidence of 
renal tubular dilation/degeneration; decreased 
number of live fetuses/litter and total implants per 
litter 
Note: No effects on mating or pregnancy index. 
Other adverse effects were seen on female 
reproduction but lacked statistical significance due 
to the small number of pregnancies (n=2-5) per 
treatment group evaluated. Authors concluded 
that BCAA adversely affected the ability of females 
to conceive and carry a full litter to term, with 
effects particularly relevant for early gestation. 

BCAA 5/10  

 

Rats, F344/N 
(10/sex/dose) given  
BCAA at 62.5, 125, 250, 
500 and 1 000 mg/L (5, 
10, 20, 40, or 75 mg/kg 
bw per day in males and 
5, 10, 20, 40 or 85 mg/kg 
bw per day in females) in 
drinking water for 3 
months. 
 

Males: 
≥ 10: increased relative liver weights 
≥ 20: transient decreased serum ALT and serum 
sorbitol dehydrogenase 
≥ 40: increased absolute kidney and liver weights 
75: increased relative kidney weights; increased 
incidences of cytoplasmic vacuolization in liver 
Females: 
≥ 10: decreased urinary creatinine 
≥ 40: increased absolute and relative liver weight; 
transient decreased serum ALT and serum sorbitol 
dehydrogenase 
85: increased relative kidney weights; increased 
incidences of cytoplasmic vacuolization in liver 
Note: No effects on sperm parameters or estrous 
cycle. 

NTP (2009) 

BCAA Males 
32/65 
Females 
ND/8 

Mice, B6C3F1 
(10/sex/dose) given  
BCAA at 62.5, 125, 250, 
500 and 1 000 mg/L (8, 
16, 32, 65 or 125 mg/kg 
bw per day in males and 
8, 17, 35, 70 or 140 mg/kg 
bw per day in females) in 
drinking water for 3 
months. 
 

Males: 
≥ 65: increased incidence of hepatic periportal 
cytoplasmic vacuolization  
125: increased absolute and relative kidney 
weights; increased liver weights   
Females: 
≥ 8: increased absolute and relative kidney 
weights; increased liver weights 
≥ 70: increased incidence of hepatic periportal 
cytoplasmic vacuolization; decreased mean body 
weight gain  
Note: Increased hematopoietic proliferation in 
spleen of males (8, 16, 32) and females (17 and 
140).  

NTP (2009) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

BCAA 10/20 Rats, F344/N 

(50/sex/dose) given  

BCAA at 0, 250, 500 and 1 

000 mg/L (0, 10, 20 or 40 

mg/kg bw per day in 

males and 0, 13, 25 or 50 

mg/kg bw per day in 

females) in drinking water 

for 2 years. 

Males: 
≥ 20: increased incidences of malignant 
mesotheliomas (but not at highest dose); 
decreased mean body weight 
40: increased incidences of eosinophilic focus in 
liver 
Females: 
≥ 25: increased incidences of eosinophilic focus in 
liver and of multiple fibroadenomas in mammary 
gland 
50: increased incidences of adenomas (large 
intestine, liver), of alveolar epithelium hyperplasia 
in lung and of mixed cell focus in liver; decreased 
mean body weight 
Note: NTP found clear evidence of carcinogenic 
activity in rats. 

NTP (2009) 

BCAA ND/15 

 

Mice, B6C3F1 
(50/sex/dose) given  
BCAA at 250, 500, and 
1 000 mg/L (25, 50, or 90 
mg/kg bw per day in 
males and 15, 30, or 60 
mg/kg bw per day in 
females) in drinking water 
for 2 years. 
 

Males: 
≥ 25: increased incidences of hepatocellular 
adenoma (but not at highest dose), of liver 
adenomas and/or carcinomas, of hepatoblastoma 
(multiple) and of hepatocyte cytoplasmic 
vacuolization 
≥ 50: increased incidences of hepatocellular 
carcinomas (multiple) and of hepatopoietic cell 
proliferation of spleen 
90: increased incidence of bone marrow 
hyperplasia and of liver centrilobular necrosis; 
decreased survival; decreased mean body weights 
Females: 
≥ 15: increased incidence of hepatocellular 
adenomas and combined incidence of 
hepatocellular adenomas and/or carcinomas; 
increased incidences of hepatocyte cytoplasmic 
vacuolization 
≥ 30: increased incidences of hepatic eosinophilic 
focus 
60: decreased mean body weight 
Note: NTP found clear evidence of carcinogenic 
activity in mice. 

NTP (2009) 

BCAA ND/1.6 Rats, male Sprague-

Dawley (8/dose) gavaged 

with  BCAA at 1.6, 4 and 8 

mg/kg bw per day for 14 

days or 1.6 and 3.2 mg/kg 

bw per day; sperm used 

to artificially inseminate 

untreated females. 

≥ 1.6: decreased SP22 protein in testes and 
decreased fertility of cauda epididymal sperm. 
 

Kaydos et al. 
(2004) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

BCAA Range finding: 
24/72 
 
 
Dose-response 
ND/8 

Rats, male Sprague-
Dawley (6 or 12/dose) 
Range finding: 
(12/dose) gavaged with  
BCAA at 24, 72 or 216 
mg/kg bw per day for 14 
days. 
Dose-response: 
10/dose gavaged with  
BCAA at 8, 24 or 72 mg/kg 
bw per day for 14 days; 
untreated females 
artificially inseminated 
with sperm from treated 
males. 
 

Range finding: 
≥ 72: decreased epididymal sperm reserves 
(cauda, caput); decreased percentage of motile 
and progressively motile cauda epididymal sperm; 
decreased sperm velocity; decreased cauda and 
epididymal sperm counts; increased percentage of 
tail defects in cauda epididymal sperm; increased 
retained spermatids (Step 19 in stages X and XI) in 
testis; decreased serum LH; increased percentage 
of retained spermatids in testes; qualitative 
increase in atypical residual bodies in stages X and 
XI (not quantified) 
216: decreased body weight; increased caput and 
cauda sperm abnormalities; decreased caput 
sperm count 
Overall – delayed spermiation in testes 
Note: No effects were seen on testis sperm 
production, serum testosterone or weights of 
testis, epididymis and seminal vesicles. 
Dose-response 
≥ 8: decreased progressive sperm motility and 
percentage of motile sperm; decreased percent 
fertility of cauda sperm via in utero insemination; 
decreased SP22 (correlated with fertility) and SP9 
proteins 
≥ 24: increased heads-only cauda sperm 
72: decreased epididymis weight; increased 
abnormal caput and cauda sperm 
Note: No effects were seen on body weight, testes 
weight, seminal vesicles weight or on hormonal 
levels.  

Klinefelter et 
al. (2002) 

BCAA 24/72  Mice, male juvenile (PND 

8–21) and adult, C57BL/6 

(12/dose) gavaged with  

BCAA at 8, 24, 72 or 216 

mg/kg bw per day for 14 

days; 7/age/dose used in 

follow-up 40-day 

sequential breeding assay; 

juveniles had 14-week 

maturation period. 

14 Day Study: 
Juveniles:  
216: smaller juveniles with recovery by week 10 
Note: No effect on relative testis weights 
Breeding assay: 
≥ 72: transient decreased mean number of 
litters/males, percentage of litters/females bred, 
total number of fetuses/males; increased 
spermatid retention and atypical residual bodies; 
disruption of spermatogenic cycle (Stage I-VIII) 
Note: Effects were transient in adult-exposed mice 
(indicating spermatids toxicity) and were not a 
consequence of juvenile dosing. No significant 
differences in relative weights of reproductive 
organs or in reproductive parameters in juvenile-
dosed adults. 

Tully et al. 
(2005) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

BCAA ND/75 Mice, male B6C3F1 

(5/dose) given neutralized 

BCAA at 0.3, 1 or 3 g/L 

(calculated as 75, 250 or 

750 mg/kg bw per day) in 

drinking water for 12 

weeks. 

 

75: increased liver glycogen content 

750: increased relative liver weights  

 

Kato-
Weinstein et 
al. (2001) 

CDBAA 62/78 Range finding  
Rats, Sprague-Dawley 
(31/sex/dose) given 
CDBAA at 750, 1 000 and 
1 500 ppm (calculated as 
52, 64 and 75 mg/kg bw 
per day) in drinking water 
for 2 weeks.  
Main study 
Rats, Sprague-Dawley 
given CDBAA at 500, 
1 000, 1 500 ppm in 
drinking water for up to 
35 days (5–10 males/dose 
as 37, 62 and 78 mg/kg 
bw per day; 5–13 
females/dose as 58, 100 
and 124 mg/kg bw per 
day). 
 

Range finding  
Note: No significant test-article related effects at 
any dose. Water consumption was decreased 
starting at 52 in males and 64 in females but was 
most likely related to taste aversion.  
Main study 
Males: 
≥ 62: deceased water intake 
78: increased cell proliferation in liver; decreased 
sperm velocity and maximum amplitude of lateral 
head displacement (ALH max) (no change in other 
sperm measurements); decreased food intake 
Females: 
≥ 100: decreased water intake 
124: decreased mean absolute body weights and 
feed consumption; increased cell proliferation in 
liver and kidneys 
Note: Authors state that the lack of overt 
cytotoxicity in the presence of a cell proliferative 
response suggests a mitogenic MOA. 
Note: No treatment-related clinical findings or 
mortality. No female reproductive toxicity or 
developmental toxicity (no visceral malformation 
or variations in any pups).  

NTP (2000) 

BDCAA ND/5 
 

Rats, F344/N 

(10/sex/dose) given un-

neutralized BDCAA at 

62.5, 125, 250, 500 or 

1 000 mg/L in drinking 

water for 14 weeks 

(calculated as 5, 9, 19, 37 

or 72 mg/kg bw per day 

for males; 5, 10, 20, 43 or 

69 for females); additional 

10 rats/sex/dose used for 

clinical pathology for 4 

weeks. 

Males 
≥ 9: decreased serum ALT 
72: decreased left testis weights and sorbitol 
dehydrogenase; increased relative liver weights 
Females 
≥ 5: decreased serum albumin (can indicate 
liver/kidney issues) 
≥ 20: increased platelet counts and relative kidney 
weights; decreased serum ALT  
≥ 43: decreased serum total protein  
69: decreased final mean body weights and body 
weight gains; increased absolute kidney weights 
Note: No chemical-related histological lesions 
were seen.  

NTP (2015) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

BDCAA ND/11 Rats, F344/Ntac 

(66/sex/dose) given 

BDCAA at 250, 500 or 

1 000 mg/L in drinking 

water for 104 weeks 

(calculated as 11, 21 or 43 

mg/kg bw per day for 

males; 13, 28 or 57 for 

females); additional 8 

rats/sex/dose used for 

clinical pathology at 6 and 

13 months. 

Both sexes 
 ≥ 11/13: increased incidences of non-neoplastic 
lesions (angiectasis) in bone marrow, of 
fibroadenomas and neoplasms in the mammary 
gland, and of malignant mesotheliomas in all 
organs examined 
Males 
≥ 11: increased incidences of malignant 
mesotheliomas in testes and epididymis 
≥ 21: increased incidences of adenoma of the large 
intestine (considered equivocal by NTP), and of 
adenoma/carcinoma in Harderian gland 
43: decreased water consumption; increased 
incidences of skin neoplasms, subcutaneous 
fibroma, eosinophilic focus in liver, and 
hyperplasia of the bone marrow 
Females 
≥ 13: increased hyperplasia of the bone marrow 
≥ 28: decreased survival; increased eosinophilic 
focus in liver, of hepatic and splenic hematopoietic 
cell proliferation  
57: increased incidences of mammary gland 
carcinoma, and hyperplasia of the mammary gland 
Note: Clear evidence of carcinogenic activity in 
both sexes. 

