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Purpose of consultation 
This guideline technical document outlines the evaluation of the available information on arsenic 

with the intent of updating the guideline value for arsenic in drinking water. The purpose of this 

consultation is to solicit comments on the proposed guideline, on the approach used for its 

development, and on the potential impacts of implementing it. 

 

The existing guideline technical document on arsenic, developed in 2006, based a maximum 

acceptable concentration (MAC) of 0.01 mg/L (10 µg/L) on the incidence of internal (lung, 

bladder and liver) cancers in humans, taking into consideration limitations in municipal- and 

residential-scale treatment achievability. This document proposes a MAC of 0.005 mg/L 

(5 µg/L) based on a meta-analysis of epidemiological studies showing evidence of lung cancer 

from arsenic in drinking water. Lowering the proposed MAC from 10 µg/L to 5 µg/L would 

lower the estimated excess lifetime risk of lung cancer (above the Canadian background level) 

from 7 to 3.5 cases in one thousand people. The proposed MAC also considers limitations in 

municipal- and residential-scale treatment technologies associated with achieving arsenic 

concentrations in drinking water at or below the health-based value. It is expected that a 

significant number of water systems across Canada would incur infrastructure, technology and 

operating costs to meet the proposed guideline, affecting especially small communities with 

limited resources. Given the health risks of exposure to arsenic, it is recommended that every 

effort be made to reduce arsenic levels in drinking water to as low as reasonably achievable. 

 

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 May 6, 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.

mailto:water-consultations-eau@hc-sc.gc.ca
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Proposed guideline value 
A maximum acceptable concentration (MAC) of 0.005 mg/L (5 μg/L) is proposed for arsenic in 

drinking water based on municipal- and residential-scale treatment achievability. Every effort 

should be made to maintain arsenic levels in drinking water as low as reasonably achievable 

(ALARA). 

 

Executive summary 
This guideline technical document was prepared in collaboration with the Federal-Provincial-

Territorial Committee on Drinking Water (CDW) and assesses all relevant information on 

arsenic. It assesses the health risks associated with inorganic arsenic in drinking water, taking 

into account new studies and approaches, as well as the limitations of available treatment 

technology.  

 

Exposure 

Arsenic is a natural element that is widely distributed throughout the Earth's crust. It can enter 

drinking water sources through the erosion and weathering of soil, minerals and ores, through 

industrial effluents, mining and smelting processes, through the use of arsenical wood 

preservation compounds, coal, wood and waste combustion, and through atmospheric deposition. 

 

This guideline technical document considers exposure to inorganic arsenic through ingestion of 

drinking water.  

 

People in Canada are exposed to arsenic primarily through food and drinking water. The 

contribution from these two sources depends on the concentration of arsenic in water used for 

drinking and for reconstituting drinks and/or food. Where a population is living in an area with 

high levels of naturally occurring arsenic or near a contaminated site, drinking water can be the 

most important contributor to overall exposure to inorganic forms of arsenic.  

 

Arsenic can be found in both surface water and groundwater sources. An analysis of arsenic 

concentrations in source waters within Canada revealed localized hotspots with levels exceeding 

the proposed MAC. Arsenic concentrations are typically higher in groundwater sources than 

surface waters. Generally, Canadian treated and distributed waters are below the proposed MAC 

of 5 μg/L. 

 

Health effects 

The epidemiological database for inorganic arsenic is extensive. Animal data are of limited use 

for human risk assessment since animals respond differently to arsenic exposure. 

Epidemiological studies report associations between oral exposure to arsenic in drinking water 

and numerous cancer and non-cancer outcomes. The strongest causal relationships for cancer in 

humans from exposure to arsenic in drinking water at concentrations below 100 µg/L have been 

demonstrated for the bladder and lungs. Lung cancer is the most sensitive cancer outcome. The 

proposed MAC for arsenic in drinking water is based on lung cancer in humans; it was calculated 

by estimating an excess lifetime risk of lung cancer above the Canadian background level. The 

proposed MAC has been set at a level higher than the level that represents “essentially 

negligible” risk due to the limitations of the available treatment technology. 
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Analytical and treatment considerations 

The development of a drinking water guideline takes into consideration the ability to both 

measure the contaminant and remove it from drinking water supplies. Several analytical methods 

are available for measuring arsenic in water at concentrations well below the proposed MAC. 

Measurements should be for total arsenic, which includes both the dissolved and particulate 

forms of arsenic in a water sample. 

 

At the municipal level, treatment technologies that are available to reduce arsenic concentrations 

in drinking water to below the proposed MAC include coagulation, chemical precipitation, iron 

removal processes, adsorption, membrane filtration and ion exchange. The performance of these 

technologies depends on factors such as arsenic species, pH, coagulant type, coagulant dose and 

type of adsorbent. All of these technologies are better at removing, arsenate [As(V)] than arsenite 

[As(III)]. Pre-oxidation is recommended if the water contains As(III). Besides treatment, 

strategies for addressing arsenic include controlled blending prior to system entry points or use 

of alternative water supplies with no or low arsenic concentrations. 

