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Purpose of consultation

This guideline technical document outlines the evaluation of the available information on
trihalomethanes (THMs) with the intent of updating the guideline value in drinking water. The
purpose of this consultation is to solicit comments on the proposed guidelines, on the approach
used for their development and on the potential impacts of implementing them.

The existing guideline technical document on THMs developed in 2006, with an addendum in
2009, recommended a maximum acceptable concentration (MAC) of 0.100 mg/L (100 ug/L) for
THMSs based on a locational running annual average of a minimum of quarterly samples taken at
the point in the distribution system with the highest potential levels of THMs.

This document proposes to retain a MAC of 0.100 mg/L (100 pg/L) for total THMs in drinking
water. This value is based on the effects (intestinal tumours in rats) observed following exposure
to bromodichloromethane (BDCM). Whereas, the existing MAC is based on the effects (fatty
cysts in the liver of dogs) following exposure to chloroform. The proposed MAC for THMs is
based on a locational running annual average of a minimum of quarterly samples taken at the
points in the distribution system with the highest potential levels of THMs.

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 April 4, 2025. 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.

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

The proposed maximum acceptable concentration (MAC) for trihalomethanes (THMS) in
drinking water is 0.100 mg/L (100 pg/L) based on a locational running annual average of a
minimum of quarterly samples taken at the points in the distribution system with the highest
potential THM levels. THMs refers to the total of chloroform, bromodichloromethane,
dibromochloromethane and bromoform. Utilities should make every effort to maintain
concentrations as low as reasonably achievable without compromising the effectiveness of
disinfection.
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Executive summary

This guideline technical document was prepared in collaboration with the Federal--Provincial-
Territorial Committee on Drinking Water and assesses all relevant information on THMs. An
assessment of the current information on iodinated THMs, which are contaminants of emerging
concern, was also conducted. However, no guideline value was derived for these substances.

Exposure

THMs are a group of disinfection by-products that are formed primarily when the chlorine used
to disinfect drinking water reacts with organic matter found naturally in raw water supplies. The
main sources of Canadians’ exposure to THMs are the ingestion of THMSs in drinking water, and
the inhalation and dermal absorption of THMs from water-related activities (for example,
bathing, showering).

Chloroform is the THM found most often and at the highest concentration in drinking water.
Bromodichloromethane (BDCM), dibromochloromethane (DBCM) and bromoform may be
present, typically at lower concentrations than chloroform. Total THMs is the sum of the 4 THM
species. Higher concentrations of THMSs are typically found in drinking water in summer and fall
and in distribution system locations with the highest water age. lodinated THMs, if present, are
generally at low concentrations.

Health effects

Studies in humans have found associations between exposure to THMs in drinking water and
bladder cancer. There also appears to be a potential association between exposure to THMs in
drinking water and reproductive/developmental effects (in particular, small for gestational age).
Analyses of these relationships are complicated since exposure to THMs in drinking water
involves co-exposure to other disinfection by-products. With potentially hundreds of disinfection
by-products in drinking water, it is a challenge to identify the chemical(s) responsible for health
effects.

Studies in animals show that exposure to THMs primarily affects the liver and the kidney.
However, depending on the THM, effects are also observed in the colon, thyroid and nasal
tissues. Data suggest that chloroform is a threshold carcinogen that does not pose a cancer risk at
levels found in drinking water. A health-based value (HBV) of 1.4 mg/L for chloroform was
determined, based on effects in the kidney in rats. In contrast, the data suggest that BDCM is a
non-threshold carcinogen. The HBV of 0.100 mg/L for BDCM was determined based on
intestinal tumours in rats. The HBVs take into account all exposures from drinking water
(whether by ingestion, inhalation or dermal absorption). Insufficient data were available to derive
HBVs for DBCM and bromoform.

Toxicological data have consistently shown that brominated disinfection by-products such as
BDCM, DBCM and bromoform are more potent than chlorinated disinfection by-products such
as chloroform. For this reason, the proposed MAC of 0.100 mg/L for the total concentration of
chloroform, BDCM, DBCM and bromoform is based on the lowest HBV calculated for BDCM
and is considered to be protective of the health effects of all 4 THMs.
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Very limited toxicity data exist for iodinated THMSs, so it is not possible to derive an HBV for
these substances.

Given the potential health effects of THMs, 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 THM levels as low as reasonably
achievable. It is important to note that the health risks from disinfection by-products, including
THMs, are much less than the risks from consuming water that has not been disinfected.
Therefore, efforts to manage THM levels in drinking water must not compromise the
effectiveness of water disinfection.

Analytical and treatment considerations

The development of a drinking water guideline takes into consideration the ability to both
measure the contaminant and reduce its concentration in drinking water. Several analytical
methods are available for measuring THMSs in water concentrations well below the proposed
MAC. Measurements should be for total THMs, including chloroform, BDCM, DBCM and
bromoform, in a water sample.

The approach to reducing exposure to THMs is generally focused on reducing the formation of
chlorinated disinfection by-products. Concentrations of THMs and other chlorinated disinfection
by-products in drinking water can be reduced at the treatment plant by removing the natural
organic matter from the water before chlorine is added, optimizing the disinfection process,
using an alternative disinfection strategy or using a different water source. It is critical that any
method used to control THM levels must not compromise the effectiveness of disinfection. The
consumption of untreated or inadequately treated water should be avoided.

Distribution system

THMs continue to form within the distribution system. For this reason, it is recommended that
water utilities develop a distribution system management plan to minimize the formation of
THMs. Strategies to reduce THM formation within the distribution system can be implemented,
which may include optimizing distribution system chlorination, switching to chloramines,
decreasing water age and system flushing. Well-developed, well-calibrated and well-maintained
distribution system models may provide another option to assess water simulate chlorine decay
and THM formation. Aeration may be able to reduce already formed THMSs. Again, control
strategies must not compromise the effectiveness of disinfection.

Application of the guideline

Note: Specific guidance related to the implementation of drinking water guidelines should be
obtained from the appropriate drinking water authority.

All water utilities should implement a comprehensive, up-to-date risk management water safety
plan. A source-to-tap approach that ensures water safety is maintained should be taken. 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
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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 at all times.

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 THMs (for example, a
location with high water age, dead ends). Locational running annual average means the average
concentration for samples collected at a specified location and frequency for the previous

12 months. THM levels can vary over time, including seasonally, with factors changing such as
the levels of organic matter, inorganics, temperature and pH. When the locational running annual
average of quarterly samples exceeds the proposed MAC, there should be an investigation,
followed by appropriate corrective actions. If the concentration of THMSs in an individual sample
exceeds 100 pg/L, this is a signal to evaluate the cause and determine next steps. The priority
should always be to ensure proper disinfection. Any actions to reduce THMs must not result in
any microbial issues.

The main approach to reducing exposure to THMSs is focused on minimizing their formation.
When appropriate drinking water treatment strategies are implemented to reduce THMs, the
levels of other disinfection by-products may also be reduced. This may be done through such
practices as precursor removal, alternative or optimized disinfection strategies and proper
distribution system management. Changes implemented to address THMSs should be considered
holistically to ensure that they do not compromise disinfection; increase other disinfection by-
products (for example, haloacetic acids); cause other compliance issues; or inadvertently increase
the levels or leaching of other contaminants, such as lead, in the distributed water.
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1.0 Exposure considerations

1.1 Substance identity

Trihalomethanes (THMs) are a group of chemicals formed during water disinfection processes.
THMs are halogen-substituted single-carbon compounds with the general formula CHX3, where
X represents a halogen, which may be chlorine, bromine, fluorine or iodine, or combinations
thereof. During drinking water treatment, the rate and extent of THM formation is a function of
naturally occurring organic precursor concentration, chlorine dose, contact time, pH and
temperature (Stevens et al., 1976; Amy et al., 1987). In the presence of bromide, brominated
THMs are formed preferentially; and in the presence of iodide, iodinated THMs may be formed.

The THMs most commonly present in drinking water are 1) chloroform; 2)
bromodichloromethane (BDCM), also known as dichlorobromomethane; 3)
dibromochloromethane (DBCM), also known as chlorodibromomethane; and 4) bromoform. The
derivation of drinking water guidelines for THMs considered information for these

4 compounds. They are liquids at room temperature and relatively to extremely volatile.
Chloroform is highly soluble in water while the other 3 THMs are moderately soluble in water
(ATSDR, 1997; ATSDR, 2005; ATSDR, 2020). Based on their physical properties, THMs are
expected to be very mobile in soil, and are expected to partition to air and water more than to
soil.

lodinated THMs (I-THMSs) are contaminants of emerging concern. The most common I-THMs
include bromochloroiodomethane (BCIM), bromodiiodomethane (BDI1M), chlorodiiodomethane
(CDIM), dibromoiodomethane (DBIM), dichloroiodomethane (DCIM) and triiodomethane
(TIM). Consideration of information relevant to the derivation of drinking water guidelines for I-
THMs is restricted to these compounds. These I-THMs are less water soluble and generally less
volatile than the 4 THMs noted above. The presence of I-THMs in drinking water has been
associated with medicinal tastes and odours. Odour thresholds experimentally derived using a
human panel are between 0.003 pg/L and 5.8 pg/L for the various I-THMs with more highly
iodinated compounds having the lower thresholds (Cancho et al., 2001). General
physicochemical properties of THMs and I-THMs are presented in Table 1.

Table 1. Physicochemical properties of trihalomethanes and iodinated trihalomethanes

Compound CAS# Molecular Water Vapour Log Kow Henry’s
weight solubility pressure (mm | (octanol/w | law
(g/mol) (mg/L at Hg at 25°C, ater) constant
25°C, unless | unless (atm-
otherwise otherwise m®/mol at
stated) stated) 25°C)
Chloroform 7,220 to o 3
(CHCIy) 67-66-3 119.37 9.300 160 at 20°C 1.97 4.06 x 10
BDCM o -
(CHBIC) 75-27-4 163.8 4,500 50 at 20°C 2.1 2.12x10
DBCM 2,700 at 4
(CHCIB) 124-48-1 208.3 20°C 76 2.16 9.9x10
Bromoform o -4
(CHBr) 75-25-2 252.7 3,100 5 at 20°C 2.4 5.6 x 10
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Compound CAS# Molecular Water Vapour Log Kow Henry’s
weight solubility pressure (mm | (octanol/w | law
(g/mol) (mg/L at Hg at 25°C, ater) constant
25°C, unless | unless (atm-
otherwise otherwise m3mol at
stated) stated) 25°C)
BCIM 34970-00-8 255.28 346 1.25 2.11 2.3x10*
(CHBrCII) ' ' ' '
BDIM "
(CHBrl) 557-95-9 346.73 38 0.15 2.62 4.73x 10
CDIM 4
(CHCII2) 638-73-3 302.28 82 0.29 2.53 1.45x 10
DBIM 5
(CHBr21) 593-94-2 299.73 162 0.58 2.20 7.30x 10
DCIM -4
(CHCLL1) 594-04-7 210.83 717 9.14 2.03 6.82x 10
TIM 5
(CHI3) 75-47-8 393.73 100 0.02 3.03 3.06 x 10

BCIM = bromochloroiodomethane, BDCM = bromodichloromethane, BDIM = bromodiiodomethane, CDIM =
chlorodiiodomethane, DBCM = dibromochloromethane, DBIM = dibromoiodomethane, DCIM =
dichloroiodomethane, Ko = partition coefficient (octanol/water), TIM = triiodomethane

Data sources: Chloroform: ATSDR (1997); BDCM: ATSDR (2020); DBCM and bromoform: ATSDR (2005);
I-THMs: Postigo et al. (2017)

1.2 Sources and uses

THMs are a group of disinfection by-products (DBPs). They are primarily formed when the
chlorine used to disinfect drinking water reacts with organic matter found naturally in raw water
supplies. Similarly, THMs are formed as a by-product in chlorinated effluents from industrial
facilities and municipal wastewater treatment plants as well as from cooling waters from
industrial and power plants. Manufactured THMs are used as solvents or chemical intermediates
in the production of organic chemicals, refrigerants, pesticides, propellants, fire-resistant
chemicals and gauge fluid (Keith and Walters, 1985; Environment Canada and Health Canada,
2001). A small proportion of THMs are also formed naturally by marine algae and through
natural degradation and transformation processes (Class et al., 1986; Ohsawa et al., 2001;
Colomb et al., 2008).

1.3 Exposure

The main sources of Canadians’ exposure to THMs (including I-THMSs) are from the ingestion of
THMs in drinking water, and the inhalation and dermal absorption of THMs from water-related
activities (for example, bathing, showering). The contribution of outdoor air, food and other
sources to THM exposure is considerably less (Environment Canada and Health Canada, 2001).

1.3.1 Water

Water monitoring data from distribution systems were obtained from the provinces and
territories (PT) (Table 2, Figure 1) and from the National Drinking Water Survey (NDWS)
(Table 3). The concentrations of chloroform, BDCM, DBCM and bromoform were analyzed.
Chloroform was the predominant THM present. It is not known whether the exposure data were
collected for compliance or operational purposes. However, it is expected that most of the
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samples were from locations where THM concentrations would be the greatest. In addition, other
factors that affect THM concentrations were not available for consideration in this analysis (for
example, season, disinfection strategy, distribution system conditions). The exposure data
provided from PTs reflect different detection limits (DL) of accredited laboratories used within
and among the jurisdictions, as well as differences in their respective monitoring programs. As a
result, the statistical analysis of exposure data provides only a limited picture. Overall, the
analysis of the PT data shows variability.

Table 2. Occurrence of THMs in distribution systems within Canada

Jurisdiction Parameter Chloroform BDCM DBCM Bromoform | Total THMs?
(DL pg/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
[Dates]
British Columbia® # detects/N 5/5 5/5 NR 3/5 5/5
1) Detection % 100.0 100.0 NR 60.0 100.0
[2015 to 2019] Median 47.0 2.0 NR 1.0 47.0
Mean® 52.9 3.0 NR 0.8 55.5
90th percentile NC NC NR NC NC
FNIHB Atlantic? # detects/N 618/850 630/850 419/850 294/850 726/850
(0.5t09) Detection % 72.7 74.1 49.2 34.6 85.4
[2014 to 2018] Median 2 2 <DL <DL 9
Mean® 16 2 2 4 24
90th percentile 56 6 5 6 68
FNIHB # detects/N 90/102 84/102 43/102 19/102 154/182
Manitoba? Detection % 88.2 82.4 42.2 18.6 84.6
(0.5t05.1) Median 63 4 <DL <DL 69
[2014 to 2018] Mean® 76 8 3 1 102
90th percentile 169 27 10 1 271
FNIHB Ontario? # detects/N 2,146/2,443 2,080/2,443 | 1,016/2,443 250/2,443 2,168/2,443
(0.26 to 11) Detection % 87.8 85.1 41.6 10.2 88.7
[2014 to 2018] Median 34 3 <DL <DL 45
Mean® 61 5 2 3 70
90th percentile 163 11 5 0.2 180
Manitoba® # detects/N 1,276/1,294 1,254/1,294 900/1,294 344/1,294 1,276/1,294
(0.5 to 10) Detection % 98.6 96.9 69.6 26.6 98.6
[2014 to 2019] Median 60.4 8.2 1.8 <DL 80.8
Mean® 85.0 135 5.2 0.9 104.3
90th percentile 179 33.3 15.0 1.5 212.0
New Brunswick* # detects/N 2,679/3,322 2,676/3,332 966/3,332 421/3,332 2,818/3,322
(0.26 to 4.5) Detection % 80.6 80.3 29.0 12.6 84.8
[2013 to 2019] Median 15.0 2.0 <DL <DL 18.1
Mean® 32.6 3.0 0.8 0.6 36.3
90th percentile 88.0 6.0 1.8 0.7 93.9
Newfoundland & # detects/N  14,851/15,930 13,445/15,930 3,845/15,930  758/15,930  14,719/15,930
Labrador® Detection % 93.2 84.4 24.1 4.8 92.4
(0.3t00.8) Median 72.0 3.0 <DL <DL 77.0
[2004 to 2018] Mean® 95.6 4.8 0.89 0.67 101.6
90th percentile 210 11.0 1.3 <DL 220.0
Nova Scotia® # detects/N 203/218 328/355 87/210 10/200 702/773
(0.3t02) Detection % 93.1 92.4 414 5.0 91.9
[2013 to 2019] Median 44.0 5.0 <DL <DL 42.0
Meanb 53.2 5.6 1.3 0.6 45.6
90th percentile 98.0 11.0 3.0 <DL 88.5




Unclassified / Non classifié

Jurisdiction Parameter Chloroform BDCM DBCM Bromoform | Total THMs?
(DL pg/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
[Dates]
Nunavut’ # detects/N 11/11 11/11 11/11 10/11 11/11
(0.5t01.0) Detection % 100.0 100.0 100.0 90.9 100.0
[2015 to 2018] Median 23.3 17.3 14.5 2.1 58.4
Mean® 30.0 18.8 155 2.0 61.6
90th percentile 58.3 29.1 27.0 4.0 106.7
Ontario® # detects/N 1,621/1,623 1,619/1,623 | 1,276/1,623 220/1,623 32,571/32,573
(0.1t0 0.5) Detection % 99.9 99.8 78.5 13.6 99.99
[2013 to 2019] Median 24.2 4.6 1.6 <DL 23.0
Mean® 325 5.7 2.2 0.4 31.8
90th percentile 73.2 11.2 5.0 0.5 70.4
Prince Edward # detects/N 1/4 2/4 4/4 4/4 4/4
Island® Detection % 25.0 50.0 100.0 100.0 100.0
@ Median NC 1.3 2.8 3.0 6.7
[2015 to 2018] Mean® 0.6 1.3 2.9 3.0 7.1
90th percentile NC NC NC NC NC
Quebect® # detects/N | 17,309/18,040 16,915/18,029 (11,360/18,027 |3,773/18,028 | 17,242/18,026
(0.01 to 10) Detection % 95.9 93.8 63.0 20.9 95.7
[2014 to 2018] Median 17.8 2.8 0.5 <DL 26.0
Mean® 27.6 4.2 1.9 0.9 34.4
90th percentile 64.6 9.6 4.4 0.7 72.8
Saskatchewan®? # detects/N 5,211/5,371 5,228/5,374 | 3,936/5,374 | 1,450/5,374 5,243/5,314
(0.017 t0 5.3) Detection % 97.0 97.3 73.2 27.0 98.7
[2015 to 2019] Median 44.0 11.8 33 <DL 75.1
Mean® 55.0 18.0 7.8 2.6 82.9
90th percentile 103.0 38.3 18.0 2.5 137.2
Yukon # detects/N 254/258 150/266 8/243 4/269 242/255
Territories'? Detection % 98.4 56.4 3.3 1.5 94.9
(0.1t0 30) Median 8.0 1.0 <DL <DL 9.3
[2014 to 2016] Mean® 9.8 1.5 0.5 2.3 10.9
90th percentile 19.6 2.4 <DL <DL 22.0

BDCM = bromodichloromethane, DBCM = dibromochloromethane, 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 Branch, N = sample size, NC = not calculated due to insufficient sample size, NR =
not reported, THM = trihalomethanes
2When not provided, total THM concentrations were calculated manually by summing the individual detectable

THMs.

b Mean calculated using half the detection limit for non-detects.
! British Columbia Ministry of Health (2019)

2 Indigenous Services Canada (2019)

3 Manitoba Sustainable Development (2019)
4 New Brunswick Department of Environment and Local Government (2019)
°> Newfoundland and Labrador Department of Municipal Affairs and Environment (2019)
® Nova Scotia Environment (2019)
" Nunavut Department of Health (2019)
8 Ontario Ministry of the Environment, Conservation and Parks (2019)

% Prince Edward Island Department of Communities, Land and Environment (2019)
10 Ministére du Développement durable, de I’Environnement et de la Lutte contre les changements climatiques du

Québec (2019)

11 Saskatchewan Water Security Agency (2019)
12'Yukon Health and Social Services (2019)




Figure 1. Total THM concentrations in Canadian distribution systems
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BC = British Columbia, MB = Manitoba, NB = New Brunswick, NL = Newfoundland and Labrador, NS = Nova
Scotia, NU = Nunavut, ON = Ontario, PEI = Prince Edward Island, QC = Quebec, SK = Saskatchewan, YK =

YK

The negative and positive whiskers are equal to the 10th percentile and the 90th percentile concentrations,
respectively. The box is equal to the 25th percentile and the 75th percentile concentrations, while the median
concentration is presented as a black line in the centre.

Table 3. Occurrence and concentrations of THM compounds in distributed lake, river and well
water obtained from the National Drinking Water Survey (2009 to 2010)

Water Parameter Chloroform BDCM DBCM Bromoform Total
source (ng/L)? (ng/L)° (ng/L)° (ng/L)° THMs?
(ng/L)
# detects/N 112/112 111/112 99/112 22/112 112/112
Detection % 100.0 99.1 88.4 19.6 100.0
Lake Median 21.8 4.0 0.4 <DL 28.7
water Mean® 26.6 5.9 2.0 0.2 34.6
90th percentile 52.2 12.3 9.2 1.0 66.2
# detects/N 149/155 149/155 125/155 48/155 149/155
Detection % 96.1 96.1 80.6 31.0 96.1
River Median 18.4 35 0.5 <DL 25.3
water Mean® 25.2 5.7 1.4 0.1 32.4
90th percentile 51.5 14.0 5.0 5.0 63.8
# detects/N 98/108 98/108 91/108 72/108 100/108
Well Detection % 90.7 90.7 84.3 66.7 92.6
water Median 2.1 1.3 0.7 0.2 5.8
Mean® 4.1 2.6 2.0 0.9 9.5
90th percentile 10.9 4.5 3.8 2.0 19.3

BDCM = bromodichloromethane, DBCM = dibromochloromethane, < DL = less than detection limit (if detection % < 10% then

90th percentile < DL; if detection % < 50% then median < DL), N = sample size; THM = trihalomethanes

2 Detection limit of chloroform = 0.18 pg/L.
b Detection limit of BDCM = 0.08 pg/L.

¢ Detection limit of DBCM and bromoform = 0.04 pg/L.

4 Total THM concentrations were calculated manually by summing the individual detectable THMs.
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¢ Mean calculated using half the detection limit for non-detects.
Source: Health Canada (2017)

A study evaluated THM concentrations at the tap in 3 First Nations reserve communities
(Amarawansha et al., 2023). All 3 communities use surface water as the source, with
conventional treatment and chlorine disinfection. The ranges of THMs were between 96 and
207 pg/L for Community A, 45 and 160 pug/L for Community B, and 57 and 122 pg/L for
Community C. Chloroform was the largest contributor to total THM concentration, while
brominated THMs (Br-THMs) (BDCM, DBCM and bromoform) comprised less than 5%. There
was no significant difference between samples from water piped to homes and those trucked and
stored in cisterns.

To compare THM formation in distribution systems from surface water versus groundwater
sources, data from different sources were analyzed. These datasets include 2 national surveys
and the NDWS (Appendix B: Table B1); and data from Newfoundland and Labrador and Ontario
(Appendix B: Table B2). Generally, it was found that:

Chloroform is higher in surface water

BDCM had similar levels between ground and surface waters

DBCM and bromoform levels are slightly higher in groundwater

Overall, surface water resulted in the formation of higher levels of total THMs

Using the NDWS dataset, data were paired for treated water and a point farthest from the
treatment plant (samples taken on same day). These data were then separated for summer and
winter (Appendix B: Table B3). It was found that:
e Chloroform and BDCM concentrations were higher for treated and distributed water in
summer compared to winter
e There was little change seasonally or between treated and distributed water for DBCM
and bromoform
e Total THM concentrations were significantly higher in distributed water than treated
water regardless of season, except for bromoform in winter

Similar pairing was done for the Quebec data comparing the centre with an extremity of the
distribution system (Appendix B: Table B4) and the Ontario data comparing treated and
distributed water (Appendix B: Table B5). For both datasets, there was a significant increase in
each THM species with distance in the distribution system, except for bromoform.

Chowdhury et al. (2011) present exposure data for THMs in Canadian provinces, with the data
typically spanning 4 to 5 years in the early 2000s. In each province, quarterly samples were taken
from an unspecified number to a maximum of 467 drinking water treatment plants. The exact
number of samples analyzed was not provided. Generally, this dataset shows similar results to
the PT data presented in Figure 1.

Another study evaluated seasonal impacts for 3 water treatment systems (WTSs) in Ontario
between 2000 and 2004. Generally, THM concentrations were lower between December and
April and higher between June and November (Chowdhury, 2013a).
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Water supply systems in Newfoundland and Labrador were studied to evaluate the impacts of
source water and treatment plant size based on population served. 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 THM concentrations than those using groundwater
(Appendix B: Table B6).

Over a 3-year period, 13 systems (with varying treatment) in 6 European countries examined
THM concentrations. It was found that higher THM concentrations occurred during summer and
fall, with year-to-year variations (Krasner et al., 2016a). Higher THMs occurred in systems using
surface water or blended waters than those using groundwater.

The Canadian Health Measures Survey (CHMS) collected tap water samples that were analyzed
for THMs in Cycles 3 and 4 (2012 to 2015) (Statistics Canada, 2015, 2017). Each cycle was
conducted over 2-year periods from 16 collection site locations across Canada. The study was
designed to statistically represent approximately 96% of the Canadian population (Statistics
Canada, 2015, 2017). The mean total THM concentration reported was 27.0 ug/L (N = 5,005).
This mean is lower than that of many of those calculated from the PT analysis presented in

Table 2. This difference is likely due to the purpose of the CHMS study, which was to determine
typical THM concentrations in drinking water, without regard for distribution system layout. The
PT data presented above are most likely operational or compliance based, with samples collected
at points in the distribution system with a high water age with the highest potential THM levels.
In addition, the CHMS analyzed samples from only 32 drinking water systems (16 sites per
cycle). Although these sites statistically represent 96% of the population, the number of drinking
water treatment systems is very small in comparison to the total number of systems across the
country, which number in the thousands. The CHMS does not provide details on the drinking
water treatment system such as source waters, treatment technologies and distribution system
operations. Finally, none of the sites were located in Manitoba, Newfoundland and Labrador (2
of the provinces with the highest mean Total THM levels — see Table 2), Prince Edward Island or
any of the territories.

A study evaluating THMs and bromide concentration in the United States showed overall there
has not been a significant change in THM concentrations since 1997. However, the extremely
high concentrations, represented by 95th percentiles, have been decreasing over time
(Westerhoff et al., 2022). At some WTSs, seasonal changes were noted. Generally, these changes
were more prevalent in source waters from rivers rather than lakes. Bromide concentrations were
found to be higher during periods of lower streamflow. The amount of bromide incorporated into
the disinfection by-products to form brominated DBPs was variable with no statistical temporal
trends. Groundwater sources tend to have higher Br-THMs.

Limited data exist on I-THM concentrations in Canadian waters. In the National Survey of
Disinfection By-Products and Selected Emerging Contaminants, the concentrations of 6 I-THMs
were measured in the source water, treated water and distributed water of 65 WTSs across
Canada (Health Canada, 2017; Tugulea et al., 2018). The concentrations of these I-THMs in
distributed water are presented in Appendix B: Table B7; and for chlorinated and chloraminated
systems in Table B8. I-THMSs were detected in the distributed water of 48% of WTSs in winter
and 71% of WTSs in summer. Total concentrations (sum of all the I-THM congeners measured
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in one sample) in treated samples ranged from 0.02 pg/L to 21.66 pg/L. The highest total I-THM
concentration was measured in a water treatment plant where all 6 I-THMs were detected, with
iodoform present at the highest concentration. Maximum concentrations of the detected I-THMs
in treated water were 2.27 pg/L for DCIM, 2.91 pg/L for DBIM, 2.06 pg/L for BCIM, 4.31 pg/L
for CDIM, 2.71 pg/L for BDIM and 8.3 pg/L for TIM. The highest formation of I-THMs was
where source waters had naturally occurring ammonium, high bromide, high iodide and/or total
iodine concentrations.

Concentrations of 2 I-THMs were measured in chloraminated and chlorinated drinking waters
from 23 cities in Canada and the United States (Richardson et al., 2008). BCIM and DCIM were
found at most treatment plants with maximum concentrations of 10.2 pg/L and 7.9 ug/L,
respectively. Quebec I-THM data showed that DCIM had the highest concentration (Table B9)
(Ministere du Développement durable, de I’Environnement et de la Lutte contre les changements
climatiques du Québec, 2019).

Additional water monitoring data were available in the literature for international locations. A
study monitoring for 6 I-THMs at 12 drinking water treatment plants in the United States found
concentrations of individual I-THMs to range from 0.2 pg/L to 15 pg/L with DCIM being the
most frequently detected (Krasner et al., 2006). In a study investigating the trace analysis of
emerging DBPs, concentrations of BCIM ranged from below the detection limit to 0.120 ug/L at
4 water treatment plants in the United States. (Cuthbertson et al., 2020).

In a study of 70 drinking water treatment plants in 31 cities across China, concentrations of
DCIM and BCIM ranged from below the detection limit to 3.67 ug/L for DCIM and below the
detection limit to 1.91 pg/L for BCIM. DBIM and TIM were not detected in any of the samples
(Ding et al., 2013). The presence of 6 I-THMs was investigated in a drinking water supply
network in Spain. Concentrations ranged between 0.18 and 0.31 pg/L, with DCIM detected at the
highest levels (Postigo et al., 2018). In a study of household tap water in 2 cities in Cyprus

(n = 37), DCIM was the dominant species of the 2 measured I-THMs with concentrations
ranging between 0.032 pg/L and 1.65 pg/L. BCIM was also detected at concentrations below the
limit of detection to 0.45 pg/L (Ioannou et al., 2016).

1.3.2 Multi-route exposure through drinking water

Due to their physicochemical properties, THMs are highly volatile and are permeable through
the skin. As a consequence, the inhalation and dermal absorption of THMs during bathing or
showering are important routes of exposure (Jo et al., 1990a,b, 2005; Weisel and Jo, 1996;
Backer et al., 2000; Xu et al., 2002; Xu and Weisel, 2005). Various exposure assessments have
estimated the relative contribution of the ingestion, inhalation and dermal exposure routes to the
total daily intake of THMSs. The results of these assessments are mixed with several studies
suggesting that the inhalation of THMs may result in exposures that are equal to or larger than
exposures due to ingestion of drinking water (Krishnan, 2003; Kim et al., 2004; Jo et al., 2005;
Basu et al., 2011; Pardakhti et al., 2011; Zhang et al., 2018a; Genisoglu et al., 2019). Another
study suggests that inhalation and dermal exposures are comparable, but less than ingestion
(Chowdhury, 2013b), while another study suggests that inhalation and dermal exposures are
greater than ingestion (Yanagibashi et al., 2010). Still other studies suggest that dermal
absorption can contribute more heavily to internal dose than inhalation and ingestion,
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specifically in the case of BDCM (Krishnan, 2003; Leavens et al., 2007; Kenyon et al., 2016).
Factors that may influence the rates of uptake via the various routes include water temperature,
duration of exposure and air exchange rates, among others.

Studies have derived modifying factors (litre-equivalents per day [Leg/day]) to quantify the
amount of THMs that people are exposed to via the different exposure routes (that is, dermal and
inhalation), especially during showering and bathing. Krishnan (2003) determined Leg/day
values for exposures of adults and children (6-, 10- and 14-year-olds) during a 10-minute shower
and 30-minute bath with tap water. The Leg/day values were calculated using physiologically
based pharmacokinetic modelling (PBPK) model-generated data on the absorbed fraction
(Corley et al., 1990, 2000; Price et al., 2003; Haddad et al., 2006). Calculations accounted for
inter-chemical differences in the water-to-air factor (based on differences in Henry’s law
constants), fraction of dose absorbed during inhalation and dermal exposures, and skin
permeability coefficient. The absorbed fraction for the dermal and inhalation exposures took into
consideration the dose that was absorbed following exposure as well as that portion that was
exhaled in the following 24 hours. Complete (100%) absorption of ingested THMs was assumed
for all subpopulations; this was supported by the available information on the hepatic extraction
of the THMs (Da Silva et al., 1999; Corley et al., 2000).

Leg/day values were highest for the adult sub-group for both bath and shower exposure
scenarios. In addition, Leg/day values for the inhalation and dermal routes were higher for the
30-minute bath scenario than for the 10-minute shower for all subpopulations based on the
longer exposure time. The bath scenario values were considered to be conservative, since most
Canadians do not take a 30-minute bath daily (Table 4). In addition, in the event that individuals
are exposed to THMs via other household activities or additional bathroom time, the Leg/day
values calculated for the bath scenario are protective of these additional exposures. The Leqg/day
values calculated by Krishnan (2003) were used in the derivation of the HBVs for THMs (see
section 3.0, Derivation of the health-based value).

Table 4. Consumption of trihalomethanes (THMs) in litre equivalents per day (Leg/day) for an
adult, based on oral exposure from drinking water and inhalation and dermal exposure during a
30-minute bath

THM Oral Inhalation Dermal Total
(L/day) (Leg/day) (Leg/day) (Leg/day)

Chloroform 15 1.70 0.91 4.11

BDCM 1.5 0.67 1.38 3.55

DBCM 15 0.50 1.60 3.60

Bromoform 15 0.46 1.78 3.74

BDCM = bromodichloromethane, DBCM = dibromochloromethane

Source: Krishnan (2003)

1.3.3 Swimming pools and hot tubs
Dermal and inhalation exposure to THMs may occur in swimming pools and hot tubs where
chlorine, which is used as a disinfectant, reacts with organic matter (for example, sweat, hair,
lotion) present in the water. Several studies have examined levels of THMs in plasma, urine, and
the breath of swimmers and pool workers (Levesque et al., 1994; Lindstrom et al., 1997;
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Aggazzotti et al., 1998; Whitaker et al., 2003; Erdinger et al., 2004; Caro and Gallego, 2008;
Marco et al., 2015; Font-Ribera et al., 2016). In general, bodily concentrations of THMs were
observed to increase with the time spent swimming and the level of exertion. Limited
information suggests that users of hot tubs may have more significant dermal uptake than
swimmers due to higher water temperatures (Wilson, 1995).

1.3.4 Biomonitoring data

Chloroform, BDCM, DBCM and bromoform were analyzed in the whole blood of participants
aged 12 to 79 in CHMS cycle 3 (2012 to 2013), cycle 4 (2014 to 2015) and cycle 5 (2016 to
2017) (Health Canada, 2019a). Blood concentrations for BDCM, DBCM and bromoform were
largely below the detection limits for all 3 of the survey cycles for all age groups. Mean blood
concentrations of chloroform were not calculated for cycles 3 and 4 as more than 40% of
samples were below the detection limit of 0.014 pg/L. However, in cycle 5 a lower detection
limit was established (0.006 pg/L), and the mean blood concentration of chloroform in
participants aged 12 to 79 was 0.011 pg/L. These blood concentrations were below the
biomonitoring equivalent level of 0.230 pg/L derived from the United States Environmental
Protection Agency’s (U.S. EPA) oral reference dose of 0.01 mg/kg body weight (bw) per day
(Aylward et al., 2008).