NTP (2015) 

BDCAA 15/30 Mice, B6C3F1/N 

(10/sex/dose) given 

BDCAA at 62.5, 125, 250, 

500 or 1 000 mg/L in 

drinking water for 14 

weeks (calculated as 7, 

15, 30, 59 or 123 mg/kg 

bw per day for males; 9, 

17, 36, 70 or 129 for 

females). 

Males 
≥ 30: increased relative liver weights 
≥ 59: increased absolute liver weights 
123: decreased absolute kidney weights  
Females 
129: increased glycogen depletion in livers; 
increased relative kidney weights 
Note: No effect on hematology or male/female 
reproductive system. 

NTP (2015) 

BDCAA ND/17 Mice, B6C3F1/N 

(66/sex/dose) given 

BDCAA at 250, 500 or 

1 000 mg/L in drinking 

water for 105 weeks 

(calculated as 23, 52 or 

108 mg/kg bw per day for 

males; 17, 34 or 68 mg/kg 

bw per day for females); 

additional 7/8 

mice/sex/dose used for 

clinical pathology at 6 and 

14 months. 

Both sexes 
≥ 17/23: increased water consumption (except 
females at 68) 
68/108: increased incidences of atypical focus of 
cellular alteration of liver 
Males 
≥ 23: increased incidences of hepatocellular 
carcinoma, hepatoblastoma and epididymal 
atrophy 
≥ 52: decreased survival (deaths related to liver 
neoplasms) and mean body weights; increased 
incidences of atrophy of the testis, of epididymal 
epithelium degeneration, and of Harderian gland 
adenomas/carcinomas 
108: increased hypospermia; decreased absolute 
and relative kidney weights 
Females 

NTP (2015) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

≥ 17: decreased mean body weights; increased 
incidences of hepatocellular adenomas and 
carcinomas  
≥ 34: increased incidences of hepatocellular 
carcinoma 
68: increased incidence of hepatoblastomas and 
hemangiosarcomas; decreased mean body 
weights 
Note: Clear evidence of carcinogenic activity in 
both sexes. 

BDCAA ND/75 Mice, male B6C3F1 

(5/dose) given neutralized 

BDCAA at 0.3, 1 or 3 g/L 

(calculated as 75, 250 or 

750 mg/kg bw per day) in 

drinking water for 12 

weeks. 

 

75: increased relative liver weights; decreased 
liver glycogen content 

Kato-
Weinstein et 
al. (2001) 

MIAA ND/10 (mg/L) Pregnant CD-1 mice 

(12/dose) given 10, 100 or 

500 mg/L of MIAA in 

drinking water for 35 days 

pre-mating and continued 

until PND 21. 

No affect on estrous cycle or fertility parameters 
(mortality rate, sex ratio) of F0 females but did 
decrease estradiol levels at the highest dose. At 
PND 21, F1 females (25–35/dose) had decreased 
body weights starting at 100 mg/L while increased 
absolute ovarian weights were seen at 10 mg/L. 
Delayed rate of vaginal opening, increased 
anogenital distance relative to body weight and 
decreased percentage of atretic follicles were also 
seen in F1 females. 

Gonsioroski et 
al. (2022) 

MIAA ND/500 (mg/L) Female CD-1 mice 

(12/dose) given 0.5-

500 mg/L of MIAA in 

drinking water for 35–40 

days. 

No effect on body weight gain, ovarian, uteri and 
liver weights. At the highest dose tested, MIAA 
affected reproductive function by decreasing the 
length of the proestrous stage of the estrous cycle, 
disrupting ovarian gene expression and decreasing 
androstenedione and estradiol levels. 

Gonsioroski et 
al. (2021) 

MIAA 2.5/7.5 Male and female rats 

(10/dose) were gavaged 

with 0, 2.5, 7.5 or 

22.5 mg/kg bw per day 

MIAA starting two weeks 

pre-mating. Males were 

sacrificed after 4 weeks of 

dosing while females 

were sacrificed at 

postpartum day 13. 

No reproductive toxicity in female rats was seen. 
Increased relative weights of testes (in the 
absence of histopathological changes) and seminal 
vesicles plus coagulating glands were seen in 
parental male rats at 22.5 mg/kg bw per day. 
MIAA caused increased head congestion in 
offspring starting at 7.5 mg/kg bw per day and 
decreased litter weight, lower viability index and 
decreased anogenital distance index in male pups 
at 22.5 mg/kg bw per day. 

Long et al. 
(2021) 
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HAA NOAEL/LOAEL 
(mg/kg bw per 

day) 

Method Critical effect(s) 
(mg HAA/kg bw per day) 

Reference 

MIAA ND/6 Sprague-Dawley rats 

(7/sex/dose) gavaged 

with 0, 6, 12 or 24 mg/kg 

bw per day of MIAA for 

28 days. 

Decreased relative liver (≥ 12 mg/kg bw per day) 
and heart weights (24 mg/kg bw per day) were 
seen in males. Alanine phosphatase, total protein 
and blood urea nitrogen were also decreased at 
the highest dose tested. In females, ovarian 
weights were decreased while relative 
hypothalamus weight was increased starting at 
the lowest dose tested. Altered levels of 
hormones were seen in both males and females 
starting at 12 and 24 mg/kg bw per day, 
respectively. A statistically significant increase in 
total number of smaller thyroid follicles was seen 
in sexes at the highest dose. Gene expression in 
the thyroid and liver was altered while TSHR 
protein expression was downregulated. 

Xia et al. 
(2018) 

ALT – alanine aminotransferase; AST – aspartate aminotransferase; BCAA – bromochloroacetic acid; BDCAA – 
bromodichloroacetic acid; BrdU – bromodeoxyuridine/5-bromo-2′ -deoxyuridine labeling index to measure cell proliferation; 
BUN – blood urea nitrogen; bw – body weight; CDBAA – chlorodibromoacetic acid; ChE – cholinesterase; DBAA – dibromoacetic 
acid; DCAA – dichloroacetic acid; F – female; GD – gestation day; LOAEL – lowest observed adverse effect level; LP – lipid 
peroxidation; M – male; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; MIAA – monoiodoacetic acid; MOA – 
mode of action; MPO – myeloperoxidase; N – number; NOAEL – no observed adverse effect level; ND – not determined; PND – 
post natal day; PLCs – peritoneal lavage cells; SA – superoxide anion; SOD – superoxide dismutase; SSBs – DNA-single strand 
breaks; T4 – thyroxin; T3 – triiodothyronine; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid; TCA – tricarboxylic acid 
cycle; TNF-α – tumour necrosis factor-alpha. 

 

Table E3. Genotoxicity weight of evidence for haloacetic acids (HAAs)  
 

For each HAA, the assays are listed in order of decreasing severity of genotoxic effects (for 
example, DNA mutations [DM] > chromosomal aberration [CA] or micronucleus [MN] test > 
DNA damage [DD]; indicator test, for example, comet assay, single-cell gel electrophoresis 
[SCGE]) > DNA adducts [DA] and increasing phylogenetic relevance to humans (in vitro: 
bacteria, animal cells, human cells, and in vivo animals). In the weight of evidence evaluation of 
genotoxicity, the highest weight is given to mutations at DNA/gene and chromosome levels in 
animals (top right rows for each HAA). Assays noted in cells shaded in pink indicated mostly 
negative bioassay results, those shaded in yellow indicated mixed results or only positive at 
high concentrations, and those shaded in green indicated mostly positive results. Very few DA 
studies were found.  
 

HAA Assay Bacterial In vitro assays Animal In vitro assays Human In vitro assays Animal In vivo assays Weight of 
evidence 

MCAA  
   
  
  

DM (-) S. typhimurium 
 TA98, TA100, TA104, 
TA1530, TA1535, TA1537, 
G46, TA1535/pSK1002. (+) 
TA 98, TA1001 

(+) CHO (high dose), 
tk+/tk- mouse 
lymphoma3 

 NA 

 NA 

N/A 

MCAA  
 

CA  NA (-) CHO and CHL ± S9 (4 
studies). (+) CHO w/o S9 
(2 studies1 

 (-) Tk6. (+) 
lymphocytes2 

 NA 
N/A 

MCAA  
 

MN  NA  NA (+) lymphocytes, A549 
lung3  

 NA 
N/A 
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HAA Assay Bacterial In vitro assays Animal In vitro assays Human In vitro assays Animal In vivo assays Weight of 
evidence 

MCAA  
 

DD  NA (+) CHO (2 studies)3 (-) HEPG (high dose), 
T24. (+) lymphocytes 
(2 studies) and weak in 
CCRF-CE, sperm, FHs (4 
studies)3   

(-) B6C3F1 mice (liver, 
spleen, stomach, duodenal 
epithelial cells), F344 rat 
liver. (+) secondary to 
cytotoxicity in primary rat 
hepatocytes1 

N/A 

MCAA N/A N/A N/A N/A N/A MCAA is 
likely not a 
direct acting 
genotoxic 
carcinogen. 

DCAA 
   
  
  

DM (-) S. typhimurium TS24 
recA, TA2322 polA, TA1950 
uvrB, TA98, TA100, TA104, 
TA1535, TA1537, TA1538, 
TA1950, TA2322, E. coli 
WP2urvA, 
TA1535/pSK1002. (+) TA98, 
TA100, TA1535, TA1538, 
RSJ100, TA1535/pSK10021 

(-) Mouse lymphoma 
L5178Y/TK+/- cells. (+) 
Mouse lymphoma 
L5178Y/TK+/- cells, 
CHO2 

 NA (-) Big Blue B6C3F1 
transgenic mice 1 and 3.5 
g/L 4 and 10 weeks; (+) at 
60 weeks1 

N/A 

DCAA 
 

CA  NA (+) L5178Y/TK+/- cells. (-
) CHO2 

 NA  NA 
N/A 

DCAA 
 

MN  NA (-) L5178Y/TK+/- cells1 (+/-) peripheral blood 
 lymphocytes2 

 (-) p53 haploinsufficient 
mice 0, 0.5, 1, or 2 g/L; 
Tg.AC mice 0, 0.5, 1, or 2 
g/L; B6C3F1 mice 0, 0.067, 
0.125, 0.25, 0.5, or 1 g/L. 
(+) B6C3F1 mice 3.5 g/L1 

N/A 

DCAA 
 

DD  NA (-) CHO, B6C3F1 mice 
primary hepatocytes, 
F344 rat hepatocytes1 

(-) CCRF-CEM cells. (+) 
HEPG22 

(-) F344 rats 15, 41, 113 
mg/kg; B6C3F1 mice 0.7, 17 
mg/kg; B6C3F1 mice 0.13-
1.3 g/kg duodenal and 
stomach cells; F344 rat 
livers 0.05, 0.5, or 2 g/L; 
F344 rat livers 0.13-0.65 
g/kg. (+) F344 rats 3300 
mg/kg, B6C3F1 mice 6500 
mg/kg; B6C3F1 mice 10, or 
500 mg/kg; B6C3F1 mice 
liver cells 0.13-1.3 g/kg and 
B6C3F1 mice liver cells 0.5, 
or 5 g/L, B6C3F1 mice liver 
7.5 mg/kg/d, Wister rat 
liver 0.5 and 2.0 g/L1 

N/A 

DCAA N/A N/A N/A N/A N/A DCAA does 
not appear 
to be directly 
genotoxic. 