 

At the residential scale, there are certification standards for devices that rely on filtration, reverse 

osmosis (RO) or distillation treatment for arsenic reduction. For devices to be certified, the 

treated As(V) concentration must be less than or equal to 10 μg/L. A review of compiled data 

from certification of RO devices demonstrates that they consistently remove As(V) to a level of 

4 µg /L. It is expected that a treatment device certified for arsenic removal will meet the 

proposed MAC. However, if the arsenic in treated water still exceeds the proposed MAC, it may 

indicate that there is As(III) in the water and oxidation of As(III) to As(V) may be required. It is 

important to consult with a local water specialist to determine the appropriate treatment, 

including the need for and limitations of an oxidation step.  

 

When using such treatment units, it is important to send samples of water entering and leaving 

the treatment unit to an accredited laboratory for analysis, to ensure that adequate arsenic 

removal is occurring. Routine operation and maintenance of treatment units, including 

replacement of the filter components, should be conducted according to manufacturer 

specifications.  

 

Distribution system  

It is recommended that water treatment systems develop a distribution system management plan 

to minimize the accumulation and release of co-occurring contaminants, including arsenic. This 

typically involves minimizing the arsenic concentration entering the distribution system and 

implementing best practices to maintain stable chemical and biological water quality conditions 

throughout the system, as well as to minimize physical and hydraulic disturbances. 

Application of the guidelines 

Note: Specific guidance related to the implementation of drinking water guidelines should be 

obtained from the appropriate drinking water authority.  

 

All water treatment systems should implement a comprehensive, up-to-date risk management 

water safety plan. A source-to-tap approach should be taken that ensures water safety is 
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maintained. This approach requires a system assessment to characterize the source water; 

describe the treatment barriers that prevent or reduce contamination; identify the conditions that 

can result in contamination; and implement control measures. Operational monitoring is then 

established and operational/management protocols are instituted (for example, standard operating 

procedures, corrective actions and incident responses). Compliance monitoring is established 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 guidelines are intended to protect against health effects from exposure to arsenic in drinking 

water over a lifetime. Any exceedance of the proposed MAC should be investigated and 

followed by the appropriate corrective actions, if required. For exceedances in source water 

where there is no treatment in place, additional monitoring to confirm the exceedance should be 

conducted. If it is confirmed that arsenic concentrations in the water source are above the 

proposed MAC, then an investigation to determine the most appropriate way to reduce exposure 

to arsenic should be conducted. This may include the use of an alternate water supply or 

installation of an arsenic treatment system. Where treatment is already in place and an 

exceedance occurs, an investigation should be conducted to verify treatment efficacy and to 

determine whether adjustments are needed to lower the treated water concentration below the 

proposed MAC. 

 

Discoloration (coloured water) episodes are likely to be accompanied by the release of 

accumulated contaminants, including arsenic, because dissolved arsenic can adsorb onto deposits 

in the distribution and plumbing systems. Therefore, discoloured water events should not be 

considered only an aesthetic issue; they should trigger sampling for metals and possibly 

distribution system maintenance. However, the absence of discoloured water does not mean that 

there are no metals being released. 
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1.0 Exposure considerations 
 

1.1 Substance identity 
Arsenic is a metalloid with oxidation states of -3, 0, 3 and 5. It is widely distributed throughout 

the Earth's crust and is a major constituent of at least 245 mineral species. Natural sources of 

arsenic include volcanically derived sediment, sulphide minerals and metal oxides. The most 

common arsenic sulphide mineral, globally, is arsenopyrite, which is commonly found in many 

gold vein deposits, such as those of Yellowknife, Northwest Territories. The most common 

source of arsenic in Canada is sulphide minerals. These minerals are typically composed of 

0.02% to 0.5% arsenic; however, certain pyrite minerals may contain up to 10% arsenic 

(Hindmarsh and McCurdy, 1986; Abraitis et al., 2004). The properties of select arsenic 

compounds are presented in Table 1. 

 

Table 1. Properties of select arsenic compounds relevant to their presence in drinking water 

Property 
Arsenic

1 

Calcium 

arsenate2 

Disodiu

m 

arsenate3 

Sodium 

arsenit

e4 

Arsenic 

pentoxide
5 

Arsenic 

acid 

(arsenate

)5 

Arsenic 

trioxide5 

CAS RN 
7440-

38-2 
7778-44-1 

7778-43-

0 

7784-

46-5 
1303-28-2 7778-39-4 1327-53-3 

Molecula

r 

formula 

As 
Ca3(AsO4

)2 

Na2HAs

O4 
NaAsO2 As2O5 

AsO(OH)

3 
As2O3 

Molecula

r weight 

(g/mol) 

74.92 398.07 185.91 129.91 229.84 141.94 201.87 

Water 

solubility  

Insolubl

e 

0.13 g/L 

at 25°C 

610 g/L 

at 15°C 

Freely 

soluble 

391.9 g/L 

at 25°C 
590 g/L6 

582 g/L at 

25°C 

Vapour 

pressure 

(volatilit

y) 