Although an analytical method was developed to detect and quantify 2 I-THMs (DCIM and
BCIM) in whole blood (method detection limit = 2 ng/L), no biomonitoring data were located for
I-THMs (Silva et al., 2006).

2.0 Health considerations

2.1 Kinetics

Although kinetic information is available for chloroform and the brominated THMSs, no data are
available regarding the absorption, distribution, metabolism, excretion and PBPK modelling of I-
THMs.

2.1.1 Absorption

2.1.1.1 Chloroform

Chloroform is readily absorbed via all routes of exposure. Following oral exposure, the
gastrointestinal absorption of chloroform is upwards of 90% depending on the delivery vehicle;
more rapid absorption occurs with an aqueous solution as opposed to oil (Withey et al., 1983).
Chloroform absorption in the lung is considerable with chloroform readily passing from air to
blood in the human alveoli (Corley et al., 1990; Batterman et al., 2002). Several animal and
human studies have demonstrated that chloroform can be absorbed through intact skin, including
from water while showering and bathing. Dermal absorption rates in human volunteers range
from 1.6% to 7.8% depending on the delivery vehicle (Jo et al., 1990b; Bogen et al., 1992; Dick
etal., 1995).
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2.1.1.2 Brominated THMs

Brominated THMs are well absorbed following oral exposure with absorption rates in animal
studies ranging between 60% and 90% (Mink et al., 1986; Mathews et al.,1990). Absorption
rates vary based on the administration vehicle with greater absorption observed for aqueous
vehicles (ATSDR, 2020). Although data are limited, based on physical-chemical properties, it is
expected that the brominated THMs would be well absorbed by the lung (ATSDR, 2005).
However, this absorption may be to a lesser extent than for chloroform (Yoshida et al., 1999).
Brominated THMs are readily absorbed through the skin (ATSDR, 2005; ATSDR, 2020). An in
vitro study using human skin found brominated THMSs to be more absorbed than chloroform,
with bromoform being the most permeable through the skin (Xu et al., 2002).

2.1.2 Distribution

2.1.2.1 Chloroform

Chloroform is distributed throughout the body but tends to accumulate in lipid-rich tissues. The
highest levels have been found in the fat, liver, kidneys, nervous system, lungs and blood
(ATSDR, 1997). Distribution is dependent on exposure route; extrahepatic tissues receive a
higher dose from inhaled or dermally absorbed chloroform than from ingested chloroform.
Placental transfer of chloroform has been demonstrated in several animal species and humans.
Unmetabolized chloroform is retained longer in fat than in any other tissue (WHO, 2005).

2.1.2.2 Brominated THMs

Mink et al. (1986) found that the liver, stomach and kidneys contained the highest levels of
brominated THMSs. In pregnant rats, the highest levels of BDCM were found in the adrenals, as
well as ovarian, adipose and hypothalamic tissues (Bielmeier et al., 2007). In rabbits and some
strains of rats, BDCM can cross the placental barrier, but it does not appear to accumulate in
fetal tissues (Christian et al., 2001). Repeated doses were found to have no effect on the tissue
distribution of BDCM in rats, as compared to single doses (Mathews et al., 1990). Slightly
higher maximum concentrations of BDCM were found in the liver and kidneys after oral
aqueous administration as compared to corn oil (Lilly et al., 1998).

2.1.3 Metabolism

2.1.3.1 Chloroform

The toxicity of chloroform is attributable to its metabolites. Oxidative and reductive pathways
for chloroform metabolism have been identified, both of which proceed through a cytochrome
P450 (CYP2EL)-dependent bioactivation step. The balance between oxidative and reductive
pathways depends on species, tissue, dose and oxygen tension. Of the tissues with
chloroform-metabolizing ability, the liver is the most active, followed by the nose and kidney
(Environment Canada and Health Canada, 2001).

At the low levels typical of actual human exposure to chloroform in drinking water, the majority
of chloroform is metabolized oxidatively via CYP2EL to produce trichloromethanol (Gemma et
al., 2003). Trichloromethanol has an extremely short half-life and spontaneously decomposes to
produce phosgene, a highly reactive electrophilic compound. Phosgene may then be detoxified
by reaction with water to produce carbon dioxide (major metabolite) and hydrochloric acid.
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Alternatively, phosgene can form covalent bonds with the nucleophilic components of tissue
proteins, as well as with other cellular nucleophiles, or bind to the polar heads of phospholipids;
little binding of chloroform metabolites to deoxyribonucleic acid (DNA) has been observed.
Phosgene can also undergo glutathione-dependent reduction to oxidized glutathione and carbon
monoxide. Both phosgene and hydrochloric acid can cause tissue damage and the reaction of
phosgene with tissue proteins is associated with cell damage and death (Environment Canada
and Health Canada, 2001).

In addition to oxidative biotransformation, chloroform can undergo reductive dehalogenation to
produce the dichloromethyl radical. These reactive radicals may bind covalently to a variety of
cellular macromolecules. This reductive pathway is not as relevant in the human liver since it is
active only at high substrate concentrations, and in strictly anaerobic conditions.

The metabolism of chloroform varies with sex and species. Mice have been observed to
metabolize chloroform faster than rats and, due to renal CYP2EL levels increased by
testosterone, male mice are more sensitive than female mice to chloroform-induced renal toxicity
(Sasso et al., 2013).

2.1.3.2 Brominated THMs

Like chloroform, brominated THMSs are metabolized through both oxidative and reductive
pathways. Approximately 70% to 80% of BDCM is metabolized by CYP2E1 to carbon dioxide
via phosgene (Lilly et al., 1997; Allis et al., 2002), while DBCM and bromoform are metabolized
via brominated analogues of phosgene.

In addition, brominated THMs can be metabolized through a third pathway: glutathione S-
transferase theta-mediated conjugations. Unlike chloroform, brominated THMs undergo
transformation by glutathione transferase theta 1-1 (GSTT1-1) to mutagenic intermediates at low
substrate concentrations (Pegram et al., 1997; Ross and Pegram, 2003). Although this pathway is
quantitatively minor compared with oxidation and reduction (based on catalytic efficiency), the
mutagenic metabolites that are formed may result in a disproportionately toxic response
(ATSDR, 2005, 2020).

The International Programme on Chemical Safety (IPCS, 2000) postulated that brominated
THMs may be more rapidly and more extensively metabolized than their chlorinated
counterparts. Although this may be true for BDCM, support for this statement as it pertains to
DBCM or bromoform is difficult to determine from the limited literature currently available.

In a study with chloroform, BDCM, DBCM and bromoform, Mink et al. (1986) found clear
interspecies differences in the metabolism of THMs, with metabolism in mice being 4- to 9-fold
greater than that in rats. However, note that the administered doses were high and that
metabolism in both species is more complete following administration of lower, more relevant
doses.

In humans, inter-individual variation in the CYP2EL and glutathione S-transferase (GST) family
enzymes involved in the metabolism of THMs may affect sensitivity to the toxic effects of
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THMs (OEHHA, 2020).

2.1.3.3 Mixtures of THMs

A PBPK model was developed by Da Silva et al. (2000), who found that exposures to binary
mixtures of chloroform and BDCM, DBCM or bromoform would likely result in significant
increases in the levels of unmetabolized chloroform in the blood, relative to chloroform
administered alone. This study also demonstrated that clearance of THMs may be impacted by
toxicokinetic interactions between THMs. Bromoform and DBCM appear to persist in blood and
tissues for longer periods of time when co-administered with chloroform than when given alone
(GlobalTox, 2002).

2.1.4 Excretion

2.1.4.1 Chloroform

Chloroform is rapidly and primarily eliminated through expired air as carbon dioxide and
unchanged chloroform. In animals, the fraction eliminated as carbon dioxide varies with the dose
and the species (IPCS, 2000). In human studies, there is substantial inter-individual variability in
the fraction of the dose eliminated as carbon dioxide. Peak chloroform and carbon dioxide
concentrations were detected in the expired breath 40 minutes and 2 hours respectively after
administration of a single oral dose of chloroform in olive oil. An inverse relationship between
the adipose tissue content of the body and pulmonary elimination of chloroform was noted (Fry
etal., 1972).

2.1.4.2 Brominated THMs

As with chloroform, the major route of excretion for brominated THMs is through expired air,
primarily as the parent compound or as carbon dioxide; smaller amounts are excreted through the
urine and feces (Mink et al., 1986; Mathews et al., 1990). Lilly et al. (1998) found that in
animals, more of the parent BDCM compound was eliminated unmetabolized via exhaled breath
after aqueous dosing than after corn oil gavage. The half-lives of THMs following a single oral
dose in rats were 0.8 hours for bromoform, 1.2 hours for DBCM, 1.5 hours for BDCM and

2 hours for chloroform. In mice, the half-lives were 8 hours for bromoform, 2.5 hours for DBCM
and BDCM, and 2 hours for chloroform (Mink et al., 1986). The half-life for BDCM in monkeys
was 4 to 8 hours (Smith et al., 1985). Elimination kinetics have also been studied and modelled
in humans swimming in chlorinated pools (Lindstrom et al., 1997; Pleil and Lindstrom, 1997).
Half-lives of 53 minutes for chloroform and 23 minutes for BDCM, as measured in the urine,
were observed, with the absorbed dose being eliminated after 2 hours (Caro and Gallego, 2007).
In a study of volunteers during a controlled showering exposure, bromoform levels in the blood
were the slowest of the 4 THMs to decrease after a 10-minute shower, likely due to the greater
lipophilicity of bromoform and higher retention in adipose tissue (Silva et al., 2013).

2.1.5 Physiologically based pharmacokinetic modelling

Physiologically based pharmacokinetic modelling (PBPK) models describe the rate of
absorption, distribution, metabolism and elimination of xenobiotics in humans and experimental
animals. PBPK modelling can provide useful information to extrapolate between and within
species and can be used to refine the uncertainty factors applied in a risk assessment.
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2.1.5.1 Chloroform

A number of PBPK models have been created to describe the toxicokinetics of chloroform via
oral and/or inhalation exposures (Feingold and Holaday, 1977; Corley et al., 1990; Gearhart et
al., 1993; ICF Kaiser, 1999; Sasso et al., 2013). A further number of models have added a dermal
absorption component to the PBPK models (Chinery and Gleason, 1993; McKone, 1993; Corley
et al., 2000; Haddad et al., 2006; Tan et al., 2006). Many of these models were based on the
PBPK model by Corley et al. (1990). The first extensive model for chloroform, it is a 5-
compartment model which describes the toxicokinetics of chloroform in rats, mice and humans
via the oral and inhalation routes of exposure and identifies the kidney and liver as the primary
sites for metabolism. More recently, Sasso et al. (2013) built upon the model of Corley et al.
(1990) and provided improved estimates of renal chloroform metabolism by accounting for
regional differences in the kidney’s metabolic capacity. The model established new rate
parameters for chloroform metabolism in rats, mice and humans. For model validation, the
model was tested using assumptions identical to those in the Corley PBPK model and was able to
reproduce the original results for simulations of data for chloroform uptake, exhalation and tissue
deposition from inhalation data in rodents, drinking water data in humans and oral gavage data in
rodents. The model provided adequate fits to the data and predictions remained within 2-fold of
the data. The Sasso model was also compared with newer data provided by the Japan Bioassay
Research Center (Take et al., 2010). Chloroform concentrations measured in kidney, liver, blood
and adipose tissue in male rats were consistent with the PBPK model predictions for all exposure
pathways (that is, oral, inhalation and combined oral/inhalation). Using the PBPK model, the
authors found that the kidney dose metric was highly influenced by the oral exposure profile
(that is, continuous daily dose over 24 hours at low levels versus bolus events occurring a few
times a day). Therefore, since actual water ingestion patterns are better represented by exposure
through multiple discrete events, the water consumption model by Spiteri (1982) was applied in
the PBPK simulations. The PBPK model by Sasso et al. (2013) was used in the current
assessment of chloroform to convert administered doses in rodents to internal doses and then to
estimate human-equivalent doses.

2.1.5.2 Brominated THMs

Lilly et al. (1997) developed a 5-compartment model to estimate the rates of BDCM metabolism
in rats via inhalation. A subsequent model linked a multi-compartment gastrointestinal tract sub-
model to the PBPK model to describe the tissue dosimetry and metabolism of orally ingested
BDCM in rats (Lilly et al., 1998). The National Toxicology Program (NTP) (2006) developed a
PBPK model based on improvements to the Lilly et al. (1998) model, which included a
description of tissue-specific metabolism via the GST pathway, inclusion of metabolic activity in
the large intestine, distribution of BDCM to organs that is diffusion-limited rather than flow-
limited, non-linear behaviour in the oral absorption of BDCM, description of the rates of transit
through the different compartments of the gastrointestinal tract and a description of the rodents’
drinking water pattern during the assay. The current assessment uses the NTP (2006) PBPK
model of BDCM to convert administered doses to internal doses to facilitate the comparison of
data between studies.
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2.2 Effects in humans

A large number of epidemiological studies have examined the association between human
exposure to THMs in drinking water and a range of adverse outcomes. The analyses of these
relationships are complicated since exposure to THMs in drinking water involves co-exposure to
other DBPs. With upwards of 600 DBPs identified in drinking water, it is a challenge to identify
the drivers of health effects or to assign causation to any single component (Richardson et al.,
2007). Despite these challenges, the preponderance of epidemiological studies has focused on
evaluating cancer and reproductive and developmental outcomes in relation to THM exposure.
No epidemiological studies investigating associations with exposure to I-THMs have been
identified.

2.2.1 Cancer epidemiology

Bladder cancer is the most studied outcome with regards to THMs and cancer. More than a
dozen case-control, cohort and ecological studies support an association between exposure to
THMSs, used as a surrogate for DBPs in drinking water, and cancer of the bladder (see OEHHA,
2020, for a review of epidemiological studies; see also Evlampidou et al., 2020). Similarly, the
International Agency for Research on Cancer (IARC) review of DBPs in chlorinated drinking
water identifies consistent associations between THMs and bladder cancer (IARC, 2013).

A meta-analysis performed on 6 case-control studies and 2 cohort studies from North America
and Europe evaluated bladder cancer in relation to consumption of chlorinated drinking water
(but not specifically THMs in drinking water). The consumption of chlorinated drinking water
was associated with an increased risk of bladder cancer in men (combined odds ratio [OR] = 1.4;
95% confidence interval [CI] = 1.1 to 1.9) and women (combined OR = 1.2; Cl1 = 0.7 to 1.8)
(Villanueva et al., 2003).

A pooled analysis of the primary data from 6 case-control studies in North America and Europe
evaluated bladder cancer over a common 40-year window of exposure to THMs. The results
showed increasing relative risks with increasing exposure among men, with an OR of 1.44 (CI =
1.20 to 1.73) for exposure higher than 50 pg/L. THM exposure was not associated with bladder
cancer risk in women (OR = 0.95; CI =0.76 to 1.20) (Villanueva et al., 2004). A subsequent
meta-analysis including some of the same case-control studies as Villanueva et al. (2004) as well
as some additional studies revealed a significant exposure-risk association between THMs and
bladder cancer (linear trend p = 0.01). Further, men exposed to >50 ug/L had a significantly
increased OR (OR =1.47; Cl = 1.05 to 2.05) compared with men exposed to levels less than

5 ng/L (Costet et al., 2011).

The scientific evidence concerning the association of chlorinated DBPs and human bladder
cancer was evaluated by an interdisciplinary panel commissioned by the Water Research
Foundation and the American Water Works Association (Hrudey et al., 2015). This review
concluded that the majority of case-control studies suggest an association of bladder cancer with
exposure to chlorinated DBPs (although there is no evidence of causation), published
meta-analyses support an association between chlorinated DBPs and bladder cancer, and
brominated DBPs may be more important than chlorinated DBPs with regards to an association
with bladder cancer. It has been postulated that the brominated THMs in drinking water may
play a causative role in the development of bladder cancer.
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Mechanistic studies in bacterial models show that brominated THMs are metabolically activated
to mutagenic compounds by the glutathione S-transferase theta-1 (GSTT1) enzyme (DeMarini et
al., 1997; Pegram et al., 1997). GSTT1 is active in the urinary tract and studies have shown that
GSTT1-mediated metabolism of BDCM produces reactive intermediates that covalently bind to
DNA (that is, BDCM is a potential mutagenic carcinogen) (Ross and Pegram, 2003, 2004).
GSTT1 polymorphisms have been identified in humans and it has been found that people who
express this enzyme have a greater risk (OR = 1.8; Cl = 1.1 to 3.1) for developing bladder cancer
when exposed to upper quartile concentrations (> 49 pg/L) compared with those who are
GSTT1-null (Cantor et al., 2010).

In contrast to other findings, a recent analysis examined the incidence of bladder cancer in

8 countries in the 45 years since THMs were detected in chlorinated drinking water. It concluded
that bladder cancer risk from drinking water remains questionable largely because of the
imprecise THM exposure estimates that are generally used in epidemiological studies. The
review states that bladder cancer risks from drinking water and THMs are likely small and
overwhelmed by other risk factors, such as smoking, diabetes and other country-specific aspects
(Cotruvo and Amato, 2019). This analysis was based on a broad assessment of national average
THM concentrations and national bladder cancer rates in the United States. It did not consider
individual studies that evaluate the specific THM concentrations to which people with bladder
cancer were exposed.

Additional epidemiological studies have investigated the incidence of other types of cancer in
relation to THMs in drinking water. These include colorectal, brain, pancreatic, esophageal, lung,
kidney, stomach, lympho-hematopoietic, ovarian, prostate and breast cancer (see OEHHA 2020
for a review). Although some of these studies have identified associations with THMs in
drinking water, the data appear to be less consistent than the associations with bladder cancer and
are inconclusive,

Overall, the epidemiological evidence points to an association between exposure to THMs in
drinking water and bladder cancer. However, the epidemiological studies have several
limitations that prevent their use in the quantitative risk assessment. These include imprecise
exposure estimates (for example, using regional THM water concentrations instead of individual
exposure data, not using integrated bathing and oral consumption exposures, intra- and
inter-individual variability in water use patterns) as well as more general limitations such as
study size, confounding and other forms of bias. More importantly, however, is the fact that
numerous DBPs are present in drinking water and therefore risk cannot be attributed exclusively
to THMs.

2.2.2 Reproductive and developmental epidemiology

A substantial number of studies have investigated possible associations between exposure to
THMs in drinking water and adverse reproductive and developmental outcomes. Various
endpoints have been examined, including stillbirths, spontaneous abortion (miscarriage), preterm
or premature birth, low birth weight, small for gestational age (SGA) and birth defects/congenital
anomalies (which consist of a highly heterogeneous group of outcomes [for example, cardiac,
urinary, respiratory, nervous system, oral cleft defects]). Most studies have focused on
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developmental risks or female reproductive outcomes. In contrast, very few studies focusing on
male reproductive endpoints (for example, sperm quality) have been undertaken (for example,
Luben et al., 2007; Iszatt et al., 2013; Zeng et al., 2016; Chen et al., 2020; Wei et al., 2022; Liu
et al., 2023).

In 2008, Health Canada convened an expert panel to review the reproductive and developmental
toxicity associated specifically with BDCM. The expert panel concluded that “Overall, the
evidence from epidemiological studies is inconsistent and by international standards, the current
weight of evidence is not sufficient to support an association between adverse reproductive and

developmental effects in humans and environmental exposures to BDCM” (Health Canada,
2008a).

Since then, several pooled analyses and meta-analyses have investigated the relationship between
long-term exposures to THMs and reproductive and developmental outcomes. One review and
meta-analysis of 15 case-control and cross-sectional population-based studies from North
America, Europe and Taiwan evaluated exposure to chlorinated DBPs and congenital anomalies.
The individual studies reviewed showed inconsistent results for an association between DBPs
and risk of all congenital anomalies combined as well as for specific groups of anomalies. The
meta-analysis revealed a statistically significant excess risk for high versus low exposure to
chlorinated water or THMs and all congenital anomalies combined (17%; CI = 3 to 34), based on
a small number of studies. The meta-analysis also suggested a statistically significant excess risk
for ventricular septal defects (58%; CI = 21 to 107), but this was based on only 3 studies, and
there was little evidence of an exposure—response relationship (Nieuwenhuijsen et al., 2009). A
subsequent individual study examining craniofacial birth defects found elevated adjusted odds
ratios for cleft palates and THMs as well as eye defects and chloroform, although no exposure-
response patterns were discernable (Kaufman et al. 2018).

Another meta-analysis of 15 population case-control studies, retrospective pregnancy cohort
studies or prospective pregnancy cohort studies evaluated associations between exposure to
THMs in drinking water and indicators of fetal growth and prematurity. The analysis found little
or no evidence for associations with most indicators of fetal growth and preterm birth, with the
possible exception of SGA. The risks of SGA for third trimester exposure to 80 pg/L and

100 pg/L of THMs were OR = 1.08 (CI=1.01 to 1.17) and 1.10 (Cl = 1.01 to 1.21), respectively
(Grellier et al., 2010).

Another study systematically reviewed the evidence on the risks of miscarriage, preterm or
premature birth, low birth weight and SGA associated with exposure to THMs. Nine of the

29 studies reviewed showed evidence of an association between maternal THM exposure and
adverse pregnancy outcomes (Dodds et al., 1999; Aggazzotti et al., 2004; MacLehose et al.,
2008; Grazuleviciene et al., 2011; Levallois et al., 2012; Rivera-Nufiez and Wright, 2013; Iszatt
etal., 2014; Kumar et al., 2014; Cao et al., 2016). Twenty studies reported no association with
adverse pregnancy outcomes. Overall, maternal exposure to THMs was associated with SGA and
a slightly increased risk of miscarriage (Mashau et al., 2018). A further individual study found
increased adjusted odds ratios for stillbirth and exposure to chloroform and BDCM
(Rivera-Nufez et al., 2018).
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Another systematic review looked specifically at the impact of chloroform on reproductive and
developmental outcomes. Of the 42 studies examined, most (30) of the studies focused on
developmental outcomes, with the remainder focusing on male and female reproductive
outcomes. The weight of evidence examined in this review did not support an association
between chloroform exposure during pregnancy and risk of birth defects, postnatal weight gain
or SGA. In addition, the evidence showed a potential protective association between chloroform
exposure and preterm birth, possibly due to a confounding effect (for example, higher
socioeconomic status and healthier lifestyle) (Williams et al., 2018).

A large nationwide prospective cohort study was conducted in Sweden between 2005 and 2015
to assess the association between total THMs in drinking water and the risk of SGA, preterm
delivery and congenital malformations. Based on approximately 500,000 births, a significant
increase in SGA was observed in the highest THM exposure group (total THMs > 15 pug) in
areas with hypochlorite treatment compared with the unexposed group (OR = 1.20; CI = 1.08,
1.33). No clear associations were observed between THMs and preterm delivery (Save-
Soderbergh et al., 2020). Based on over 620,000 births, associations were observed between the
highest total THM exposure groups in areas using chloramine and malformations of the nervous
system (OR =1.82; Cl = 1.07, 3.12), urinary system (OR = 2.06; CI = 1.53, 2.78), genitals (OR
=1.77; Cl = 1.38, 2.26), and limbs (OR = 1.34; ClI = 1.10, 1.64) (Save-Sdderbergh et al., 2021).

Despite the existence of some well-conducted studies with large sample sizes, improved personal
exposure assessment and consideration of multiple exposure pathways, the conclusions of
individual studies vary, with some studies suggesting adverse associations with THMs, and
others indicating no association. Among the reviews and meta-analyses, there appears to be some
indication of a potential association with SGA. However, the epidemiological evidence is
insufficient to determine whether any observed associations are causal. In addition, with
numerous DBPs present in drinking water, it is impossible to attribute any risk exclusively to
THMs.

2.3 Effects in animals

Exposure to THMs is well known to result in a number of adverse effects in animal models. The
liver and kidney appear to be the primary target organs for adverse effects, although depending
on the THM, effects are also observed in other organs and tissues, including the colon, thyroid
and nasal tissues. Although reproductive and developmental effects have also been observed in
animal studies, these effects were inconsistent among animal models and largely occurred at high
doses that also caused maternal toxicity.

2.3.1 Effect of vehicle and delivery method

In laboratory studies, animals are dosed with concentrations of THMs that are substantially
higher than those typically found in drinking water. At these higher levels, THMs are often
insoluble in drinking water and are too volatile to administer through the diet in feed (NTP,
1985). Consequently, many laboratory studies administer THMs through gavage in corn oil to
ensure the animals are properly dosed. However, delivery of THMs via gavage in corn oil has
often resulted in effects not observed when the chemicals are administered through drinking
water. This may be due to a number of factors.
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When THMs are delivered in drinking water, they are consumed incrementally as opposed to in a
bolus dose as occurs when THMs are delivered via gavage. Animals given THMs in drinking
water often initially consume less water than controls, likely because of the decreased
palatability of the dosed water. However, even when water and THM consumption increases
with time, reduced toxicity has been observed as compared to gavage, indicating a tolerance to
toxic effects (Coffin et al., 2000). This may be a result of lower concentrations in the liver and
consequently a greater opportunity for metabolism without overwhelming detoxification
mechanisms.

The use of oil as a vehicle adds to the caloric intake of the animal, and can also change the
toxicokinetics (for example, the absorption) of the test material (Hayes and Kruger, 2014).
Furthermore, corn oil is known to act as a tumour promoter (Wu et al., 2004). These factors can
cause differences in toxicity, particularly in longer-term studies.

In addition, corn oil administered as a vehicle has been found to cause changes in the intestinal
microbiome, MRNA expression of intestinal permeability and immune response-related genes in
CD-1 mice but not Sprague Dawley rats (Gokulan et al., 2021). The implication of these findings
for chemical toxicity assessment is unknown.

The ramifications of using corn oil gavage as compared to drinking water in exposure studies are
difficult to discern and may vary according to other study parameters (for example, length of
study, endpoint investigated, dietary factors). This may explain why some comparative studies
have observed adverse effects following delivery of THMs (particularly chloroform) in corn oil
but not drinking water (Bull et al., 1986; Larson et al., 1995a; Pereira and Grothaus, 1997), while
other studies have observed similar adverse effects following both corn oil and water exposure
(Geter et al., 2004a).

2.3.2 Acute/subchronic/chronic toxicity

2.3.2.1 Chloroform

The animal toxicity database for chloroform covers inhalation and oral exposure (that is,
drinking water, gavage) and addresses several endpoints in rats, mice, guinea pigs, rabbits and
dogs (see ATSDR [1997] and OEHHA [2020] for more thorough reviews). The liver and kidney
appear to be the primary target organs, although there is evidence for nasal lesions as well.

Acute oral exposures of rats and mice to chloroform resulted in a wide range of median level
dose (LDsp) values ranging from 36 to 2,180 mg/kg, due in part to strain variability and age of
dosing (OEHHA, 2020). High acute exposures have resulted in central nervous system and
respiratory depression, cardiac arrhythmia, and liver and kidney damage. Short duration studies
in rats and mice have identified the liver and kidney as critical target organs (Condie et al., 1983;
Plummer et al., 1990; Larson et al., 1994a, b, 19953, b; Melnick et al., 1998).

A number of subchronic studies have investigated the exposure of animals to chloroform via oral
ingestion or inhalation. These studies are presented in Table 5 and Table 6, respectively.
Included in these tables are studies that investigated multiple doses and that had exposure
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durations of 90 days or more. Effects in the liver and kidney were observed at doses as low as

50 mg/kg per day for oral studies and 30 ppm for inhalation studies. Nasal effects were observed
at doses as low as 2 ppm. Variation in species sensitivity has been reported in animals exposed to
chloroform via inhalation with hepatic and renal lesions in mice being the most sensitive
(Torkelson et al., 1976; Sasso et al., 2013).

Table 5. Summary of subchronic studies in which animals were exposed to chloroform via oral
administration (drinking water or gavage)

NOAEL/
HOE SR, Dose and Exposure
(mg/kg sex, - Critical effect(s) Reference
route duration
bw per number
day)
150%/410 Rat, SPF 0, 15, 30, 13 weeks Increased liver weight with fatty Palmer et al.
Sprague- 150, 410 change and necrosis (1979)
Dawley, M, | mg/kg bw
F, per day,
10/sex/dose | gavage
(toothpaste)
45/150 Rat, 5,50, 500 or | 90 days Decreased food intake and increased Chu et al.
(M) Sprague- 2,500 (plus 90 mortality (1982)
45/142 (F) | Dawley, M, | mg/L", recovery
F, drinking days)
20/sex/dos | water
NA/50 (F) | Mice, CD- | 0, 50, 125, 90 days Increased liver weight and decreased | Munson et
125/250 1, M, F, 7- | 250 mg/kg hepatic microsomal activity, al. (1982)
(M) 12/sex/dose | bw per day, microscopic tissue changes in the
gavage liver and kidney
(Emulphor
water)
NA/60 Mice, 60, 130, 270 | 90 days Increased liver weight (corn oil and Bull et al.
B6C3F1, mg/kg bw Emulphor delivery). Increased SGOT, | (1986)
M, F, per day, decreased TG, vacuolation and lipid
10/sex/dose | gavage (corn accumulation in the liver (corn oil
oil or 2% delivery only)
Emulphor)

F = females; LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NOAEL = no-observed-adverse-effect level, SGOT = serum glutamate oxalacetate transaminase, TG =

triglyceride

aSlight increases in liver and kidney weights were observed at 150 mg/kg per day but the statistical significance was

not specified.

Doses were equivalent to 0.6, 45, 150 (M) or 142 (F) mg/kg bw per day.

Table 6. Summary of subchronic studies in which animals were exposed to chloroform via

inhalation
Species, sex Dose I(ijpogu re Critical effect(s) Reference
uration

Rats, rabbits, 25, 50, 85 ppm? | 7 hrs/day, Liver and kidney Torkelson et al.

guinea pigs, 5 days/week for | toxicity > 25 ppm. (1976)

dogs, M, F 6 months Rats were the most
sensitive and guinea
pigs were the least
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Exposure

Species, sex Dose duration Critical effect(s) Reference
Mouse, B6C3F1, | 0, 0.3, 2 10, 30, 6 hrs/day, Hepatic lesions > 30 Larson et al.
M, F 90 ppmP 7 days/week, ppm, renal lesions (1996)

13 weeks > 30 ppm, nasal
effects > 10 ppm
Rat, F344/N, M, | 0, 2 10, 30, 90, 6 hrs/day, Hepatic lesions at Templin et al.
F 300 ppm°© 7 days/week, 300 ppm, renal lesions | (1996)
13 weeks > 30 ppm, nasal
effects > 2 ppm
Mouse, BDF1, 0,1,5,30,90 6 hrs/day, Hepatic vacuolation Templin et al.
M, F ppm¢ 5 days/week, and degeneration at (1998)
13 weeks 90 ppm, kidney effects
> 30 ppm
Rat, F344, M, F | 25, 50, 100, 6 hrs/day, Nasal effects > 25 Kasai et al.
200 or 400 ppme® | 5 days/week, ppm, liver and kidney | (2002)
13 weeks effects > 100 ppm
Mouse, BDF1, 12, 25, 50, 100 or | 6 hrs/day, Kidney and nasal Kasai et al.
M, F 200 ppm' 5 days/week, effects > 12 ppm, liver | (2002)
13 weeks effects 100 ppm

F = females, M = males.

aDoses were equivalent to 0, 120, 240, 420 mg/m?®,

®Doses were equivalent to 0, 1.5, 9.8, 49 147, 441 mg/m*
°Doses were equivalent to 0, 10, 50, 149, 446, 1,490 mg/m?.
dDoses were equivalent to 0, 4.8, 24, 147, 441 mg/m?.

¢Doses were equivalent to 0, 123, 245, 490, 980, 1,960 mg/m?.
‘Doses were equivalent to 0, 59, 123, 245, 490, 980 mg/m?.

Effects in the liver and kidney have also been observed in chronic studies of rats, mice and dogs

exposed to chloroform (Table 7). One study in particular examined the effects of combined
exposure to chloroform via inhalation and drinking water (Nagano et al., 2006). Since most
chronic studies are designed as cancer bioassays, further details on these and other studies are
available in section 2.3.4.1, Genotoxicity and carcinogenicity.

Table 7. Summary of chronic studies in which animals were exposed to multiple doses of
chloroform via inhalation, drinking water or gavage (toothpaste)

NOAEL/
LOAEL Species, sex, Dose and Expos_ure Critical effects(s) Reference
(mg/kg bw number route duration
per day)
64/129 (M) | Rat, 0, 90, 180 78 weeks (5 Hepatic necrosis, urinary NCI (1976)
71/143 (F) | Osborne- mg/kg (M); 0, | days/week) bladder hyperplasia, splenic and re-
Medel, M, F, | 100, 200 hematopoiesis, decreased body | evaluation of
50/sex/dose | mg/kg (F)?, weight gain and survival, data by Reuber
gavage (corn testicular atrophy (1979)
oil)
NA/99 (M) | Mouse, 0, 138, 277 78 weeks (5 Hepatic hyperplasia, some NCI (1976)
NA/170 (F) | B6C3F1, M, | mg/kg (M); O, | days/week) hepatic necrosis and (in and re-
F, 238, 477 females only) heart thrombosis | evaluation of
50/sex/dose | mg/kg (F)°, data by Reuber
gavage (corn (1979)
oil)
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NOAEL/
LOAEL Species, sex, Dose and Exposyre Critical effects(s) Reference

(mg/kg bw number route duration

per day)

NA/13 Dog, Beagle, | 0, 15, 30¢ 7.5 years (6 Increased SGPT and fatty cysts | Heywood et al.
M, F, mg/kg gavage | days/week) in the liver (1979)
8/sex/dose (toothpaste

base in
gelatin
capsule)

38/81 Rat, Osborne | 0, 19, 38,81, | 104 weeks Cytoplasmic basophilia, Jorgenson et
Mendel, M, | 160 mg/kg cytoplasmic vacuolation, al. (1985) and
50 to 330/ bw per day nuclear crowding, tubule re-evaluation
group drinking hyperplasia in the kidney by Hard et al.

water (2000)

NA/34 Mouse, 0, 34, 65, 104 weeks Increasing liver fat Jorgenson et
B6C3F1, F, | 130, 263 al. (1985)

50 to 430/ mg/kg bw per
group day drinking
water

10/30 ppm | Rat, F344/N, | 0, 10, 30, 90 104 weeks Nuclear enlargement of the Yamamoto et
M, F, ppm via (6 hours/day, | proximal tubule and dilation of | al. (2002)
50/sex/dose | inhalation 5 days/week) | tubular lumen in the kidney;

increased hepatic vacuolated
cell foci

5/30 ppm Mouse, 0,5, 30,90 104 weeks Fatty change and altered cell Yamamoto et
BDF1, M, F, | ppm via (6 hours/day, | foci in the liver; atypical tubule | al. (2002)
50/sex/dose | inhalation 5 days/week) | hyperplasia, nuclear

enlargement and cytoplasmic
basophilia in the kidney

Various Rat, F344, 0, 25,50, 100 | 104 weeks Renal nodules, cytoplasmic Nagano et al.

depending M, 50/dose ppm via (6 hours/day, | basophilia, dilation and nuclear | (2006)

on route inhalation 5 days/week) | enlargement of proximal

and combined tubular lumen, positive urinary

endpoint with 0 or glucose

1,000 ppm in
drinking
water

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NCI = National Cancer Institute, NOAEL = No-observed-adverse-effect level, SGPT = serum glutamic-
pyruvic trasaminase
aThese doses are average values as animals were started on initial doses of chloroform that were modified later in
the experiment. These doses reflect exposure 5 days per week. To allow for comparison with other studies, values
adjusted to exposure 7 days per week are 0, 64, 129 mg/kg bw per day (males) and 0, 71, 143 mg/kg bw per day

(females).