TCAA DM (-) B. subtilis H17 Rec+ and 
M45 Rec-, S. Typhimurium 
TA98, TA100, TA 1535, 
TA1537, TA1538, TA104, 
RSJ100, E. coli PQ37. (+) 
TA1535, TA100, TA98, 
TA1535/pSK1002.1 

(-) CHO. (+) 
L5178Y/TK+/- cells2  

 NA  NA N/A 

TCAA 

CA  NA weak (+) TK63 (-/+) peripheral 
lymphocytes2 

 (-) white mice 1, 10, 100, 
500 or 1000 mg/kg sodium 
trichloroacetate for 20 
hours. (+) Swiss mice 500 
mg/kg (high dose)1 

N/A 
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HAA Assay Bacterial In vitro assays Animal In vitro assays Human In vitro assays Animal In vivo assays Weight of 
evidence 

TCAA 

MN  NA  NA (-/+) peripheral 
lymphocytes2 

(-) C57BL/6JfBL10/Alpk 
mice i.p injection of 337, 
675, or 1080 mg/kg-day 
(males); 0, 405, 810, or 
1620 mg/kg day (females). 
(+) Swiss mice i.p. injection 
of 125, 250 or 500 mg/kg 
(high doses)2 

N/A 

TCAA 

DD (-/+) S. Typhimurium 
TA1535/pSK10022 

(-) CHO, primary 
hepatocytes from 
B6C3F1 mice and male 
F344 
 rats1  

(-) CCRF-CEM. (+) 
HEPG22 

(-) F344 rat doses < 25 
mmol/kg and 0, 164 or 817 
mg/kg (hepatic); B6C3F1 
mice < 0.1 mmol/kg and 
500 mg/kg (hepatic), 1 g/kg 
and 1500 mg/kg and 1.6 
g/kg (stomach and 
duodena). (+) F344 rats 25 
mmol/kg; B6C3F1 mice 0.1 
mmol/kg, 500 mg/kg and 
1.6 g/kg (hepatic) and 300 
mg/kg (hepatic) and 77, 
154, or 410; NOAEL 
7.7/LOAEL25 mg/kg/d, 
mg/kg-day (hepatic) and 
25, or 50 mg/kg day 
(hepatic)2 

N/A 

TCAA 

DA  NA  NA  NA (-) B6C3F1 
 mice 20, 100 mg/kg and 
25, 
125, or 500 mg/kg-day. (+) 
B6C3F1 
mice 300 mg/kg1  

N/A 

TCAA 

N/A N/A N/A N/A N/A TCAA does 
not appear 
to be directly 
genotoxic. 
Positive 
results were 
at high doses 
and in a 
species 
where TCAA 
exposure did 
not cause 
tumours 
(rats). 

MBAA  DM  (-) S. Typhimurium TA100, 
TA98, TA1535/pSK1002, E. 
coli PQ37. (+) TA100, TA98, 
TA1535/pSK10022 

(+) CHO3  NA  NA N/A 

MBAA 
CA  NA  NA (-) TK6. (+) 

lymphocytes2 
 NA 

N/A 

MBAA 
MN  NA  NA (-) TK6. (+) 

lymphocytes, A549 
lung2 

 NA 
N/A 

MBAA 
DD  NA (+) L- 1210, CHO3 (-) T24 cells. (+) FHs, 

HepG, sperm, 
lymphocytes3 

 NA 
N/A 

MBAA 
N/A N/A N/A N/A N/A MBAA is 

likely 
genotoxic. 
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HAA Assay Bacterial In vitro assays Animal In vitro assays Human In vitro assays Animal In vivo assays Weight of 
evidence 

DBAA DM (-) S. Typhimurium TA98, 
RSJ100 (+) TA100, TA98, 
TA1535/pSK1002, E. Coli 
PQ373 

(+) CHO-K13  NA  NA N/A 

DBAA 

MN  NA  NA  NA (-) female B6C3F1 mice 17, 
34, 67, 132 or 260 mg/kg-
day (+) male B6C3F1 mice 
16, 30, 56, 115 or 230 
mg/kg-day2 

N/A 

DBAA DD  NA (+) CHO-AS523 (+) HepG23  NA N/A 

DBAA 

DA  NA  NA  NA (+) Male B6C3F1 
mice 300 mg/k and 0, 
29, 144, or 578 mg/kg day3 

N/A 

DBAA 

N/A N/A N/A N/A N/A DBAA is 
likely 
genotoxic. 

TBAA  
  

DM (-) Salmonella1  NA (+) A549 lung3  NA N/A 

TBAA  DD  NA (+) CHO (high dose)2  NA  NA N/A 

TBAA N/A N/A N/A N/A N/A Limited data; 
appears to not 
be genotoxic 
at low doses. 

BCAA  
  
  

DM (-) Salmonella TA98, E. coli 
WP2uvrA/pkM101 (+) 
Salmonella TA1002 

 NA  NA  NA N/A 

BCAA  
 

MN  NA  NA  NA (-) B6C3F1 mice 
erythrocytes in peripheral 
blood1 

N/A 

BCAA  DD  NA (+) CHO (high dose)2  NA  NA N/A 

BCAA N/A N/A N/A N/A N/A Limited data; 
appears not 
genotoxic at 
low doses. 

CDBAA  DD  NA (+) CHO (high dose) 2  NA  NA Insufficient 
data. 

BDCAA 
  
   

DM (+) Salmonella TA97, TA98, 
TA100, E. coli WP2 
uvrA/pkm1013 

 NA  NA  NA   
N/A 

BDCAA 
 

MN  NA  NA  NA (-) B6C3F1 mice 
erythrocytes in peripheral 
blood NOAEL 123 mg/kg1 

N/A 

BDCAA DD  NA (+) CHO (high dose) 2  NA  NA N/A 

BDCAA N/A N/A N/A N/A N/A Insufficient 
data. 

MIAA 
  
  
  

DM (+) Salmonella 
A1535/pSK10043 

(+) CHO3  NA  NA N/A 

MIAA 
 

CA  NA (+) CHO, Tk63 (+) lymphocytes. (-) 
Tk62 

 NA 
N/A 

MIAA MN  NA  NA (+) lymphocytes  NA N/A 

MIAA DD  NA (+) CHO (2 Studies)3 (-) T24, (+) 
lymphocytes (2 
Studies), FHs, HEPG23 

 NA 
N/A 

MIAA N/A N/A N/A N/A N/A I-HAA is 
likely 
genotoxic. 
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HAA Assay Bacterial In vitro assays Animal In vitro assays Human In vitro assays Animal In vivo assays Weight of 
evidence 

DIAA  DD  NA (+) CHO (high dose)2  (+) A549 lung (high 
dose)2 

 NA Insufficient 
data. 

CIAA MN  NA  NA (+) A549 lung3  NA Insufficient 
data. 

BIAA DD  NA (+) CHO (high dose)2  NA  NA Insufficient 
data. 

(-) indicates negative assay results; (+) indicates positive assay results;  
1These assays indicated mostly negative bioassay results 
2These assays indicated mixed results or only positive at high concentrations, 
3These assays indicated mostly positive results  
CA: chromosomal aberration; CCRF-CEM: acute human lymphoma-derived cell line; CHO: Chinese hamster ovary; DA: DNA 
adducts; DD: DNA damage; DM: DNA mutations; L-1210: Mouse lymphocytic leukemia; FHs: Non-transformed human fetal 
small intestinal epithelial cells; HepG2: Human liver hepatocellular carcinoma; MN: micronucleus; NOAEL: no observed adverse 
effect level; NA: not available; N/A: not applicable; SCGE: single-cell gel electrophoresis; T24: human urothelial cell line; TK6: 
human lymphoblastoid thymidine kinase heterozygote. References: 
BCAA: bromochloroacetic acid: Plewa et al., 2010; NTP, 2009. 
BDCAA: bromodichloroacetic acid: Plewa et al., 2010; NTP, 2015.  
BIAA: bromoiodoacetic acid: Plewa et al., 2010. 
CDBAA: chlorodibromoacetic acid: Plewa et al., 2010. 
CIAA: chloroiodoacetic acid: Pérez-Albaladejo et al., 2023. 
DBAA: dibromoacetic acid: References from OEHHA, 2022: Parrish et al.,1996; Austin et al., 1996; NTP, 2007a; Giller et al.,1997; 
Nelson et al., 2001; Fang et al., 2001; Kargalioglu et al., 2002; Zhang et al., 2010, 2012, 2016; Stalter et al., 2016; Plewa et al., 
2002, 2010. 
DCAA: dichloroacetic acid: References from OEHAA, 2022: Leavitt et al., 1997; NTP, 2007b; Fuscoe et al., 1996; Chang et al., 
1992; Nelson et al., 1989, 2001; Nelson and Bull, 1988; Varshney et al., 2013; Fox et al., 1996; Harrington-Brock et al., 1998; 
Kargalioglu et al., 2002; Giller et al., 1997; Plewa et al., 2002, 2004, 2010; Zhang et al., 2010, 2012, 2016; Stalter et al., 2016; 
Ono et al., 1991; Nelson et al., 2001; DeMarini et al., 1994; Herbert et al., 1980; Waskell, 1978; Hassoun et al., 2014; El-Arem et 
al., 2014. 
DIAA: diiodoacetic acid: Plewa et al., 2010; Pérez-Albaladejo et al., 2023. 
MBAA: monobromoacetic acid: References from OEHHA, 2022: Giller et al., 1997; Kargalioglu et al., 2002; Zhang et al., 2010, 
2012, 2016; Stalter et al., 2016; Stratton et al., 1981; Plewa et al., 2000, 2002, 2004, 2010; Muellner et al., 2010; Attene-Ramos 
et al., 2010; Dad et al., 2013; Escobar-Hoyos et al., 2013; Komaki et al., 2009; Ali et al., 2014; Pals et al., 2016; Liviac et al., 2010; 
Richardson et al., 2007; Marsa et al., 2018. Other: Pérez-Albaladejo et al., 2023. 
MCAA: monochloroacetic acid: OEHHA, 2022: McCann and Ames, 1976; Bartsch et al., 1975; Rannug et al., 1976; NTP, 1992; 
Giller et al., 1997; Nelson et al., 2001; Kargalioglu et al., 2002; Zhang et al., 2010, 2012, 2016; Stalter et al., 2016; Galloway et 
al., 1987; Sawada et al., 1987; Plewa et al., 2002, 2018; Komaki et al., 2009; Attene-Ramos et al., 2010; Escobar-Hoyos et al., 
2013; McGregor et al., 1987; Chang et al., 1992; Ali et al., 2014; Liviac et al., 2010; Marsa et al., 2018. Other: Pérez-Albaladejo et 
al., 2023;  
MIAA: monoiodoacetic acid: References from Richardson et al. Review (2007): Cemeli et al., 2006; Plewa et al., 2004; Hilliard et 
al., 1998. References from OEHHA, 2022: Ali et al., 2014; Escobar-Hoyos et al., 2013; Zhang et al., 2010, 2012, 2016; Liviac et al., 
2010; Attene-Ramos et al., 2010; Komaki et al., 2009, 2018; Marsa et.al., 2018. 
TBAA: tribromoacetic acid: Kargalioglu et al., 2002; Plewa et al., 2010; Pérez-Albaladejo et al., 2023. 
TCAA: trichloroacetic acid:  References from OEHHA, 2022: Parrish et al., 1996, Austin et al., 1996, Hassoun et al., 2010a, 2014; 
Hassoun and Dey, 2008; Chang et al., 1992; Styles et al., 1991; Nelson et al., 1989, 2001; Nelson and Bull, 1988; Kurinnyĭ, 1984; 
Bhunya and Das, 1987; Varshney et al., 2013, 2014; Mackay et al., 1995; Harrington-Brock et al., 1998; Zhang et al., 2010, 2012, 
2016; Stalter et al., 2016; Giller et al., 1997; Plewa et al., 2002, 2010; DeMarini et al., 1994; Ono et al., 1991; Moriya et al., 1983; 
Rapson et al., 1980; Nestmann et al., 1980; Waskell, 1978; Shirasu et al., 1976; Anderson et al., 1972; Kikland et al., 2011. 
 
 
 

Table E4. Cancer studies in experimental animals exposed to haloacetic 
acids (HAAs) 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

MCAA Rat F344/N 
(70/dose) and mouse 
B6C3F1 male and 
female (60/sex/dose) 

Rats: Gavage, un-neutralized 
MCAA at 15 or 30 mg/kg bw 
per day, 5 days per week for 
104 weeks (calculated as 11 
and 21 mg/kg bw per day). 
Mice: Gavaged with un-
neutralized MCAA at 50 or 
100 mg/kg bw per day 
(calculated as 36 and 71 
mg/kg bw per day), 5 days per 
week for 104 weeks. 

No evidence of 
carcinogenicity 

NA NTP, 1992   

MCAA Rat, F344/N, 
male (50/dose) 

Drinking water, neutralized 
MCAA at 0.05, 0.5 or 2.0 g/L 
(calculated as 3.5, 26.1 or 59.9 
mg/kg bw per day) for 104 
weeks. 

No evidence of 
carcinogenicity 

NA #DeAngelo et al., 
1997   

DCAA Male and female 
B6C3F1 mice 
(11–35/dose) 

Drinking water, 52 weeks, 
neutralized DCAA: Male: 0, 1, 
or 2 g/L (0, 140, or 300 mg/kg 
bw per day). 11 mice in the 2 
g/L subgroup exposure 
stopped after 37 weeks and 
mice sacrificed at 52 weeks 
(280 mg/kg bw per day). 
Female: 0 or 2 g/L (0 or 480 
mg/kg bw per day) for 52 
weeks.  

Male: HA: 0/35, 0/1, 
2/10; 
HC: 0/35, 0/1, 5/10*. 
Male 2 g/L subgroup: 
HA: 0/35, 2/11; HC: 
0/35, 0/11. Total gross 
liver lesions (males 
only): 2/35, 2/11, 
23/24*. Female: No 
DCAA-dependent 
increase in tumours. 

Only males 
developed 
tumours 
140/300 

Bull et al., 1990 

DCAA Male B6C3F1 mice 
(50/dose) 

Drinking water, neutralized 
DCAA Study 1: 60 weeks: 0, 
0.05, 0.5, 5 g/L (0, 7.6, 77, or 
486 mg/kg bw per day). 75 
weeks: 0, 0.05, 0.5 g/L (0, 7.6, 
77 mg/kg bw per day). Study 
2: 60 weeks: 0 or 3.5 g/L (0 or 
410 mg/kg bw per day). 

Combined results 
(weeks 60 and 75 and 
Studies 1 and 2): 
HA: 0/28, 2/29, 1/27, 
12/12*, 24/30*; 
HC: 2/28, 5/29, 2/27, 
8/12*, 25/30*; 
HA or HC: 2/28, 7/29, 
3/27, 12/12*, 27/30* 

77/486  DeAngelo et al., 
1991 

DCAA Male B6C3F1 mice 
(33/dose) 

Drinking water, 0 or 0.5 g/L (0 
or 93 mg/kg bw day) 
neutralized DCAA for 104 
weeks. 

HA: 1/20, 10/24*; HC: 
2/20, 15/24*; HA or HC: 
3/20, 18/24* 

NA/93  Daniel et al., 1992 

DCAA Male B6C3F1 mice 
(10-110/dose) 

Drinking water, 0 or 5 g/L (0 
or 900 
mg/kg bw per day) 
neutralized DCAA for 76 
weeks. 

HA: 2/24, 83/89*; HC: 
2/24, 66/89* 

NA/900  Anna et al., 1994 

DCAA Male F344 rats 
(60/dose) 

Drinking water, 0, 0.05, 0.5 or 
2.4 g/L (0, 4, 40 or 296 mg/kg 
bw per day) neutralized DCAA 
for 15, 30, 45, 60 or 104 
weeks. 

Hepatic nodules: 0/7, 
0/7, 0/7, 19/27* (60-
week sacrifice). No 
significant increase of 
HA or HC; high-dose 
groups only sacrificed 
at 60 weeks. Combined 
45–104-week groups 
(no duration 

40/296  Richmond et al., 
1995 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

adjustment): HA: 1/37, 
0/40, 6/43, 8/34*; HC: 
0/37, 0/40, 3/43, 1/34. 

DCAA Male B6C3F1 mice 
(number 
not specified) 

Drinking water, 0, 1, or 3.5 g/L 
(0, 180, or 630 mg/kg bw per 
day) neutralized DCAA for 104 
weeks. 

HC: 19%, 70.6%, 100% 
(only percentages 
reported, no statistical 
analysis). 

NA Ferreira- Gonzalez 
et al., 1995 

DCAA Male Fischer 344 rats 
(50–78/dose) 

Drinking water, neutralized 
DCAA 0, 0.05, 0.5, 5 g/L (0, 
3.6, 40.2, 402 mg/kg bw per 
day) for 100 weeks and 0, 1.6 
g/L (0, 139 mg/kg bw per day) 
for 103 weeks. 

100 weeks: HA: 1/23, 
0/26, 5/29; HC: 0/23, 
0/26, 3/29; HA+HC: 
1/23, 0/26, 7/29*. 103 
weeks: HA: 0/33, 3/28; 
HC: 1/33, 6/28*; 
HA+HC: 1/33, 8/28*. 5 
g/L group was excluded 
due to neuropathy. 

3.6/40.2   DeAngelo et al., 
1996 

DCAA Female B6C3F1 mice 
(40–134/dose) 

Drinking water, 0, 2.0, 6.67 or 
20 mM (0, 40, 115, or 330 
mg/kg bw per day) 
neutralized DCAA up to 576 
days. 

HA: 2/90, 3/50; 7/28*, 
16/19*; HC: 2/90, 0/50, 
1/28, 5/19* 

40/115  Pereira et al., 1996 

DCAA Female B6C3F1 mice 
(25–39/dose) 

Drinking water, 0, 0.5 or 3.5 
g/L (0, 94 or 438 mg/kg bw 
per day) neutralized DCAA for 
104 weeks 

HC: 1/39, 1/25, 23/25* 94/438  Schroeder et al., 
1997 

DCAA Male B6C3F1 mice 
(35–88/dose) 

Drinking water, 0, 0.5, 1, 2 or 
3.5 g/L (0, 8, 84, 168, 315 or 
429 mg/kg bw per day) 
neutralized DCAA for up to 
100 weeks. 

HA: 5/50, 1/33, 5/25, 
18/35*, 9/21*, 5/11*; 
HC: 13/50, 11/33, 
12/25, 25/35*, 20/21*, 
11/11*; HA or HC: 
18/50, 11/33, 14/25, 
30/35*, 21/21*, 11/11* 

84/168  DeAngelo et al., 
1999 

DCAA Male B6C3F1 mice 
(20/dose) 

Drinking water, 0, 0.1, 0.5 or 2 
g/L (0,11, 54 or 216 mg/kg bw 
per day) neutralized DCAA for 
52 weeks. 

HA: 0/20, 1/20, 4/20, 
10/19*; HC:0/20, 0/20, 
1/20, 1/19; HA or HC: 
0/20, 1/20, 
4/20,11/19* 

54/216 #Bull et al., 2002 

DCAA Male and female 
Tg.AC mice (v-Ha-ras 
transgenic) (10 or 
15/sex/dose/time 
point) 

Drinking water, 0, 0.5, 1 or 2 
g/L (males: 0, 75, 145 or 235 
mg/kg bw per day; females: 0, 
100, 185 or 285 mg/kg bw per 
day) un-neutralized DCAA for 
26 or 41 weeks. 

No dose-related liver 
tumours observed.  
Male mice developed 
alveolar/bronchiolar 
adenomas. 

235/NA NTP, 2007b 

DCAA Male and female p53 
haplo-insufficient 
mice (25/sex/dose) 

Drinking water: 0, 0.5, 1 or 2 
g/L (males: 0, 45, 80 or 145 
mg/kg bw per day; females: 0, 
75, 145 or 220 mg/kg bw per 
day) un-neutralized DCAA for 
26 or 41 weeks. 

No tumours detected. 
P53 haplo-insufficient 
mice generally do not 
respond to other 
chemicals that typically 
induce liver tumours. 

220/NA NTP, 2007b 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

DCAA Male and female 
B6C3F1 mice (30–
48/sex/dose; 26– 
28/sex/dose were 
examined for 
tumours) 

Drinking water, males: 0, 1, 2, 
3.5 g/L (0, 136, 232 and 297 
mg/kg bw per day); females: 
0, 1, 2 g/L (0, 142, 253 mg/kg 
bw per day) neutralized DCAA 
for 10 weeks followed by 
water only for 84 weeks.  

Male: HA: 15/27, 
13/27, 11/27, 15/26*; 
HC: 8/27, 8/27, 6/27, 
19/26*; total liver 
neoplasms: 12/27, 
15/27, 14/27, 24/26*. 
Female: HA: 0/27, 
9/26*, 6/28*; HC: 0/27, 
2/26, 3/28; total liver 
neoplasms: 0/27, 
10/26*, 9/28* 

Males: 
232/297; 
Females: 
NA/142 

Wood et al., 2015 

DCAA Male B6C3F1 mice 
(404 total mice, 
number per 
dose not specified) 

Drinking water, 0 or 3.5 g/L 
neutralized DCAA for 4, 10, 
26, 52, plus 93 weeks 
recovery. Mean DCAA doses 
reported: 429 (4 weeks), 479 
(10 weeks), 423 (26 weeks), 
397 (52 weeks), 377 (93 
weeks) mg/kg bw per day. 

HA: 12/52 (control), 
7/28 (4 weeks), 18/55 
(10 weeks), 22/54 (26 
weeks), 30/54* (52 
weeks), 26/44* (93 
weeks);  
HC: 9/52, 23/28*, 
27/55*, 32/54*, 
35/54*, 41/44*; HA or 
HC: 19/52, 24/28*, 
34/55*, 39/54*, 
49/54*, 44/44* 

 ND Wehmas et al., 
2017 

DCAA Male B6C3F1 mice 
(25–32/dose) 

Initiation and drinking water. 
Initiation: 2.5 µg/kg ENU (i.p. 
injection); 0, 2, or 5 g/L (0, 
400, or 1 000 mg/kg bw per 
day) neutralized DCAA for 61 
weeks.  