®These doses are average values as animals were started on initial doses of chloroform that were modified later in
the experiment. These doses reflect exposure 5 days per week. To allow for comparison with other studies, values
adjusted to exposure 7 days per week are 0, 99, 198 mg/kg bw per day (males) and 0, 170, 341 mg/kg bw per day

(females).

“These doses reflect exposure 6 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 13, 26 mg/kg bw per day.
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2.3.2.2 BDCM

The animal toxicity database for BDCM covers several types of oral exposure (that is, drinking
water, diet, gavage) in rats and mice, and covers several endpoints (see ATSDR [2020] and
OEHHA [2020] for more thorough reviews). The liver and kidney appear to be the primary
target organs, although there is evidence for effects in the thyroid and colon as well. No
subchronic or chronic inhalation studies have been located for BDCM.

LDso values for acute oral exposures of rats and mice exposed to BDCM ranged between 450 and
969 mg/kg (OEHHA, 2020). Short duration studies in rats and mice support the liver and kidney
as critical target organs (Condie et al., 1983; NTP, 1987, 1998; Aida et al., 1992a; Thornton-
Manning et al., 1994; Melnick et al., 1998; Coffin et al., 2000).

Liver and kidney toxicity were observed in 2 subchronic studies following the exposure of rats
and mice to BDCM (Table 8). Effects in the kidney were observed at doses as low as 71 mg/kg
bw per day in mice, as delivered in corn oil via gavage.

Table 8. Summary of subchronic studies in which animals were exposed to BDCM via drinking
water and gavage (in corn oil)

NOAEL/

Species,
o A sex, Dose and route 2P Critical effect(s) Reference
(mg/kg bw duration
number
per day)
212/NA Rat, 0, 5, 50, 500, 90 days Liver effects and mild Chu et al.
(M), Sprague- 2,500 ppm?, (plus 90 thyroid effects reverted | (1982)
220/NA (F) | Dawley, M, | drinking water recovery to normal after recovery
F, with 1% days) period.
20/sex/dose | Emulphor
54/107 Rat 0, 19, 38, 75, 13 weeks Kidney effects NTP (1987)
F344/N, M, | 150, 300° (5 days/ (degeneration and
F, mg/kg, gavage | week) necrosis; males only),
10/sex/dose | (corn oil) liver effects
(centrilobular
degeneration)
36/71 (M) | Mouse 0, 6.3, 13, 25, 13 weeks Kidney effects NTP (1987)
71/143 (F) | B6C3F1, 50, 100° (M); O, | (5 days/ (degeneration and
M, F, 25, 50, 100, 200, | week) necrosis; males only),
10/sex/dose | 400¢ (F) mg/kg, liver effects
gavage (corn (centrilobular
oil) degeneration; females
only)

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NTP = National Toxicology Program, NOAEL = No-observed-adverse-effect level

aDoses were equivalent to 0, 0.61, 6.9, 56, and 212 mg/kg per day for males and 0, 0.89, 8.2, 67 and 220 mg/kg per
day for females mg/kg per day, as estimated from mean water intake and body weight (OEHHA, 2020).

bThese doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 13.6, 27.1, 53.6, 107, 214 mg/kg bw per day.
“These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 4 5, 9.3, 17.8, 35.7, 71.4 mg/kg bw per day.
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9These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 17.8, 35.7, 71.4, 143, 286 mg/kg bw per day.

Effects in the liver and kidney have also been observed in chronic studies of rats and mice
exposed to BDCM (Table 9). Effects in the liver have been observed at doses as low as 6 mg/kg

bw per day.
Table 9. Summary of chronic studies in which animals were exposed to BDCM via gavage (in
corn oil), diet and drinking water

NEp AL Species

R sex, DRSS ENE SR Critical effect(s) Reference

(mg/kg bw route duration
number

per day)

NA/36 Rat 0, 50, 1002 102 weeks | Liver effects (necrosis and NTP (1987)
F344/N, M, | mg/kg, gavage | (5 days/ fatty metamorphosis), kidney
F, (corn oil) week) effects (tubular cell
50/sex/dos hyperplasia, cytomegaly)

NA/18 Mouse 0, 25, 50° 102 weeks | Liver effects (fatty NTP (1987)
B6C3F1, mg/kg (M); 0, | (5 days/ metamorphosis; males only),

M, F, 75, 150° mg/kg | week) kidney effects (cytomegaly;
50/sex/dose | (F), gavage males only), thyroid effects
(corn ail) (follicular cell hyperplasia)

NA/6.1 Rat Wistar | 0, 6.1, 26, 138 | 2 years Increased relative liver Aida et al.
SPF, M, F, | mg/kg bw per weight; liver fatty (1992b)
40/sex/dose | day (M); 0, 8, degeneration and granuloma

32,168 mg/kg
bw per day
(F), diet

25/NA Rat 175, 350 or 2 years No adverse effects noted NTP (2006)
F344/N, M, | 700 mg/L,
50/sex/dose | drinking water

36/NA Mouse 175, 350 or 2 years No adverse effects noted NTP (2006)
B6C3F1, F, | 700° mg/L,
50/sex/dose | drinking water

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NOAEL = No-observed-adverse-effect level
aThese doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 35.7, 71.4 mg/kg bw per day.
bThese doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 17.8, 35.7 mg/kg bw per day.
“These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 53.6, 107 mg/kg bw per day.
dDoses were equivalent to 0, 0, 6, 12 or 25 mg/kg per day.
¢Doses were equivalent to 0, 9, 18 or 36 mg/kg per day.

2.3.2.3DBCM
The animal toxicity database for DBCM covers several types of oral exposure (that is, drinking
water, diet, gavage) in rats and mice, and covers several endpoints (see ATSDR [2005] and
OEHHA [2020] for more thorough reviews). No subchronic or chronic inhalation studies have
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been located for DBCM. The liver appears to be the target organ for DBCM toxicity although
adverse effects in the kidney and colon have also been observed.

LDso values for acute oral exposures of rats, mice and hamsters exposed to DBCM ranged
between 145 and 1,186 mg/kg (OEHHA, 2020). Several short duration studies in rats and mice
support the identification of the liver as a critical target organ (Condie et al., 1983; NTP, 1985;
Aida et al., 1992a; Melnick et al., 1998; Coffin et al., 2000).

Liver and kidney toxicity were observed in 3 subchronic studies following the exposure of rats
and mice to DBCM. These studies are presented in Table 10. Included in this table are studies
that investigated multiple doses and that had exposure durations of 90 days or 13 weeks. Effects
in the liver were observed at oral doses as low as 43 mg/kg per day in the rat as delivered via
gavage in corn oil.

Table 10. Summary of subchronic studies in which animals were exposed to DBCM via drinking
water and gavage (in corn oil)

NoraL) Species
ot e SeX, Dose and route EXpOS.u re Critical effect(s) Reference
(mg/kg bw duration
number
per day)
224/NA Rat, 5, 50, 500, 2,500 | 90 days Liver effects and mild Chu et al.
(M), Sprague- ppm?, drinking (plus 90 thyroid effects reverted to | (1982)
237INA (F) | Dawley, M, | water with 1% recovery normal after recovery
F, Emulphor days) period
20/sex/dose
21/43 Rat 0, 15, 30, 60, 13 weeks Liver effects (severe fatty | NTP (1985)
F344/N, M, | 125, 250° (5 days/ metamorphosis,
F, mg/kg, gavage | week) hepatocellular
10/sex/dose | (corn oil) centrilobular necrosis),
toxic nephropathy
89/178 Mouse 0, 15, 30, 60, 13 weeks Males only: Liver effects | NTP (1985)
B6C3F1, 125, 250° (5 days/ (fatty metamorphosis),
M, F, mg/kg, gavage | week) toxic nephropathy
10/sex/dos | (corn oil)
NA/50 Rat, 0, 50, 100, 200, | 90 days Increased enzymes Daniel et
Sprague- gavage (corn indicative of al. (1990)
Dawley, M, | ail) hepatotoxicity and
F, nephrotoxicity, lipidosis
10/sex/dose of the liver and kidney
proximal tubule cell
degeneration

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NOAEL = No-observed-adverse-effect level

aDoses were equivalent to 0, 0.57, 6.1, 49 and 224 mg/kg per day for males and 0, 0.69, 7.5, 59 and 237 mg/kg per
day for females, as estimated from mean water intake and body weight (OEHHA, 2020).

bThese doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 11, 21, 43, 89, 178 mg/kg bw per day.
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Effects in the liver and kidney have also been observed in chronic studies of rats and mice
exposed to DBCM (Table 11). Effects in the liver have been observed at doses as low as
29 mg/kg bw per day.

Table 11. Summary of chronic studies in which animals were exposed to DBCM via the diet and
gavage (in corn oil)

NOJEL) Species
HepiEL SEX, Dose and route Expos_ure Critical effect(s) Reference
(mg/kg bw duration
number
per day)
10/43 (M) | Rat Wistar | 0, 10, 43, 230 2 years Decreased body weight, Tobe et al.
9/39 (F) SPF, M, F, | mg/kg bw per increased liver weight. (No | (1982)?
40/sex/dose | day (M); 0, 9, histopathology data)
39, 220 mg/kg
bw per day (F),
diet?
NA/29 Rat 0, 40, 80° 104 weeks | Liver effects (fatty NTP
F344/N, M, | mg/kg, gavage (5 days/ metamorphosis and ground- | (1985)
F, (corn oil) week) glass cytoplasmic changes),
50/sex/dose and nephrosis (females
only)
NA/36 Mouse 0, 50, 100¢ 105 weeks | Liver effects (males: NTP
B6C3F1, mg/kg, gavage (5 days/ hepatocytomegaly, (1985)
M, F, (corn oil) week) necrosis, fatty
50/sex/dose metamorphosis; females:
calcification and fatty
metamorphosis), nephrosis
(males only), increased
thyroid follicular cell
hyperplasia (females)

F = females; LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or

LOAEL, NOAEL = No-observed-adverse-effect level

aTobe et al. (1982) is an unpublished study. Information was taken from OEHHA (2020), including dose values in
mg/kg bw per day, which were calculated based on dietary exposure levels (0.0%, 0.022%, 0.088% or 0.35%),

reported food consumption and body weights at sacrifice.
These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to

exposure 7 days per week are 0, 28.6, 57.1 mg/kg bw per day.
“These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 35.7, 71.4 mg/kg bw per day.

2.3.2.4 Bromoform

The animal toxicity database for bromoform covers several types of oral exposure (that is,
drinking water, diet, gavage) in rats and mice, and covers several endpoints (see ATSDR [2005]
and OEHHA [2020] for more thorough reviews). The liver appears to be the primary target
organ, although there is evidence for effects in the kidney and colon as well. Data on the effects
of bromoform via inhalation are extremely limited with older studies demonstrating hepatic and
renal effects in rodents (Dykan, 1962, 1964).

Acute oral exposures of rats and mice to high doses of bromoform have resulted in effects on the
central nervous system (for example, sedation, anesthesia) and LDso values range from 707 to
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1,550 mg/kg (OEHHA, 2020). The identification of the liver as a target organ is supported by
several short duration studies in rats and mice (Condie et al., 1983; Aida et al., 1992a; Melnick et
al., 1998; Coffin et al., 2000).

Liver effects were observed in 2 subchronic studies following the exposure of rats and mice to
bromoform (Table 12).

Table 12. Summary of subchronic studies in which animals were exposed to bromoform via
drinking water and gavage (in corn oil)

NOraL) Species
HOREE Sex, Dose and route EXpOS.u re Critical effect(s) Reference
(mg/kg bw duration
number
per day)
57/218 Rat, 0, 5, 50, 500, 90 days Liver effects (increased | Chu et al.
(M), Sprague- 2,500 ppm?, (plus 90 cytoplasmic volume and | (1982)
55/283 (F) | Dawley, M, | drinking water recovery vacuolation due to fatty
F, with 1% days) infiltration)
20/sex/dose | Emulphor
18/36 Rat 0, 12, 25, 50, 13 weeks Hepatocellular NTP (1989a)
F344/N, M, | 100, 200° (5 days/ vacuolization in males
F, mg/kg, gavage | week)
10/sex/dose | (corn ail)
71/143 Mouse 0, 25, 50, 100, 13 weeks Hepatocellular NTP (1989a)
B6C3F1, 200, 400° (5 days/ vacuolization in males
M, F, mg/kg, gavage | week)
10/sex/dose | (corn ail)

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or

LOAEL, NOAEL = No-observed-adverse-effect level

aDoses were equivalent to 0, 0.65, 6.1, 57 and 218 mg/kg bw per day for males and 0, 0.64, 6.9, 55 and 283 mg/kg
bw per day for females, as estimated from mean water intake and body weight (OEHHA, 2020).
bThese doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to

exposure 7 days per week are 0, 9, 18, 36, 71, 143 mg/kg bw per day.

“These doses reflect exposure 5 days per week. To allow for comparison with other studies, values adjusted to
exposure 7 days per week are 0, 18, 36, 71, 143, 286 mg/kg bw per day.

dDose, as calculated by the authors, was equivalent to 73 mg/kg bw per day.

®Dose, as calculated by the authors, was equivalent to approximately 56 to 60 mg/kg bw per day.

Effects in the liver have also been observed in chronic studies of rats and mice exposed to
bromoform (Table 13). Effects in the liver have been observed at doses as low as 68 mg/kg bw

per day.

Table 13. Summary of chronic studies in which animals were exposed to bromoform via diet and
gavage (in corn oil)

Ny Species

HONEE Sex, Dose and Route Expos_u re Critical effect(s) Reference
(mg/kg bw duration

number

per day)
19/85 (M) Rat Wistar | 0, 19, 85, 514 2 years Decreased body weight, | Tobe et al.
15/68 (F) SPF, M, F, | mg/kg bw per day increased relative liver | (1982)

40/sex/dose | (M); 0, 15, 68, weight, serum enzyme
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NOJEL Species
HepiEL SEX, Dose and Route Expos_ure Critical effect(s) Reference
(mg/kg bw duration
number
per day)
407 mg/kg bw per change, altered liver
day (F)?, diet appearance
NA/71 Rat 0, 100, 200" 103 Decreased terminal NTP (1989a)
F344/N, M, | mg/kg, gavage weeks (5 | body weight, liver
F, (corn oil) days/ histopathology
50/sex/dose week)
71/NA (M) | Mouse 0, 50, 100°mg/kg | 103 Females only: NTP (1989a)
NA/71 (F) | B6C3F1, (M); 0, 100, 200° | weeks (5 | Decreased body weight,
M, F, ma/kg (F), gavage | days/ liver fatty change,
50/sex/dose | (corn oil) week) follicular cell
hyperplasia of the
thyroid

F = females, LOAEL = lowest-observed-adverse-effect level, M = males, NA = The study did not have a NOAEL or
LOAEL, NOAEL = No-observed-adverse-effect level

aTobe et al. (1982) is an unpublished study. Information was taken from OEHHA (2020), including dose values in
mg/kg bw per day, which were calculated based on dietary exposure levels (0.0%, 0.04%, 0.16% or 0.65%),
reported food consumption (average of reported range for each sex) and body weights at sacrifice.

These doses reflect exposure 5 days per week. To allow for comparisons with other studies, values adjusted to
exposure 7 days per week are 0, 71, 143 mg/kg bw per day.

“These doses reflect exposure 5 days per week. To allow for comparisons with other studies, values adjusted to
exposure 7 days per week are 0, 36, 71 mg/kg bw per day.

2.3.2.5 I-THMs
No information was available on the acute, subchronic or chronic toxicity of I-THMs in animal
models.

2.3.3 Reproductive and developmental toxicity

2.3.3.1 Chloroform

The reproductive and developmental toxicity of chloroform was investigated in several studies in
rats, mice and rabbits where animals were exposed by gavage, drinking water or inhalation (see
Williams et al. [2018] for a more thorough review). Developmental effects, including reduced
fetal body weight and alterations or delays in fetal bone ossification, were consistently observed
in studies with in utero exposure. Of note is that both the reductions in fetal weight and the
skeletal findings occurred at doses that also caused maternal toxicity. In rats and mice, fetal body
weights were reduced at doses of 300 ppm (354 mg/kg per day) (Schwetz et al., 1974; Baeder
and Hofmann, 1988) and 100 ppm (approximately 303 mg/kg per day) (Murray et al., 1979),
respectively. In rabbits, reduced fetal weights were observed at 20 and 50 mg/kg per day, but not
at 35 mg/kg per day (Thompson et al., 1974). Bone effects, including delayed ossification of the
skull bones and sternebrae, lumbar ribs, wavy ribs and interparietal deviations were observed at
the same or higher doses as those at which reduced fetal weights were observed (Schwetz et al.,
1974; Thompson et al., 1974; Murray et al., 1979; Ruddick et al., 1983; Baeder and Hofmann,
1988, 1991).
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Very early (peri-implantation) total litter losses were noted in in utero-only exposure studies,
where dosing started on gestation day (GD) 6 or earlier. Effects occurred only at high doses

(> 200 mg/kg per day) above those where maternal toxicity was observed (Schwetz et al., 1974;
Murray et al., 1979; Ruddick et al., 1983; Baeder and Hofmann, 1988, 1991).

In a continuous breeding protocol with CD-1 mice, there were no effects on fertility or
reproduction in the F1 generation administered 41 mg/kg bw per day by gavage (in corn oil)
(NTP, 1988). Nor were reproductive effects noted in ICR mice exposed to 31 mg/kg per day of
chloroform by gavage (in mixed vegetable oil, Emulphor® and saline) 21 days prior to mating
and continuing through weaning (Burkhalter and Balster, 1979). In contrast, decreased
reproductive performance was noted in F1 and F2 CD-1 mice exposed to 950 mg/kg bw per day
chloroform in a multigenerational drinking water study (Borzelleca and Carchman, 1982).

The teratogenic effects of exposure to chloroform were examined in zebrafish embryos (Teixido
et al., 2015). Exposure to chloroform in sealed glass vials (to prevent volatilization) 4 to 76 hours
post-fertilization resulted in adverse developmental effects, including malformation of the eyes,
heart and tail, and delayed growth, movement and hatching. Of the 4 THMs examined in this
study (that is, chloroform, BDCM, DBCM, bromoform), chloroform was ranked as the least
potent with a 50% effective concentration (ECso) of 0.85 mM.

While some organizations have concluded that the effects in animals from exposure to
chloroform are secondary to maternal toxicity (U.S. EPA, 2001; WHO, 2004), California’s
Developmental and Reproductive Toxicant Identification Committee (DARTIC) has identified
chloroform as a developmental toxicant based on decreases in birth weight in animals and
humans (OEHHA, 2020).

2.3.3.2BDCM

The reproductive and developmental toxicity of BDCM was investigated in several oral studies
in rats and rabbits (see OEHHA, 2007 for a review). Where developmental effects were
observed, these generally occurred at levels that also caused maternal toxicity.

The effects of BDCM were studied in groups of 15 Sprague-Dawley rats administered BDCM at
doses of 50, 100 or 200 mg/kg bw per day by gavage in corn oil on GD 6-15 (Ruddick et al.,
1983). No significant differences were observed between exposed and control groups for fetal
weights, fetal gross malformations or visceral abnormalities. However, an increase in sternebral
aberrations was noted for all treatment groups. The statistical significance of these skeletal
abnormalities was not reported by the authors. However, calculations by the California
Environmental Protection Agency, Office of Environmental Health Hazard Assessment
(OEHHA) (2020) revealed that although none of the incidences of sternebral aberrations in the
treated groups were significantly different from controls, there was a significant trend of
increasing incidence. This resulted in a NOAEL of 200 mg/kg per day, which was higher than
the maternal NOAEL of 100 mg/kg per day based on decreased maternal weight gain (OEHHA,
2020).

Klinefelter et al. (1995) studied the potential of BDCM to alter male reproductive function in
F344 rats. BDCM was delivered in the drinking water for 52 weeks, resulting in average doses of
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0, 22 and 39 mg/kg bw per day. No gross lesions in the reproductive organs were revealed by
histological examination, but exposure to the high BDCM dose significantly decreased the mean
straight-line, average path and curvilinear velocities of sperm recovered from the cauda
epididymis.

Narotsky et al. (1997) examined the effects of BDCM in F344 rats exposed to doses of 0, 25, 50
or 75 mg/kg bw per day given via gavage in aqueous or oil vehicles on GD 6-15. BDCM induced
full-litter resorptions in the 50 and 75 mg/kg bw per day dose groups, with both the aqueous (8%
and 83%, respectively) and corn oil (17% and 21%, respectively) vehicles. BDCM was
maternally toxic at these doses. Follow-up studies indicated that BDCM acts via 2 modes of
action to cause pregnancy loss in F344 rats (disruption of hypothalamic—pituitary luteinizing
hormone secretion and disruption of luteal responsiveness to luteinizing hormone), and further
that the effect of full-litter resorptions is strain specific as Sprague-Dawley rats were unaffected
following exposure to BDCM (Bielmeier et al., 2001, 2004, 2007).

In a developmental study conducted by Christian et al. (2001), Sprague-Dawley rats were
administered BDCM in drinking water on GD 6 to 21 while New Zealand White rabbits were
administered BDCM in drinking water on GD 6 to 29. Mean consumed doses were 0, 2.2, 18.4,
45.0 or 82.0 mg/kg bw per day for rats and 0, 1.4, 13.4, 35.6 or 55.3 mg/kg bw per day for
rabbits. Minimal delays in the ossification of forepaw phalanges and hindpaw metatarsals and
phalanges occurred in rat fetuses at 82.0 mg/kg bw per day and were considered marginal,
reversible and associated with severely reduced maternal weight gain. There were no
treatment-related effects observed in rabbit fetuses.

In a 2-generation reproduction study, Sprague-Dawley rats were treated with BDCM in drinking
water at concentrations of 0, 50, 150 or 450 mg/L (equal to 0, 4.1-12.6, 11.6-40.2 or 29.5 to
109.0 mg/kg bw per day). In the top 2 dose groups, mortality and clinical signs associated with
reduced water consumption, reduced body weights and weight gains, and reduced food
consumption were observed. Small delays in sexual maturation (preputial separation, vaginal
patency) and a higher number of F; rats with prolonged diestrus were attributed to severely
reduced pup body weights. The authors questioned whether the delayed sexual maturation should
be considered general toxicity or reproductive toxicity since it was associated with dehydration
owing to the reduced palatability of the BDCM (Christian et al., 2002).

The teratogenic effects of exposure to BDCM were examined in zebrafish embryos (Teixido et
al., 2015). Exposure to BDCM in sealed glass vials (to prevent volatilization) 4 to 76 hours post-
fertilization resulted in adverse developmental effects, including malformation of the eyes, heart
and tail, and delayed growth, movement and hatching. Of the 4 THMs examined in this study,
BDCM was ranked similar in potency to bromoform with an ECso of 0.26 mM.

An expert panel convened by Health Canada in 2008 to review the toxicity of BDCM determined
that “although BDCM has been shown to cause adverse reproductive effects in animals, these
have only been observed at maternally toxic doses which are 5,000 to 15,000 times higher than
levels found in drinking water. Overall, the current weight of evidence from toxicological studies
does not support an association between adverse reproductive/developmental effects and
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exposure to BDCM at concentrations that occur in chlorinated drinking water” (Health Canada,
2008a).

2.3.3.3 DBCM

The reproductive and developmental toxicity of DBCM was investigated in a small number of
studies. In these studies, exposure to DBCM did not appear to result in reproductive and
development effects except at levels that also cause maternal toxicity.

In a multi-generation reproduction study, groups of 10 male and 30 female ICR mice were
treated with DBCM in Emulphor at 0, 0.1, 1.0 or 4.0 g/L (0, 17, 171 or 685 mg/kg bw per day) in
drinking water for 35 days, then mated; subsequent re-matings occurred 2 weeks after weaning
(Borzelleca and Carchman, 1982). The F1 mice were treated with the same test solution for

11 weeks after weaning and then mated; re-mating occurred 2 weeks after weaning. At 17 mg/kg
bw per day, there was only a slight depression in the body weight of the newborn pups in the F2b
generation. At 171 mg/kg bw per day, there was a significant decrease in female body weight
and an increase in the occurrence of gross liver pathology of FO and F1b mice. Litter size and
viability were decreased in both generations. At 685 mg/kg bw per day, the effects were of the
same types, but more severe. Litter size and viability were decreased in both generations.
Animals exhibited enlarged livers with gross morphological changes. Body weight gain was
significantly reduced in both males and females. In addition, the gestation index, fertility and
survival of the F1 generation were significantly reduced. Fertility was decreased in the F2
generation (IPCS, 2000).

The effects of DBCM were studied in groups of 15 Sprague-Dawley rats administered
bromoform at doses of 50, 100 or 200 mg/kg bw per day by gavage in corn oil on GD 6 to 15
(Ruddick et al., 1983). Maternal weight gain was reduced in the high-dose group. No significant
differences were observed between exposed and control groups for resorption sites, fetuses per
litter, fetal weights, fetal gross malformations, skeletal or visceral abnormalities or
treatment-related histopathological effects.

The absence of effects is supported by a NTP study in which Sprague-Dawley rats were exposed
to 0, 50, 150 or 450 ppm DBCM via drinking water for 35 days (NTP, 1996). Due to reduced
water intake, doses were estimated to be equivalent to 4.2, 12.4 and 28.2 mg/kg per day for
males; 6.3, 17.4 and 46.0 mg/kg per day for Group A females (periconception exposure, mated
with treated males); and 7.1, 20.0 and 47.8 mg/kg per day for Group B females (gestational
exposure, mated with untreated males). No clinical signs of toxicity were observed, nor any
histopathological lesions. No significant effects in reproductive or fertility parameters were
observed at any dose. Small changes in clinical chemistry parameters were noted in males,
although no dose-response trend was noted.

The teratogenic effects of exposure to DBCM were examined in zebrafish embryos (Teixido et
al., 2015). Exposure to DBCM in sealed glass vials (to prevent volatilization) 4 to 76 hours post-
fertilization resulted in adverse developmental effects, including malformation of the eyes, heart
and tail, and delayed growth, movement and hatching. Of the 4 THMs examined in this study,
DBCM was ranked as the most potent with an ECsg of 0.16 mM.
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2.3.3.4 Bromoform

The reproductive and developmental toxicity of bromoform was investigated in a small number of
studies. The effects of bromoform were studied in groups of 15 Sprague-Dawley rats administered
bromoform at doses of 50, 100 or 200 mg/kg bw per day by gavage in corn oil on GD 6 to 15
(Ruddick et al., 1983). No significant differences were observed between exposed and control
groups for resorption sites, fetuses per litter, fetal weights, fetal gross malformations or visceral
abnormalities or treatment-related histopathological effects. Several skeletal anomalies were noted
in offspring, including the presence of a 14th rib, wavy ribs, interparietal deviations and sternebral
aberrations. The statistical significance of these skeletal abnormalities was not reported by the
authors. However, calculations by the OEHHA (2020) revealed the incidence of sternebral
aberrations to be significantly different from controls at the highest dose tested (OEHHA, 2020).

The effect on fertility and reproduction was investigated in Swiss CD1 mice using the
Reproductive Assessment by Continuous Breeding Protocol (NTP, 1989b). In this study, mice
were dosed for 105 days at 0, 50, 100 or 200 mg/kg bw per day in corn oil by gavage. No effects
on reproductive endpoints including litters per pair, live pups per litter, sex of live pups and pup
body weights were noted in either the parental or the F1 generation. No effect on epididymal
sperm density, motility or morphology was reported in F1 males. A slight increase in postnatal
mortality was observed.

The teratogenic effects of exposure to bromoform were examined in zebrafish embryos (Teixido
et al., 2015). Exposure to bromoform in sealed glass vials (to prevent volatilization) 4 to

76 hours post-fertilization resulted in adverse developmental effects, including malformation of

the eyes, heart and tail, and delayed growth, movement and hatching. Of the 4 THMs examined

in this study, bromoform was ranked similar in potency to BDCM with an ECsp of 0.20 mM.

2.3.3.5 Mixtures of THMs

A few studies have investigated the reproductive and developmental effects of exposure to a
mixture of THMs as well as exposure to THMs and other DBPs combined. Because these studies
considered mixtures, any observed effects could not be assigned to individual THMs.

Narotsky et al. (2011) examined pregnancy loss and eye malformations in the offspring of F344
rats following gestational exposure to a mixture of the 4 THMSs, a mixture of 5 haloacetic acids
(HAAS), and a mixture of the THMs and HAAs. Rats were exposed by gavage (in a castor oil
ethoxylate emulsifier) on GD 6 to 20 to the 3 mixtures at low, medium and high concentrations
(307, 613, 920 umol/kg). The proportions of the DBPs were based on those concentrations
observed in a chlorinated water sample. Maternal toxicity (for example, weight loss, reduced
weight gain, piloerection) was observed at all dose levels for the THM mixture. Pregnancy loss
was observed at or above 613 umol/kg for all mixtures.

Narotsky et al. (2015) exposed rats to a realistically proportioned mixture of 4 THMs and

5 HAAs at 0, 500%, 1,000x or 2,000x the United States Environmental Protection Agency’s
(U.S. EPA) maximum contaminant levels (MCLSs). The results of the multigenerational bioassay
revealed that there were no adverse effects on fertility, pregnancy maintenance, prenatal survival,
postnatal survival or birth weights. Retained nipples and sperm motility effects in males and
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pubertal delays in males and females may have been secondary to reduced water consumption
and body weights.

Guariglia et al. (2011) investigated neurodevelopmental toxicity endpoints in mice given a
mixture of chloroform, bromoform and perchloroethylene in drinking water from onset of
breeding to postnatal day 30. Male, but not female, mice demonstrated autistic-like behaviours
including few vocalizations, anxiety, repetitive behaviours and social deficits.

2.3.3.6 I-THMs
No information was available on the reproductive and developmental toxicity of I-THMs.

2.3.4 Genotoxicity and carcinogenicity

The mutagenicity and genotoxicity of THMSs has been evaluated in a wide range of assays and
under a number of experimental conditions (See Richardson et al., 2007; OEHHA, 2020; Cortes
and Marcos, 2018; and de Castro Medeiros et al., 2019 for reviews).

2.3.4.1 Chloroform

Although chloroform has returned positive results under some assay conditions, the
preponderance of the data suggests that chloroform has a low genotoxic potential. In many cases,
the positive results were mild in nature and may have been a result of the experimental test
conditions (for example, occurred at cytotoxic concentrations) (OEHHA, 2020).

Several studies have examined the carcinogenicity of chloroform in rodents via oral exposure,
via inhalation and via combined oral and inhalation exposures. Kidney and/or liver tumours have
been associated with exposure to chloroform in a number of these studies.

In an early study conducted by the National Cancer Institute (NCI), chloroform was administered
by gavage in corn oil to groups of 50 male and 50 female Osborne-Mendel rats and B6C3F
mice. Male rats received 0, 90 or 180 mg/kg bw 5 times per week for 78 weeks; female rats
received 0, 125 or 250 mg/kg bw 5 times per week for the first 22 weeks and the same doses as
the males thereafter. Male mice were administered doses of 0, 100 or 200 mg/kg bw for the first
18 weeks and female mice were administered 0, 200 or 400 mg/kg bw. After 18 weeks, the doses
were changed to 0, 150, and 300 mg/kg bw for male mice and 0, 250 and 500 mg/kg bw for
female mice for the remainder of the exposure period (NCI, 1976).

In male rats, there was a significant dose-related increase in the incidence of carcinomas of the
kidney. Although these tumours were not observed in female rats, a non-significant increase in
tumours of the thyroid (adenocarcinomas and carcinomas) was observed in female rats. In mice,
highly significant increases in hepatocellular carcinomas were observed in both sexes. Nodular
hyperplasia was also observed in low-dose males. Upon re-examination of tissue samples from
the NCI carcinogenesis bioassay, Reuber (1979) confirmed the NCI findings and also further
reported hyperplastic nodules and hepatocellular carcinomas in male and female rats as well as
malignant lymphomas in male and female mice.

In a subsequent study with similar animal species and doses, but using drinking water as a
vehicle, Jorgenson et al. (1985) evaluated the exposure of male Osborne-Mendel rats (50 to
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330 animals per group) and female B6C3F1 mice (50 to 430 animals per group) to 0, 200, 400,
900 or 1,800 mg/L of chloroform for 104 weeks; the time-weighted average doses on a body
weight basis ranged from 19 to 160 mg/kg bw per day for the rats and from 34 to 263 mg/kg bw
per day for the mice. To increase the sensitivity for detecting low response rates, group sizes
were larger for the lower doses. There were also 2 control groups (n = 330 and n = 50), one of
which (n = 50) was matched for water intake with the high-dose groups, since animals in the
higher dose groups often refused to drink the water containing chloroform and hence were water
deprived.

In contrast to the NCI bioassay results described above in which hepatic tumours were observed
in both sexes of mice, there were no treatment-related increases in any tumours in female mice in
this study. Jorgenson et al. (1985) suggested that the hepatic tumours in mice in the NCI study
may have been a result of the interaction of chloroform with the corn oil vehicle. For kidney
effects, there was a dose-related increase in the incidence of kidney tumours in the rats, although
the incidence of combined tubular cell adenomas and adenocarcinomas was slightly lower than
in the NCI bioassay. A re-analysis of the pathology slides from the Jorgenson et al. (1985) study
confirmed the presence of tubule alterations (including cytoplasmic basophilia, cytoplasmic
vacuolation and nuclear crowding consistent with simple tubule hyperplasia). This investigation
demonstrated that sustained proximal tubular cell damage is a precursor lesion for chloroform-
induced tumours (Hard et al., 2000).

In a series of experiments, Roe et al. (1979) investigated the carcinogenicity of chloroform in

4 different strains of mice (C57BI, CBA, CF/1 and ICI). Mice were administered chloroform by
gavage in a toothpaste base or in arachis oil, in doses up to 60 mg/kg, 6 days per week for

80 weeks. There were no treatment-related tumours in 3 of the 4 strains (C57BI, CBA and CF/1
mice). There was, however, an increase in epithelial tumours of the kidney in male ICI mice at
the 60 mg/kg per day dose; the effect was greater when chloroform was administered in arachis
oil than in toothpaste. The results of this study indicate that the tumourigenic response in the
mouse kidney is strain-specific.

Palmer et al. (1979) investigated the carcinogenicity of chloroform administered by gavage in
toothpaste to SD rats at 60 mg/kg, 6 days per week for 80 weeks. No renal or hepatic tumours
were found in any group. However, the poor survival of both control and treated animals likely
resulted in a low sensitivity for detecting any effects.

Tumasonis et al. (1985, 1987) investigated the carcinogenicity of chloroform administered to
Wistar rats in drinking water for 180 weeks. Time-weighted average doses were equivalent to
200 mg/kg per day for males and 240 mg/kg per day for females. A significantly increased
incidence of neoplastic nodules (site not specified) and a significantly increased incidence of
hepatic adenofibrosis was observed in female rats. Male rats also had a significant increase in
hepatic adenofibrosis. Of note is that there was some discussion as to whether rat bile duct cells
could in fact develop into adenomatous tumours; similar lesions have been described by others as
cholangiocellular carcinomas (OEHHA, 2020).

In terms of inhalation studies, Yamamoto et al. (2002) exposed groups of 50 male and 50 female
F344 rats and BDF1 mice to chloroform vapour for 6 hours per day, 5 days per week for
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104 weeks. Rats were exposed to 0, 10, 30 or 90 ppm and mice were exposed to 0, 5, 30 or

90 ppm. In mice, a significant dose-related increase in combined renal cell carcinomas and
adenomas was observed in male animals. In female mice, a significant dose-related increase in
combined hepatocellular carcinomas and adenomas was observed. In rats, there was no
significantly increased incidence of either kidney or liver tumours.

Nagano et al. (2006) looked at the combined inhalation and oral ingestion of chloroform in rats.
Groups of 50 male F344 rats were exposed by inhalation to 0, 25, 50 or 100 ppm of chloroform
vapour (estimated uptake of 20, 39 and 78 mg/kg per day) for 6 hours per day, 5 days per week
for 104 weeks. Each inhalation group was also given 0 or 1,000 ppm chloroform in drinking
water (estimated uptake of 45 mg/kg per day) ad libitum for 24 hours per day, 7 days per week
for 104 weeks. Increased renal-cell adenomas and carcinomas were observed in the combined
inhalation and oral exposure groups, but not in the oral- or inhalation-only groups. The study
concluded that the combined inhalation and oral exposures markedly enhanced carcinogenicity
in male rat kidneys.

Chloroform is considered by IARC to be possibly carcinogenic to humans (Group 2B) (IARC,
1999a) and by the U.S. EPA to be a probable human carcinogen (Group B2) (U.S. EPA, 2001).
These classifications are based largely on kidney and liver tumourigenesis in rodents with strong
evidence that chloroform acts primarily through non-genotoxic mechanisms involving oxidative
metabolism, cytotoxicity and regenerative cell proliferation.

2.3.4.2 Brominated THMs

The mutagenicity and genotoxicity of BDCM, DBCM and bromoform have been investigated in
a variety of in vitro and vivo assays (OEHHA, 2020). In contrast to chloroform, the weight of
evidence points to a finding of mutagenicity and genotoxicity for the brominated THMs. The
relative bacterial mutagenic potency of brominated THMSs has been ranked as follows:
bromoform = DBCM > BDCM (DeMarini et al., 1997). In an experiment using single cell gel
electrophoresis assay (SCGE) in the human HepG2 cell line, Zhang et al. (2012) ranked the order
of DNA-damaging potency of the THMs as BDCM > DBCM > bromoform > chloroform.

Treated drinking water and pool water known to contain THMSs have also been found to be
genotoxic in bacterial and animal cells (Cortes and Marcos, 2018; de Castro Medeiros et al.,
2019).

Several in vivo studies in rats have demonstrated the formation of aberrant crypt foci (ACF),
preneoplastic lesions in the colon of rats (but not mice), following exposure to single doses of
brominated THMs (DeAngelo et al., 2002; McDorman et al., 2003; Geter et al., 2004a, 2005).
Studies with BDCM have shown the formation of ACF to be independent of the delivery vehicle
(that is, corn oil instead of drinking water) (Geter et al., 2004a). Dietary factors, such as fat and
folate, can influence the promotion of THM-induced lesions specifically in the case of
bromoform (Geter et al., 2004a,b, 2005). When rats were exposed to bromoform in drinking
water in conjunction with a high-fat diet, an almost 2-fold increase in ACF was observed
compared with rats fed bromoform and a regular diet (Geter et al., 2004c). In contrast, dietary
folate was protective against ACF; the number of ACF was significantly decreased in rats given
bromoform in drinking water along with a normal folate-containing diet as compared to a
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folate-free diet (Geter et al., 2005). There is also evidence that ACFs are precursor lesions for
colon cancer (adenomas and adenocarcinomas) in humans (Konstantakos et al., 1996; Siu et al.,
1997).

2.3.43 BDCM

Mixed results have been observed in mutagenicity and genotoxicity assays for BDCM (see
OEHHA [2020] for a review of the data). However, the weight of evidence indicates that BDCM
is likely genotoxic. Positive results were observed in some bacterial mutagenicity assays and
positive or equivocal results were observed for mutagenicity in mouse lymphoma cells in vitro.
Positive results were also noted in some sister chromatid exchange and chromosomal aberrations
assays in vivo and in vitro.

Several studies have examined the carcinogenicity of BDCM in rodents via oral exposure
(gavage in corn oil, diet and drinking water). No studies examining carcinogenicity via
inhalation were identified.

In a NTP carcinogenicity assay, groups of 50 male and 50 female F344/N rats and B6C3F1 mice
were administered BDCM by gavage in corn oil for, 5 days per week for 102 weeks. Rats
received 0, 50 or 100 mg/kg bw per day; male mice received 0, 25 or 50 mg/kg bw per day; and
female mice received 0, 75 or 150 mg/kg bw per day (NTP, 1987). There was clear evidence of
carcinogenicity in male and female rats, with increases in the incidence of renal tubular cell
adenomas and adenocarcinomas, and adenomatous polyps and adenocarcinomas of the large
intestine. There was also clear evidence of carcinogenicity in male and female B6C3F1 mice,
based on an increased incidence of adenomas and adenocarcinomas (combined) of the kidney in
males and hepatocellular adenomas and carcinomas (combined) in female mice.

Positive test results were also observed in a 185-week-long study of Wistar rats exposed to
BDCM in drinking water (Tumasonis et al., 1985). In this study, animals were exposed to

2,400 mg/L for the first 72 weeks, then 1,200 mg/L for the remaining 113 weeks due to a
gradually increasing intake of water. Daily doses were not reported by the authors, but another
review estimated values from a graph in the publication to be an average of approximately

175 mg/kg bw per day for females and 100 mg/kg bw per day for males (OEHHA, 2020). A
significantly increased incidence of neoplastic nodules was found in livers of female rats but not
in males. Significant incidences of hepatic adenofibrosis (proliferative lesions of the bile duct)
and lymphosarcoma were also noted in exposed females.

In another study, the carcinogenicity of BDCM was evaluated in male F344/N rats and male
B6C3F1 mice. Rats and mice were exposed for 104 weeks to 0.07, 0.35 or 0.70 g/L and 0.05,
0.25 or 0.5 g/L BDCM, respectively, in drinking water (containing 0.25% Emulphor) for

104 weeks (George et al., 2002). These values were roughly equivalent to mean daily doses of
3.9, 20.6 and 36.3 mg/kg per day for rats and 8.1, 27.2 or 43.4 mg/kg per day for mice over the
entire study. In rats, hepatocellular adenoma and combined hepatocellular adenoma and
carcinoma were significantly increased at the low dose, non-significantly increased at the
mid-dose and comparable to the control values at the high dose. The authors indicated that a
decrease in metabolism at the higher doses may have been responsible for this finding. In mice,
no increases in hepatocellular or renal tubular cell neoplasms were observed.
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A study of the carcinogenicity of BDCM through diet revealed no significant incidences in
neoplastic lesions in the rat (Aida et al., 1992b). Wistar rats were fed microencapsulated BDCM
at concentrations equivalent to 0, 6. 1, 25.5 or 138.0 mg/kg per day for males and 0, 8.0, 31.7 or
168.4 mg/kg per day for females for up to 24 months. Three cholangiocarcinomas and

2 hepatocellular adenomas were observed in the high-dose females, one hepatocellular adenoma
in a control female, one cholangiocarcinoma in a high-dose male and one hepatocellular
adenoma each in a low-dose male and a high-dose male. The study authors concluded that there
was no clear evidence that microencapsulated BDCM was carcinogenic under the study
conditions.

As reported by IARC (1999Db), Voronin et al. (1987) examined the carcinogenicity of BDCM in
mice. Animals were exposed to BDCM in drinking water at 0, 0.04, 4.0 and 400 mg/L for

104 weeks, which was equivalent to average daily doses of approximately 0, 0.0076, 0.76 and
76 mg/kg per day. No significant increases in tumours were noted and BDCM was not
considered carcinogenic under the study conditions.

To further characterize the toxicity of BDCM, a second NTP study evaluated the effects of
BDCM in male F344/N rats and female B6C3F1 mice as exposed in drinking water for 2 years
(NTP, 2006). Groups of 50 male F344/N rats were exposed to target concentrations equivalent to
average daily doses of 0, 6, 12 or 25 mg/kg bw BDCM. Groups of 50 female B6C3F; mice were
exposed to target concentrations equivalent to average daily doses of 0, 9, 18 or 36 mg/kg bw
BDCM. Under the conditions of this 2-year drinking water study, there was no evidence of
carcinogenic activity in either the male rats or female mice. However, one adenomatous polyp
was noted in the large intestine of a rat in the highest dose group. In evaluating the differences
between findings of the NTP corn oil and drinking water studies, the authors stated that “The
different responses observed in these studies were attributed to differences in organ dosimetry by
these routes of exposure and possible influences of dietary factors and differences in body weight
on neoplasm development” (NTP, 2006).

Further studies by the NTP were aimed at characterizing the toxicity of BDCM using 2 strains of
genetically modified mice: Tg. AC hemizygous and p53 haploinsufficient mice, which were
considered as susceptible models for the development of cancer (NTP, 2007). Animals were
exposed to BDCM via gavage in corn oil, via drinking water and dermally (Tg. AC mice only)
for between 6 and 9 months. No increases in tumours were seen in males or females from either
strain of mice exposed via any of the routes. Since BDCM caused cancer in other studies with
different rodents, the NTP concluded that these genetically modified mice may not be as
sensitive as expected for detecting cancer-causing compounds.

BDCM is considered by IARC to be possibly carcinogenic to humans (Group 2B) (IARC,
1999b) and by the U.S. EPA to be a probable human carcinogen (Group B2) (U.S. EPA, 1993).

2.3.4.4 DBCM

The genotoxicity of DBCM has been studied in a number of assays (see OEHHA [2020] for a
review of the data). Although the assay results have been mixed, DBCM has tested positive for
bacterial mutagenicity and mutagenicity in cultured mouse lymphoma cells. It has also tested
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positive for the induction of sister chromatid exchange and chromosomal aberrations in vivo and
in vitro, DNA damage in bacteria and aneuploidy in mammalian cells.

In a NTP carcinogenesis bioassay, DBCM was administered in doses of 0, 40 or 80 mg/kg bw by
gavage in corn oil 5 times per week for 104 weeks to groups of 50 male and female F344/N rats
(NTP, 1985). In addition, 0, 50 or 100 mg/kg bw was administered to groups of 50 male and
female B6C3F1 mice 5 days per week for 105 weeks. The study results showed no evidence of
carcinogenicity in rats. In male B6C3F1 mice, there was equivocal evidence of carcinogenicity
based on a significantly increased incidence of hepatocellular carcinomas, but only a marginal
increase in hepatocellular adenomas or carcinomas (combined) (incidence of hepatocellular
carcinomas in control and high-dose groups, 10/50 and 19/50, respectively; incidence of
hepatocellular adenomas and carcinomas combined, 23/50 and 27/50, respectively). However,
due to a dosing error, the number of surviving animals in the low-dose group of male mice was
inadequate for analysis. Therefore, DBCM was indeterminate for carcinogenicity in male mice.
There was some evidence of carcinogenicity in female mice, based on an increased incidence of
hepatocellular adenomas and hepatocellular adenomas or carcinomas (combined). The incidence
of hepatic adenomas and carcinomas (combined) in the control, low-dose and high-dose groups
was 6/50, 10/49 and 19/50 respectively, with the incidence in the high dose group being
significantly different from controls.

As reported by IARC (1999b), Voronin et al. (1987) examined the carcinogenicity of DBCM in
groups of 50 CBAXC57B1 mice treated with 0, 0.04, 4.0 or 400 mg/L DBCM in drinking water
(0, 0.008, 0.76 or 76 mg/kg/day) for 104 weeks. No significant increases in tumours were noted.

DBCM is classified as a possible human carcinogen (Group C) by the U.S. EPA (U.S. EPA,
1990a) whereas IARC considers DBCM to be not classifiable as to its carcinogenicity to humans
(Group 3) (IARC, 1999b).

2.3.4.5 Bromoform

The results of genotoxicity assays for bromoform have yielded mixed results (see OEHHA
[2020] for a review of the data). Bromoform was positive in some in vitro and/or in vivo assays
for micronuclei induction, sister chromatid exchange, chromosomal aberrations including DNA
damage, sex-linked recessive lethal mutations and aneuploidy.

In a NTP carcinogenesis bioassay, 0, 100 or 200 mg bromoform/kg bw was administered by
gavage in corn oil 5 days per week for 103 weeks to groups of 50 F344/N rats of each sex and to
female B6C3F1 mice (NTP, 1989a). Male B6C3F1 mice were administered 0, 50 or 100 mg/kg
bw on the same schedule. There was some evidence of carcinogenicity in male rats and clear
evidence in female rats, based on increased incidences of uncommon neoplasms (adenomatous
polyps and adenocarcinomas of the large intestine) in both sexes. The incidences of these
tumours (combined) in the control, low-dose and high-dose groups of females were 0/50, 1/50
and 8/50, respectively. In males, the comparable values were 0/50, 0/50 and 3/50. Reduced
survival in the high-dose group of male rats administered bromoform may, however, have
lowered the sensitivity of the bioassay for detecting a carcinogenic response. The incidence of
neoplastic nodules in low-dose female rats was also greater than that in controls, but it was not
considered to be a chemically induced neoplastic effect, as the lesions did not fit the current NTP
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criteria for hepatocellular adenomas, nor was the incidence significantly increased in high-dose
female rats or in dosed male rats. There was no evidence of carcinogenicity in male or female
mice.

In a screening study, male Strain A mice (20/group) were given bromoform by intraperitoneal
injection up to 3 times a week for 8 weeks at doses of 0, 4, 48 or 100 mg/kg. An observation
period of 6 weeks followed cessation of treatment. Although there was no dose-related increase
in the average number of lung tumours, bromoform did induce a significant increase in tumours
at the 48 mg/kg dose (Theiss et al., 1977).

Bromoform is considered a probable human carcinogen (Group B2) by the U.S. EPA (U.S. EPA,
1990b) whereas IARC considers bromoform to be not classifiable as to its carcinogenicity to
humans (Group 3) (IARC, 1999b).

2.3.4.6 I-THMs

Very little information exists on the genotoxicity and carcinogenicity of I-THMs, with TIM
being the most studied compound. TIM tested positive in the Salmonella mutagenicity assay in
strains TA98, TA100 and BA13 with and without metabolic activation (Haworth et al., 1983), as
well as in the L-arabinose forward-mutation assay with Salmonella typhimurium, but the results
were negative upon the addition of exogenous metabolic activation (Roldan-Arjona and Pueyo,
1993). TIM produced negative results in most other genotoxicity studies including the
micronucleus assay and SCGE assay in NIH3T3 rodent cells (Wei et al., 2013), the SCGE assay
in Chinese hamster ovary (CHO) cells (Richardson et al., 2008) and for chromosomal aberration
in Syrian hamster embryo cells (Hikiba et al., 2005). Together, the results show that TIM does
not induce chromosomal mutations but instead induces gene mutations. TIM was negative in a
cell transformation assay in which positive results are viewed as predictors of in vivo
carcinogenicity (Wei et al., 2013). Consistent with this finding, TIM was not carcinogenic when
evaluated in a 78-week gavage study in male and female rats and mice (NCI, 1978).

Another study investigated the mutagenicity of 5 I-THMs (CDIM, DCIM, DBIM, BCIM and
TIM) in the Salmonella strain RSJ100, which expresses the metabolizing enzyme GSTT1, and its
homologue TPT100, which does not. CDIM, DCIM and DBIM were also evaluated in strain
TA100 with and without the addition of exogenous metabolic activation. None of the I-THMs
were mutagenic in any of the strains (DeMarini et al., 2021).

With the exception of CDIM, all of the I-THMs were also found to be negative for clastogenicity
in the SCGE assay in CHO cells (Richardson et al., 2008). The reason behind the genotoxicity of
CDIM is unknown but has been postulated to be related to differing metabolism or solubility. No
information was identified on the carcinogenicity of other I-THMs.

2.4 Mode of action

2.4.1 Chloroform

The weight of evidence suggests that chloroform is a threshold carcinogen and its activity is
primarily mediated by a non-genotoxic mechanism of action. The principal mode of action
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involves oxidative metabolism by CYP2EL1 leading to the formation of reactive intermediates,
including the predominant metabolite phosgene. Phosgene can then react with tissue proteins,
cellular macromolecules, phospholipids and other cellular nucleophiles to cause persistent
cytotoxicity and regenerative cell proliferation. The increased cell division involved in the
sustained cellular proliferation increases the probability of tumour formation. Environment
Canada and Health Canada (2001) concluded that the weight of evidence for this mode of action
is strongest for hepatic and renal tumours in mice and more limited for renal tumours in rats,
although additional data in rats have been published since that review (Nagano et al., 2006). This
oxidative metabolism of chloroform by CYP2E1 is common to humans and rodents (U.S. EPA,
2001), and children are not expected to have increased susceptibility as compared to adults
(Schoeny et al., 2006).

Chloroform toxicity is clearly enhanced in rodents when administered in corn oil, compared with
when it is received in drinking water. This supports the hypothesis that tumourigenicity of
chloroform depends on the rate of its delivery to the target tissue and further suggests that
detoxification mechanisms must be saturated before the full carcinogenic potential of chloroform
is realized (GlobalTox, 2002).

While the predominant mode of action is thought to involve the 3 key events described above
(that is, oxidative metabolism to reactive intermediates, cytotoxicity and sustained cellular
regeneration), a review conducted by the OEHHA (2020) of existing cytotoxicity and tissue
regeneration data suggests the possibility of an additional mode of action. The OEHHA indicates
that it is unlikely that cytotoxicity and regenerative proliferation are solely responsible for the
tumourigenicity of chloroform; it is possible they work in conjunction with genetic toxicity to
result in tumour formation. The OEHHA states that under the current theory, cytotoxicity should
be followed by regeneration and tumour formation, and tumour formation should not occur
without cytotoxicity and regeneration. However, their review identifies a number of situations in
which regeneration (as measured by a labelling index in histological tissues, that is, the
proportion of labelled cells in S phase) preceded or occurred without cytotoxicity and situations
where regeneration peaked and then was reduced to near background while cytotoxicity persisted
or became more severe. Therefore, there appears to be some inconsistency in the supporting data
for the main mode of action. The OEHHA further suggests that there is evidence that chloroform
reactive metabolites can cross nuclear membranes and bind covalently to macromolecules,
including histones, and may therefore indirectly influence DNA expression. Ultimately, it is
possible that alternate modes of action are involved in the carcinogenicity of chloroform. Further
investigation of the hypothesis is required.

2.4.2 Brominated THMs

In contrast to chloroform, brominated THMs are believed to be non-threshold carcinogens acting
through a genotoxic mode of action. DNA reactive intermediates are formed when brominated
THMs are metabolized through GSTT1-1-mediated conjugations (DeMarini et al., 1997; Pegram
etal., 1997; Ross and Pegram, 2003), thus potentially leading to the formation of adducts and,
subsequently, tumours. The DNA reactive intermediates may form predominantly in the kidney
and large intestine where, in contrast to the liver, exposure to brominated compounds can
overwhelm the metabolic capacity of CYP2E1 enzymes (that is, oxidative metabolism) and, as a
consequence, metabolism is shunted toward the alternative conjugation pathway. Indeed, several
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in vivo studies in rats have demonstrated the formation of preneoplastic lesions in the colon,
following exposure to brominated THMs (DeAngelo et al., 2002; McDorman et al., 2003; Geter
et al., 2004a, 2005).

In addition, there is evidence that BDCM induces hypomethylation when administered to
rodents via drinking water or gavage (Coffin et al., 2000; Pereira et al., 2004; Tao et al., 2005).
This suggests a possible additional mode of action through a non-genotoxic mechanism.

2.4.3.1-THMs

A small number of studies have investigated the cytotoxicity of I-THMSs in in vitro models.
Richardson et al. (2008) examined the cytotoxicity of 6 I-THMs in CHO cells. They found the
iodo and iodo-bromo-THMSs to be more toxic than their iodo-chloro analogues; the cytotoxicity
rank order was TIM > BDIM > DBIM > BCIM ~ CDIM > DCIM. The cytotoxicity of the I-
THMs was also compared with their non-iodinated analogues. It was determined that TIM was
60x and 146x more cytotoxic than chloroform and bromoform, respectively. BDIM was 8% more
cytotoxic than BDCM and DBIM was 3x more cytotoxic than DBCM. This reflects a common
finding for DBPs where the cytotoxicity of iodinated DBPs is greater than the cytotoxicity of
their brominated or chlorinated analogues with chlorinated analogues being the least cytotoxic
(Plewa and Wagner, 2009; DeMarini et al., 2021).

Stalter et al. (2016) applied a set of 9 in vitro cellular bioassays (indicative of different stages of
the cellular toxicity pathway) to various disinfection by-products, including I-THMs, to better
understand their molecular mechanisms of toxicity. Comparatively, I-THMs were generally more
cytotoxic and activated oxidative stress response (ARECc32 assay) to a greater extent than THMs.
Activation of the SOS response in the bacterial umucC assay (indication of DNA damage) was
also higher for all I-THMs than for THMs. Activation of the tumour suppressor protein p53 via
the p53-bla assay (indication of tumour-inducing properties) was evident in cells exposed to I-
THMs but not in cells exposed to THMs.

Another study examined the ability of GSTTL1 to activate I-THMs to mutagenic compounds as it
does for brominated THMs. None of the 5 I-THMs examined (CDIM, DCIM, DBIM, BCIM and
TIM) were activated to mutagens in the Salmonella strain RSJ100, which expresses the
metabolizing enzyme GSTT1. It was postulated that the lack of activation, particularly for the

2 I-THMs that contain bromine (DBIM and BCIM), may be due to the scission of iodine and the
subsequent formation of cytotoxic products prior to any potential activation by GSTT1. An
alternate suggestion was that the presence of iodine made them sterically incompatible with the
GSTT1 enzyme (DeMarini et al., 2021).

2.5 Selected key studies

2.5.1 Chloroform

Since the weight of evidence suggests that chloroform is a threshold carcinogen that does not
pose a cancer risk at levels found in drinking water (Environment Canada and Health Canada,
2001; Levesque et al., 2002; Hrudey and Fawell, 2015), a non-cancer approach was selected for
the risk assessment. The lowest point of departure identified in chronic oral exposure studies was
a LOAEL of 15 mg/kg for hepatic effects in dogs (Heywood et al., 1979). However, this study
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did not identify a NOAEL, did not cover the full life span of the dog, had a relatively small
sample size and used gavage dosing with a toothpaste base in a capsule. Consequently, 2 other
key studies were identified: a 2-year inhalation study in rats and mice by Yamamoto et al. (2002)
and a 2-year combined drinking water and inhalation study in rats by Nagano et al. (2006). A
third PBPK study by Sasso et al. (2013) acted as a supporting study. Combined, these studies
have more relevant exposure routes (inhalation and drinking water vs. gavage in toothpaste), a
longer exposure period (lifetime vs. less than lifetime), a more rigorous analysis (benchmark
dose modelling, PBPK analysis and human equivalent dose (HED) vs. a LOAEL) and an
analysis that takes into account pulsed bolus dosage simulating 24-hour drinking water
consumption in humans. The kidney, one of the established targets of chloroform toxicity in
experimental animals, was the target organ for critical effects.

In the Yamamoto et al. (2002) study, groups of 50 F344 rats and 50 BDF1 mice of both sexes
were exposed to chloroform via inhalation for 104 weeks (6 hours per day, 5 days per week).
Rats were exposed to 0, 10, 30 or 90 ppm and mice were exposed to 0, 5, 30 or 90 ppm. Effects
in the kidneys and liver were examined at the end of the exposure period. In rats, dose-related
nuclear enlargement of the proximal tubules and dilation of the tubular lumen were found in the
kidneys of both sexes of rats at 30 and 90 ppm. In mice, male animals experienced significant
fatty change in the liver at 90 ppm and significantly increased incidences of atypical tubule
hyperplasia, cytoplasmic basophilia and nuclear enlargement in the kidneys at 30 and 90 ppm.
Female mice experienced a significant increase in cytoplasmic basophilia at 90 ppm.

The study by Nagano et al. (2006) examined the effects of combined inhalation and drinking
water exposures to chloroform on the kidney. Groups of 50 male F344 rats were exposed to 25,
50 or 100 ppm chloroform (estimated uptake of 20, 39 and 78 mg/kg per day) via inhalation for
6 hours per day, 5 days per week, for 104 weeks. Each inhalation group was also given 0 or
1,000 ppm chloroform in drinking water (estimated uptake of 45 mg/kg per day) for 104 weeks,
ad libitum. Atypical renal tubule hyperplasias were increased in the combined exposure groups,
but not in the single exposure route groups. In addition, incidences of cytoplasmic basophilia and
dilation of the lumen in the proximal tubule were significantly increased in the inhalation-alone
groups at 50 and 100 ppm and in the oral-alone group (1,000 ppm), but were significantly higher
in the combined exposure groups. The incidence of nuclear enlargement in the proximal tubular
cells was significantly increased in the inhalation-alone exposures at 50 and 100 ppm, as well as
in the combined exposures at 25 to 100 ppm, but not in the oral-alone exposures.

In the third study, Sasso et al. (2013) used their updated PBPK model with improved estimates of
renal chloroform metabolism to evaluate existing renal toxicity data. Data from Yamamoto et al.
(2002) and Nagano et al. (2006) were used and, in some scenarios, combined as these 2 studies
had been performed at the same research centre in the same strain of rat (F344) and analyzed
similar endpoints. External exposures were converted to common site-specific internal doses
using the PBPK model. Data from the histopathological lesions were pooled and benchmark dose
(BMD) analyses were conducted to evaluate the dose response and point of departure for

4 kidney toxicity endpoints: nuclear enlargement of proximal tubules, atypical tubule
hyperplasia, dilation of the tubular lumen and cytoplasmic basophilia. Finally, the internal
BMDL values (lower 95% confidence limit on the benchmark dose associated with a

10% response) were used along with the human PBPK model to estimate the human-equivalent



Unclassified / Non classifié

doses (HEDs) (that is, the external dose required to produce the internal BMDL values in
humans). A BMDL of 10 was chosen because of the quantal nature of the data. Table 14
provides a summary of the BMDLs and HEDs derived for each toxicity endpoint. The
dose-response curves were greatly informed by the inclusion of the combined inhalation and
drinking water data from both the Yamamoto et al. (2002) and Nagano et al. (2006) studies.
Therefore, the HED of 4.18 mg/kg bw per day (the lowest of the HEDs from the combined
exposures) was selected as the point of departure for chloroform.

Combined, the improved toxicity data, PBPK modelling information and availability of an HED
for chloroform provide a reduced level of uncertainty and allow for a more refined risk
assessment approach.

Table 14. Lower 95% confidence limit on the benchmark dose (BMDL10) and HEDs for kidney
toxicity in male F344 rats following exposure to chloroform (from Sasso et al., 2013)

Endpoint Reference for toxicity data | Route BMDLo(mg/kg HED?
for chloroform bw per day) (mg/kg
bw per
day)
Nuclear Yamamoto et al. (2002) Inhalation 45.02 4.27
enlargement of Yamamoto et al. (2002) + Inhalation 48.99 4.49
proximal tubules Nagano et al. (2006)
Yamamoto et al. (2002) + Inhalation + ~47° ~4.34°
Nagano et al. (2006) Oral
Atypical tubule Nagano et al. (2006) Inhalation + 106.03 6.48
hyperplasia Oral
Dilation of the Yamamoto et al. (2002) Inhalation 41.52 4.08
tubular lumen Yamamoto et al. (2002) + Inhalation 43.60 4.24
Nagano et al. (2006)
Yamamoto et al. (2002) + Inhalation + 42.02 4.18
Nagano et al. (2006) Oral
Cytoplasmic Nagano et al. (2006) Inhalation + 49.71 4.23
basophilia Oral

HED = Human equivalent dose
2HED derived assuming humans take in chloroform in drinking water as bolus events 6 times/day.
PResults are approximate. Some dose groups removed from BMD analysis.

2.5.2 BDCM

Two key studies were selected for the risk assessment for BDCM: a 2-year study of BDCM in
rats and mice as delivered via gavage in corn oil (NTP, 1987) and 2-year study of BDCM in
male rats and female mice as delivered in drinking water (NTP, 2006).

In the first key study, groups of 50 male and 50 female F344/N rats and B6C3F1 mice were
administered BDCM by gavage in corn oil 5 days per week for 102 weeks. Rats received 0, 50 or
100 mg/kg bwl male mice received 0, 25 or 50 mg/kg bw; and female mice received 0, 75 or

150 mg/kg bw (NTP, 1987). There was clear evidence of carcinogenicity in male and female
rats, with increases in the incidence of renal tubular cell adenomas and adenocarcinomas
(combined incidence in control, low-dose and high-dose groups: males, 0/50, 1/50 and 13/50;
females, 0/50, 1/50 and 15/50) and adenomatous polyps and adenocarcinomas of the large
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intestine (combined incidence: males, 0/50, 13/50 and 45/50; females, 0/46, 0/50 and 12/47).
Both the kidney and intestinal tumours were considered significant as they are uncommon in
F344/N rats. There was also clear evidence of carcinogenicity in male and female B6C3F; mice,
based on increased incidence of adenomas and adenocarcinomas (combined) of the kidney in
males (incidence in control, low-dose and high-dose groups: 1/49, 2/50 and 9/50) and of
hepatocellular adenomas and carcinomas (combined) in female mice (incidence: 3/50, 18/48 and
29/50).

In the second key study, male F344/N rats and female B6C3F1 mice were exposed to BDCM in
drinking water for 2 years (NTP, 2006). Male rats and female mice were chosen because, in the
previous NTP (1987) corn oil gavage study, a greater incidence of large intestine neoplasms was
observed in male rats compared with female rats and because increases in the incidence of
hepatocellular neoplasms were observed in female mice but not in male mice. Groups of 50 male
F344/N rats were exposed to target concentrations of 0, 175, 300 or 700 mg/L BDCM
(equivalent to average daily doses of 0, 6, 12 or 25 mg/kg bw BDCM). No dose-related increases
in neoplasms related to BDCM exposure were observed, although the occurrence of
adenomatous polyps was noted in the large intestine of one of 46 animals in the second highest
dose group. Groups of 50 female B6C3F1 mice were also exposed to target concentrations of 0,
175, 300 or 700 mg/L BDCM (equivalent to average daily doses of 0, 9, 18 or 36 mg/kg bw
BDCM). In mice, the incidences of hepatocellular adenoma or carcinoma occurred with a
negative trend, and the incidence in the highest dose group was significantly decreased relative
to the control group. The incidence of hemangiosarcoma in all organs was significantly
decreased in the 18 mg/kg bw group. The authors of the study concluded that under the
conditions of this 2-year drinking water study, there was no evidence of carcinogenic activity in
either the male rats or female mice.

A number of issues complicate the interpretation of the 2 NTP studies. For example, the doses
used in the NTP (1987) corn oil study were not included in the NTP (2006) drinking water study
and vice versa. In addition, the corn oil vehicle used in the NTP (1987) study can affect the
toxicokinetics of the chemical and has been shown to act as a tumour promoter (see

section 2.3.1, Effect of vehicle and delivery method). Further, the NTP (2006) drinking water
study had higher levels of dietary fibre than the NTP (1987) corn oil study and increased fibre is
known to be protective against cancers (Reddy, 1987).

In 2008, Health Canada assembled an expert panel to review the toxicological findings related to
BDCM, including the findings of these 2 studies (Health Canada, 2008a). The expert panel
concluded that carcinogenicity is a critical endpoint as BDCM was carcinogenic in both rats and
mice and produced tumours at multiple sites. The expert panel considered data from the 2 NTP
studies together for the risk assessment. In particular, the occurrence of adenomatous polyps in
the large intestine of male rats was used as the critical endpoint. Given that the doses and
vehicles were different between the 2 NTP studies, the administered doses were converted to
internal doses (maximal rate of BDCM metabolism through the GST pathway, nmol/min/g
tissue) using a PBPK model (as described in NTP, 2006) to resolve any vehicle-related
absorption effects and to facilitate comparison of the study data. Empirical modelling of the
dose-response curve with linear extrapolation from a point of departure back to the origin was
then conducted. Benchmark doses were calculated along with the 95% lower confidence limits
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based on the Weibull model suggested by NTP (2006) and Krishnan (2008). A point of departure
representing a 1% increase in tumour rates over background was selected (instead of the typical
10% increase for quantal data) as it better reflected the whole set of dose-response data from
both NTP studies. The derived BMDo: and BMDLo: based on tumours in the large intestine
(colon) were 0.043 and 0.025 nmol/min/g tissue, respectively. The equivalent external doses,
derived by running the PBPK model in reverse, were 22.9 and 16.3 mg/kg bw per day,
respectively. Tumours in the large intestine were selected as the critical effect since the
modelling resulted in a lower point of departure compared with the kidney tumours (Table 15).
In addition, data from shorter term studies demonstrate the development of aberrant crypt foci
(pre-neoplastic lesions) in the rat large intestine when BDCM is given in drinking water, thus
further supporting the critical effect (Geter et al., 2004a).

Table 15. Internal and external points of departure for BDCM based on combined toxicity data
from NTP (1987) and NTP (2006), and PBPK modelling from NTP (2006)

Endpoint Internal BMDg; Internal BMDL; External External
(GST nmol/min/g (GST nmol/min/g BMDo: BMDLyn
tissue) tissue) (mg/kg bw per | (mg/kg bw per

day) day)

Large intestine | 0.043 0.025 22.9 16.3

Kidney 0.122 0.051 Not calculated Not calculated

BMDg1= Benchmark dose associated with a 1% response, BMDLy1= Lower 95% confidence limit on the benchmark
dose associated with a 1% response, GST = glutathion S-transferase

2.5.3 DBCM and bromoform

In 2002, an expert panel was convened by Health Canada to assess the toxicological and
epidemiological evidence for THMs with the purpose of drafting updated Canadian drinking
water guidelines. Included in the documents reviewed by the expert panel was a Health Canada
commissioned report by Global Tox (2002) entitled an “Assessment of the Toxicology of
Trihalomethanes.” The report concluded that the body of evidence was not sufficiently robust to
support the derivation of HBVs for DBCM or bromoform. Although there was suggestive
evidence of carcinogenicity for DBCM and bromoform, effects were limited to specific
species/sexes and/or were equivocal in some cases.