HA: 1/22, 22/29*, 
31/32*; 
HC: 1/22, 19/29*, 
25/32* (3/25 animals in 
control group died) 

NA/400 
(limitation: no 
uninitiated 
controls) 

Herren-Freund et 
al., 1987 

DCAA Male B6C3F1 
mice 
(25–32/dose) 

Initiation and drinking water. 
Initiation: 16.4 µg/kg sodium 
acetate (as ENU control); 0 or 
5 g/L (0 or 1 000 mg/kg bw 
per day) neutralized DCAA for 
61 weeks.  

HA: 2/22, 25/26*; 
HC: 0/22, 21/26* (5/27 
animals in control 
group died) 

NA/1000 
(limitation: no 
uninitiated 
controls) 

Herren-Freund et 
al., 1987 

DCAA Female B6C3F1 mice 
(6–39/dose) 

Initiation and drinking water. 
Initiation: 25 mg/kg MNU 
(single i.p. injection); 0, 2.0, 
6.67, or 20 mM (0, 50, 167, or 
468 mg/kg bw per day) 
neutralized DCA for up to 52 
weeks. 

HA: 7/38, 2/8, 1/8, 
16/22*; HC: 4/38, 3/8, 
2/8, 4/22 

167/468 
(limitation: no 
uninitiated 
controls) 

Pereira and Phelps, 
1996 

DCAA Male and female 
B6C3F1 mice (8–
29/sex/dose) 

Initiation and drinking water. 
Initiation: 30 mg/kg MNU 
(single i.p. injection); 0 or 3.2 
g/L (males: 0 or 453 mg/kg bw 
per day; females: 0 or 483 
mg/kg bw per day) 
neutralized DCAA for 31 
weeks.  

Males: HA: 2/8, 21/25*; 
HC: 0/8, 7/25; HA or 
HC: 2/8, 23/25* 
Females: HA: 2/29, 
17/24*; HC: 0/29, 0/24; 
HA or HC: 2/29, 17/24* 

NA/453 
(limitation: no 
uninitiated 
controls) 

Pereira et al., 2001 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

TCAA Male and female 
B6C3F1 mice (10–
35/sex/dose) 

Drinking water, males: 0, 1, or 
2 g/L (0, 164, or 329 mg/kg bw 
per day); females: 0 or 2 g/L 
(0 or 482 mg/kg bw per day) 
neutralized TCAA for 52 
weeks; 11 males in the 2 g/L 
group were treated for 37 
weeks and sacrificed at 52 
weeks (recovery group). 

Males: HA: 0/35, 2/11, 
1/11;  
HA: 0/35, 2/11, 4/11* 
Females: no tumours 

Not all mice 
were 
examined 
histologically; 
males: HA: 
164/329; 
females no 
tumours 

Bull et al., 1990 

TCAA Male B6C3F1 mice 
(number not 
specified) 

Drinking water, 0 or 4.5 g/L (0 
or 583 mg/kg bw per day) 
neutralized TCAA for 94 
weeks. 

HA: 0%, 43.3%*; HC: 
12.3%, 72.8%*; HA 
and/or HC: 11.4%, 
86.7%* 

Only 
percentages 
reported 

U.S. EPA, 1991 

TCAA Male B6C3F1 mice 
(number not 
specified) 

Drinking water, 0 or 4.5 g/L (0 
or 1 080 mg/kg bw per day) 
neutralized TCAA for 104 
weeks. 

HC: 19%, 73.3% Only 
percentages 
reported, no 
statistical 
analysis 

Ferreira Gonzalez 
et al., 
1995 

TCAA Female B6C3F1 mice 
(18–90/dose) 

Drinking water, 0, 2, 6.67, or 
20 mM (0, 44, 155, or 453 
mg/kg bw per day) TCAA for 
360 or 576 days. 

360 days: HA: 1/40, 
3/40, 3/19, 2/20; HC: 
0/40, 0/40, 0/19, 
5/20*; 576 days: HA: 
2/90, 4/53, 3/27, 
7/18*; HC: 2/90, 0/53, 
5/27*, 5/18* 

360 days: 
155/453;  
576 days: 
44/155 

Pereira, 1996 

TCAA Male F344/N rats 
(50/dose) 

Drinking water, 0, 0.05, 0.5, or 
5 g/L (0, 3.6, 32.5, or 364 
mg/kg bw per day) 
neutralized TCAA for 104 
weeks. 

HA: 1/23, 1/24, 3/20, 
1/22; HC: 0/23, 0/24, 
0/20, 1/22 

NA/364 DeAngelo et al., 
1997 

TCAA 
AA 

Male B6C3F1 mice 
(20/dose) 

Drinking water for 52 weeks. 
Exp1: 0, or 2 g/L (0 or 238 
mg/kg bw per day) 
neutralized TCAA. Exp2: 0, 0.5, 
or 2 g/L (0, 55, or 238 mg/kg 
bw per day) neutralized TCAA. 

Exp1: Hepatic nodules, 
HA and HC: 4/12, 
33/40*; Exp2: HA: 0/20, 
5/20, 6/20; HC: 0/20, 
3/20, 3/20; HA and HC: 
0/20, 6/20*, 8/20* 

NA/55 Bull et al., 2002 

TCAA Male B6C3F1 mice; 
Exp1: 30/dose; Exp2: 
75/dose; Exp3: 
72/dose 

Drinking water. Exp1: 0, 0.05, 
0.5, or 5 g/L (0, 7.7, 68.2, or 
602.1 mg/kg bw per day) 
neutralized TCAA for 60 
weeks; controls received 2 g/L 
sodium chloride. Exp2: 0 or 
4.5 g/L (0 or 572 mg/kg bw 
per day) neutralized TCAA for 
104 weeks; controls 
received1.5 g/L neutralized 
acetic acid. Exp3: 0, 0.05, or 
0.5 g/L (0, 6.7, or 81.2 mg/kg 
bw per day) neutralized TCAA 
for 104 weeks; controls 
received deionized water. 

Exp1: HA and/or HC 45-
60 weeks: 4/35, 5/32, 
12/34*, 19/34*; HA 
and/or HC 60 weeks: 
4/30, 4/27, 11/29*, 
16/29*. Exp2: HA: 0/25, 
21/36*; HC: 3/25, 
28/36*; HA and/or HC: 
3/25, 32/36*. Exp3: HA 
and/or HC 52-104 
weeks: 31/56, 21/48, 
36/51; HA and/or HC 
104 weeks: 27/42, 
19/35, 32/36* 

Exp1: 7.7/68.2; 
Exp2: NA/572;  
Exp3: 6.7/81.2 

#DeAngelo et al., 
2008 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

TCAA Male B6C3F1 mice 
(23–33/dose) 

Initiation and drinking water 
for 61 weeks. Exp1: Initiation 
2 µl/g sodium acetate as ENU 
control (single i.p. injection); 0 
or 5 g/L (0 or 1 g/kg bw per 
day) neutralized TCAA. Exp2: 
initiation: 2.5 µg/kg ENU 
(single i.p. injection); 0, 2 or 
5 g/L (0, 0.4 or 1 g/kg bw per 
day) neutralized TCAA. Exp3: 
initiation: 10 µg/kg ENU 
(single i.p. injection); 0 or 5 
g/L (0 or 1 g/kg bw per day) 
neutralized TCAA. 

Exp1: HA: 2/22, 8/22*; 
HC: 0/22, 7/22*. Exp2: 
HA: 1/22, 11/33*, 
6/23*; HC: 1/22, 
16/33*, 11/23*. 
Exp3: HA: 9/23, 11/28; 
HC: 9/23, 15/28 

Exp1: TCAA 
acted as a 
complete 
carcinogen; 
LOAEL 1000; 
Exp2: LOAEL 
400; Exp3: NA  

Herren-Freund et 
al., 1987 

TCAA Male and female 
B6C3F1 mice (8–
29/dose) 

Initiation and drinking water. 
Initiated with 30 mg/kg MNU 
(i.p. injection); 0 or 4.0 g/L 
(females: 0 or 0.96 g/kg bw 
per day, males: 0 or 1 g/kg bw 
per day) neutralized TCAA for 
31 weeks. 

Females: HA: 2/29, 
2/14; HC: 0/29, 4/14; 
HA and HC: 2/29, 6/14. 
Males: HA: 2/8, 12/16; 
HC: 0/8, 10/16*; HA 
and HC: 2/8, 13/16*; 
renal tumours (cystic 
adenomas, tubular cell 
carcinomas): 0/8, 
14/16* 

NA/1000 Pereira et al., 2001 

TCAA Female B6C3F1 mice 
(20– 
30/dose) 

Initiation and drinking water. 
Initiation 25 mg/kg MNU (i.p. 
injection); 0, 6 or 25 mM 
neutralized TCAA for 44 
weeks. 

HA: not reported; HC: 
0/29, 0/20, 4/29 

NA Pereira et al., 1997 

TCAA Female B6C3F1 mice 
(6– 
40/dose) 

Initiation and drinking water 
for 52 weeks. Exp1: Initiation 
(i.p. injections) 4 ml/kg MNU 
control; 0, 2, 6.67 or 20 mM 
(0, 78, 262 or 784 mg/kg bw 
per day) neutralized TCAA. 
Exp2: Initiation 25 mg/kg 
MNU (i.p. injection); 0, 2, 6.67 
or 20 mM (0, 78, 262 or 784 
mg/kg bw per day) 
neutralized TCAA. 

Exp1: HA: 1/40, 3/19, 
3/19, 2/40; HC: 0/40, 
0/19, 0/19, 5/40*. 
Exp2: HA: 7/38, 3/10, 
5/6*, 15/22*; HC: 4/38, 
0/10, 5/6*, 18/22* 

Exp1: 262/784; 
TCAA acted as 
a complete 
carcinogen; 
Exp2: 78/262  

Pereira and Phelps, 
1996a 
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HAA Species, sex, number Exposure: Route, dose and 
duration    

Response: Tumour 
type and 
incidence/number of 
animals 

NOAEL/LOAEL 
mg/kg bw per 
day 

Reference   

DBAA Male or female 
Fischer 344 rats and 
B6C3F1 mice (50/ 
dose) 

Drinking water, 0, 50, 500 or 
1 000 mg/L (0, 2, 20 or 40 
mg/kg bw per day for male 
rats; 0, 2,25 or 45 mg/kg bw 
per day for female rats; 0, 4, 
45 or 87 mg/kg bw per day for 
male mice; and 0, 4, 35 or 65 
mg/kg bw per day for female 
mice) DBAA for 2 years.  

Male mice: HA: 18/49, 
37/50*, 37/50*, 
42/50*; HC: 14/49, 
9/50, 19/50, 26/50*. 
HA or HC: 28/49, 
41/50*, 42/50*, 
47/50*; hepatic cystic 
degeneration in male 
rats. Alveolar epithelial 
hyperplasia in female 
rats. Male mouse 
response was greater 
than rat and female 
mice. 

4/45 #NTP, 2007a 

BCAA Female F344/N rat; 
male and female 
B6C3F1 mice 
(50/dose) 

Drinking water for 2 years. 
BCAA 0, 250, 500, 1 000 mg/L 
(Rats: 0, 13, 25, 50 mg/kg bw 
per day; male mice: 0, 25, 50, 
90 mg/kg bw per day; female 
mice: 0, 15, 30, 60 mg/kg bw 
per day. 