For example, DBCM showed some evidence of carcinogenicity, but in female mice only (NTP,
1985). DBCM was equivocal for carcinogenicity in male mice because a dosing error resulted in
an inadequate number of surviving animals in the low-dose group. DBCM was not carcinogenic
in either male or female rats. Bromoform showed some evidence of carcinogenicity in male rats
and clear evidence in female rats, but there was no evidence of carcinogenicity in male or female
mice (NTP, 1989a). In addition, both of these NTP studies investigated only 2 doses in addition
to the control, which is less than ideal for modelling of the dose response curve. The Global Tox
Report concluded that further characterization of the carcinogenic potential of both DBCM and
bromoform was warranted.
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Since the meeting of the expert panel, no sub-chronic, chronic or reproductive and
developmental studies on DBCM or bromoform have been published. New published data
consist primarily of genotoxicity studies on DBCM and bromoform and reproductive and
development studies on THM mixtures, none of which could serve as a key study for defining a
point of departure for either substance.

Other international agencies have developed HBVs for DBCM and bromoform (see section 6,
International considerations). However, there is no consensus among agencies on which endpoint
to use, which key study to use or even whether to apply a cancer or non-cancer approach.

Therefore, for all of these reasons, no key studies were selected for the derivation of HBVs for
DBCM and bromoform.

2.5.4 1-THMs

The limited toxicity data available for I-THMs preclude the selection of a key study for the
derivation of an HBV for these substances. However, in the absence of traditional toxicity data,
quantitative in vitro to in vivo extrapolation (qIVVIVE) was used to examine in vitro effect levels
in relation to human exposure levels (Health Canada, 2021a).

An overview of the gqIVIVE 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 for six I-
THMs using the approaches described in Pearce et al. (2017). Monte Carlo analysis was used to
simulate population variability and to calculate the 95th percentile of the blood concentration at
steady state. In vitro toxicity data were collected from the literature to determine the
concentrations of I-THMs 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 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 to achieve blood
concentration levels that elicited activity in the in vitro toxicity assays.

The human oral equivalents, calculated based on 3 in vitro assay results, are listed in Table 16.
The data show that TIM is the most potent I-THM based on all 3 assay results. Four I-THMs
(DCIM, BCIM, BDIM and TIM) are more potent than BDCM in the one assay for which
comparative data for BDCM exist. DBIM and CDIM appear to be less potent because of issues
with gut cell permeability. Based on the results of the pharmacokinetic studies, a lower limit of
0.1% absorption was assigned to these compounds, whereas 100% absorption was assigned to
the other I-THMs and BDCM. When the derived human oral equivalent doses are compared with
concentrations of I-THMs to which humans are exposed through drinking water (see

section 1.3.1), 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.

The interpretation of the gI\VIVE undertaken for I-THMs is limited by a lack of in vitro toxicity
data in relevant systems that can accurately depict molecular initiating events following exposure
to I-THMs. There is also a lack of abundant human exposure data with which the oral equivalent
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doses can be compared. However, the results of the qIVIVE process still provide an in vivo
context for in vitro data. New approach methods such as qIVVIVE could be used to inform

relative potency and mixture assessments, and may be helpful as an initial tier in the future
prioritization of chemicals for hazard and risk assessment.

Table 16. Oral equivalent doses (OED) for BDCM and 6 iodinated THMs. Data from in vitro
toxicity studies (LTC, LCso, ECs0) were multiplied by an in vitro to in vivo extrapolation
(IVIVE) conversion factor to arrive at the equivalent dose in humans

IVIVE OED
Factor? OED _LTC OED_LCs ECs ¢ EC.o
THM | (mg/kg | LTC®(M) | (mg/kg per | LCs (M) | (mg/kg per (|v7§ (m /jg
per day) day) pe rg dagl)
day)/uM
BDCM 0.4262 NA NA NA NA 0.001800 | 767.17
DCIM 0.2411 | 0.0020000 482.25 0.004130 995.84 0.000320 | 77.16
BCIM 0.1529 | 0.0022000 336.48 0.002400 367.06 0.000097 14.84
DBIM 92.8505 | 0.0015000 | 139,275.77 | 0.001900 | 176,415.97 | 0.000089 | 8,263.70
CDIM 68.1663 | 0.0010000 | 68,166.33 | 0.002410 | 164,280.85 | 0.000071 | 4,839.81
BDIM 0.0370 | 0.0015000 55.43 0.001400 51.73 0.000022 0.81
TIM 0.0140 | 0.0000100 0.14 0.000066 0.93 0.000009 0.13

BCIM = bromochloroiodomethane, BDCM = bromodichloromethane, BDIM = bromodiiodomethane, CDIM =
chlorodiiodomethane, DBIM = dibromoiodoiodomethane, DCIM = dichloroiodomethane, IVIVE = in vitro to in vivo
extrapolation, NA = not available, TIM = iodoform
3VIVE Factor = derived by dividing 1 mg/kg/day dose by the product of the 95th percentile steady-state blood concentrations
and the absorption.
bThe LTC is the lowest concentration of the I-THM that induced a significant reduction in cell density compared with the
negative control using Chinese hamster ovary cells in a chronic cytotoxicity assay. Data from Richardson et al. (2008).

“The LCso is the concentration of the compound determined from a regression analysis that induced a cell density of 50%
compared with the negative control using Chinese Hamster ovary cells in a chronic cytotoxicity assay. Data from Richardson et

al. (2008).

9The ECso is the 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

3.1 Chloroform

Given the improved toxicity data and PBPK modelling information available for chloroform, a
more refined risk assessment approach using an HED (instead of a LOAEL for example) was
possible. Using the HED reduces the uncertainty level when calculating the HBV. Using an HED
of 4.18 mg/kg bw per day based on kidney toxicity (dilation of the tubular lumen) in male rats
(Yamamoto et al., 2002; Nagano et al., 2006; Sasso et al., 2013), the tolerable daily intake (TDI)
for chloroform is calculated as follows:
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4.18 mg/kg bw per day
40

0.10 mg/kg bw per day

TDI for chloroform

where:

e 4.18 mg/kg bw per day is the HED, based on effects in the kidney; and

e 40 is the uncertainty factor, selected to account for interspecies variation (x4 for residual
toxicodynamic and toxicokinetic uncertainty following PBPK model use) and intraspecies
variation (x10).

Based on the TDI of 0.10 mg/kg bw per day, an HBV for chloroform in drinking water is derived
as follows:

0.10 mg/kg bw per day x 74 kg % 0.80
4.11 Leg/day

HBYV for chloroform

1.4 mg/L

where:

e 0.10 mg/kg bw per day is the TDI derived above

e 74 kg is the average adult body weight (Health Canada, 2021b)

e 0.80 is the allocation factor considering that drinking water is the main source for exposure to
chloroform (Krishnan and Carrier, 2013)

e 4.11 Leqg/day is the total exposure contribution from drinking water (see section 1.3.2,
Multiroute exposure through drinking water)

Given that chloroform is a threshold carcinogen, exposures to chloroform levels below the HBV
are considered to be protective of both non-cancer and cancer endpoints.

3.2 BDCM

The BMDLo: of 16.3 mg/kg bw per day, based on tumours in the large intestine (colon) of male
rats (NTP, 1987; NTP, 2006), was selected as the point of departure. Using allometric scaling in
order to represent human exposures, an HED was derived as follows:

HED for BDCM

16.3 mg/kg bw per day x (0.35 kg/74 kg)”
4.2 mg/kg bw per day

where:
e 16.3 mg/kg bw per day is the BMDLo;: identified for tumours in the large intestine of
male rats (NTP, 1987; NTP, 2006)
o 0.35 kg is the average body weight of a rat (Health Canada, 1994)
e 74 Kg is the average body weight of an adult human (Health Canada, 2021b)
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« (0.35Kkg/74 kg)™ is the allometric scaling factor to account for interspecies differences in
susceptibility to BDCM (U.S. EPA, 2011)

The HED was used to derive the cancer slope factor (CSF):

0.01
4.2 mg/kg bw per day

0.002 (mg/kg bw per day)

CSF for BDCM

where:
e 0.01 is the 1% benchmark response
e 4.2 mg/kg bw per day is the HED calculated above

The dose associated with each lifetime risk is calculated by dividing the lifetime risk by the CSF
of 0.002 (mg/kg bw per day)! (see Table 17). The estimated concentrations in drinking water
corresponding to lifetime cancer risks are calculated using the following equation:

X mg/kg bw per day x 74 kg
3.55 Leg/day

HBV for BDCM =

where:
o X s the dose corresponding to the risk level (see Table 17 below)
e 74 Kg is the average body weight of an adult human (Health Canada, 2021b)
o 3.55 Leg/day is the total exposure contribution from drinking water (see section 1.3.2,
Multi-route exposure through drinking water)

Table 17. Calculated doses and estimated concentrations of BDCM in drinking water based on
the different risk levels

Lifetime Dose (mg/kg bw per day) Estimated concentrations in drinking
risk water (mg/L)
10

104/0.002 (mg/kg bw per (0.05 mg/kg bw per day x
day)™' =0.05 74 kg )/3.55 Leg/day = 1.04
107
107/0.002 (mg/kg bw per (0.005 mg/kg bw per day x
day) ' = 0.005 74 kg )/3.55 Leq/day = 0.104
10°°
10/0.002 (mg/kg bw per (0.0005 mg/kg bw per day x
day)~! = 0.0005 74 kg )/3.55 Leg/day = 0.0104
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Since drinking water is the main source for BDCM, an excess lifetime cancer risk of 10~° was
used to derive an HBV of 0.100 mg/L or 100 pg/L (rounded) (Health Canada, 2021c).

As there is evidence of non-cancer effects following BDCM exposure, a non-cancer risk
assessment was conducted for comparison. Using a BMDL g of 0.777 mg/kg bw per day derived
from liver effect data (fatty degeneration) in male rats from the Aida et al. (1992b) chronic study,
a TDI of 0.008 mg/kg bw per day and an HBV of 0.133 mg/L were calculated. As the cancer risk
assessment resulted in a more conservative value for BDCM in drinking water compared with
that generated by the non-cancer approach, the cancer risk assessment was determined to be the
most appropriate driver of the MAC in drinking water.

3.3 DBCM and bromoform

As indicated in section 2.5.3, Selected key studies for DBCM and bromoform, no key studies
were selected for DBCM and bromoform and consequently no HBVs were calculated for these
substances.

3.4 1-THMs

The limited toxicity data available for I-THMs preclude the derivation of an HBV for these
substances.

3.5 Mixture assessment

A “[combined] exposure to multiple substances (mixture) Risk Assessment (CRA)” (adapted
from WHO [2017a] and EFSA [2019]) was conducted to determine if the 4 THMs should be
considered individually or together for risk assessment and management. The CRA also helps
prioritize substances for further testing (by highlighting areas of uncertainty and identifying
critical data needs). The I-THMs were not included in the mixture risk assessment since there are
few to no data on their concentrations, toxicokinetics, hazard or mode of action. This type of
information is required to determine if substances can be grouped together. In terms of the

4 THMs, based on the problem formulation (Appendix C), there is credible evidence of
combined exposure to some or all of the chemicals, there is evidence of potential for adverse
effects in humans, and there is the potential to cause toxicity in a similar way or affect the same
organ(s). However, the key study used to derive the HBV for chloroform is based on a
non-carcinogenic endpoint, while that for BDCM is based on a carcinogenic endpoint. There is
limited guidance on whether an additive approach should be applied for carcinogens, and further
whether hazard indices for non-carcinogens and carcinogens (that is, different modes of action)
should be added together despite having some affected organs in common. Consequently, the
CRA was examined at the problem formulation stage and not pursued further.
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4.0 Analytical and treatment considerations

4.1 Analytical methods

4.1.1 Standardized methods to detect trihalomethanes

Standardized methods available for the analysis of individual THMs in drinking water and their
respective method detection limits (MDLs) are summarized in Table 18. MDLs are dependent on
the sample matrix, instrumentation and selected operating conditions, and they will vary between
individual laboratories. These methods are subject to a variety of interferences, which are
outlined in the respective references. For method EPA 551.1 Rev. 1, it was noted that both
MTBE and pentane may contain observable amounts of chlorinated solvent (for example,
chloroform, trichloroethylene and carbon tetrachloride) (U.S. EPA, 1995a).

Accredited laboratories in Canada were contacted to determine MDLs and method reporting
limits (MRLs) for THM analysis. The MDLs were in the same order of magnitude as the range
of those reported in Table 18. The MRLs ranged from 0.5 to 1.0 pg/L for chloroform, from 0.4 to
1.0 pg/L for BDCM, from 0.4 to 1.0 pg/L for DBCM, and from 0.2 to 2.0 pg/L for bromoform
(AGAT Laboratories, 2020; City of Winnipeg, 2020; Metro Vancouver Laboratory, 2020; MOE,
2020; RPC, 2020; SRC Environmental Analytical Laboratories, 2020). The DLs from the PT
data are in the ranges of 0.1 to 9.0 pg/L for chloroform, 0.07 to 2.0 pg/L for BDCM, 0.02 to

1.3 pg/L for DBCM, 0.08 to 2.0 pg/L for bromoform, and 0.3 to 30 pg/L for total THMs (see
Table 2).

Drinking water utilities should discuss sampling requirements with the accredited laboratory
conducting the analysis to ensure that quality control procedures are met. MRLSs need to be low
enough to ensure accurate monitoring at concentrations below the MAC.

Table 18. Standardized methods for the analysis of THMs in drinking water

Method Methodology MDL
(Reference) (Ho/L)
EPA 502.2 Rev. 2.1 | Purge-and-trap capillary column gas chromatography Chloroform: 0.02 to 0.01
(U.S. EPA, 1995b) with photoionization and electric conductivity detectors BDCM: 0.02t0 0.1
in series (GC/PID/ELCD) DBCM: 0.8t00.17

Bromoform: 1.6 to 0.09
EPA 524.2 Rev. 4.1 | Capillary column gas chromatography/mass spectrometry | Chloroform: 0.03 to 0.02
(U.S. EPA, 1995¢) (GCIMS) BDCM: 0.08 to 0.03
DBCM: 0.05 to 0.07
Bromoform: 0.12t0 0.2
EPA 524.3 Rev. 1 GC/MS Chloroform: 0.025

(U.S. EPA, 2009) BDCM: 0.014
DBCM: 0.027
Bromoform: 0.04

EPA 524.4 GC/MS using nitrogen purge gas Chloroform: 0.070 to 0.015
(U.S. EPA, 2013) BDCM: 0.08 to 0.011
DBCM: 0.1 to 0.006
Bromoform: 0.14 to 0.008
EPA 551.1 Rev. 1 Liquid-liquid extraction and gas chromatography with MTBE
(U.S. EPA, 1995a) electron-capture detection Chloroform: 0.055 to 0.005
(LLE/GCJ/ECD) using BDCM: 0.003 to 0.002

1) Extraction with MTBE or DBCM: 0.001 to 0.018
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Method Methodology MDL
(Reference) (pg/L)
2) With Pentane Bromoform: 0.004 to 0.013
Pentane

Chloroform: 0.080
BDCM: 0.068
DBCM: 0.008
Bromoform: 0.020

SM 6040 B Closed-loop stripping, gas chromatography/mass Chloroform: NA
(APHA et al., 2018) | spectrometry BDCM: 0.005
(CLSA-GC/MS) DBCM: 0.001
Bromoform: 0.001
SM 6200B Purge-and-trap capillary-column GC/MS Chloroform: 0.126
(APHA et al., 2018) BDCM: 0.112

DBCM: 0.133

Bromoform: 0.131

SM 6200C Purge-and-trap capillary-column — GC method Chloroform: 0.017

(APHA et al., 2018) BDCM: 0.040

DBCM: 0.039

Bromoform: 0.023

SM 6232B Liquid-liquid extraction — GC (LLE//GC) method MDL depends on the

(APHA et al., 2018) characteristics of the gas
chromatographic system. Method
measures THM concentrations in
the range OF 0.1 to 200 pg/L
BDCM = bromodichloromethane, DBCM = dibromochloromethane, GC/MS = gas chromatography/mass spectrometry, MDL =
method detection limit, MTBE = methyl tert-butyl ether, NA = not available

4.1.2 Sample preservation and preparation

The analytical methods in Table 18 measure the concentration of individual THM compounds in
the sample. The total THM concentration is calculated by summing the 4 individual THM
concentrations and comparing them with the MAC.

Sample processing considerations for analysis of THMs in drinking water (that is, sample
preservation, storage) using U.S. EPA methods can be found in the references listed in Table 18.
In addition, SM 6010 B provides guidance on sample collection and preservation for the methods
listed under American Public Health Association (APHA) Standard Methods (APHA et al.,
2018). Appropriate sample handling procedures are essential to obtain accurate, precise and
reliable data on THM occurrence and formation.

Once a sample is taken, it is critical to quickly stop further reaction with organic and inorganic
precursors, which can continue to form more THMs. This is generally achieved by adding
reducing (quenching) agents in excess to the water samples. THMs were not found to be
susceptible to chemical degradation by reducing agents (Kristiana et al., 2014).

4.1.3 Online and portable meters

Commercial online and portable analyzers are available for quantifying individual THM
compounds as well as total THMs (in 30 to 120 minutes depending on the analyzer). Analysis is
generally based on purge-and-trap gas chromatographic technology although some devices use
headspace or capillary extraction before gas chromatography. These analyzers can be used to
obtain a rapid or near-continuous indication of THM concentrations. They can also be used to
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determine the potential of treated waters to form THMs in the distribution system. Real-time
monitoring of THMSs at various locations in the distribution system will allow for
e Optimization of treatment processes at the drinking water plant
e More targeted and efficient drinking water plant operations
e Identification of problematic areas (for example, inorganic/organic pipe deposits that cause
increased levels of THM formation)
e Determination of flushing location and time in distribution system
e Water age evaluation in key locations in the distribution system
In general, these analyzers can measure individual THM compounds in the range of 2 to
80 pg/L or total THMs between 1 and 1,000 pg/L.

To ensure accurate measurements using these units, water utilities should develop a quality
assurance and quality control program. This program should include periodic verification of
results using an accredited laboratory. The devices should be calibrated according to
manufacturer’s instructions. Water utilities should check with the responsible drinking water
authority to determine whether results from these units can be used for compliance reporting.

A colorimetric method is also available. It can be used for day-to-day operations and estimates
THMs, based on chloroform content, using reagents and a spectrophotometer. This method has
been demonstrated to have good correlation with standardized methods and has been used in
small-scale systems (Ali et al., 2019). A few studies have used this method in assessing THM
concentrations (Ahmed et al., 2019; Ali et al., 2019).

4.1.4 THM formation potential tests

Water utilities need to understand the source-specific reactivity of natural organic matter (NOM)
when selecting a disinfectant to mitigate the formation of THMs (Hua and Reckhow, 2007a).
Source-specific treatability studies, including THM formation potential (THMFP) methods,
should be conducted when evaluating different mitigation measures and/or alternative treatment
options. Formation potential methods are intended to evaluate water sources, water treatment
processes and seasonal changes or to predict THM concentrations in the distribution system. All
methods require a control of the parameters to obtain reproducible and meaningful results. These
parameters include water temperature, pH, reaction time, and free chlorine doses and residuals
(or monochloramine for a simulated distribution system [SDS] test) (Symons et al., 1981; Koch
etal., 1991; Sketchell et al., 1995; Summers et al., 1996, APHA et al., 2018). These methods do
not directly evaluate the impact of the drinking water system, pipe wall reactions, tank operations
and other water quality factors.

Different methods to evaluate THMFP along with test conditions and various considerations are
presented in Table 19. Formation potential test methods that use very high chlorine doses may
not correctly determine differences in THM yield when bromide is present. This is because
chlorine can out-compete bromine when in excess (Bond et al., 2014). Under typical operating
conditions, bromine is much more effective at forming THMs than chlorine (Bond et al., 2014).
The uniform formation conditions test (UFC) uses a typical chlorine dose and does not distort
THM species formed. Therefore, the UFC test enables the direct comparison of results to assess
the effectiveness of various treatment options (Summers et al., 1996; Reckhow and Singer,
2011).
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Table 19. Analytical methods to determine trihalomethane (THM) formation potential

Test conditions
Chlorine
Methods residual at | pH/ T°C/ Reaction Comments
the end of time
test

o Allows comparison of THM formation
potential between utilities.

o Can evaluate effectiveness of

Standard reaction water-treatment processes to reduce THM
S"\I'/IHSI\?/I}:OPB 310 conditions: precursors. _
(APHA et al. 5 mg/L 7.0 £0.2/ e Higher chIormated_—THMs compared with
2018) ’ 25°C/ Br-THMs due to higher chlorine doses.
7 days o Measures THMs formed during the test
(ignores pre-existing THMs).

¢ High chlorine dose and long incubation time,
maximizes THM formation.

o Used to more accurately estimate individual

Sample is Test conditions and total THMs that would form in a
disinfected (for example, distribution system.
to produce temperature, pH, o Difficult to evaluate between systems due to
SM 5710 C a residual incubatiqn time, ve}ry_ing chlorination conditions.
SDS-THM level bromldg . D|ff|cqlt to eva!u_ate precursor removal as
(APHA et al. comparable ~ concentration, formation conditions, especially temperature,
2018) ' to thatof | disinfectant dose and vary seasonally.
the residual o Not used to estimate precursor removal due
finished | concentration) mimic to lower chlorine doses (often < 1.0 mg/L in
drinking local distribution DWDS).
water system conditions | e Measures pre-existing THMs and those
formed during test.

o Chlorine dose is typical of that used in
practice and species distribution is not
distorted.

(SurﬁeriirtseZ: al. 10+ 8.0 £0.2/ e Can compare THMs fo_rm_ed from _d_ifferent
1996) ' 04 mg;/L 20°C/ water qualities under similar conditions.
' 1 day e Provides expected THM formation due to
representative chlorination conditions.

o Measures pre-existing THMs and those
formed during test.

o Modified version of SDS-THM
(SM 5710 C).

o Evaluates disinfectant residual stability and

Hold Study Evaluated DV\tIEn?pzra/tBrve\;Ds THM formation.
(Alexander et as part of 0.6. 12 24 48 and o Should be conducted to maximum residence
al., 2019) test o 96’ ho’urs time.

o Evaluates water quality entering DWDS.

o Measures pre-existing THMs and those
formed during test.

Br-THMs = brominated THMs, DWDS = drinking water distribution system, SDS-THM = Simulated distribution system

Trihalomethanes, THMFP = Trihalomethane formation potential, UFC = uniform formation conditions
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4.2 Operational indicators of THM formation

Various operational parameters can be used as indicators of THM formation. These are not to be
used to assess compliance with the MAC but provide alternative parameters that, depending on
the indicator, may be measured more frequently. They may provide operators with additional
information to assist in the management of THMs.

4.2.1 Specific ultraviolet absorbance

Specific ultraviolet absorbance (SUVA) has been used as an operational indicator of NOM
character and effectiveness for NOM removal (AWWA, 2011; Health Canada, 2020a). SUVA is
defined as ultraviolet (UV) absorbance at 254 nm (m™) divided by the dissolved organic carbon
(DOC) concentration (mg/L) (AWWA, 2011; Hua et al., 2015). Research has been conducted to
determine how SUVA relates to NOM composition, to DOC and as a THM formation predictor
(see Table 20). The effectiveness of SUVA as a THM predictor is water specific. As a bulk
parameter, SUVA may not capture the heterogeneous nature of NOM (Ates et al., 2007; Hua et
al., 2015; Marais et al., 2019).

Table 20. SUVA as it relates to DOC and as a predictor of trihalomethane (THM) formation

through chlorination

SUVA NOM Composition Typical Potential as SUVA to DOC SUVA as THM
(L/mg-m) components THM formation
precursor predictor
AOMP Can be Weak correlation | Weak correlation
significant for MW < 1 kDa
Mostly non-humic, during (SUVA may not | Non-humic and
<2 hydrophilic® and low presence of effectively low SUVA NOM
MW compounds algal blooms | characterize may contribute
Carbohydrates Poor NOM with lower | substantially to
and sugars MW) THM formation
Mixture of humic Fulvic acid Significant Strong Strong correlation
and non-humic correlation for generally reported
matter, mixture of MW > 1 kDa and | in the literature
2t0 4 .
hydrophobic and greater
hydrophilic, with correlation as
low to high MW MW increased
Humic acid Primary Strong Strong correlation
Mostly aquatic correlation for generally reported
>4 humics; hydrophobic MW > 1 kDa and | in the literature
and high MW greater
compounds correlation as
MW increased

AOM = algal organic matter, DOC = dissolved organic carbon, MW = molecular weight, NOM = natural organic
matter, SUVA = specific ultraviolet absorbance
2 The hydrophilic neutral fraction can have a high SUVA, which can mislead water treatment designers regarding
the potential for organic carbon removal using coagulation (Edzwald, 1993).
® AOM consists of compounds such as monosaccharides and polysaccharides, nitrogen-containing compounds
(amino acids, peptides, proteins, nucleic acids), lipids and various organic acids. The composition depends on algae
type and growth phase.
Sources: Plummer and Edzwald, 2001; Kitis et al., 2001, 2002, 2004; Liang and Singer, 2003; Rodriguez et al.,
2004; Ates et al., 2007; AWWA, 2011; Edzwald and Tobiason, 2011; Chowdhury, 2013c; Hua et al., 2015;
Pivokonsky et al., 2016; Ding et al., 2019; Marais et al., 2019
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4.2.2 Differential UV absorbance

Differential UV absorbance (DUVA)-DBP relationships have the potential to provide a relatively
simple method to estimate DBP concentration and better inform operational decisions. DUVA
evaluates the difference in UV absorbance at specific wavelengths (typically 272 nm) before and
after the chlorination of a sample and correlates it to DBP occurrence (Korshin et al., 2002;
Roccaro et al., 2009; Ozdemir et al., 2013; Beauchamp et al., 2018, 2019; Guilherme and Dorea,
2020).

Several bench-scale studies determined relationships between DUVA (272 nm wavelength) and
various DBPs (for example, THMs and HAAS), before and after chlorination, with good
correlation (R? > 0.65 for THMs) (Korshin et al., 2002; Roccaro et al., 2009; Ozdemir et al.,
2013; Beauchamp et al., 2018; Guilherme and Dorea, 2020). These studies found that the
relationship was site specific and varied seasonally. However, it was not determined if these
same relationships would hold from year to year (Beauchamp et al., 2018). The DUVA-DBP
relationship determined at full-scale differed from those seen at lab-scale. A study found multiple
regression parameters (DUVA measured at various wavelengths, and UV absorption) resulted in
a more widely applicable relationship between DBP concentration and DUVA (Beauchamp et
al., 2019). 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.

4.2.3 Fluorescence

Fluorescence is a rapid NOM classification method that shows promise. However, research is
still ongoing to determine how the method can be integrated as a routine monitoring tool
(McKbnight et al., 2001; Fellman et al., 2010; Bridgeman et al., 2011; Markechova et al., 2013;
Murphy et al., 2013; Sanchez et al., 2013; Wright et al., 2016; Peleato et al., 2017; Frank et al.,
2018; Li et al., 2020a).

4.2.4 Total organic halogen and unknown total organic halogen

Total organic halogen (TOX) is used to characterize the incorporation of a halogen into organic
molecules (Kristiana et al., 2009). TOX includes THMs, HAAs, haloacetonitriles and any other
known or unknown halogenated DBP. TOX is a parameter used in some studies to assess the
overall impact of a treatment or operational change on all halogenated DBPs. Unknown total
organic halogen (UTOX) represents the unknown halogenated DBPs in the water.

4.3 Source water considerations

Seasonal variations and climate change can impact source water quality, both in terms of NOM
and inorganic precursors. Changes in source water quality can subsequently influence the
amount and reactivity of NOM, and impact treatment effectiveness and the potential for THM
formation.

4.3.1 Seasonal changes

Waters have different sources of NOM and precursors that change seasonally, affecting THM
formation (Li and Mitch, 2018). There are variations in temperature, NOM structure and
concentration, inorganics concentrations and pH (Reckhow and Singer, 2011). Higher THM



concentrations have generally been found to occur during summer and fall months (see

Table 21).
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NOM changes seasonally due to a variety of factors that include snowmelt, leaf-off, temperature
changes and temperature-driven microbial metabolism (Zhao et al., 2018). In spring, there may
be heavy rainfall events that lead to a rise in allochthonous, hydrophobic NOM. In summer, algal
blooms can increase autochthonous, hydrophilic NOM. In fall, leaf litter waste adds terrestrial
NOM to waterways (Reckhow and Singer, 2011). Temperature changes impact chlorine decay,
the THM formation rate and seasonal changes in NOM and inorganics all have an impact on
THMs formed.

Awad et al. (2017) examined seasonal changes between river and reservoir water. It was

observed that changes in average DOC, %DOC removed by alum coagulation and THMFP was
higher for river water than for reservoir water. Storage of large volumes of water in a reservoir
enables mixing of influent water and stabilization of water quality.

Westerhoff et al. (2022) reported that seasonal changes in bromide are related to streamflow.
Higher bromide levels were reported for lower streamflow.

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 THM variations in the distribution system
(Delpla and Rodriguez, 2016). Generally, higher total organic carbon (TOC) was found in
filtered water during and after rainfall events. This resulted in increased chlorine and alum doses
to compensate for these changes. Studies evaluating impacts of rainfall events are presented in

Table 21.

Table 21. Various impacts of seasonal effects and rainfall events on trihalomethane (THM)
formation at full-scale drinking water utilities using surface water

Location | Systems | Parameter | Comments | Reference
Seasonal effects

QC and NL 25 small THM Highest in summer and fall. Scheili et

Sep 2010 to systems al. (2015)

Oct 2011

ON 3 systems THM Higher between June and November and lower between Chowdhury
December and April. (2013c)

QC 4 mid-size THM Highest in June and July (variable due to water quality Rodriguez

Apr to Nov systems changes). and

1998 Water temperature was an important factor having more Sérodes
impact in the distribution system than in treated water. (2001)

QC 1 system TOC Summer and fall had highest raw level. Rodriguez

14-month Fall had highest treated level. et al.

period High TOC resulted in higher chlorine doses. (2004)

THM Fall level 5 times higher than winter.

Scotland 5 systems THM Peak in September (more than double that in March). Valdivia-

1-year Garcia et

period al. (2019)

6 European | 13 systems THM Higher concentration during summer and fall. Krasner et

countries Higher concentration for systems using surface water or al. (2016b)
blended water than groundwater.
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Location | Systems | Parameter | Comments | Reference
Rainfall events

QC 1 system uv254 19-hour delay prior to peak onset. Delpla et
22 rainfall (11d dry absorbance | Peak occurred after 515 hours. al. (2023)
events period —5d | Turbidity | Rapid rise occurred after wet period.
(Aprto Oct | wet period — Peak occurred after 148 hours.
2017) 19d dry

period)

1 system uv254 Three different peaks occurred with a total duration of

(Heavy absorbance | 413 hours.

precipitation Rapid increases in UV254 in raw water coincide with
sequence of rapid increase in filtered water UV254 and relatively rapid
33 days) increases in true UV254 removal.
Gradual decrease in UV254.
QC 2 systems THM Increased during rainfall. Delpla and
4 rainfall Continued to increase post-rainfall. Rodriguez
events Br-THM proportion decreased during and post-rainfall. (2016)
QC 1 system Cland Br | Levels remained same pre- and during rainfall. Delpla and
4 rainfall Rainfall dilution offset by ClI- and Br- transported to river. | Rodriguez
events TOC Somewhat higher during and post-rainfall, causing (2017)
increased chlorine demand and alum dose.
THM Increased during and post-rainfall event.

Br-THMs = brominated THMs, NL = Newfoundland and Labrador, QC = Quebec, TOC = total organic carbon,
UV254 = UV absorbance at 254 nm wavelength

4.3.2 Climate change impacts

Climate change is expected to continue to raise water temperatures and cause frequent, longer-
lasting and more intense extreme weather events and associated natural disasters. These events

will result in heavy precipitation, floods, heatwaves, droughts and wildfires (Takaro et al., 2022;
Government of Canada, 2023). Additionally, atmospheric acid deposition has been reduced over
the last number of decades. This has resulted in the recovery from acidification by increasing pH
and acid neutralization capacity (or alkalinity) of surface waters (Anderson et al., 2023).
Increased NOM concentrations with more hydrophobic character have been associated with this
recovery in water quality.

Climate change impacts are expected to change the nature and quantity of NOM in source waters
(see Table 22) (Anderson et al., 2023). These changes in source water quality will have potential
treatment implications. NOM may not be adequately removed under current treatment
conditions, which dictates the need for water systems to adjust their treatment strategy when
changes in DBP precursors are noted. A review of impacts on various treatment processes is
presented in Anderson et al. (2023).

A good resource for climate change discussion in relation to water treatment and the importance
of creating and maintaining a climate action plan is presented in the American Water Works
Association’s (AWWA) Climate Action Plans — Adaptive Management Strategies for Utilities
(AWWA, 2021).

Table 22. Potential climate change impacts on source water quality
Event Considerations
Temperature change Affects chemical reactions and Kinetics and microbiological activity.
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Event Considerations

Potential increased weathering and reduced ice coverage in northern regions.
Ice melting may release contaminants.

Relationship between ground and surface waters may change.

Flooding Increases sediment and contaminant loading to rivers and lakes.

Extended growing Alter catchment soil and vegetation, which impacts storage and leaching of dissolved
seasons organic matter and sulphate in watersheds.

Drought periods Likely increase water retention times in reservoirs.

Decreased water quantity.

During summer dry periods, high temperature and increased water age may be impacted
by water rationing.

More hydrophilic NOM during drought and more hydrophobic NOM post-drought.

Sea level rising Seawater intrusion into wells with elevated concentrations of bromide.
High frequency rainfall | Increased dilution.
events Higher nutrient loadings to lakes due to runoff and overland flow.

Higher nutrient and temperatures enhance the potential for the growth of algal blooms
and changes in phytoplankton communities.
Type of AOM is function of algae type.
Increased NOM quantity and reactivity results in more THMs formed during
chlorination.
Wildfires Frequency is on the rise and has potential to impact source water quality.
Catchment hydrology may be impacted through altering:
e Plant composition and soil conditions that impact terrestrially derived NOM
o  Water temperature
e Nitrogen, bromide, phosphorus, sulphate and ammonia inputs (nutrient inputs
enhance potential for growth of algal blooms)
e Increase in turbidity
e Changes in physical/chemical characteristics
e  Watershed processes that control streamflow
e Soil erosion
e Evapotranspiration rates that are lower for extensively burned catchments due
to vegetation loss, resulting in greater water yield
Fire-generated particles can be mobilized into the watershed and source waters.
Particularly during initial post-fire rain events with an increase in DOC and THM
concentrations.
More impact as burned watershed area increases.
Wildfire-impacted source water may impact treatment.
Alum coagulation may be less effective in removing DBP precursors.
AOM = algal organic matter, DBP = disinfection by-products, DOC = dissolved organic carbon, NOM = natural
organic matter, THMs = trihalomethanes
Sources: Whitehead et al., 2009; Liao et al., 2015; Wang et al., 2015a, b; Kolb et al., 2017; Ruecker et al., 2017;
Seidel et al., 2017; Poon and Kinoshita, 2018; Chow et al., 2019; Hohner et al., 2019; Chen et al., 2020; Majidzadeh
et al., 2020; Skwaruk et al., 2020; Uzun et al., 2020; Anderson et al., 2023

Studies showing the impacts of extreme events on THM formation are presented in Table 23.
More detailed discussion of potential impacts to NOM from climate change can be found
elsewhere (Ritson et al., 2014; Anderson et al., 2023). Treatment facilities may benefit from
early warning systems that alert operators to source water changes linked to extreme weather
events, allowing for treatment to be adjusted accordingly (Barry et al., 2016).

Table 23. Various impacts of climate change on trihalomethane (THM) formation
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Event Systems Parameter Comments Reference
North Carolina 18 sub- THMFP On average 238% higher under flooding conditions Majidzadeh et al.
and South watersheds than baseflow conditions in all sub-watersheds (2020)

Carolina except for one.

flooding Impacts directly related to DOC and SUVA changes.

(2016)

Hurricane 2 sites THMFP Increased continuously for up to 14 days after max

Matthew rainfall.

(2016) From 585 to 2,510 pg/L at one site.

From 1,980 to 3,513 pg/L at another site.
Both followed by gradual decline.

Hurricane Water THMFP October 4 — 1,349 pg/L Ruecker et al.
Joaquin collected October 6 — peak discharge (2017)
(2015) from river October 22 — maximum of 3,752 pg/L

November 30 — 3,356 pg/L indicating THMFP
remained high for at least 8 weeks after peak

discharge and had long-term impacts

Post-wildfires 23 # of 71% of catchments increased violations post-fire. Pennino et al.

catchments | violations | 6% of catchments decreased violations post-fire. (2022)

of THM > | Overall # of violations increased by 0.58 per public
80 pg/L2 water system post-fire.

(2-year
window)
THM Maximum post-fire was 0.21 mg/L.
127 THM 32% of sites increased post-fire.
catchments (1-year 29% of sites decreased post-fire.
period) Maximum concentration post-fire was 0.23 mg/L.
Hayman Fire 13 General Impacts persisted over 14 years. Chow et al.
in Colorado catchments DOC Moderately burned catchments — Higher. (2019)
(2002) Extensively burned catchments — Lower due to
Moderately sparse vegetation.
Samples: burned = THM Moderately burned catchments — Higher.
October 2014 <50% area Extensively burned catchments — Lower due to
to September sparse vegetation and lower seasonal variations.
2016 Extensively
burned = Nitrogen Extensively burned catchments — lower DOC/N.

>74%area | Bromide | Moderately burned catchments — lowest
incorporation of bromide into THMs.

Northern 3 THM Higher in short term (< 1 year) in the > 90% burned | Uzun et al.
California watersheds area. (2020)
2 fires (burn Elevated bromide concentration leads to more
(2015) areas: 0%, Br-THM.
20% and Overall Br-THMs decreased with subsequent
>90%) rainfalls and flushes as bromide concentration
decreased.

Br-THM = brominated trihalomethanes, DOC = dissolved organic carbon, N = nitrogen, SUVA = specific ultraviolet absorption,
THMFP = Trihalomethane formation potential
2 U.S. EPA maximum contaminant level

4.4 THM formation

Chlorinated DBPs like THMs and HAAs are formed when chlorine reacts with organic and
inorganic precursors. The type and amount of THMs 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
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e Water temperature
e Reaction time
(Liang and Singer, 2003; Baribeau et al., 2006; Srivastav et al., 2020)

There are 2 natural sources of NOM: allochthonous and autochthonous (Reckhow and Singer,
2011). Allochthonous NOM is generally derived from terrestrial plants and can consist of humic
and fulvic acids (generally hydrophobic compounds). This type of NOM is transported to surface
water through runoff events. Autochthonous NOM includes algal biomass and algal organic
matter (AOM) (generally hydrophilic compounds) (Zhao et al., 2018). Anthropogenic (human)
activities can also contribute to NOM. The amount and species of THMs formed are a function
of water quality parameters (for example, type and amount of NOM, inorganic precursors, pH,
temperature), usage of oxidants and disinfectants, and contact time (water age). THMs continue
to form over time with reaction between precursors and disinfectants (Becker et al., 2013; Liu et
al., 2013).

4.4.1 Organic precursors

NOM is an extremely complex mixture of organic compounds and is found in all groundwater
and surface waters. NOM 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 vary significantly in Canada, as each water
source has unique features.

Halogenated DBP formation, like THMs, is generally known to increase with the “activated”
(defined as electron-rich) aromatic content of NOM (Liang and Singer, 2003). There may be a
strong relationship between DOC and THM formation. However, this relationship becomes
weaker when comparing different source waters. NOM character will change based on
ecoregion, lake recovery from acid rain, climate change and seasonal variations (Reckhow and
Singer, 2011; Anderson et al., 2023).

High SUVA, hydrophobic NOM (for example, humic acids and fulvic acids) are known THM
precursors. However, lower SUVA, hydrophilic NOM may also contribute substantially to THM
formation (see Table 20). When chloramination was used, there was a lower correlation between
SUVA and THMs formed. This result indicated that chloramines react with a wider range of
precursors than chlorine (Hua et al., 2015).

NOM consists of numerous organic compounds that can be measured directly, using methods
that are generally complex. However, there are several other parameters that can be used to
provide an indication of the concentration and character (that is, chemical, physical and
biodegradability properties) of NOM (see Appendix D). These parameters include TOC, DOC,
UV absorption and chemical oxygen demand (COD) (Health Canada, 2020a). TOC and DOC are
related to the quantity of organic carbon. In freshwater systems, UV absorption can be used to
characterize the quality and quantity of NOM (Delpla et al., 2023). SUVA can be used to
characterize the type of NOM present (see Table 20). Chemical oxygen demand serves to give
some indication of the concentration of oxidizable organic matter in a water sample (Frisch and
Kunin, 1960; Stoddart and Gagnon, 2014). It is important to understand variations in NOM
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concentrations and character to select, design and operate appropriate water treatment processes
and disinfection.

Several studies have shown that lower THM levels are formed with chloramine than chlorine
(Hua and Reckhow, 2008; Bougeard et al., 2010; AWWA, 2017; Mayer and Ryan, 2019; Mazhar
et al., 2020). THM formation with chloramines generally remains stable with contact time, pH
and temperature and increases with dose (Hong et al., 2013).

When algal blooms are present, there is an increase in algae cells and AOM. AOM can release
extracellular organic matter (EOM) and, through cell lysis, intracellular organic matter (I0M)
(taste and odour compounds and cyanotoxins). Some studies report that terrestrial NOM
produces more THMs than those from AOM due to AOMs’ lower aromaticity during
chlorination or chloramination (Plummer and Edzwald, 2001; Fang et al., 20104, b; Li and
Mitch, 2018; Zhao et al., 2018; Liu et al., 2020a). However, one study stated that certain algal
populations result in higher THM formation (Seidel et al., 2017). Higher nitrogen in AOM could
promote nitrogeneous DBPs (Li and Mitch, 2018).

THM formation during chlorination of water with AOM depends on algae type and growth phase
(Plummer and Edzwald, 2001). There is poor removal of algal cells and AOM through
conventional water treatment processes (Huang et al., 2009; Pivokonsky et al., 2012, 2016; Dong
et al., 2021). When determining the oxidation or disinfection strategy for water with AOM, it is
important to understand the individual contributions of EOM and IOM from the different algae
species (Liao et al., 2015).

Pre-chlorination will inactivate algae cells and lyse them, which releases IOM, and high
molecular weight (MW) organics will be degraded to low MW organics (Chen et al., 2009; Ma et
al., 2012, 2019). This release of THM precursors impacts treatment. Bench-scale studies
evaluated pre-chlorination of water with various algae species followed by conventional
treatment and post-chlorination. These studies generally showed that at lower chlorine doses

(0.5 mg/L), THM formation declined compared to that without pre-chlorination. As the chlorine
dose increased (2 mg/L and 4 mg/L), THM formation increased beyond that of treatment without
pre-chlorination. The higher pre-chlorination dose can cause a larger IOM release, having a
negative impact on the effectiveness of coagulation and sedimentation (Ma et al., 2012; Qi et al.,
2016).

Biofilms can develop within the distribution system and provide a reservoir of DBP precursor
material that is distinctive (Abokifa et al., 2016; Xu et al., 2018; Li et al., 2020c). NOM in the
distribution system water can transfer to the biofilm, followed by biotransformation and possible
detachment (Wang et al., 2012; Abokifa et al., 2016). Positive correlation of microbial
inactivation and THM formation indicates that bacterial cell breakdown is another precursor
(Wang et al., 2013, 2021). The quantity, physical structure and chemical composition of the
biofilm can affect the transport and penetration of disinfectant. This biofilm can survive and have
viable cells remain under constant disinfectant exposure (Xue et al., 2014; Liu et al., 2016; Wang
et al., 2021). Biofilm development and biological growth may result in biological instability in
the distribution system. These systems are more likely to have unstable disinfectant residual,
possibly resulting in chlorine addition and therefore increased THM formation.
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Further information on NOM is available in Health Canada’s Guidance on Natural Organic
Matter in Drinking Water (referred to herein as NOM guidance document) (Health Canada,
2020a).

4.4.2 Inorganic precursors

The presence of inorganic precursors, such as bromide and iodide, impacts the type of THMs
that are formed. The presence of bromide may result in the formation of Br-THMs, while the
presence of iodide in water may result in the formation of I-THMs. (Tugulea et al., 2018). The
presence of ammonia will also have an impact as it will react with chlorine to form
monochloramine. The change of disinfectant will alter the amount and type of THMs formed.

Other water constituents, such as salts and hardness, may have an impact on THM formation.
Generally, the impacts of these constituents were lower when tested in a surface water than
distilled water (see Appendix E).

4.4.2.1 Bromide

When bromide is present, there is a shift to the formation of Br-THMs (bromoform, DBCM,
BDCM) (Summers et al., 1993; Symons et al., 1993; Chowdhury et al., 2010; Hu et al., 2010;
Liu et al., 2013; Roccaro et al., 2014; Krasner et al., 2016a; Neil et al., 2019). When oxidized
with chlorine, bromide forms hypobromous acid (HOBr) and hypobromite ion (OBr’). HOBTr has
more powerful halogenating activity, reacts faster and attacks more sites in the organic precursor
than hypochlorous acid (HOCI). The remaining HOCI continues to react with any residual Br to
form more HOBr (Symons et al., 1993; Hua and Reckhow, 2013; Tian et al., 2013; Neil et al.,
2019). HOBr reacts with NOM to form Br-THMs as well as other brominated DBPs (Hua and
Reckhow, 2013). The lowest HOBr formation is related to the lowest bromide concentration
(Westerhoff et al., 2022). An increase in bromide concentration may result in an increase in total
molar concentration of THMs (sum of chloroform and Br-THMSs) (Chowdhury, 2013c).

The bromine incorporation factor (BIF) is used to determine the amount and type of Br-THMs
that are formed. The BIF is defined as the molar ratio of Br-THMs to total THMs. The ratio
ranges from O (all chloroform) to 3 (all bromoform) (Krasner et al., 2006; Hong et al, 2013). The
BIF can be used to assess any changes in source water, treatment and/or distribution system
conditions. Treatment can remove hydrophobic NOM. However, bromide is not easily removed,
resulting in increases in Br/DOC and Br/free available chlorine. Increases in these ratios cause a
rise in BIF, indicating more Br-THMs formed (Summer et al., 1993; Symons et al., 1993; Chiu et
al., 2012; Liu et al., 2013; Krasner et al., 2016a; Zhang et al., 2017; Neil et al., 2019; Health
Canada, 2020a). With chloramines, BIF also increases, but to a lower extent (Hong et al., 2013).
The lower MW, hydrophilic NOM that is not well removed through treatment is more reactive
with bromide, also leading to more Br-THM species (Kitis et al., 2002; Liang and Singer, 2003;
Chowdhury, 2013c).

In the presence of bromide, chloramines can form bromamine, which leads to poor disinfection
capabilities and chloramine instability (AWWA, 2017). Bromide reacts with chloramines to form
HOBT, which can lead to Br-THM formation. Chloramines are unstable at near neutral pH values
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due to autodecomposition reactions. These reactions can be catalytically increased by bromide
(AWWA, 2017).

4.4.2.2 lodide

Currently, there are a lot more studies on chloroform and Br-THMs than on I-THMs. The
understanding of the impact of iodide on the formation of THMSs will improve as research
continues. To date, no meaningful correlation has been found between bromide and iodide
concentrations in source waters (Tugulea et al., 2018; Westerhoff et al., 2022). Br/I" mass ratios
from source waters in the U.S. and Canada ranged between 2.9 and 238 (Richardson et al., 2008;
Weinberg et al., 2011). lodide concentration in source waters may have a high seasonal
variability. An iodide/total iodine ratio of 34.4% was observed in the winter and 86.6% in the
summer (Tugulea et al., 2018).

The reaction rate constants for the oxidation of iodide and hypoiodous acid (HOI) by different
oxidants are highly variable. It is predicted that the “probability” of I-THM formation increases
in the order ozonation < chlorination < chloramination (Kumar et al., 1986; Fabian and Gordon,
1997; Bichsel and Von Gunten, 1999). lodide can be oxidized to HOI acid and subsequently to
iodate (103°), which is the desired sink as it will not react further to form I-THMs (Bichsel and
VVon Gunten, 2000).

HOCI/OCI" will rapidly oxidize iodide to HOI and subsequently to 103™ (Ullman et al., 1990;
Bichsel and Von Gunten, 1999). The oxidation reaction rate of iodide to HOI is faster than that
of HOI to 103". Subsequent reactions of HOI with NOM are responsible for the formation of I-
THMs (Bichsel and VVon Gunten, 1999, 2000; Richardson, 2003, 2008; Hua et al., 2006; Hua and
Reckhow, 2007b, 2008; Gallard et al., 2009; Jones et al., 2012a, b; Ye et al., 2012; Allard et al.,
2013; Zhang et al., 2015a, 2016, 2018b; Liu et al., 2017, 2018; Dong et al., 2019a). With a
chlorine dose of 0.5 mg/L, all I-THMs increased and then declined as the chlorine dose increased
to 5.0 mg/L (Hua et al., 2006). The authors stated that a possible strategy to control I-THMs is to
increase the chlorine dose. However, adequate disinfection CT* may limit flexibility. Also, an
increased chlorine dose can increase formation of chloroform and Br-THMs.

ClO- rapidly oxidizes iodide to iodine (I2), leading to the formation of HOI, iodide and tri-iodide
ion, and then I-THMs (Smith et al., 2010; Ye et al., 2013; Zhang et al., 2015a). When followed
directly by chloramine, pre-oxidation with ClO2 reduced TIM and CDIM formation compared
with chloramination alone (Jones et al., 2012b).

With chloramine, the oxidation of HOI to 103" is a very slow process, extending the reaction time
between HOI and NOM. The increased time leads to more I-THM formation, especially
iodoform (Bichsel and VVon Gunten, 2000; Hua and Reckhow, 2007b). The chloramination
strategy (chlorine added before ammonia vs. preformed chloramine), and pre-chlorination
strategy (chlorine dose and contact time) is an important factor (Bichsel and VVon Gunten, 2000;
Krasner et al., 2006; Hua et al., 2006; Hua and Reckhow, 2008; Richardson et al., 2008; Goslan

L CT is 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 T1o value, which is defined as the detention time at
which 90% of the water meets or exceeds the required contact time).
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et al., 2009; Jones et al., 2011, 2012a; Karanfil et al., 2011; Criquet et al., 2012; Allard et al.,
2013; Liu et al., 2017).

Pre-oxidation with potassium permanganate, followed by chloramine, resulted in an increased
amount of TIM and brominated I-THMs compared with chloramine alone (Jones et al., 2012b).
The reduction product, manganese dioxide, may catalyze iodinated DBP formation in water with
iodide for pH from 5.0 to 7.0 (Gallard et al., 2009). Ozone oxidation occurs very quickly to form
1037, reducing I-THM formation (Bichsel and Von Gunten, 1999; Liu and Reckhow, 2001;
Allard et al., 2013). UV has been shown to convert 103" (stable form) into iodide (I-THM
precursor) during post-chloramination (Liu et al., 2012a; Zhang et al., 2016, 2018b; Xia et al.,

2018). UV application should be considered carefully for water containing 103",

In bromide-containing water, HOBr accelerates the oxidation process of HOI to 1037 in a
bromide-catalyzed process. This more rapid reaction to 103" results in reduced formation of
I-THMs (Criquet et al., 2012; Liu et al., 2017). However, HOBr can lead to more brominated
precursors that can react with HOI, possibly shifting to more brominated I-THM species
(Westerhoff et al., 2004; Criquet et al., 2012).

4.4.3 Additional factors

Water quality parameters such as pH and temperature affect THM formation. It is important to
understand the consequences of pH changes on the formation of all THM species and

other DBPs (Chowdhury, 2013c). An increase in pH can increase chloroform formation
(Reckhow et al., 1990; Liang and Singer, 2003; Li et al., 2007; Fu et al., 2009; Hu et al., 2010,
2019; Reckhow and Singer, 2011; Liu et al., 2011; Becker et al., 2013; Chowdhury, 2013c; Hong
etal., 2013; Hua et al., 2015; Zhang et al., 2018c; Carra et al., 2020), yet can decrease Br-THM
formation (Chowdhury, 2013c). If there is bromide in the water, reducing the pH to decrease
chloroform formation will result in increased Br-THMs. This THM management strategy may
also increase corrosivity of water, resulting in metal release (for example, lead, copper) or, in the
presence of ammonia, result in the formation of dichloramine, which can cause taste and odour

issues. Ideally, a management strategy will determine the pH that would minimize
corrosion and other potential negative impacts as well as both the concentrations of
THMs and the toxicity of the species formed.

At a higher water temperature, reaction rates are increased and decomposition of aromatic
halogenated DBPs into THMs is enhanced (Reckhow and Singer, 2011; Becker et al., 2013;
Hong et al., 2013; Hu et al., 2019; Valdivia-Garcia et al., 2019). The reaction is limited by higher
chlorine decay with a warmer temperature. However, in practice, additional chlorine doses
would be added to maintain residuals (Rodriguez and Sérodes, 2001; Reckhow and Singer,
2011). The impact of temperature on THM formation in the distribution system is not always
direct. For instance, during summer when water temperatures are highest, water demand is
generally also greater. This increased water demand results in lower water age and contact time
in the distribution system (Becker et al., 2013). Disinfectant residual within the distribution
system can also be impacted by temperature rises due to higher reaction rates, increased
biological activity and variations in NOM (AWWA, 2017). Changes in water temperature should
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be considered together with other parameters that also vary seasonally, such as NOM quantity
and composition.

THMSs continue to form over time. 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 the effect on THM formation. Overall, water quality and
water quantity should both be examined to understand the potential impacts on THM
concentrations.

4.5 Treatment considerations

Water utilities must balance effective disinfection against the creation of THMs because drinking
water must, first and foremost, be microbiologically safe to prevent waterborne disease. For
THM control, the preferred and most effective option is to reduce or limit its formation prior to
and during distribution. At the water treatment plant, THMs are limited by removing NOM from
water before chlorination, optimizing the disinfection process or changing the disinfection
strategy. In situations where THMs have formed, there are options to remove them. This is
generally not as effective as reducing their formation and should only be considered as an
interim strategy while improved treatment is being evaluated.

4.5.1 Municipal-scale treatment

Strategies to reduce formation include precursor removal prior to disinfection, the use of
alternative pre-oxidation or change in disinfection practices. Treatment may change seasonally or
temporally to account for changes in factors that affect THM formation.

Technologies used to remove already formed THMSs include aeration, granular activated carbon
(GAC) or membrane filtration. Aeration can be conducted at booster/pump stations or in
reservoirs. GAC or membrane filtration can be part of the treatment train within the treatment
plant. Generally, chloroform is better removed through aeration and Br-THMs are better
removed through GAC adsorption and reverse 0smosis.

Any changes to control/minimize THMs needs to be evaluated using bench- and pilot-scale
testing to ensure that treatment goals are met, effective disinfection is achieved and the change
does not result in 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.
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4.5.1.1 Precursor control options

Organic precursor removal

Removal of organic precursors can minimize the formation of THMs. Coagulation followed by
clarification or filtration is the most commonly used method, as it is effective in most
applications. However, its applicability should be carefully analyzed on a source-specific basis
because coagulation can only remove some NOM fractions; the remaining fractions may react
with disinfectants such that other DBP drinking water guidelines are not achieved. In general,
high SUVA (> 4 L/mg-m) NOM tends to be hydrophobic in nature and is generally amenable to
coagulation. Low SUVA sources tend to have NOM that is hydrophilic and not amenable to
coagulation (Pernitsky, 2003). However, some hydrophilic neutral fractions can have a high
SUVA, which can be misleading with respect to the potential for organic carbon removal using
coagulation (Edzwald, 1993). If the post-coagulation DOC residual remains reactive, other
technologies targeting the removal of specific NOM fractions may be necessary (Bond et al.,
2011). As humic and fulvic acids are important DBP precursors, adequate colour removal may
be necessary.

Enhanced coagulation has multiple objectives, including maximizing removal of particles and
turbidity, as well as TOC and DBP precursors. Another objective is minimizing residual
coagulant, sludge production and operating costs (White et al., 1997; Edzwald and Tobiason,
1999). Enhanced coagulation is generally carried out by depressing coagulation pH with higher
coagulant doses (Gregory, 1998). A full-scale study evaluated enhanced coagulation to maximize
organic precursor removal using UV254 monitoring to determine a dose adjustment strategy
(Beauchamp et al., 2020). On a wider range of water, the results showed that an alum/UV254
stoichiometric dose of 180 £ 25 mg alum cm/L maximized the removal of DBP precursors. This
relationship was found to hold in all seasons despite changes in water quality.

GAC can remove THM precursors and THMFP breakthrough generally parallels DOC
breakthrough. Sometimes, the THMFP breakthrough lags that of DOC, making DOC a good
surrogate parameter to monitor to determine when GAC needs to be regenerated (Reckhow and
Singer, 2011). A few studies examined GAC with various disinfectants/oxidants and locations of
implementation. One study showed that adding chlorine during GAC filtration extended the
breakthrough time of the column over GAC with post-chlorination. With bromide, the results
were improved; authors indicated that GAC better adsorbs the brominated DBPs over chlorinated
DBPs (Jiang et al., 2017). A pilot-scale study evaluated 3 scenarios: GAC alone, pre-chlorination
and pre-ozonation/GAC filtration. Each scenario reached breakthrough of THMs at similar bed
volumes (BVs) (Verdugo et al., 2020). Following conventional treatment with GAC allowed for
a lower chlorine dose for disinfection and better control of THMs and other DBPs during
extreme rainfall events (Neil et al., 2019).

lon exchange (I1X) using a strong base anion exchange resin can potentially remove NOM
(Reckhow and Singer, 2011; Health Canada, 2020a). However, frequent regenerations produce
large volumes of high concentration brine, which creates disposal issues (Amini et al., 2018;
Wright, 2022). Management/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) is a promising technology. It uses naturally developing biofilm, formed by microbes in
the raw water source, that consume the attached DOC (Zimmerman et al., 2021). This
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technology also uses a strong base anion exchange resin but has fewer regeneration cycles
(months rather than days), thus resulting in less spent brine while reducing NOM. Several bench-
and pilot-scale studies evaluated BIEX and the factors that affect performance; they showed
successful removal of DOC and DBP precursors (Amini et al., 2018; Liu et al., 2020b, 2022;
Edgar and Boyer, 2021; Zimmerman et al., 2021, 2023; Wright, 2022; Lee et al., 2023). A
review of IX regenerant brine management issues and strategies are presented in Liu et al.
(2021a).

IX may result in corrosion. Examples include galvanic corrosion driven by a chloride-to-sulphate
mass ratio in the finished water (Edwards et al., 1999; Edwards and Dudi, 2004; Edwards and
Triantafyllidou, 2007; Health Canada, 2022a); a reduction in pH from freshly regenerated ion
exchange resin due to removal of bicarbonate ions during the initial BVs of a run (Clifford,
1999; Wang et al., 2010; Clifford et al., 2011); and a continual decease in pH due to frequent
regeneration of an ion exchange resin. One study examined bicarbonate as an alternative to
chloride for IX for reducing corrosion potential and it showed similar DBP precursor reduction
(Fernandez et al., 2021). Mitigation strategies to address potential corrosion issues should be
considered; information can be found elsewhere (Health Canada, 2022a).

Adsorption and 1X processes are limited by media capacity and the effect of competing ions.
Their performance will be affected by backwash frequency and media regeneration or
replacement.

Health Canada’s (2020a) NOM guidance document provides a more detailed discussion of the
various treatment technologies (coagulation, reverse osmosis [RO], nanofiltration [NF],
coagulation followed by microfiltration or ultrafiltration, 1X, activated carbon or biological
treatment) that can be used to remove NOM. Different treatment technologies exhibit different
selectivity in precursor removal. The removal of NOM depends on the MW and the
hydrophilic/hydrophobic properties (Zhang et al., 2017; Andersson et al., 2020). Hydrophobic
NOM (high SUVA water) is typically more amenable to removal through treatment, whereas
hydrophilic NOM is more difficult to treat (Chow et al., 2004, 2006). Treatment performance
achieved using various treatment technologies can be found in Appendix F. Collectively, full-,
pilot- and bench-scale results indicate that various treatments can be effective (Health Canada,
2020a). However, poor results can also be observed.

The choice of treatment and development of an effective NOM control strategy depends on many
factors and needs a good understanding, including (Health Canada, 2020a):

e The type of NOM and variations in the concentration and character of NOM in the source
water, including those due to seasonal changes, climate change, landscape changes or
source water protection programs

e NOM'’s impact on water treatment processes and the impact of water treatment on NOM,

for the full range of water quality conditions

Interactions with other water constituents (for example, bromide and iodide)
Interactions with treatment chemicals

Interactions with processes (for example, fouling of membranes)

Potential impacts on distribution system water quality, downstream water systems and
users
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Additional or alternative treatment options to enhanced coagulation for NOM removal include
nanofiltration, coagulation/ultrafiltration, IX, GAC or powdered activated carbon (PAC),
biological filtration and oxidation processes. These findings demonstrate the need to conduct
proper testing to confirm sufficient NOM and DBP precursor removal and to optimize
operational parameters. For coagulation, this includes jar testing. For other treatment
technologies, this includes bench- and/or pilot-testing. Seasonal and temporal changes
necessitate monitoring to ensure that the technology is optimized over a full range of water
quality conditions.

The RO and NF process limitations may include membrane scaling and fouling as well as higher
energy use and capital costs. Calcium, barium and silica can cause scaling and decrease
membrane efficiency. Since RO completely removes alkalinity in water, it will continually lower
treated water pH and increase its corrosivity. Therefore, the treated water pH must be adjusted
and alkalinity will most likely 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, 2023).

Inorganic precursor removal

Removal of inorganic precursors like bromide and iodide can also be used to reduce formation of
Br-THMs and I-THMs. Bromide is difficult to remove from water and although technically
feasible, is unlikely to be a cost-effective option to reduce Br-THMs (Health Canada, 2018). An
overview of bromide removal strategies, including bench- and pilot-scale studies, is presented in
Westerhoff et al. (2022). The authors indicate the necessity for significant improvements in
bromide removal capacities to have these and other technologies viable at full scale. Drinking
water systems should have a good understanding of the sources and concentration of bromide in
their source waters and seasonal variability.

The removal of iodide may be achieved by oxidation to 103 (stable compound that does not form
I-THMSs). Pre-chlorination and pre-ozonation are 2 options that can oxidize I" to 103 and avoid
formation of I-DBPs (Allard et al., 2015; Kimura et al., 2017). However, pre-chlorination may
form other DBPs. To provide effective oxidation of 1" to 103", pre-chlorination contact time prior
to ammonia addition (to form chloramines) can be optimized (Jones et al., 2011). Generally,
organic precursors are better removed than inorganic precursors and removal of organic
precursors results in an increase in Br/DOC and 17/DOC ratios, causing a shift to more Br-THMs
and I-THMs.

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
THMs and remove inorganic precursors. The lack of source characterization and a source-
specific treatability study may result in the selection of inappropriate treatment, an increase in
THMs following implementation, unintended consequences or challenges in complying with
other regulatory requirements (for example, other DBPs like HAAS). As water sources or
treatment processes can change seasonally and temporally, it is important to routinely monitor
the concentration and character of DBP precursors and to evaluate its impact on treatment, water
quality and distribution system conditions. Bench- and pilot-scale testing should be updated to
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account for any source water changes. A summary of some of the treatment options available to
reduce THM formation through precursor removal is presented in Table 24.

Table 24. Precursor removal control options to reduce trihalomethane (THM) formation

Precursor removal
control strategy

Advantages

Disadvantages

Comments

Enhanced
coagulation

(White et al., 1997;
Gregory, 1998;
Edzwald and
Tobiason, 1999;
AWWA, 2011,
Reckhow and Singer,
2011; Becker et al.,
2013; Beauchamp et
al., 2020; Health
Canada, 2020a)

¢ Potential for good
removal of TOC

e 60%-80% removal
for SUVA >
4 L/mg-m

o Hydrophilic NOM can

be challenging to treat

¢ Acid use for pH

control

¢ Corrosion potential

Multiple coagulation objectives:
maximize removals of particles,
turbidity, and TOC and DBP
precursors; minimize residual
coagulant, sludge production and
operating costs.

Jar tests are needed to determine
optimal coagulation type, dose and
pH conditions.

Reducing precursors will be most
successful in waters with high
initial TOC and low alkalinity.

Change in e Good removal of Acid use for pH Each coagulant has different
coagulation (Becker TOC control properties.
etal., 2013) Corrosion potential
Potential for other Changing the type of coagulant
DBPs and/or adding complementary
coagulants or polymers may result
in significant levels of THM
precursors removed.
PAC ¢ Potentially good Handling and disposal | PAC can be used to remove organic

(Reckhow and
Singer, 2011; Becker
et al., 2013; Health
Canada, 2020a)

e Depending on
where it is used in
the treatment train,
possible removal of
precursors and/or
formed THMs

e Removal of other
organics

impacted by turbidity,
Fe, Mn and other
competing
contaminants

Can be exhausted
quickly and
regeneration can be
costly

(Becker et al., 2013, TOC removal of residual waste precursors.

Health Canada, e Capability of Need to have

2020a) turning on and off volume/capacity to Optimization of PAC may involve

as needed ensure optimal PAC assessing several types of PAC as

contact time well as optimizing dose and contact
Variable performance | time.
depending on PAC
type

GAC e TOC removal GAC capacity may be | Adsorption of DOC onto GAC.

Important variables are the
empty-bed contact time, GAC
surface area, pore size distribution
of the GAC and temperature.

Pre-removal of high MW NOM by
conventional treatment can increase
the operational life of GAC.

Biological GAC
(Wang et al., 2023)

e Canremove
hydrophilic NOM

e Could lower
chlorine/coagulant
demand during the
water treatment
process

Requires long empty
bed contact time for
effective NOM
removal

Attached bacterial biomass removes
biodegradable NOM present in
water.
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Precursor removal
control strategy

Advantages

Disadvantages

Comments

Membrane filtration
(Reckhow and
Singer, 2011; Becker
et al., 2013; Health
Canada, 2020a)

RO and NF can
remove a high
amount of TOC
without addition of
chemicals during
treatment

RO has potential to
remove some
bromide

RO and NF are
physical barriers to
a wide range of
contaminants

High cost

NF does not remove
bromide, which leads
to more bromine
incorporation during
subsequent
chlorination
Membrane fouling
requires chemical
washes

May require pH
adjustment post-
treatment

Not typically used for THM
precursor removal alone but
implemented to control another
parameter.

Microfiltration and ultrafiltration
processes are not effective at
removing DOC unless
pre-coagulation is used.

NF and RO can directly remove
NOM and greatly reduce precursors
depending on molecular weight
cutoff.

IX

(Reckhow and
Singer, 2011; Health
Canada, 2020a)

Removes charged
NOM (high SUVA,
hydrophobic)
Potential for
bromide removal
for water with low
alkalinity and
sulphate

Less effective in
removing neutral,
hydrophilic NOM
Does not remove
turbidity

Corrosion potential
Management of brine
residuals

Not typically used for THM
precursor removal alone but
implemented to control another
parameter.

Magnetic IX resin specifically
designed for NOM removal.

Can be used in combination with
coagulation.

BIEX

(Amini et al., 2018;
Liu et al., 2020b,
2022; Edgar and
Boyer, 2021;
Zimmerman et al.,
2021, 2023; Wright,
2022; Leeetal.,
2023)

Removes charged
NOM

Less high
concentrated brine
produced

Lower requirement
for regenerant
chemicals

Does not remove all
types of NOM

Uses strong base anion exchange
resin with fewer regenerations.

Biological treatment
(Reckhow and
Singer, 2011; Health
Canada, 2020a)

Generally improves
biological stability
of the water
Removes AOC

Can decrease THM
concentration
Potential to reduce
taste and odours

Each type of biological
treatment has varying
considerations (see
Health Canada, 2020a)

Options include riverbank filtration,
engineered biological filtration and
slow sand filtration.

Targets removal of BOM and AOC,
which promote biofilm growth in
distribution system.

Can be preceded by pre-ozonation
to increase AOC fraction.

Monitor operational
indicators: SUVA,;
DUVA; TOC

Allows for
treatment changes
in response to
water quality

Not used for
compliance monitoring

Monitoring parameters like SUVA,
DUVA and TOC can aid operators
in managing the system and
responding to issues.

AOC = assimilable organic carbon, BIEX = biological ion exchange, BOM = biological organic matter, DBP =
disinfection by-product, DOC = dissolved organic carbon, DUVA = differential UV absorbance, Fe = iron, GAC =
granular activated carbon, IX = ion exchange, Mn = manganese, MW = molecular weight, NF = nanofiltration,
NOM = natural organic matter, PAC = powdered activated carbon, RO = reverse osmosis, SUVA = specific

ultraviolet absorbance, TOC = total organic carbon
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4.5.1.2 Oxidation/disinfection control strategies

Disinfection is an important component of water treatment and consists of inactivation or
destruction of microorganisms. Oxidation refers to removal or breakdown of chemicals
(AWWA, 2017). In water, disinfectant decay is the natural decomposition of the chemical and
chlorine demand is the reaction between disinfectants and water constituents (AWWA, 2017).

The type and doses of oxidant(s) and/or disinfectant(s) used in drinking water treatment impacts
the formation of THMs as well as other DBPs. Changing disinfectant or adding an oxidation step
can impact THM formation. There is also the potential for formation of other DBPs like N-
nitrosodimethylamine (NDMA), bromate and chlorate/chlorite (Health Canada, 2008b, 2011,
2018). Oxidation/disinfection control strategies are further options for control of THM formation
(see Table 25 for a summary of control strategies).

With any strategy applied, proper disinfection must be maintained to ensure water is
microbiologically safe. It is important to evaluate THM formation through the entire treatment
process and within the distribution system. Disinfectant strategies may change temporally to
account for changes in the source water. For example, in summer and fall, higher temperatures
and increased NOM generally result in higher disinfectant doses. These changes are factors in
the observed increase in THM concentrations (Gilca et al., 2020).