Rats: adenoma of large 
intestine at 50, multiple 
fibroadenomas of 
mammary gland at 25 
and 50, trend for HA. 
Male mice: adenomas 
at 25 and 50, 
carcinomas at 50 and 
90, adenomas and 
carcinomas combined 
at all doses, 
hepatoblastoma at all 
doses. Also reduced 
survival. Female mice: 
adenomas at all doses, 
carcinomas at 30, 
combined at all doses. 

Rat: 13/25; 
mice male: 
NA25; female 
mice: NA/15  

#NTP, 2009  

BDCAA Female and male 
F344/Ntac rats 
(50/dose); male and 
female B6C3F1 mice 
(66/dose) 

Drinking water: BDCAA 0, 250, 
500, 1 000 mg/L (male rats: 0, 
11, 21, 43 mg/kg bw per day; 
female rats 0, 13, 28, 57 
mg/kg bw per day for 104 
weeks; mice: 0, 23, 52, 108 
mg/kg bw per day for males 
and 0, 17, 34, 68 for females) 
for 105 weeks. 

Rats: Not statistically 
significant but 
biologically significant 
since they are not 
found in historical 
controls, including 
brain glioma and 
oligodendroglioma. 
Mice: Males: HC ≥ 23 
mg/kg bw per day, HB ≥ 
23 mg/kg bw per day, 
and combined but only 
at 23 and 108 mg/kg 
bw per day; females: 
HA ≥ 17 mg/kg bw per 
day, HC ≥ 34 mg/kg bw 
per day, HB 68 mg/kg 
bw per day and 
combined at ≥ 17 
mg/kg bw per day. 

Rats: none; 
mice: males: 
NA/23; 
females: 
NA/17 

#NTP 2015   
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BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; DBAA – Dibromoacetic acid; DCAA – dichloroacetic acid; 
ENU – N-ethyl-N-nitrosourea; Exp – experiment; HA – hepatocellular adenoma; HB – hepatoblastoma; HC – hepatocellular 
carcinoma; i.p. – intraperitoneal injection; LOAEL – lowest observed adverse effect level; MCAA – monochloroacetic acid; MNU 
– N-methyl-N-nitrosourea; N – number; NA – not available NOAEL – no observed adverse effect level; TCAA – trichloroacetic 
acid; * – statistically significant; # indicates key study (see section 2.5 selection of key study and section 3.0 derivation of HBV). 
Bromodichloroacetic acid, bromoiodoacetic  acid, chloroiodoacetic acid, diiodoacetic acid, monobromoacetic acid, 
monoiodoacetic acid, tribromoacetic acid: No studies on carcinogenicity found.  
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Appendix F: Mixture Analysis  
 

In drinking water, HAAs often occur as a mixture with each other and other DBPs. Based on the 
toxicity database for mixtures of HAAs, the pathway for mixture assessment is not clearly 
evident (Table F1). Therefore, a “Combined Exposure to Multiple Substances (Mixture) Risk 
Assessment” (adapted from WHO [2017a] and EFSA [2019]) for people in Canada orally exposed 
to HAAs through drinking water was conducted to: 
 

• organize and consider all relevant information for human mixture risk assessment in a 
systematic, iterative, and “fit-for-purpose” way 

• provide a rationale for considering HAAs individually or in (sub)groups for risk assessment 
and management 

• prioritize substances for further testing (by highlighting areas of uncertainty and identifying 
critical data needs)  

• identify potential data-filling tools (for example, read-across, trend analysis, new approach 
methods [NAMs]) for data poor substance  

• determine a risk estimate for risk management 
 

Relevant information on exposure, kinetics, health effects, MOAs and HBVs from sections 1.0–
3.1 are integrated and compared to support the mixture risk assessment of HAAs (Table F2).  

 
Problem formulation 
 
The first step in the mixture risk assessment uses problem formulation to consider if a mixture 
risk assessment is appropriate, given the goal of the assessment and define assessment 
grouping(s). 

• Is the nature of exposure known? Yes. The mixture is component-based and includes 
13 different types of HAAs including nine chlorine and bromine-containing mono-, di-, or tri-
HAAs and four iodine-containing acetic acids. Monitoring data for these substances in 
drinking water are available from all provinces and territories. DCAA and TCAA had the 
highest detection rates and concentrations across Canada, while MBAA and DBAA had the 
lowest. BCAA concentrations varied considerably, and thus are expected to occasionally 
increase HAA6 concentrations compared to HAA5 concentrations. Similarly, TBAA, CDBAA 
and BDCAA are also expected to occasionally increase HAA9 concentrations compared to 
HAA6. I-HAA compounds had very low detection rates. HAAs are long lived in water. 

• Is co-exposure likely given the context? Yes. All HAAs are by-products of the disinfection of 
drinking water. Consequently, they are routinely found together in drinking water and co-
exposure is likely 

• Is co-exposure likely within a relevant timeframe?  
o External co-exposure: Yes. Since HAAs are highly soluble in water and routinely found 

together in drinking water, external co-exposure during a similar timeframe is likely. 
However, bromine treatment is not expected at the same time as chlorine treatment; 
one is usually selected over the use of the other. 
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o Internal co-exposure: Yes. Internal co-exposure is likely through the ingestion of water. 
Mono-, di- and tri-HAAs are rapidly absorbed and widely distributed internally. 
However, there are differences in plasma protein binding, metabolism, and clearance 
that could be used to support separating substances into subgroups (Table F2); the 
trends appear consistent across species (human, mouse and rat). 

o Biomonitoring: No data available.  

• Is there a rationale for considering the substances in an assessment group based on 
hazard? Yes. Overall, HAAs have similar use but their structure, kinetics, health effects 
(common target tissues and carcinogenicity) and MOAs vary depending on the substitution 
type or number (Table F2). Kinetic and carcinogenicity data indicate that the bromine-
containing HAAs have a higher metabolism and toxicity than chlorine-containing HAAs. HAAs 
that contain at least two halogens (one of which is a bromine) induce liver tumours in mice, 
malignant mesotheliomas in rats, and extrahepatic tumours in mice and rats. Conversely, no 
extrahepatic tumours were induced by the chlorine containing HAAs. The carcinogenic MOA 
is dependent on the HAA speciation (chlorine vs. bromine vs. iodine). Br-HAAs have a greater 
potential for direct-DNA genotoxic MOA, while the carcinogenetic MOA of Cl-HAAs is non-
direct DNA (epigenetic, and/or altered energy metabolism). I-HAAs are also potentially 
direct-DNA genotoxic. Since the HAAs do not share a common carcinogenic MOA, it is 
recommended to group them by their carcinogenic MOA, direct-DNA or non-direct DNA. 

 
Mixture risk assessment: Based on the problem formulation, a mixture risk assessment is 
appropriate for subgroups of HAAs, rather than all 13 HAAs together. It is not reasonable to 
assume that MOAs for all HAAs are the same and, therefore, the simple dose addition hazard 
index approach is not appropriate. HAAs should be sub-grouped based on their carcinogenic 
MOAs (direct-DNA or non-direct DNA). Exposure and hazard information should be considered 
by an iterative and tiered approach, then compared for risk characterization using a response 
addition method. Two response addition methods for combining the exposure and hazard 
information for the mixture of HAAs could be used. The first method is simple and conservative 
by assuming that the HAAs within each subgroup have equivalent potencies to the most toxic 
member (IC and then adding the total exposures measured for each HAAs within the subgroup). 
This total exposure value is then compared to the HBV for the subgroup IC. The second CRPF 
method derives ICEDs for each subgroup HAA component before adding them. The U.S. EPA 
(2003c; Evan et al., 2020) also used this approach for risk assessment of drinking-water DBP 
mixtures (HAA and THMs). Briefly: 
1. Components of the mixture were grouped into subgroups based on their MOA (direct DNA-

reactive or non-direct DNA-reactive). 
2. Relative potency factors (RPFs) were derived for all HAAs components in each subgroup 

relative to an IC (DBAA or DCAA). The potencies are the HEDs derived in section 3.1 from 
dose-response curves (meeting assumption of similarly shaped dose-response curves within 
the exposure region of interest) using the same benchmark response (10%). The RPF for 
each component HAA in the subgroup is calculated by HEDIC divided by the HEDcomponent HAA. 
If an RPF can not be calculated for a component HAA in the subgroup, a surrogate 
component can be used (for example, the IC itself). Assumption: The mixture toxicity is 
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equivalent to the toxicity of its most potent or most studied component, scaled by relative 
exposure (next step). 

3. An ICED for each component in a subgroup is calculated by the component exposure 
multiplied by the component RPF.   

4. A subgroup ICED is the sum of all the component ICEDs within each subgroup. The subgroup 
ICED can then be compared to the HBV of the IC. If the subgroup ICED < HBV of the IC, then 
the combined risk is considered acceptable. If necessary, the subgroup ICED could be 
multiplied by the slope factor of the IC to obtain a subgroup risk estimate. If desired, the 
total mixture average cancer risk estimate can be derived by adding the subgroup risks.  

5. Example calculations and results are summarized in Table F3. 
 
The CRPF method derives ICEDs for each subgroup. The subgroup ICED can then be compared 
to the HBV of the IC for each subgroup. If the subgroup ICED < HBV of the IC, then the 
combined risk is considered acceptable.  

 
For the direct DNA-reactive subgroup, the HBV of the IC (DBAA) is 0.003 mg/L, and for the non-
direct DNA-reactive subgroup, the HBV of the IC (DCAA) is 0.07 mg/L.  

 
Assumptions/Limitations/Uncertainties: For exposure, not all compounds are measured by all 
jurisdictions and individual differences in exposure are not accounted for. Assumptions: 
Response addition, no interactions, stable mixture, HAAs are 100% bioavailable. Uncertainties: 
Hazard database is not adequate for all components, lack of HBVs for two HAAs (use of 
surrogates), knowledge of human relevance is deficient. Limitations: Reliance on the quality of 
the toxicological database of the IC. Labour intensive for chemicals that do not have defined 
scaling/potency factors.  
 
Advantages and potential future considerations: Accounts for the potency of different groups 
of chemicals present in the mixture. This approach can accommodate other DBPs for which 
fewer toxicity data exist. Although in vivo data may not be available, RPFs can be derived using 
other measures of potency (for example, in vitro genotoxicity data, in vitro development data 
from section 2.3.2, or I-HAA qIVIVE data from Table 13, provided that the data are relevant to 
the endpoint of interest and also exist for the IC. DBP assessment could be broadened to take 
into account dermal, oral, and inhalation exposure routes, and patterns of human behaviour 
that affect water usage and contact time with the drinking water. Refined PBPK models could 
be useful to derive internal estimates of exposure for the assessment. Probabilistic hazard 
estimate data from new approach methods could be included (for example, qIVIVE data from I-
HAAs; section 2.5) for chemicals that lack data. The assessment of combined exposure to a 
mixture of THMs and HAAs in drinking water could be considered using this approach.  
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Table F1. Mixtures of haloacetic acids (HAAs): Studies in experimental 
animals 
 

HAAs 

(Study type) 

NOAEL/LOAEL 

(mg/kg per day) 
Method 

Critical effect(s) 

(mg/kg bw per day) 
Reference 

DCAA + TCAA 

 

(Subchronic) 

ND/ 

7.5:12.5 

DCAA:TCAA 

Mice, male B6C3F1 

(8/dose), gavage 7.5:12.5 

(mix I), 15:25 (mix II) or 

30:50 (mix III) DCAA:TCAA 

mg/kg per day for 13 

weeks.  