Chlorine can be used for oxidation, primary and/or secondary disinfection. Free chlorine is
generally in the form of HOCI and OCI" and is pH dependent with a pK, of 7.5 (Hua and
Reckhow, 2008; Bond et al., 2014; Mayer and Ryan, 2019). When bromide is present, HOBr is
formed, leading to the formation of Br-THMs. Chlorine or monochloramine are used for
secondary disinfection within the distribution system (Reckhow and Singer, 2011, AWWA,
2017).

Chlorine dioxide (CIOy) is highly reactive and volatile, has limited ability to leave a residual
disinfectant and is generally used as an oxidant. CIO2 will degrade into chlorite, chlorate and
chloride. This imposes limitations on the use of CIO2. The maximum feed dose of CIO2 should
not exceed 1.2 mg/L to ensure that chlorite concentrations do not exceed the MAC (Health
Canada, 2008Db).

A study evaluated the use of CIO2 (1 mg/L) followed by chlorine (no treatment) on 12 source
waters (9 surface waters, 1 groundwater and 2 wastewater effluents). The study showed that
ClO- followed by chlorination led to a reduction in THMFP (6% to 45%) in all waters compared
with chlorination alone (Yang et al., 2013). In a bench-scale study using chlorine dioxide on
river water with humic acid, no THMs were detected within bromide-free water. A small amount
of bromoform was detected in water with bromide. The authors stated that ClO could oxidize
bromide to HOBr, which reacted with humic acid (Li et al., 1996). Another study showed that
when ClO, was used for disinfection, fewer than 3 pg/L THMs were formed. The UTOX was
only 5% to 11% of that formed with free chlorine and no Br-THMs were formed (Hua and
Reckhow, 2007a). This indicates that fewer unknown halogenated DBPs were formed with ClO..

Chloramine can be used for secondary disinfection as it is more stable than free chlorine. In a
study that examined 7 full-scale water treatment plants using various treatments prior to
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disinfection, the median THM concentration was 106 pg/L for the 3 plants using chlorine and

48 ng/L for the 4 using chloramine (Goslan et al., 2009). In a bench-scale study using a natural
water (SUVA =1.96 L/m-mg and Br = 160 ug/L), THMFP was measured for 3 disinfection
scenarios. Chloramine reduced THMFP by 88% and chlorine-chloramine by 68% compared with
chlorine. In the chloramine disinfection scenario, the composition of Br-THMs at 30 minutes
was mostly BDCM, shifting to more DBCM and bromoform as reaction time advanced (Tian et
al., 2013). In 7 natural waters that were disinfected with chloramine, the UTOX was found to be
10% to 18% of that with free chlorine and increased with contact time (Hua and Reckhow,
2007a, 2008).

When using chloramine, there is the potential for nitrification within the distribution system
(Health Canada, 2020b). Nitrification may result in water quality issues, including the formation
of nitrite and nitrate, loss of disinfectant residual, bacterial regrowth and biofilm formation, DBP
formation, and decreases in pH and alkalinity that can lead to corrosion issues (U.S. EPA, 2002;
Zhang et al., 2009, 2010; AWWA, 2013). Drinking water utilities may choose to switch to
chlorine during a nitrification event. This switch may result in increased THMs. Utilities that use
chloramine within the distribution system should have comprehensive treatment programs to
remove THM precursors if they choose to use chlorine to address nitrification.

During nitrification, ammonia-oxidizing bacteria can biodegrade THMs through cometabolism
(Speitel Jr. et al., 2010). The by-products of THM cometabolism can be toxic to these ammonia-
oxidizing bacteria, thereby reducing nitrification. However, THM cometabolism should not be
used as a strategy to prevent nitrification.

Due to ozone’s (Os) reactivity, it is not possible to maintain a disinfectant residual within the
distribution system using ozone. When Oz is used for primary disinfection, it reduces the amount
of chlorine required for secondary disinfection (Mazhar et al., 2020). Ozone oxidation
necessitates a subsequent biological treatment step to reduce THM precursors and the potential
for biofilm growth in the distribution system resulting from the increased biological organic
matter (BOM) (Yan et al., 2010; AWWA, 2017). The use of Oz may lead to the formation of
bromate and halogenated acetaldehydes (Liu et al., 2014; Health Canada, 2018; Gao et al., 2020;
Laflamme et al., 2020). After pre-oxidation with Os, studies showed that:
e TOC was generally unaffected
e SUVA generally declined, indicating a transformation of aromatic structure to more
hydrophilic forms (high SUVA — more affected; low SUVA — less affected)
e BOM increased
e A decline in SUVA indicated that the hydrophilic portion of NOM was biodegradable
e With various treatment processes and post-chlorination, THMs generally decreased for
medium to high SUVA water
e Alow SUVA (1.7 L/mg-m) water was found to have an increase in THMs, indicating O3
is less effective on hydrophilic portions of NOM
e In water with bromide, THMs shifted to less chloroform, more bromoform and DBCM
In water with iodide, 103" (desired stable form) is quickly formed, reducing I-THMs
(Blchsel and Von Gunten, 1999; Liu et al., 2001; Miltner et al., 2008; Wert and Rosario-Ortiz,
2011; Allard et al., 2013; Hua and Reckhow 2013; Méité et al., 2015; Gao et al., 2020)
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UV irradiation is a physical disinfection process that inactivates pathogens and generates few to
no THMs (Becker et al., 2013). Typically, it is installed after a significant portion of turbidity
and NOM have been removed (towards the end of a treatment train) (Dotson et al., 2010). UV
does not provide a residual and therefore chlorine or monochloramine is required within the
distribution system (Mayer and Ryan, 2019).

There are various advanced oxidation processes, such as Os/UV, Os/ultrasound, Os/H20x,
Os/UV/ultrasound and Os/ultrasound/FeSO4 (Ziylan and Ince, 2013). These advanced oxidation
processes may provide an alternative for destroying organic matter that is less susceptible to
degradation by O3 alone (Chin and Bérub¢, 2005; Tubi¢ et al., 2011; Ziylan and Ince, 2013).

UV/H20,, generates OH radicals, which transform less reactive hydrophobic NOM (larger MW)
into more reactive hydrophilic NOM (lower MW). The TOC remains relatively unaltered. This
change in NOM generally results in an increase in THM formation and chlorine demand with
various treatments and subsequent disinfection (Dotson et al., 2010; Borikar et al., 2015; Chu et
al., 2016; Ding et al., 2019). Biological activated carbon can improve performance with TOC
removal and reduction in THMFP (Sarathy et al., 2011). A residual H.O> will remain after
irradiation that will need to be quenched prior to chlorination using free chlorine, GAC or
biological activated carbon (Dotson et al., 2010; Linden and Dotson, 2012). UV/H20-
pre-oxidation followed by post-chloramination/chlorination was examined at bench scale (Zhang
etal., 2018b). A UV dose of 460 mJ/cm? and H,O dose of 20 mg/L (ultrapure water with
3.5mg/L DOC, 10 uM Br’, 1 uM I') was followed directly by chlorination and resulted in
reduction of I-THMs formed. The opposite was observed during post-chloramination.

During co-exposure of UV/CI, the free chlorine generates various reactive species (OH, Cl, Cly
and O") (Gao et al., 2019). UV/CI generally forms fewer THMs with different speciation than
chlorination alone (Fang et al., 2014; Wang et al., 2015c; Zhang et al., 2015b; Guo et al., 2016;
Li et al., 2016). Gao et al. (2019) found that as UV fluence (dose) increased, there was an initial
increase followed by a decline in THM concentration. UV/CI followed by GAC and chlorination
was evaluated at bench scale (Carra et al., 2020). After the UV/CI step, THMSs increased for

pH 5.1 to 6.5 but decreased for pH 7.2 to 8.2. After the GAC treatment, THMs declined with best
results at a higher pH. In all cases, THMs increased during post-chlorination, but never exceeded
40 pg/L.

UV with a mixed chlorine/chloramine bench-scale system was evaluated. Chloroform increased
as the mass ratio HOCI:NHClI increased from 5:0 (all chlorine) to 4:1, then declined as the ratio
changed from 4:1 to 0:5 (all chloramine) (Liu et al., 2021b).

Ferrate [Fe(V1)] is a potential pre-oxidant that can reduce THM formation during subsequent
chlorination or chloramination (Jiang and Lloyd, 2002). Ferrate (20 mg/L) prior to chlorination
in 12 source waters (9 surface waters, 1 groundwater and 2 wastewater effluents) had 8 waters
with lower THMFP than chlorine alone (Yang et al., 2013).

Pre-oxidation using ozone, chlorine, potassium permanganate and/or potassium ferrate can
improve algae removal and potentially reduce THMs formed during subsequent disinfection (Ma
and Liu, 2002; Plummer and Edzwald, 2002; Sharma et al., 2002; Chen and Yeh, 2005;
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Henderson et al., 2008; Chu et al., 2011, 2017; Fan et al., 2013; Xie et al., 2013; Zhou et al.,
2014, 2019; Chen et al., 2018; Hu et al., 2018; Dong et al., 2019b, ¢, 2021; Ma et al., 2019; Shi
et al., 2019; Bernat-Quesada et al., 2020; Gilca et al., 2020). The amount and properties of EOM
released varies with algae species, oxidant type and dose. EOM behaves like non-ionic polymers
and anionic polyelectrolytes that can increase flocculation efficiency and reduce THM formation
(Chen et al., 2009; Shi et al., 2019). Flocculation can be enhanced or hindered, depending on
EOM concentration and MW (Chen et al., 2009). If cell lysis occurs, IOM can be released,
increasing coagulant and chlorine demand as well as THM formation (Knappe et al., 2004; Chen
et al., 2009). The optimum oxidant dose is that which achieves cell modifications without cell

lysis (Henderson et al., 2008).

In larger distribution systems, hydraulic residence times may be longer and chlorine decay may
occur in the outermost sections. The amount of chlorine decay varies with time and location and
is impacted by pipe material, temperature and pH (Wang, 2021). Booster disinfection in areas of
the distribution system that have low disinfectant residuals can reduce primary and secondary
disinfection at the treatment plant (Reckhow and Singer, 2011). Optimization of booster
chlorination can be challenging, especially in large systems. A one-year study of a large-scale
water distribution system showed that using booster chlorination reduced overall THM
formation. However, THM concentrations increased in those locations directly after booster
chlorination (Zhu et al., 2022). This strategy’s effectiveness is site-specific and should be

evaluated using bench- or pilot-scale studies.

Table 25. Oxidation/disinfection control strategy options

Disinfection control
strategy

Advantages

Disadvantages

Comments

Delayed disinfection
(Reckhow and Singer,
2011; Becker et al.,
2013)

Apply chlorine
when demand is
lower

Reduces required
chlorine

Need to ensure
adequate CT for
microbial disinfection
If used for biogrowth
control within

Shifting chlorination from before
coagulation to after clarification
or filtration lowers THMs formed.

Allows for THM precursors to be

Can be used treatment plant, may removed prior to disinfection.
seasonally not be feasible
Chlorine dose Optimizes Need to ensure Several approaches:

optimization
(Becker et al., 2013;
Hong et al., 2013)

chemical dose

accurate CT for proper
microbial disinfection
Reduction in THMs
may be minimal

A. Optimize target CT

B. Accurate chlorine dosing

C. Accurate determination
of mixing and hydraulics

Implement

Potential to reduce

Potential for formation

Change in oxidation/disinfection

pre-oxidation, THMs formed of other DBPs strategy.
alternative primary
disinfectant or Important to ensure proper
secondary disinfectant disinfection is maintained.
(Reckhow and Singer,
2011)
Booster disinfection Allows for Potential for increased | Lowers total chlorine used for the
(Reckhow and Singer, disinfectant THMs after booster distribution system.
2011) addition in station
localized areas Challenging to Used in the distribution system in
Reduces chlorine optimize areas with low chlorine residual.

dose at the entry to
the distribution




Unclassified / Non classifié

Disinfection control Advantages Disadvantages Comments
strategy

system, thereby
decreasing THM

pH reduction e Reduces o Use of acids/bases Base addition for corrosion
(Reckhow and Singer, chloroform e May form more control delayed until after
2011; Chowdhury, Br-THMs in water disinfection can reduce THMs.
2013c) with bromide
e Potential for corrosion | Should be avoided if Br is
present.

Br-THM = Brominated THMs; CT is 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 T value, which is
defined as the detention time at which 90% of the water meets or exceeds the required contact time); DBP =
disinfection by-product, THMs = trihalomethanes

4.5.1.3 Removal of formed THMs

Minimizing the formation of THMs is the preferred strategy to control THMs. However, in some
cases pre-chlorination prior to precursor removal may be required (for example, for biofilm or
zebra mussel control, removal of other contaminants) or high levels at specific locations within
the distribution system may occur. In these cases, formed THMs may be reduced through
treatment processes (aeration, GAC, RO or NF). Aeration could be used in clear wells, water
reservoirs or storage tanks. GAC, RO or NF could be used as part of the treatment train. While
these technologies are generally used to remove THM precursors, they have some capacity to
remove already formed THMSs. After any of these treatment options, THMs will continue to form
as any remaining NOM and chlorine continue to react.

Aeration: Aeration may be used to remove THMs when other non-volatile DBPs like HAAs are
not a concern (Ghosh et al., 2015). Various aeration technologies such as tray, spray and surface
aeration systems can be effective (Ghosh et al., 2015; Yoakum and Duranceau, 2018).
Chloroform is better removed through air stripping than Br-THMs due to its higher Henry’s law
constant (Johnson et al., 2009; Brooke and Collins, 2011).

THM removal through aeration improves with increased air-to-water ratio and water temperature
(Johnson et al., 2009; Brooke and Collins, 2011; Mirzaei and Gorczyca, 2020). A full-scale study
showed a THM reduction from 60 pg/L to 18 ug/L after tray aeration was installed (Yoakum and
Duranceau, 2018). A bench-scale study using diffused aeration achieved chloroform removal
consistently greater than 90% (air-to-water ratios > 45:1). Spray aeration is impacted by droplet
diameter and droplet travel distance (Duranceau et al., 2016). In a pilot-scale study, THM
reduction ranged from 20% to > 99.5% depending on the operating characteristics (Brooke and
Collins, 2011). Proper ventilation is required to effectively remove THMs (Cheung et al., 2020).

Aiir stripping can be used at remote distribution system locations where THM concentrations are
an issue (for example, treated water storage tanks and dead ends), allowing for only a fraction of
the water to be treated (Ghosh et al., 2015; Schneider et al., 2015). Effectiveness of air stripping
in storage tanks is influenced by such factors as tank configuration, type of inlet/outlet, tank
cycling and mixing, water levels, residence time in tank and availability of sufficient vents.
Some storage systems may simply require the addition of a spray nozzle system (Brooke and
Collins, 2011).
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Aeration technologies can also be installed within the clearwell. Overall removal through the
clearwell is affected by numerous factors, including hydraulic residence time, THM formation
within the clearwell and inflow of freshly aerated treated water. When an aeration system is used
in a reservoir or clearwell, it is likely that the water will be mixed such that the baffling factor
will be reduced (Ghosh et al., 2015). If the reservoir is being used for CT credit claims, this
change in baffling factor should be taken into consideration to ensure that sufficient CT is
achieved.

A study examined an existing large distribution system with water passing through
large-diameter transmission mains, multiple storage facilities and pressure zones (Clark, 2016).
A water spray system with 2 spray heads (containing 7 nozzles each) was installed in a tank
receiving chlorinated water. Chloroform was better removed (> 55% to nearly 70%) than
Br-THMs (DCBM: < 50% to 60%; DBCM: 36% to 50%). The pH increased 0.15 to 0.2 pH units
after the sprayer due to release of carbon dioxide. For the next 5 years of the study, THMs were
maintained below the internal goal of 64 ng/L.

Aeration will have significant energy requirements and potentially affect water quality,
necessitating operational adjustments, including calcium carbonate precipitation (Ghosh et al.,
2015) and pH increase after aeration (Johnson et al., 2009). Utilities should check with the
responsible drinking water authority to determine whether there are any restrictions in releasing
off-gases containing THMs.

GAC: The application of GAC for formed THM removal in chlorinated water may be possible
with frequent regeneration (Reckhow and Singer, 2011). A bench-scale study evaluated

3 different GACs for THM removal and found that the removal order was bromoform > DBCM
> BDCM > chloroform (He et al., 2017). The adsorption isotherm coefficients had Freundlich
constants that confirmed these results (Speth and Miltner, 1998).

In 12 drinking water treatment plants, breakpoint chlorination was used to remove naturally
occurring ammonia (0.76 to 4.5 mg/L) (Stefan et al., 2019). These treatment plants used GAC
after breakpoint chlorination (chlorine doses ranging from 16 to 33 mg/L) to remove the THMs
that formed. The THM concentrations after GAC ranged from 14.2 to 143 pg/L with a median
and mean of 43.0 pg/L and 52.4 pg/L, respectively. Authors stated that removals may be
improved by optimizing maintenance and replacing filters.

Several pilot-scale studies evaluated GAC for removal of formed THMs. Overall, these studies
showed that THMs can be removed using GAC, with different performances depending on GAC
location within the treatment train (Babi et al., 2007; Lekkas et al., 2009; Verdugo et al., 2020).
After saturation, THM concentrations increased above inlet values. GAC treatment dechlorinates
water and therefore requires post-chlorination. If the DOC remains post-GAC, new THMs will
form (Johnson et al., 2009). When evaluating breakthrough, both the DOC and THM
concentrations in the GAC effluent should be monitored and GAC should be replaced when the
first reaches breakthrough (Babi et al., 2007).

A pilot-scale study was situated in a reservoir/pump station (Johnson et al., 2009). The 2 process
trains evaluated were GAC, and air stripping followed by GAC with an average influent THM
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concentration of 73 pg/L. After 30,000 BVs for GAC alone, removals for an empty bed contact
time of 10, 20 and 30 minutes, were 20%, 60% and 80%, respectively. For air stripping alone,
THM was reduced consistently to between 75% and 85% (air-to-water ratio of 40 to 50). Air
stripping followed by GAC exceeded 90% removal throughout the entire study (50,000 to
60,000 BVs) at a 10-minute empty bed contact time.

RO and NF: Membrane filtration processes including NF and RO have been examined for
formed THM removal (Uyak et al., 2008; Zazouli and Kalankesh, 2017; Fang et al., 2020, 2021;
Li et al., 2020b). NF and RO membranes have shown THM removal generally follows this order:
I-THMs > Br-THMs > chloroform (Uyak et al., 2008; Fang et al., 2020, 2021). Bench-scale
studies had a THM removal range of 70.6% to 99.2% using RO (Fang et al., 2020, 2021), and
54.4% to 98.7% for NF (Nasseri et al., 2004; Uyak et al., 2008; Fang et al., 2020). One
pilot-scale study exhibited poor removal (34.02% to 38.49%) with NF and no correlation with
THM species due to the large pore size of the membrane (Li et al., 2020b).

4.5.1.4 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 meets
applicable regulations. Guidance can be found elsewhere (CCME, 2003, 2007).

4.5.2 Residential-scale treatment

For households that obtain drinking water from a private well that does not use chlorine to
disinfect, THMs would not be a concern. For small-scale systems that chlorinate, treatment
devices may be an option for reducing THM levels. Certified point-of-use treatment devices are
currently available for the reduction of THM levels. 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 THM concentration and speciation in the chlorinated 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 according to 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.

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,
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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, 2023):

. CSA Group

° NSF International

. Water Quality Association

° ULLLC

o 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, can effectively remove THMs. The performance of filters intended for
THM removal 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 pre-treatment.

There are certified devices for the removal of THMs from drinking water that rely on an
adsorption (activated carbon) technology. These can be certified either specifically for THM
removal or for the removal of volatile organic compounds (VOCSs) as a group, using chloroform
as a surrogate. A drinking water treatment device can be certified to NSF/ANSI Standard 53
(Drinking Water Treatment Units — Health Effects) for the reduction of THMs using chloroform
as a surrogate or for reduction of VOCs, also using chloroform as a surrogate. For THM
certification, the device must be capable of reducing an average influent concentration of 0.45 £
30% mg/L (450 pg/L) to a maximum effluent concentration of 0.080 mg/L (80 pug/L)
(NSF/ANSI, 2022a). For VOC certification, the device must be capable of reducing an influent
challenge of 0.300 mg/L (300 pg/L) to less than 0.015 mg/L (15 pg/L). This removal represents a
chemical reduction of more than 95% (NSF International, 2022a).

RO treatment devices can be effective at removing THMs. A RO treatment device can be
certified to NSF/ANSI Standard 58 (Reverse Osmosis Drinking Water Treatment Systems) using
chloroform as a surrogate chemical. The device must reduce the concentration of THMs in water
from an influent challenge concentration of 0.30 mg/L (300 pg/L) to less than 0.015 mg/L

(15 pg/L). This removal represents a chemical reduction of 95% (NSF International, 2022b).

In RO systems, membranes can be easily damaged by chlorine in the feed water. This damage
can lead to lower removals and lead to 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
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the required volume of treated water, these devices are generally not practical for point-of-entry
installation.

4.5.2.1 Alternative disinfection strategies for residential-scale or small systems

As with the municipal scale, UV irradiation is an alternative disinfection technology that can be
installed for residential-scale treatment or for small 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 raw water. For this
reason, some pre-treatment of the raw water may be required to ensure the effectiveness of the
UV disinfection. Decreasing TOC will also reduce potential for UV lamp scaling.

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, 2022c).

4.6 Distribution system and other considerations

Within the distribution system, THM 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,
microorganisms, presence of biofilms, pipe materials, distribution system configuration and
extent, presence of storage tanks, corrosion, presence of sediments, hydraulic conditions, water
age, and distribution system operation and maintenance (Baribeau et al., 2006). Distribution
systems are complex and dynamic. More detailed information can be found in Health Canada
(20204, 2022a).

In chlorinated distribution systems, THMSs continue to form and increase with increasing water
age and declining chlorine residual. The maximum is expected at the location with the highest
water age (Baribeau et al., 2006; Tung and Xie, 2009; Reckhow and Singer, 2011). The TOX
levels increase with longer residence time in distribution systems that use chlorine (Westerhoff et
al., 2022). Several studies examined THM changes between the point-of-entry to different points
within the distribution system (see Table 26). One study found that lowering the chlorine dose
while maintaining proper disinfection lowered THM formation, illustrating the importance of
optimizing the chlorine dose (Mohamed et al., 2019). Use of booster chlorination also needs to
be considered when determining the location of the highest THM concentration.

Table 26. Trihalomethane (THM) changes within distribution system of full-scale treatment
lants

DWDS DWDS location | Parameter | Impact Reference
Disinfectant
Chlorine Close to POE Almost constant and did not vary seasonally
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periods of
chlorination

135% to 161% increase during chlorination —
Utility E

DWDS DWDS location | Parameter | Impact Reference
Disinfectant
(24 systems) Far from POE Free Decreased in summer and fall, possibly due Scheili et al.
Chloramine chlorine | to higher temperature and NOM (2015)
(1 system) residual
MRTL THM Maximum
Chlorine MRTL THM Increase of 452% — Utility A Baribeau et al.
(2006)
MRTL THM Increase of 58% (greater stability of chlorine
and lower water age) — Utility B
MRTL THM Increase between 85% and 108% (3 systems) | Rodriguez and
Sérodes (2001)
5-hour residence THM 2-fold increase Rodriguez et
Downstream of THM Highest concentration in DWDS al. (2004)
re-chlorination
reservoir
Throughout THM Lower when temperature < 15°C
Throughout THM Reduction when chlorine dose lowered from | Mohamed et
5 mg/L to 4 mg/L while proper disinfection al. (2019)
was maintained
Chloramine MRTL THM Relatively stable with occasional decreases Baribeau et al.
(up to 23%) — Utility C (2006)
MRTL THM Decreased 46% to 62% (associated with
periods of nitrification) — Utility D
Chloramine and MRTL THM 20% to 50% increase during chloramination | Baribeau et al.

(2006)

DWDS = drinking water distribution system, MRTL = maximum residence time location, NOM = natural organic matter, POE =

point of entry

Certain HAA species can degrade into THMs (Zhang and Minear, 2002; Reckhow and Singer,
2011). However, the levels of these HAA species within Canadian waters are negligible, and
these are not considered a significant source of THMs (Rodriguez and Sérodes, 2001; Rodriguez
et al., 2004; Chowdhury, 2011; Chowdhury et al., 2013c).

The fate of THMs in residential hot water heating is impacted by factors such as pH,
temperature, free chlorine residual and reaction time, making it impossible to provide general
conclusions about impacts on THMs (Liu and Reckhow, 2013, 2015; Legay et al., 2019). Cold
and hot tap water THM concentrations were measured in 50 residences from 2 chlorinated
distribution systems. Residential water heating led to an increase in average THM levels, with a
larger increase during winter (Legay et al., 2019). Chloroform in cold tap water increased during
subsequent heating, with the largest effect seen for water with a lower age (Liu and Reckhow,
2013). In a study of households in 3 different municipal drinking water systems using chlorine
for secondary disinfection (Dion-Fortier et al., 2009), THMs increased on average between 22.1
and 43.4 pg/L from first draw cold-water tap samples to the distribution system. A larger impact
was observed for average THM increase (44.0 to 80.1 ug/L) from first draw hot water tank
samples to the distribution system. Both chloroform and Br-THMSs concentrations increased
(Dion-Fortier et al., 2009).

Copper occurs naturally and copper corrosion products such as hydroxides, oxides and carbonate
scales on copper pipe walls can be released into water (Health Canada, 2019b, 2022b). The
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presence of copper can have a catalytic effect on THM formation and depends on NOM type, pH
and copper species (Blatchley 111 et al., 2003; Li et al., 2007; Fu et al., 2009; Liu et al., 2013; Hu
et al., 2016; Zhao et al., 2016). Several bench-scale studies examined different types of NOM,
aliphatic fragments and aromatic fragments in the presence of copper and most showed varying
percent increases in THMs (Blatchley Il et al., 2003; Navalon et al., 2009; Zhao et al., 2016).

The presence of Cu(ll) in brominated water results in an increased amount of bromide being
incorporated into THMs (Liu et al., 2013; Hu et al., 2016; Ta et al., 2020). Copper may assist the
reaction between Br-and HOCI to form HOBr, which reacts faster than HOCI in forming THMs
(Symons et al., 1993; Neil et al., 2019).

A pipe rig test was used to evaluate changes to THM formation due to water quality changes and
aging within a copper pipe (Li et al., 2007). Tests were conducted in a glass bottle (control) and
copper pipe. The copper corrosion products resulted in chlorine being consumed quickly. When
pH < 7, the THMs formed in copper pipe were higher than in a glass bottle; for pH > 7, the
opposite was observed. The presence of copper shifted the THMs to larger amount of
bromoform.

5.0 Management strategies

All water utilities 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).

Management of THMs is generally focused on minimizing their formation. Changes
implemented to address THMs should be considered holistically to ensure that they do not
increase other disinfection by-products (for example, HAAS) or cause other compliance 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 a different level of NOM removal to meet DBP drinking water guidelines (for examples
see Rodriguez and Sérodes, 2001; Kastl et al., 2016).

5.1 Control strategies

The preferred control strategies should include methods to minimize THM formation during
treatment and within the distribution system. Effective management of THMs requires a good
understanding of the disinfectant demand/decay versus THM formation, temperature effects and
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pH. Treatment facilities and distribution systems can differ significantly, necessitating system-
specific control strategies.

Water utilities must balance effective disinfection against the creation of THMs because drinking
water must be microbiologically safe to prevent waterborne disease. Impacts on the distribution
system from any control strategy implementation should be considered. Pilot-testing using
harvested pipe specimens should be done to assess the impacts of strategy implementation and
methods to mitigate any adverse responses (Giani and Hill, 2017).

5.1.1 Source water control options

Source water control options for THM formation are presented in Table 27 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 compliance issues do not arise, including potential impacts (for example,
corrosion) on the distribution system. Any changes in the source water may have an impact on
water quality (such as pH or alkalinity), which may impact treatment and may result in corrosion
issues within the distribution system.

Table 27. Source water control options

Source control
strategy

Advantages

Disadvantages

Comments

Source water change
or blending of source
waters

(Becker et al., 2013)

THM precursors may
be diluted

Can be used
seasonally

Alternate or additional
DBPs may form

If using groundwater,
bromide may alter
THM speciation

Groundwater incorporation may
result in the greatest reduction of
organic precursors.

Choosing source
water with no
bromide

(Hong et al., 2013)

May shift speciation
to chloroform

Alternate or additional
DBPs may form

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

Modifications of
reservoir operations
(Becker et al., 2013)

May dilute THM
precursors

May change the type
of THMs formed
Ability to select
optimal water quality

Alternate or additional
DBPs may form
Requires monitoring
and active
management

If it is easy to switch between water
sources, the reservoir can be used
preferentially based on water
quality basis.

Utilities can also fill an off-line
reservoir when water is at the
highest quality.

Purchasing water
(Becker et al., 2013)

Additional supply of
treated water

Can be used to defer
infrastructure costs
May have lower
DBP formation

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

(Reckhow and
Singer, 2011)

Store water during
periods of good
quantity and quality
Recharge water can
be treated

Potential leaching of
aquifer materials when
redox shifts from oxic
to anoxic (increasing

Store high-quality treated water in
the subsurface when available.

Stored water is later withdrawn
when source water quality is poor.
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Source control Advantages Disadvantages Comments
strategy
e Minimal iron and manganese) in
infrastructure extracted water Minor additional treatment
required and minimal |e Potential for required.
water losses (no groundwater
evaporation) contamination if
e Improve local quality control is not
groundwater quality adequate
e Not all recharged
water may be
recovered

Br-THM = brominated THMs, DBP = disinfection by-product, HOBr = hypobromous acid, TOC = total organic
carbon

5.1.2 Distribution system control options

THMs continue to form within the distribution system as chlorine will continue to react with
remaining NOM in the treated water. THMs are stable end products, do not degrade and the
maximum levels are expected at locations with the highest water age (Reckhow and Singer,
2011). 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 28 of this
document and 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, 2022a). This section covers management of the
distribution system, including management of storage facilities, water age (for example, dead
ends) and water main cleaning. Some key best management practices in the distribution system
include:

e Manage water age (for example, minimize dead ends)
e Manage water temperature impacts
e 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 impacts of climate change. 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
simulate chlorine decay and THM formation (Fisher et al., 2018). It is also important to ensure
that no other compliance issues will occur as a result of changes made to address THMs.

Table 28. Distribution system control strategy options to control trihalomethanes (THMSs)

Distribution system Advantages Disadvantages Comments

control strategy
Optimize distribution |e Easy to implement |e Possible minimal Adjust chlorine residual targets to
system chlorination changes in THM address seasonal variations. Allows
(Becker et al., 2013) formation for lower chlorine residuals and

e Corrosion potential decreased THM formation.

Booster chlorination |e Allows for lower e Increase in THM Booster chlorination allows for
(Baribeau et al., chlorine load at concentration adequate disinfectant residual in
2006; AWWA, 2017) targeted locations without
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control strategy

Distribution system

Advantages

Disadvantages

Comments

entry to distribution
system

Can be used at
specified locations
where needed

immediately after
booster chlorination
Optimization can be
challenging

increasing chlorine levels
throughout the entire distribution
system.

Optimize distribution
system — limit water

Leads to other
water quality

Need to understand
water age throughout

Can be done by looping dead ends,
evaluating valve status (open or

disinfection and
minimize costs

age in distribution improvements closed).

system

(Becker et al., 2013) Optimizing length of time water
remains in distribution system can
reduce THMs.

Optimize distribution |e Reduces THMs Limited by minimum Can be done through tank cycling

system — limit water formed storage levels and tank mixing.

age in storage tanks

Distribution system  |e Allows for Requires high level of | Models can accurately predict free

modelling alternative ways to operator knowledge chlorine and by-product formation

(Fisher et al., 2018) manage and understanding in distribution system if well

developed, calibrated and
maintained.

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

Lower water age in
areas of
distribution system
Maintain pipe
hydraulic capacity
and remove scale
build-up

Less precise reduction

of THMs

May not work during
high THM formation
events or seasons
May not be possible
(for example, during
dry months)

Periodic flushing of distribution
system in sections prone to long
retention time can reduce water age
and THM formation. Best practices
for proper flow rate and duration
needed to be followed.

In general, unidirectional flushing
is best practice.

Aeration in storage
tanks

(Becker et al., 2013)

Aeration to remove
formed THMs

Can be
implemented
locally rather than
treating all the
water

Air stripping removes

THMs but not
haloacetic acids
Does not stop
post-aeration
formation of THMs

Water quality changes

Direct removal of already formed
THMs.

Aeration of storage tanks to remove
THMSs through volatilization.

5.2 Monitoring

Accurate control of the treatment process is important to ensure good water quality and minimize
THM formation. Monitoring programs should be designed to consider risk factors that contribute
to THM formation. Programs 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).

5.2.1 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, 2020a). Parameters such as iron and manganese,
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which 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 D (Table D1). 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. 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 and 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-
THM formation. Westerhoff et al. (2022) recommends that source water which 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. BIF
should also be tracked to better understand relative contribution of bromide in THMs.

I-THMs are formed when iodide is present in the water. Although I-THMs do not form part of
the MAC, understanding iodide concentrations is important when evaluating control options.

5.2.2 Operational monitoring

Operational monitoring in the context of THMSs 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 (see Appendix D) (Health Canada, 2020a). These tables include sampling locations
and frequencies that can form the basis of a comprehensive monitoring program and good
understanding of NOM (Health Canada, 2020a). 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,
which will reduce THM formation. The parameters that form the basis of the monitoring
program are designed to assess performance and make changes as needed and will depend on the
chosen strategy(ies) to minimize THM formation.

5.2.3 Distribution system monitoring

THMs 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 THM concentrations are expected to be the
highest. These include locations such as those with the longest contact time, highest water age,
after booster chlorination or dead ends. When a location has a high THM concentration, this may
guide 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 THM
concentrations.
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5.2.4 Compliance monitoring

A locational running annual average of a minimum of quarterly samples taken in the distribution
system for total THMs should be calculated. This value is then compared against the MAC.
Sampling will be at points in the distribution system where THM concentration is expected to be
the highest. These include locations such as water with the highest water age, after booster
chlorination stations, reservoir storage and areas with the longest disinfectant retention time. 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 THM formation periods.

6.0 International considerations

Other national and international organizations have drinking water guidelines, standards and/or
guidance values for individual and total THMs 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 consumption rates, body weights and source
allocation factors.

The U.S. EPA has a maximum contaminant level of 0.08 mg/L for total THMs (U.S. EPA,
2006), as well as individual non-regulatory maximum contaminant level goals for each THM
(see Table 29). The European Union’s drinking water directive lists a value of 0.1 mg/L for total
THMs (EU, 2020). In its assessment of THMs in drinking water, Australia recommends that
THM levels should not exceed 0.25 mg/L for individual or total THMs (NHMRC, NRMMC,
2011). The World Health Organization (WHO) has established individual HBVs of 0.3, 0.1, 0.06
and 0.1 mg/L for chloroform, bromoform, BDCM and DBCM, respectively. In addition, the
WHO indicates that an additive approach using a hazard index (that is, the sum of the ratios
between exposure concentration and the guideline value for each component to be evaluated)
could be used for authorities wishing to establish a total THM standard (WHO, 2005).

Table 29. Comparison of international drinking water values for trihalomethanes (THMs)

Point of DW
Agency Value Key health endpoint departure UE BW intake AF
(YYear) (mg/L) (Reference) (mg/kg bw (kg) (L/d) (%)
per day)
Health 14 Effects in the kidney BMDLyo = 40 74 411 80
Canada Chloroform | (dilation of the tubular 42.02
proposed (HBV) lumen) of male rats in
MAC two 2-year studies
(2023) (‘YYamamoto et al., 2002;
Nagano et al., 2006)
0.100 Tumours of the large BMDLy = N/A N/A | N/A N/A
BDCM intestine in male rats in 16.3
(HBV) two 2-year studies (NTP,
1987; NTP, 2006)
0.100 for N/A N/A N/A N/A | N/A N/A
total THMs
(MAC)
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Point of DW
Agency Value Key health endpoint departure UE BW intake AF
(Year) (mg/L) (Reference) (mg/kg bw (kg) (L/d) (%)
per day)
US.EPA | 0.08 N/A N/A N/A | N/A | N/A N/A
(2006) for total
THMs
(MCL)
U.S.EPA | 0.07 Hepatoxicity in dogsina | LOAEL =132 | 1000 | 70 2 20
(2006) Chloroform | 7.5-year study (Heywood
(MCLG) etal., 1979)
US.EPA, |0 Kidney tumour data in NA NA N/A | N/A N/A
(2005, BDCMP rodents in a 2-year study
2016) (MCLG) (NTP, 1987)
0.06 Liver toxicity inratsina | NOAEL = 1000¢ | 70 2 80
DBCM 90-day study (NTP, 1985) | 21.4°
(MCLG)
0 Large intestine tumour NA N/A N/A | N/A N/A
Bromoform® | data in rodents in a 2-year
(MCLG) study (NTP, 1989a)
EU (2020) | 0.1 N/A N/A N/A N/A | N/A N/A
for total
THMs
Australia | 0.25° Mild and reversible liver | NOAEL =7 100 70 2 10
(Endorsed | for effects in a 90-day rat
1996) individual or | study (Chu et al., 1982)
total THMs
WHO 0.3 Hepatoxicity in dogsina | 12 mg/Lf 25 60 2 75
(2005) Chloroform | 7.5-year study (Heywood
etal., 1979)
0.06 Renal adenomas and N/A N/A N/A | N/A N/A
BDCM? adenocarcinomas
(combined) in male mice
in a 2-year study (NTP,
1987)
0.1 DBCM Histopathological effects | NOAEL = 1000 | 60 2 20
in the liver of rats in a 21h
90-day study (NTP, 1985)
0.1 Histopathological lesions | NOAEL = 18' | 1000 | 60 2 20
Bromoform | in the liver of rats in a 90-
day study (NTP, 1989a)

AF = allocation factor, BDCM = bromodichloromethane, BMDL1o//BMDL,; = lower 95% confidence limit on the
benchmark dose associated with a 10% or 1% response, DBCM = dibromochloromethane, HBV = health-based
value, LOAEL = Lowest-observed-adverse-effect level, MAC = maximum acceptable concentration, MCL =
maximum contaminant level, MCLG = maximum contaminant level goal, N/A = not applicable or unknown, NTP =
National Toxicology Program, NOAEL = No-observed-adverse-effect level, UF = uncertainty factor

2Value was originally 15 mg/kg but was adjusted to account for exposure 6 days/week.

®A low dose linear extrapolation approach was used to estimate lifetime cancer risk.

¢Value was originally 30 mg/kg but was adjusted to account for exposure 5 days/week.

dIncludes a safety factor of 10 for potential carcinogenicity.
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¢ Separate guideline values were not derived for each compound since, at the time of the Australian assessment, the
metabolism of the compounds and the no-effect levels were deemed to be similar. The guideline value applies to the
concentration of each compound or the sum of any combination of individual THM concentrations.

12 mg/litre is the 95% lower confidence limit for the 5% incidence of hepatic cysts, generated by PBPK modelling.
9 Since a cancer endpoint was used, unit risks were calculated using a linearized multistage model.

MVvalue was originally 30 mg/kg but was adjusted to account for exposure 5 days/week.

"Value was originally 25 mg/kg but was adjusted to account for exposure 5 days/week.

7.0 Rationale

More than 600 DBPs have been identified in drinking water consisting of a vast array of
chemical classes. Epidemiological studies point to an association between DBPs in drinking
water and the development of bladder cancer. However, with potentially hundreds of DBPs in
drinking water, the key substances responsible for this association are difficult to identify.
Approximately 20 DBPs have been tested for carcinogenicity while more than 100 DBPs have
been tested in various toxicology studies. The general findings are that iodinated DBPs are more
toxic than brominated DBPs, which are more toxic than chlorinated DBPs (Dong et al., 2019a;
DeMarini, 2020).

In the current assessment of THMs, improved toxicity data (including combined inhalation and
oral toxicity data) and PBPK modelling information were available for chloroform.
Consequently, a more refined risk assessment approach with a reduced level of uncertainty was
possible, resulting in an HBV of 1.4 mg/L for chloroform based on effects in the kidney in rats.
In addition, an HBV of 0.100 mg/L was derived for BDCM based on tumours in the large
intestine of rats. The calculations of HBVs for both chloroform and BDCM took into account
multi-route exposure (that is, oral, dermal and inhalation exposure). No HBVs were developed
for DBCM, bromoform or I-THMs due to insufficiently robust toxicological evidence for these
chemicals.

Because chloroform, BDCM, DBCM and bromoform generally occur together in drinking water,
they have commonly been considered together under a single guideline value for total THMs.
Chloroform tends to be the predominant THM in drinking water. However, as previously
indicated, toxicological data have consistently shown that brominated DBPs are more potent than
chlorinated DBPs. For this reason, Health Canada, in collaboration with the Federal-Provincial-
Territorial Committee on Drinking Water, is proposing a MAC of 0.100 mg/L for the total
concentration of chloroform, BDCM, DBCM and bromoform. This value is based on the lower
HBV for brominated THM BDCM and is considered to be protective of the health effects of all
4 THMs. Basing the MAC on the HBV for BDCM assumes that a THM measurement could be
made up entirely of BDCM and is therefore also protective of a worst-case scenario. The
proposed MAC is based on a locational running annual average of a minimum of quarterly
samples taken at the points in the distribution system with the highest potential levels of THMs.

THMs, along with HAAs, 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 as indicators or surrogates for the total loading of all DBPs in drinking water supplies. For
this reason, it is recommended that THM concentrations be kept as low as reasonably achievable
(ALARA). When appropriate drinking water treatment strategies are implemented to reduce
THMs and HAAs, the levels of other DBPs may also be reduced in the process. This may result
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in a reduction of exposure and potential risk from other DBPs. Any efforts aimed at reducing
THMs, such as changing disinfection strategies, should not compromise disinfection, increase
other DBPs (for example, HAAs, chlorite) or inadvertently increase the levels or leaching of
other contaminants, such as lead, in the distributed water.

Like other DBPs, THMs are primarily formed in drinking water when disinfectants like chlorine
interact with the organic matter present in raw water supplies. However, it is important to
recognize that, due to its ability to kill or inactivate essentially all enteric pathogenic
microorganisms, the use of chlorine has virtually eliminated waterborne microbial diseases.
Thus, to protect against infectious disease, efforts to manage THM levels in drinking water must
not compromise the effectiveness of water disinfection. When THM levels exceed the proposed
MAC, the investigation and implementation of a control strategy should include consideration of
E. coli and total coliform detections. For example, if a drinking water utility is implementing a
THM control strategy, and detects E. coli or total coliforms, this strongly suggests that the
disinfection processes are no longer adequate. This can result in an increased health risk from
microbial pathogens (Health Canada, 2020c). The goal of the THM control strategy should be to
ensure protection from microbial risks at all times, while minimizing the production of
disinfection by-products. Short term exceedances of the MAC are acceptable in the interest of
maintaining effective disinfection processes. However, there should be an evaluation of other
options to reduce THMs. Ongoing operational monitoring and treatment optimization will help
ensure that water utilities balance microbial and DBP risks and maximize public health
protection for the full range of water quality conditions.

As part of its ongoing guideline review process, Health Canada will continue to monitor new
research in this area and recommend any changes to this guideline technical document that it
deems necessary.
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Appendix A: List of abbreviations

ACF Aberrant crypt foci
AOM Algal organic matter
BOM Biological organic matter

B6C3F1, BDF1, C578BI,
CBA, CD-1, CF/1,
F344, ICI, ICR, Sprague-

Rat and mouse strains

Dawley

BCIM Bromochloroiodomethane

BDCM Bromodichloromethane

BDIM Bromodiiodomethane

BMD Benchmark dose

BMDL Lower 95% confidence limit on the benchmark dose

Br-THMs Brominated trihalomethanes

bw Body weight

CDIM Chlorodiiodomethane

CHMS Canadian Health Measures Survey

CHO Chinese hamster ovary

Cl Confidence interval

CRA Combined exposure to multiple substances (mixture) Risk
Assessment

CSF Cancer slope factor

CT Concentration of disinfectant x Contact time

DBCM Dibromochloromethane

DBIM Dibromoiodomethane

DBP Disinfection by-product

DCIM Dichloroiodomethane

DL Detection limit

DNA Deoxyribonucleic acid

DOC Dissolved organic carbon
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DUVA Differential UV absorbance

ECso 50% effective concentration

EOM Extracellular organic matter

GAC Granular activated carbon

GD Gestation day

GST Glutathione transferase

GSTT1 Glutathione transferase theta 1
GSTT1-1 Glutathione transferase theta 1-1
HAA Haloacetic acid

HBV Health-based value

HED Human equivalent dose

HOBr Hypobromous acid

HOCI Hypochlorous acid

HOI Hypoiodous acid

IARC International Agency for Research on Cancer
103 lodate

IOM Intracellular organic matter

I-THM lodinated trihalomethane

IX lon exchange

LDso Median lethal dose

Leq/day Litre-equivalents per day

LOAEL Lowest-observed-adverse-effect level
MAC Maximum acceptable concentration
MDL Method detection limit

MRL Method reporting limits

MW Molecular weight

NCI National Cancer Institute

NDWS National drinking water survey

NF Nanofiltration

NOAEL No-observed-adverse-effect level
NOM Natural organic matter

NSF NSF International

NTP National Toxicology Program

O3 Ozone

OEHHA Office of Environmental Health Hazard Assessment
OR Odds ratio

PAC Powdered activated carbon

PBPK Physiologically based pharmacokinetic modelling
PT Provinces and territories

qlVIVE Quantitative in vitro to in vivo extrapolation
RO Reverse osmosis

SCGE Single cell gel electrophoresis assay
SGA Small for gestational age

SUVA Specific ultraviolet absorbance

TDI Tolerable daily intake

THM Trihalomethanes
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THMFP Trihalomethane formation potential
TIM Trilodomethane

TOC Total organic carbon

TOX Total organic halogen

UFC Uniform formation conditions test
U.S. EPA United States Environmental Protection Agency
UTOX Unknown total organic halogen
uv Ultraviolet

VOC Volatile organic compound

WHO World Health Organization

WTS Water treatment system

Appendix B: Canadian water quality data
Table B1. Occurrence and concentrations of THMs in surface water and groundwater obtained

from national surveys

Drinking Water

Survey Source water Parameter Chloroform | BDCM | DBCM | Bromoform
(year) (ng/L) (ng/L) | (ng/L) (ng/L)
# detects/N 261/267 260/267 = 224/267 70/267
Detection % 97.8 97.4 83.9 26.2
Surface water Median 20.5 3.7 0.4 <DL
Mean 25.8 5.7 1.7 0.2
90th 52.0 13.3 5.2 0.5
National Survey percentile
(2009 to 2010) # detects/N 98/108 98/108 91/108 72/108
Detection % 90.7 90.7 84.3 66.7
Groundwater Median 2.1 1.3 0.7 0.2
Mean 4.1 2.6 2.0 0.9
90th 10.9 4.5 3.8 2.0
percentile
# detects/N 13/13 13/13 12/13 5/13
Detection % 100.0 100.0 92.3 38.5
Surface water Median 34.6 10.6 0.8 <DL
Mean 54.8 11.4 3.3 04
National Survey 90th 188.8 30.0 135 15
Targeting Highly percentile
Brominated Water # detects/N 16/16 16/16 14/16 10/16
(2007) Detection % 100.0 100.0 87.5 62.5
Groundwater Median 5.4 35 2.3 0.8
Mean 9.0 111 9.7 6.5
90th 33.2 57.1 45.5 24.5
percentile
# detects/N 160/162 157/162 = 101/162 29/162
National Survey Detection % 98.8 96.9 62.3 17.9
Targeting Small Surface water Median 40.1 3.7 0.2 <DL
Systems Mean 68.2 10.8 2.2 0.2
(1999 to 2000) 90th 162.5 33.7 5.3 11
percentile

BDCM = bromodichloromethane, DBCM = dibromochloromethane, N = sample size, THMs = trihalomethanes
Source: Health Canada (2017)
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Table B2. Occurrence and concentrations of THM compounds in surface water and groundwater
in Newfoundland and Labrador, and Ontario

Source | Parameter Newfoundland & Labrador (2004 to 2018) Ontario
water (2013 to
2019)
Chloroform BDCM DBCM Bromoform Total Total THMs
(ng/L) (ng/L) (ng/L) (ng/L) THMs (ng/L)
(pg/L)
# detects/N 13,575/ 12,228/ 2,986/ 286/14,373 13,367/ 7,646/7,646
= 14,373 14,373 14,373 14,373
< Detection 94.4 85.1 20.8 2.0 93.0 100.0
= %
& Median 77.0 3.0 <DL <DL 81.0 49.8
5 Mean 100.9 4.9 1.1 0.9 106.5 54.8
» 90th 216.0 11.0 0.9 <DL 227.0 93.4
percentile
# detects/N 858/1,117 846/1,117 737/1,117 449/1,117 938/ 15,204/
= 1,117 15,204
2 Detection 76.8 75.7 66.0 40.2 84.0 100.0
z %
S Median 4.7 2.4 1.4 <DL 16.0 12.3
o Mean 31.2 5.0 3.9 3.0 42.0 20.6
= 90th 108.0 135 8.0 49 120.0 482
percentile

BDCM = bromodichloromethane, DBCM = dibromochloromethane, N = sample size, THM(s) = trihalomethane(s)
Sources: Newfoundland and Labrador Department of Municipal Affairs and Environment (2019); Ontario Ministry
of the Environment, Conservation and Parks (2019)

Table B3. Occurrence of paired THMs in water sampled from the National Drinking Water
Survey (2009 to 2010)

Treated water Farthest from treatment plant
Parameter # Detects/N Detection % Mean # Detects/N Detection % Mean
(Mg/L) (Mg/L)
Winter
Chloroform 53/60 88.3 7.7 59/60 98.3 15.0
BDCM 49/60 81.7 25 57/60 95.0 4.4
DBCM 44/60 73.3 1.1 51/60 85.0 1.8
Bromoform 19/60 31.7 0.2 22/60 36.7 0.6
Summer
Chloroform 56/61 91.8 16.9 59/61 96.7 30.4
BDCM 53/61 86.9 4.2 59/61 96.7 6.3
DBCM 46/61 75.4 14 53/61 86.9 2.0
Bromoform 21/61 34.4 0.2 27/61 44 .3 0.3
Summer and Winter
Chloroform 109/121 90.1 12.3 118/121 97.5 22.8
BDCM 102/121 84.3 3.4 116/121 95.9 5.4
DBCM 90/121 74.4 1.2 104/121 86.0 1.9
Bromoform 40/121 33.1 0.2 49/121 40.5 0.5

BDCM = bromodichloromethane, DBCM = dibromochloromethane, N = sample size, THMs = trihalomethanes
Source: Health Canada (2017)
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Table B4. Occurrence of paired THMs in the centre and extremity of distribution systems in

Quebec (2014 to 2016)
Centre Extremity
el # Detects/N Detection % G # Detects/N Detection % L
(Hg/L) (Hg/L)
Chloroform 59/59 100.0 28.6 59/59 100.0 34.6
BDCM 59/59 100.0 20.2 59/59 100.0 24.2
DBCM 59/59 100.0 24.3 59/59 100.0 26.8
Bromoform 40/59 67.8 9.5 40/59 67.8 10.0
Total
THMs 59/59 100.0 82.5 59/59 100.0 95.6

BDCM = bromodichloromethane, DBCM = dibromochloromethane, N = sample size, THMs = trihalomethanes

Source: Ministére du Développement durable, de I’Environnement et de la Lutte contre les changements climatiques
du Québec (2019)

Table B5. Occurrence of paired THMs in Ontario sampled from treated and distributed water
(2013 to 2019)

Treated water Distributed water
IR # Detects/N Detection % bIEE # Detects/N Detection % VAT
(Ho/L) (Mg/L)
Chloroform 1,157/1,167 99.1 21.6 1,165/1,167 99.8 32.3
BDCM 1,127/1,167 96.6 4.0 1,165/1,167 99.8 5.8
DBCM 844/1,167 72.3 1.7 933/1,167 79.9 2.2
Bromoform 101/1,167 8.7 0.4 159/1,167 13.6 0.4
Total
THMs 1,515/1,526 99.3 28.2 1,525/1,526 99.9 422

BDCM = bromodichloromethane, DBCM = dibromochloromethane, N = sample size, THMs = trihalomethanes
Source: Ontario Ministry of the Environment, Conservation and Parks (2019)

Table B6. THMs in 441 water supply systems in Newfoundland and Labrador (1999 to 2016)

Population served THM concentration (ng/L)
Groundwater Surface water
Mean Maximum Mean Maximum
< 100 29.06 772 112.80 875
101 to 250 43.46 260 92.63 859
251 to 500 30.87 360 94.48 812
501 to 1,000 17.07 75 101.76 622
1,001 to 3,000 21.97 110 104.52 1,200
3,001 to 5,000 NA NA 85.36 435
5,001 to 10,000 41.50 244 75.21 283
> 10,000 NA NA 81.46 336
Overall 32.2 772 97.6 1,200

NA = not available, THMs = trihalomethanes
Source: Chowdhury (2018)

Table B7. Occurrence and concentrations of iodinated THM compounds in the distributed water
of 65 WTSs with different source waters obtained from the National Survey of Disinfection
By-Products and Selected Emerging Contaminants in Canadian Drinking Water (2009 to 2010)

Water source Parameter DCIM BCIM DBIM CDIM BDIM TIM Total
(Hg/L) (o/L) | (ng/L) (ho/L) | (ug/L) | (ng/L) I-(TH/I\/I)Sa
Mo/l
# Detects/N 54/112 16/112 25/112 10/112 8/112 3/112 68/112
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Water source Parameter DCIM BCIM DBIM CDIM BDIM TIM Total
(Mg/L) (Mo/L) | (mo/L) (Mo/L) | (ug/L) | (ng/L) | I-THMSs?
(Mg/L)
Detection % 48.2 14.3 22.3 8.9 7.1 2.7 60.7
Lake water Median <DL <DL <DL <DL <DL <DL 0.075
90th 0.27 0.11 0.40 <DL <DL <DL 0.81
percentile
# Detects/N 49/152 27/152 32/152 5/152 0/152  0/152 63/152
Detection % 32.2 17.8 21.1 3.3 0 0 415
River water Median <DL <DL <DL <DL <DL <DL <DL
90th 0.23 0.1 0.22 <DL <DL <DL 0.54
percentile
# Detects/N 42/108 18/108 34/108 20/108 16/108 = 16/108 = 58/108
Groundwater | Detection % 38.9 16.7 315 18.5 14.8 14.8 53.7
Median <DL <DL <DL <DL <DL <DL 0.06
90th 0.79 0.41 0.39 1.0 0.97 1.3 5.1
percentile

BCIM = bromochloroiodomethane, BDIM = bromodiiodomethane, CDIM = chlorodiiodomethane, DBIM =
dibromoiodoiodomethane, DCIM = dichloroiodomethane, < DL = less than detection limit (if detection % < 10% then 90th
percentile < DL; if detection % < 50% then median < DL), I-THMSs = iodinated trihalomethanes, N = sample size, THM =

trihalomethane

aTotal I-THM concentrations were calculated manually by summing the individual detectable THMs. Non-detects were derived
when all individual THMs were below the reporting limit, or when the calculated sum was smaller than the calculated Total

THM reporting limit.

Source: Health Canada (2017)

Table B8. Occurrence and concentrations of iodinated THM compounds from 65 WTSs with
different disinfectants obtained from the National Survey of Disinfection By-Products and
Selected Emerging Contaminants in Canadian Drinking Water (2009 to 2010)

Compound Summer Winter
Chloramines Chlorine Chloramines Chlorine
Detect % Mean % Mean Detect % Mean Detect Mean
(Hg/L) Detect (Hg/L) Ho/L) % (Hg/L)
DCIM 75.0 0.53 52.9 0.20 50.0 0.56 37.3 0.17
BCIM 33.3 0.73 17.6 0.16 33.3 0.55 19.6 0.15
DBIM 50.0 0.51 33.3 0.54 16.7 1.17 19.6 0.23
CDIM 33.3 1.63 7.8 0.06 16.7 1.57 5.9 0.08
BDIM 16.7 2.00 2.0 0.06 25.0 1.17 3.9 0.07
TIM 16.7 5.83 3.9 0.06 16.7 3.42 3.9 0.15

BCIM = bromochloroiodomethane, BDIM = bromodiiodomethane, CDIM = chlorodiiodomethane, DBIM =
dibromoiodoiodomethane, DCIM = dichloroiodomethane, TIM = iodoform, THM = trihalomethane

Source: Tugulea et al. (2018)

Table B9. Occurrence and concentrations of I-THM compounds in distribution systems in

Quebec (2014 to 2016)
BT DCIM BCIM DBIM CDIM BDIM TIM TBCM
Detection limit (ug/L) 0.3 1.0 0.4 0.3 0.4 1.0 0.3
# Detects/N 89/124 57/124 9/124 21/124 1/124 0/124 0/24
Detection % 71.8 46.0 7.3 16.9 0.8 0.0 0.0
Median (ug/L) 1.9 0.5 0.2 0.2 0.2 <DL <DL
90th percentile (ug/L) 155 175 0.2 0.8 0.2 <DL <DL
Mean (ug/L) 6.0 4.7 0.3 0.4 0.2 <DL <DL
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BCIM = bromochloroiodomethane, BDIM = bromodiiodomethane, CDIM = chlorodiiodomethane, DBIM =
dibromoiodomethane, DCIM = dichloroiodomethane, < DL = less than detection limit, I-THM = iodinated
trihalomethane, N = sample size, TBCM = tribromochloromethane, TIM = triiodomethane,

Source: Ministére du Développement durable, de I’Environnement et de la Lutte contre les changements climatiques

du Québec (2019)

Appendix C: Mixture assessment

Step 1: Problem Formulation

Risk Assessment
purpose/goal:

To determine if the risk assessment and management of 4 THMs in drinking water
should be based on guidance values for the individual substances, a mixture of all
4 substances or a mixture of the brominated substances only. To highlight areas of
uncertainty and identify critical data needs.

Is the nature of
exposure known?

Yes. The mixture is component-based and includes chloroform, BDCM, DBCM and
bromoform, the latter 3 of which are considered to be the “brominated THMs.”
Monitoring data for these substances in drinking water are available from all provinces
and territories across Canada with the exception of the Northwest Territories.

Is co-exposure likely
given the context?

Yes. All 4 THMs are by-products of the disinfection of drinking water. They are
formed when the chlorine used to disinfect drinking water reacts with organic matter
found naturally in raw water supplies. Consequently, they are routinely found together
in drinking water and co-exposure is likely.

Is co-exposure likely
within a relevant
timeframe?

External Co-exposure: Yes. The 4 THMs are relatively to extremely volatile and
moderately to highly soluble in water. Since they are routinely found together in
drinking water, external co-exposure during a similar timeframe is likely.

Internal co-exposure: Yes. Internal co-exposure is likely through the ingestion of
water, inhalation of vapour (during bathing) and dermal absorption. All 4 THMs are
rapidly absorbed and distributed throughout the body. All 4 THMs are metabolized via
oxidative and reductive pathways. However, unlike chloroform, the brominated THMs
can also be metabolized via conjugation to mutagenic metabolites.

Biomonitoring: All 4 THMs have been detected together in plasma, urine and exhaled

breath.

Is there a rationale
for considering the
substances in an
assessment group
based on hazard?

All 4 THMs affect the liver and kidneys. Brominated THMSs also have effects on the
colon, while chloroform has effects on nasal passages. While all 4 THMs are
metabolized via oxidative and reductive pathways, brominated THMs can also be
metabolized via conjugation to mutagenic metabolites. While this is a quantitatively
minor pathway, the mutagenic metabolites are likely disproportionately more toxic.
Effects are likely observed in the colon for brominated THMs, and not chloroform,
because the CYP2E1 enzymes in the colon are more easily overwhelmed (compared
with the liver), shunting metabolism to the conjugation pathway. This toxic metabolic
pathway occurs in brominated THMs but not chloroform.

Analysis Plan

Recommendation: Co-exposure to the 4 THMs is likely within a relevant context and
timeframe. In addition, all 4 THMs can affect common target organs (liver and
kidneys). However, the modes of action causing the critical effects used to calculate
the health-based values are different between chloroform (non-cancer effects in the
kidneys) and BDCM (cancer in the large intestine). Given there is limited guidance on
whether an additive approach should be applied for carcinogens, and further whether
hazard indices for non-carcinogens and carcinogens (that is, different modes of action)
should be added together despite having some affected organs in common, overall the
decision was made not to apply the CRA.
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BDCM = bromodichloromethane, CRA = combined exposure to multiple substances (mixture) risk assessment,

THMs = trihalomethanes

Appendix D: Suggested parameters for monitoring

Table D1. Suggested parameters for monitoring

Frequency
Parameter Location Variable Stable Ideal
source source
Organic colour (true colour) Raw and treated Daily Weekly Online
UV absorbance (at 254 nm) or UV transmittance | Raw and filtered® | Daily Weekly Online
Chemical oxygen demand (COD) Raw, treatment
processes® and Daily Weekly Online
treated
Dissolved or total organic carbon (DOC or TOC) | Raw and treated® | Weekly Monthly Online
%;gfaﬁc\jlggsg rbance (SUVA) — calculate from Raw and treated® | Weekly Monthly Daily
Inorganic compounds that can enhance the
reactivity of NOM to form DBPs:
Ammonia Quarterly Quarterly Quarterly
Bromide S e Quarterly Quarterly Quarterly
lodide Quarterly Quarterly Quarterly
Sulphur Quarterly Quarterly Quarterly
Coagulant demand Coagulz;mon Daily Daily Online
process
Zeta potent!al or streaming current —when NOM | Coagulation Online Online Online
controls or influences coagulant dose process®
Biological stability:
Disinfectant residual Weekly Weekly
Biofilm formation rate — measured by adenosine Distribution
triphosphate (ATP) accumulated on mild steel system Every 2 Monthly Online
coupons weeks
Corrosion rate — measure by linear polarization
resistance using mild steel coupons Monthly Monthly

Influence of NOM on corrosion:
Lead
Copper

In accordance with corrosion control program
In accordance with corrosion control program

NOM = natural organic matter

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.
¢ 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 (2020a)

Table D2. Suggested treated water quality targets

Source with high specific Source with low
Parameter Units DBP yield or extensive specific DBP vield

distribution system P y
Organic colour TCU 5to0 10 <15
UV absorbance (at 254 nm) cm? 0.02 to 0.04 0.02 to 0.07
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UV transmittance Percent 90 to 95 8510 95
COD mg/L O, <5 <5
DOC — for DBP control mg/L C <2 <4
DOC — for biological stability | mg/L C <138 <138

C = carbon, COD = chemical oxygen demand, DBP = disinfection by-product, DOC = dissolved organic carbon, O,
= oxygen, TCU = true colour units
Source: Health Canada (2020a)

Appendix E: Inorganic precursors that may impact THM formation

Source waters contain other ions that may influence THM formation. The overall impact is
affected by the type and quantity of NOM, the ion concentration and the presence of other
inorganic precursors like bromide (see Table 6) (Navalon et al., 2009; Liu et al., 2012b; Zhao et
al., 2016; Zhang et al., 2019). In all cases, the observed impact of an ion on THM formation was
lower when tested in a surface water than in a distilled water.

Table E1. Impact of various ions on THM formation

lon

| Effect on THM formation

| References

Non-brominated water

Ca?* and Mg**

e 3 bench-scale studies with distilled and natural waters
o One study showed an increase and others a decrease
e Reason for difference is unknown

Navalon et al. (2009);
Zhao et al. (2016);
Zhang et al. (2019)

AR

e 2 bench-scale studies with distilled and natural waters
e Decline with chlorine
e Notable increase with monochloramine
0 Monochloramine may be hydrolyzed to HOCI in presence of
AlI®*, increasing chloroform formation

Liu et al. (2012b);
Zhang et al. (2019)

Fe?* and Fe®*

o Variable impact that depended on type of NOM
e One study showed that THM formation increased with
increased Fe®*
0 Authors stated that Fe®* may bind to carboxylate groups,
thereby increasing reactivity toward chlorine

Liu etal. (2011, 2012b);
Zhao et al. (2016)

NH.* and As®*

Nitrite e 2 bench-scale studies with river waters and treated water Hong et al. (2013);
e One study showed a decrease and another no impact Hu et al. (2010)
e Halonitromethanes form with chlorine or chloramine
Brominated water
Ca?*, Mg%, e In brominated water, overall decline in THM Taet al. (2020)

e Varying impacts on BIF

Al¥*and Fe3*

e In water with bromide, increase in THM and BIF

Ta et al. (2020)

E

e Little effect

Ta et al. (2020)

BIF = bromine incorporation factor (defined as the molar ratio of Br-THMs to total THMs: 0 means all chloroform

and 3 means all bromoform), NOM = natural organic matter, THM = trihalomethane

Appendix F: NOM and precursor removal

Table F1. Range of TOC/DOC removals reported in full-scale studies

Source water quality Treatment processes TOC/DOC Reference
Parameter? Min Max Mean % removal
(mean)
TOC 0.9 45 2.4 Conventional filtration (alum) 0to 28 Hargesheimer
(8.7 etal. (1994)
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DOC 1.2 7.8 2.1to | Conventional with GAC 8 to 48° Jacangelo et
3.5° (coagulant not specified) al. (1995
DOC 2.15 11.90 4.00 | Coagulation (ferric chloride 7.1t0 66 Volk et al.
Uv254 0.037 0.830 0.118 | and cationic polymer), (34.7) (2022)¢
SUVA 1.40 10.51 2.81 | flocculation, clarification
DOC 2.15 11.90 4.00 | Conventional (ferric chloride 16.9t0 72.9
uv254 0.037 0.830 0.118 | and cationic polymer) with (41.9)
SUVA 1.40 10.51 2.81 | GAC
DOC 8.2f 11.8 Not Conventional filtration 36 to 57 Chow et al.
given | (alum and cationic polymer) (47) (2005)¢
DOC 11.61 15.8 Not DAF filtration 56 to 65
given | (alum and cationic polymer) (62)
DOC 0.9 2.2 1.3 Direct filtration (Plant 1) 0 to 50 Carpenter et
uv254 0.01 0.10 0.03 | (coagulant not specified) (28.2) al. (2013)?
SUVA 2.00 441 2.73
DOC 0.9 2.2 1.3 Direct filtration (Plant 2) 0to 45
uv254 0.01 0.10 0.03 | (coagulant not specified) (27.9)
SUVA 2.00 441 2.73
TOC 4.3 8.3 6.2 Conventional filtration 27t0 78 Nova Scotia
(Plant 1) (alum) (66) Environment
TOC 10.4 22.7 15.6 Conventional filtration 71to 89 (2016)
(Plant 2) (alum) (80)

DOC = dissolved organic carbon, NOM = natural organic matter, SUVA = specific ultraviolet absorbance, TOC =
total organic carbon, UV254 = UV absorbance at 254 nm

aTOC/DOC = mg/L; UV254 = cm; SUVA = L/mg-m.

b Range in annual means from 1978 to 1992.

¢ Range in annual means not provided.

d Daily monitoring from August 28, 1998, to June 13, 2000.

¢ Monthly monitoring from January 2001 to July 2002.

" Interpretation from a graph.

9 Monthly monitoring from April 14, 2010, to September 22, 2011.

Source: Health Canada (2020a)

Table F2. Range of removals reported in bench-scale studies

Treatment process Percent removal (mean) References
DOC uv254 THM
precursors
Coagulation-based processes
Alum coagulation 17 to 33 (25) 3 to 80 (46) 7 to 71 (36) Bond et al. (2011)?

Alum coagulation
Ferric coagulation

2610 70 (54)
13 t0 74 (53)

3410 85 (69)
30 to 88 (68)

48 10 83 (70)
4410 90 (72)

Plourde-Lescelleur et al.
(2015)°

lon exchange-coagulation

4210 79 (59)

47 10 96 (79)

27 to 88 (70)

Bond et al. (2011)?

39 to 75 (63)

47 10 90 (77)

50 to 93 (76)

Alum coagulation-PAC

58 10 86 (77)

57 t0 96 (88)

7310 93 (85)

Plourde-Lescelleur et al.
(2015)°

Alum coagulation-ozonation

16 to 34 (23)

49 10 69 (61)

47 10 58 (51)

Bond et al. (2011)?

2110 69 (54)

55 t0 93 (82)

59 to 90 (78)

Plourde-Lescelleur et al.
(2015)°

Pre-ozonation-alum coagulation

0 to 30 (15)

4210 69 (60)

5110 66 (57)

Bond et al. (2011)?

Memb

rane filtration

Nanofiltration

86 t0 93 (90)

89 to 99 (96)

66 to 98 (87)

Bond et al. (2011)?

77 10 89 (84)

79 t0 93 (87)

75 to 98 (89)

Plourde-Lescelleur et al.
(2015)°
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Oxidation processes

Ozonoation 8t016(12) | 28t077(58) | 0to 43 (14) Bond et al. (2011)°
Ozonation-biological sand NA NA -5 to 54 (42)
Ozonation-UV 17 t0 56 (33) | 90 to 94 (92) 48 to 89 (67)
UV-H0, -11t020 (-1) | 20to 59 (34) 8to0 73 (43)

UV-H202-biological sand

3810 80 (59)

45 t0 81 (64)

42 10 85 (60)

DOC = dissolved organic carbon, H,0, = hydrogen peroxide, PAC = powdered activated carbon, THM =
trihalomethane, UV = UV absorbance, UV254 = UV absorbance at 254 nm

2 Range of data from numerous bench-scale studies presented in Bond et al. (2011).

b Range of data for 6 Canadian surface water sources.

¢ Molecular weight and cutoff = 100 to 400 kDa.

Source: Health Canada (2020a)
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