≥ 7.5:12.5 DCAA:TCAA 

Significant and dose-dependent increases in 

markers of superoxide anion formation, lipid 

peroxidation and DNA single strand breaks. 

Mix I and II: Additive for all endpoints. 

Mix III: Additive for superoxide anion formation; 

greater than additive for lipid peroxidation and 

DNA single strand breaks. 

Hassoun et 

al., 2014 

DCAA + TCAA 

 

(Subchronic) 

ND/ 

7.5:12.5 

DCAA:TCAA 

Mice, male B6C3F1 

(6/group) gavaged 

7.5:12.5 (mix I), 15:25 

(mix II) or 30:50 (mix III) 

DCAA + TCAA mg/kg per 

day for 13 weeks.  

≥ 7.5:12.5 DCAA:TCAA 

Significant increases in superoxide anion 

formation, myeloperoxidase activity, and tumor 

necrosis factor alpha levels in the peritoneal lavage 

cells. For all endpoints, mix II was significantly 

higher than mix I, but not significantly different 

from mix III. 

Mix I and II: Additive effect on phagocytic 

activation. 

Mix III: Less than additive effect on phagocytic 

activation. 

Hassoun et 

al., 2013 

BCAA + DBAA 

 

(Reproductio

n) 

ND/ 

1.6:2 BCAA:DBAA 

Rats, male Sprague-

Dawley (8/group) gavaged 

1.6:2 mg/kg BCAA:DBAA 

or 4:5 mg/kg BCAA:DBAA 

for 14 days. 

≥ 1.6:2 BCAA:DBAA 

Significant decrease in SP22 sperm protein 

(additive). 

 

Kaydos et 

al., 2004 

HAA5 

(Reproductio

n/ 

development) 

ND/44 Rats, F344 pregnant 

females (9–17/dose) 

gavaged with proportional 

mixtures (MCAA, DCAA, 

TCAA, MBAA, DBAA) low 

44 (1, 18, 16, 7, 2), mid 88 

(2, 36, 32, 14, 4) or high 

176 (4, 72, 64, 28, 8) 

mg/kg bw per day in 

castor oil from GD 6–20. 

≥ 44: increased pups/litters with eye defects 

≥ 88: maternal toxicity (decreased weight gain GD 

6–7, piloerection); increased pregnancy loss; 

increased full-litter resorption  

176: due to severe toxicity dosing discontinued on 

GD 11; single remaining pregnant dam delivered 

all dead pups 

Narotsky et 

al., 2011 

HAA5 + THM4 

 

(Reproductio

n/ 

development) 

ND/44.25 Rats, F344 pregnant 

females (10–19/dose) 

gavaged with proportional 

mixtures (MCAA, DCAA, 

TCAA, MBAA, DBAA, 

THM4) low 44.25 (0.5, 9, 

8, 3.5, 1, 22.25), mid 88.5 

(1, 18, 16, 7, 2, 44.5) or 

high 177 (2, 36, 32, 14, 4, 

89) mg/kg bw per day in 

castor oil from GD 6 to 20. 

≥ 44.25: significant weight loss after 1st dose; 

significantly reduced body weight gains during GD 

6–20; prenatal loss significantly increased; 

repeated blinking after 1st dose; ocular reactions 

(squinting, blinking, ptosis) after 2nd, 3rd, or 4th 

doses; dose-related piloerection 

≥ 88.5: pregnancy loss; full-litter resorption 

177: high carriage in 5/11 animals; 2/11 dead 

Note: The addition of THMs to HAA5 seemed to 

ameliorate HAA-induced eye defects. This may be 

due to inhibition of CYP2E1 or competition for 

CYP2E1. 

Narotsky et 

al., 2011 

HAA5 + THM4 

 

70 mg/L / 

140 mg/L 

Rats, Sprague-Dawley 

pregnant females 

≥ 70 mg/L: post-weaning water consumption 

reduced 

Narotsky et 

al., 2015 
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HAAs 

(Study type) 

NOAEL/LOAEL 

(mg/kg per day) 
Method 

Critical effect(s) 

(mg/kg bw per day) 
Reference 

(Reproductio

n/ 

development) 

(parental, F1 and F2 

generations; 25 parental 

rats/dose) given 

proportional mixtures 

(MCAA, DCAA, TCAA, 

MBAA, DBAA, THM4) in 

their drinking water at: 70 

mg/L (7.04, 13.52, 6.85, 

0.82, 1.77, 40 mg/L) 140 

mg/L (14.07, 27.03, 13.71, 

1.64, 3.54, 80 mg/L), or 

280 mg/L (28.15, 54.06, 

27.42, 3.28, 7.09, 160 

mg/L), proportional to 0, 

500x, 1000x or 2000x U.S. 

EPA’s MCLs, from GD 0 to 

PND 6 of the F2 

generation. 

≥ 140 mg/L: maternal water consumption reduced; 

F1 pup weights unaffected at birth but reduced on 

PND 21; onset of puberty delayed 

280 mg/L: F1 pup weights unaffected at birth but 

reduced on PND 6; post-weaning F1 body weights 

reduced; significantly increased incidence of 

retained nipples and compromised sperm motility 

in males; nephropathy and adrenal cortical 

pathology in parental dams 

Notes: F1 estrous cycles and fertility were 

unaffected. F2 litters showed no effects on pup 

weights or survival. Reduced maternal water 

consumption during lactation may have 

contributed to reduced pup weights. 

BCAA + DBAA 

 

(Developmen

t; in vitro) 

ND/ 

85:100 µM 

BCAA:DBAA 

GD 9.5 rat embryo culture 

(7–24/dose) exposed to 

85:100 µM BCAA:DBAA or 

128:171 µM BCAA:DBAA 

for 48 hours. 

≥ 85:100 µM BCAA:DBAA: significantly 

dysmorphogenic; significantly reduced somite 

number; significantly reduced developmental 

score 

Note: Embryo toxicity appears to be additive. 

Andrews et 

al., 2004 

BCAA + DCAA 

 

(Developmen

t; in vitro) 

ND/ 

85:1075 µM 

BCAA:DCAA 

GD 9.5 rat embryo culture 

(27–31/dose) exposed to 

85:1075 µM BCAA:DCAA 

or 128:1700 µM 

BCAA:DCAA for 48 hours. 

 

 

≥ 85:1075 µM BCAA:DCAA: significantly 

dysmorphogenic; significantly reduced somite 

number; significantly reduced crown-rump length; 

significantly reduced developmental score 

128:1700 µM BCAA:DCAA: significantly reduced 

head length 

Note: Embryo toxicity appears to be additive. 

Andrews et 

al., 2004 

DBAA + DCAA 

 

(Developmen

t; in vitro) 

ND/ 

100:1075 µM 

DBAA:DCAA 

GD 9.5 rat embryo culture 

(14–23/dose) exposed to 

100:1075 µM DBAA:DCAA 

or 171:1700 µM 

DBAA:DCAA for 48 hours. 

≥ 100:1075 µM DBAA:DCAA: significantly 

dysmorphogenic; significantly reduced somite 

number; significantly reduced developmental 

score 

171:1700 µM DBAA:DCAA: significantly reduced 

crown-rump length 

Note: Embryo toxicity appears to be additive. 

Andrews et 

al., 2004 

BCAA + DBAA 

+ DCAA 

 

(Developmen

t; in vitro) 

ND/ 

56.7:66.6:717 µM 

BCAA:DBAA:DCAA 

GD 9.5 rat embryo culture 

(12–26/dose) exposed to 

56.7:66.6:717 µM 

BCAA:DBAA:DCAA or 

85:114:1133 µM 

BCAA:DBAA:DCAA for 48 

hours. 

≥ 56.7:66.6:717 µM BCAA:DBAA:DCAA: 

significantly dysmorphogenic; significantly reduced 

somite number; significantly reduced 

developmental score 

Note: Embryo toxicity appears to be additive. 

Andrews et 

al., 2004 

BCAA – bromochloroacetic acid; DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; HAA – haloacetic acid; HAA5 – 
monochloroacetic acid, DCAA, TCAA, monobromoacetic acid and DBAA; GD – gestation day; LOAEL – lowest observed adverse 
effect level; MCL – maximum contaminant level; ND – not determined; NOAEL – no observed adverse effect level; PND – pre-
natal day; TCAA – trichloroacetic acid; THM4 – chloroform, bromodichloromethane, dibromochloromethane and bromoform.  
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Table F2. Integration and comparison of data for mixture assessment 
 

Category MCAA DCAA TCAA MBAA DBAA TBAA BCAA CDBAA BDCAA I-HAAs Mixture 

Structure  
 

Chloro- 
(mono-
HAA) 

Chloro- 
(di-
HAA) 

Chlor
o- 
(tri-
HAA) 

Bromo- 
(mono-
HAA) 

Bromo- 
(di-
HAA) 

Brom
o-  
(tri-
HAA) 

Brom
o- 
Chlor
o- 
(di-
HAA) 

Bromo
- 
Chloro
- 
(tri-
HAA) 

Bromo
- 
Chloro
- 
(tri-
HAA) 

Iodo- 
(mono-
or di-
HAA) 

 
 
 
mixed 

Potential 
for co-
exposure 
(section 
1.0) 

 Low-
moder
ate  

High   High  Low-
modera
te  

Low-
high  

 Low   Low-
high  

Moder
ate-
high  

High   Very 
low  

HAA5 and HAA6 more commonly 
measured than HAA9. Long-lived in 
water 

Internal 
potential 
for co-
exposure 
(section 
2.1 
Kinetics; 
no 
biomonit
oring 
data) 
 
 

A: 
rapid, 
high 
BA 
D: 
rapid, 
wide, 
high 
protein 
binding 
M: 
glutath
ione 
conjug
ation 
E: 
urine  
 

A: 
variabl
e, high 
BA 
D: 
wide, 
low 
plasma 
protein 
binding 
M: 
high, 
GST-ζ, 
DCAA 
to 
MCAA 
E: 
urine 
t1/2 in 
rats 
2.40 
hrs, 
large 
human 
interin
dividua
l 
variatio
ns, 
plasma 
t1/2 20-
36 
minute
s  
 
 

A: 
high 
BA, 6 
hrs; 
D: 
wide, 
med 
plasm
a 
protei
n 
bindi
ng; 
Vd 
huma
n 
lower  
M: 
least, 
some 
TCAA 
to 
DCAA 
E: 
huma
n 
slowe
r than 
roden
t; t1/2 

2-6 
days 
huma
n, 
most 
elimi
nated 
unch
ange
d 
 
 

A: rapid 
D: rapid 
M: 
rapid 
E: rapid 
(not 
detecte
d in 
plasma 
1 
minute 
after 
oral 
dose) 
 

A: 
lower 
BA; 1.2 
hrs  
D: no 
sig 
BioA, 
low 
plasma 
protein 
binding
, 
Vd 400; 
M: 
GST-ζ 
(inhibit
s own 
M) 
E: rapid 
t1/2 0.72 
hrs 

A: 
med 
BA; 
1.1 
hrs  
D: 
wide, 
low 
BioA; 
highe
r 
plasm
a 
protei
n 
bindi
ng 
M: 
rapid, 
TBAA 
to 
DBAA 
(in 
vitro) 
E: t1/2 

0.58 
hrs 

A: 
med 
BA; 
1.2 
hrs; 
D: 
wide, 
low 
BioA; 
low 
plasm
a 
protei
n 
bindi
ng 
M: 
GST-ζ 
(inhib
its 
own 
M)  
E: 
rapid 
cleara
nce 
from 
blood 
due 
to 
biotra
nsfor
matio
n; 
t1/2: 
3.93 
hrs   

A: high 
BA; 1.7 
hrs; 
D: 
wide, 
low 
BioA; 
med 
plasma 
protei
n 
bindin
g 
M: 
rapid 
P450 
CDBAA 
to 
BCAA 
(in 
vitro) 
E: t1/2 
1.26 
hrs 

A: high 
BA; 0.7 
hrs; 
D: 
wide, 
low 
BioA; 
med 
plasma 
protei
n 
bindin
g 
M: 
rate 
mouse 
> rats; 
metab
olites: 
oxalat
e, 
glycola
te, 
glyoxyl
ate 
and 
DCAA 
E: 
urine 
rats > 
mice, 
t1/2 

1.4–
1.85 
hrs 

D: 
rapidly 
to 
organs 
rich in 
SH 
groups 
such as 
thyroid 
and 
liver 
 
 

• Mono-HAAs (MCAA and MBAA) A, 
D, M, E: rapid; (MCAA and MIAA) D: 
to organs rich in SH groups. 

• Di-HAAs (DCAA, DBAA and BCAA): A: 

rapid; low plasma protein binding. 
Vd not diff among di-HAAs; GST-ζ 
metabolism in cytosol to glyoxylic 
acid; (BCAA > DCAA > DBAA); 
dehalogenation to mono-HAAs is a 
minor pathway; DCAA, BCAA, DBAA 
irreversibly inhibit GST-ζ. 

• Tri-HAAs (TCAA, TBAA, CDBAA and 
BDCAA) A, D, M, E: rapid; maximum 
blood concentrations ~1.5–6 times 
greater for tri-HAAs than di-HAAs; 
P450 metabolism in microsomes to 
di-HAAs; TCAA is the least 
metabolized HAA. 

• Trends in rate of metabolism and 
clearance: mice > rats > humans; 
increases as the number of bromines 
increases (TBAA > CDBAA > BDCAA) 
and all brominated tri-HAAs are 
metabolized to the di-HAA and is 
consistent across species (Larson and 
Bull, 1992; Tong et al., 1998; 
Gonzalez-Leon et al., 1999; Schultz et 
al., 1999; Saghir et al., 2011). 

• Pre-treatment with DCAA or TCAA 
may alter the metabolism and 
clearance of BDCAA, DCAA and 
BCAA. 

Metabolism (some limited): TCAA to 
DCAA, DCAA to MCAA, TBAA to DBAA, 
CDBAA to BCAA and BDCAA to DCAA. 
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Category MCAA DCAA TCAA MBAA DBAA TBAA BCAA CDBAA BDCAA I-HAAs Mixture 

Critical 
health 
effects  
animal- 
non-
cancer 
 
 

Liver, 
kidney 
and 
heart, 
testis; 
system
ic tox-
rat 

Liver, 
kidneys
, 
spleen, 
brain 
and 
nervou
s 
system
, male 
reprod
uctive 
system 
and 
fetus 

Liver, 
kidne
ys, 
femal
e 
repro
ducti
on 
and 
fetal 
devel
opme
nt  

Limited 
databas
e; 
develop
mental 
effects 

Limited 
databa
se; 
male 
repro, 
liver, 
neuro 

Limit
ed 
datab
ase; 
weak 
kidne
y and 
devel
opme
nt 
effect
s 

Targe
ts 
includ
ed 
the 
liver, 
kidne
y, 
repro
ductiv
e and 
devel
opme
ntal 
syste
ms 

Limite
d 
databa
se; 
male 
repro 
effect 

Liver, 
kidney 
and in 
fetus 
(e.g., 
heart, 
eye 
defect
s) 

MIA 
caused 
reprod
uctive, 
develo
pment
al and 
endocri
ne 
effects 

Toxicity trends: Cl- << Br- < I-HAAs; 
Mono- > di- > tri-HAAs (except MCAA) 

Early 
event in 
cancer 
MOA   

not-
dG; EM 

not-
dG; EPI 
and 
EM 

not-
dG; 
EM, 
EPI 
PPAR 

 dG-?; 
EM 

dG; EM 
PPAR, 
EPI 

dG-?; 
EM 
(in 
vitro)  

 dG-?; 
EM 
(in 
vitro) 

 dG-?, 
EM (in 
vitro) 

dG-?,  
EM (in 
vitro) 

 dG, 
EM (in 
vitro)  

Likely molecular initiating event: react 
with SH group to form ROS (indirect 
genotoxicity; Stalter et al., 2016). 

• Mono-HAAs: disruption of energy 
metabolism by GAPDH inhibition; di- 
and tri-HAAs are weak GAPDH 
inhibitors (Dad et al., 2018). 

• Di-HAAs: GST-ζ metabolism in 
cytosol to glyoxylic acid; BCAA > 
DCAA > DBAA. 

• TCAA: strongest PPARα agonist.  

Directly genotoxic (dG): potential 
iodinated and brominated HAAs > 
chlorinated HAAs. 

HED 
mg/kg 
bw per 
day 

0.92 0.50 0.85 ND 0.57 ND 1 ND 0.87 ND HAA9 are expected to behave as 
expected under additivity (Yeatts et 
al., 2010); DCAA and TCAA on lipid 
peroxidation and single strand DNA 
breaks were greater than additive at 
certain HAA levels (Hassoun et al., 
2014). 

HBV 
(mg/L) 

0.12  0.07   0.11 ND 0.0025   ND 0.005 ND 0.004  ND HAA9 are expected to behave as 
expected under additivity (Yeatts et 
al., 2010); DCAA and TCAA on lipid 
peroxidation and single strand DNA 
breaks were greater than additive at 
certain HAA levels (Hassoun et al., 
2014). 

A – absorption; BA – bioavailability; BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; BioA – 
bioaccumulation; CDBAA – chlorodibromoacetic acid; D – distribution; DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; 
dG – direct DNA genotoxic; E – elimination; EM – altered energy metabolism; EPI – epigenetic; HAAs – haloacetic acids; HAA5 – 
MCAA, DCAA, TCAA, MBAA and DBAA; HAA6 – HAA5 plus BCAA; HAA9 – HAA6 plus TBAA, CDBAA and BDCAA; hrs – hours; I – 
iodinated; M – metabolism; MBAA – monobromoacetic acid; MCAA – monochloroacetic acid; MOA – mode of action; ND – not 
determined; not-dG – non-direct DNA genotoxic; PPAR – peroxisome proliferator-activated receptor; ROS – reactive oxygen 
species; SH – sulfhydryl; sig – significant; t1/2 – half-life; TBAA – tribromoacetic acid; TCAA – trichloroacetic acid; Vd – volume of 
distribution; ? – unknown. 
 

Table F3. Combined relative potency factor (CRPF) response addition  
 

HAA 
HED 

(mg/kg bw 
per day) 

RPF 
(HEDIC/HEDcomp

onent HAA) 

Exposure 
examplea  

(μg/L) 

ICED (μg/L) 
Component 

Exposure*RPF 

ICED (μg/L) 
Subgroup Sum of 

components 
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Direct DNA-reactive 
subgroup 

N/A N/A N/A N/A 
0.95 

 

DBAAic 0.57 1 0.2 0.20 N/A 

MBAA NA 1 0.1 0.10 N/A 

TBAA NA 1 0.1 0.10 N/A 

BCAA 1 0.57 0.5 0.29 N/A 

CDBAA NA 1 0.3 0.30 N/A 

BDCAA 0.87 0.66 0.1 0.07 N/A 

Non-direct DNA-reactive 
subgroup 

N/A N/A N/A N/A 37.77 

DCAAic 0.50 1 23 22.90 N/A 

TCAA 0.85 0.6 23 13.24 N/A 

MCAA 0.92 0.54 3 1.63 N/A 
Method for combining exposure and hazard information. BCAA – bromochloroacetic acid; BDCAA – bromodichloroacetic acid; 
CDBAA – chlorodibromoacetic acid; DBAA – dibromoacetic acid; DCAA – dichloroacetic acid; HBV – health-based value; HED – 
human equivalent dose; IC – index chemical; ICED – index chemical equivalent dose; MBAA – monobromoacetic acid; MCAA – 
monochloroacetic acid; NA – not available; N/A – not applicable; RPF – relative potency factor (If an RPF is not known, then the 
RPF of the index chemical is used as a surrogate); TBAA – tribromoacetic acid; TCAA – trichloroacetic acid.  
a Exposure example data used to calculate a subgroup ICED. 
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Appendix G: Suggested Parameters to Monitor From Natural 
Organic Matter (NOM) Guidance Document 
 

Table G1. Suggested parameters for monitoring 

Parameter Location 
Frequency: 

Variable 
source 

Frequency: 
Stable 
source 

Frequency:   
Ideal 

Organic colour (true colour) Raw and 
treated 

Daily Weekly Online 

UV absorbance (at 254 nm) or UV transmittance Raw and 
filtered

a 
Daily Weekly Online 

Chemical oxygen demand (COD) Raw, 
treatment 

processes
b 

and 
treated 

 
Daily 

 
Weekly 

 
Online 

Dissolved or total organic carbon (DOC or TOC) Raw and 
treated

a 
Weekly Monthly Online 

Specific UV absorbance (SUVA) – calculate from 
UV254 and DOC 

Raw and 

treated
a 

Weekly Monthly Daily 

Inorganic compounds that can enhance the 
reactivity of NOM to form DBPs:  
Ammonia 
Bromide 
Iodide 
Sulphur 

 
Raw and 
treated 

 
Quarterly Quarterly 

 

 
Quarterly 

Coagulant demand Coagulation 
process

c Daily Daily Online 

Zeta potential or streaming current – when NOM 
controls or influences coagulant dose 

Coagulation 
process

c Online Online Online 

Biological stability: 
Disinfectant residual 
 
Biofilm formation rate – measured by adenosine 
triphosphate (ATP) accumulated on mild steel coupons 
 
Corrosion rate – measured by linear polarization 
resistance using mild steel coupons 

 
 

Distribution 
system 

 
Weekly 

 
Every two 
weeks 

 
Monthly 

 
Weekly 

Monthly 

 
Monthly 

 
Online 

N.A. 

 

N.A. 

Influence of NOM on corrosion:  
Lead 
Copper 

In accordance 
with CC program 

In accordance 
with CC program  
 

In accordance 
with CC program 

In accordance 
with CC 
program 

CC – corrosion control;  N.A. – not applicable. 
a
Disinfection will reduce UV absorbance without an associated reduction in DOC. Thus, to calculate the treated water SUVA, 

UV absorbance at 254 nm (UV254) should be measured in filtered water pre-disinfectant addition and divided by the treated 
water DOC, then multiplied by 100.  
b
COD decreases across each treatment process. Monitoring locations will vary depending on the process trains in place (for 

example, flocculation, clarification, filtration) and the water utility’s continuous improvement program.  
c
Strict pH control is critical for NOM removal. As alkalinity affects pH control, pH and alkalinity are other important 

coagulation process monitoring parameters.  
Source: Health Canada, 2020. 
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