NA 

0 mm Hg 

at 20°C 

(negligibl

e) 

NA NA 

2.81 × 10-

10 mm Hg 

(negligibl

e) 

5.75 × 10-

19 mm Hg 

(negligibl

e) 

4.11 × 10-

9 mm Hg 

at 25°C 

(negligibl

e) 

Octanol-

water 

partition 

coefficie

nt (Kow) 

NA NA NA NA NA NA NA 

Henry’s 

Law 

constant 

NA NA NA NA NA NA NA 

CAS RN: Chemical Abstracts Service Registration Number; NA: not applicable 
1 NLM (2022a)  
2 NLM (2022b) 
3 NLM (2022c) 
4 NLM (2022d)  
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5 EPI Suite (2017) 
6 Shiu et al. (1990) 

 

1.2 Uses, sources and environmental fate 
Arsenic-containing compounds are used as alloying agents in the manufacture of transistors, 

lasers and semi-conductors, as well as in the processing of glass, pigments, textiles, paper, metal 

adhesives, ceramics, wood treatment/preservatives, ammunition and explosives. The principal 

sources of arsenic in ambient air are the burning of fossil fuels (especially coal), metal 

production, agricultural operations and waste incineration. Arsenic is introduced into water 

through the erosion and weathering of soil, minerals and ores; from industrial and mining 

effluents; and from atmospheric deposition (Hindmarsh and McCurdy, 1986; Hutton and Symon, 

1986; ATSDR, 2007; IARC, 2012). Arsenic naturally occurs in soil but can also enter soil 

through nonferrous metal mining and smelting, the use of arsenical wood preservation 

compounds, coal and wood combustion, as well as through waste incineration (ATSDR, 2007). 

 

In surface water, arsenite [As(III)] and arsenate [As(V)] form insoluble salts with cations 

(usually iron) that can be suspended in the water. These particles generally settle out in 

sediments. Settling out occurs to a lesser extent in deep groundwater because of higher pH levels 

and lower iron concentrations (Hindmarsh and McCurdy, 1986). 

 

Arsenic occurs in different forms (organic [or methylated] vs. inorganic) and valences depending 

upon the pH, microbial activity, and oxidation reduction potential of the water. In well-

oxygenated surface waters, As(V) is generally the most common species present (Irgolic, 1982; 

Cui and Liu, 1988; IARC, 2012); under reducing conditions, such as those often found in deep 

lake sediments or groundwaters, As(III) is the predominant form (Lemmo et al., 1983; Welch et 

al., 1988). 

 

Climate change can have impacts on water quality through increased occurrence of extreme 

events such as floods, droughts and wildfires. General discussions on the impacts of climate 

change are presented in Berry and Schnitter (2019) and Bush and Lemmen (2019). Fluctuations 

in groundwater levels due to climate change may have an indirect effect on redox potential. The 

redox status of the groundwater can be measured by changes in iron, manganese and dissolved 

oxygen (Jarsjö et al., 2020). Arsenic can be adsorbed to or desorbed from iron or manganese 

oxyhydroxides as concentrations change in response to changes in aquifer geochemistry (Ayotte 

et al., 2015; Degnan et al., 2020). 

 

Groundwater levels may rise due to climate change. This may increase contact between the 

highly conductive topsoil layers and the groundwater. A hydrogeological-geochemical model 

showed that an increase of 0.2 m in the groundwater level could increase As(III) mass flow by a 

factor of 1.8. Mass flows of As(III) were shown to be 1 000-fold higher than mass flows of 

As(V). There is the potential for increased mobility of arsenic when the environment changes 

from oxidizing to reducing conditions (Jarsjö et al., 2020). 

 

Extensive well pumping and dewatering of groundwater systems has increased arsenic 

concentrations within aquifers. A study in Perth, Australia determined that no arsenic was 

present in shallow investigation wells in 1976 (detection limit not provided). After extensive 

dewatering, arsenic exceeded 1 000 μg/L in monitoring wells, reached up to 7 000 μg/L in 
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uncased boreholes, and was between 5 and 15 μg/L in water supply production wells in 2004 

(Appleyard et al., 2006). Higher arsenic concentrations were detected near the water table in the 

more acidic groundwater zones. Arsenic levels declined with depth (to about 5 m) as the pH of 

groundwater rose to natural background levels. In deeper wells, redox conditions became 

progressively more reducing, resulting in the presence of more arsenic. Over-pumping of deeper 

aquifers leads to the compaction of the surrounding clay, releasing arsenic residing within its 

pores to the adjacent aquifers (Erban et al., 2013; Smith et al., 2018).  

 

Rainfall events that follow extreme wildfires can impact streams, with effects including 

increased concentrations of arsenic and dissolved organic carbon (Bladon et al., 2014; Murphy et 

al., 2015, 2020; Paul et al., 2022; Beyene et al., 2023). Arsenic can be mobilized as a result of 

wildfire-induced soil disturbances and then enter surface waters and groundwaters. In the United 

States (U.S.), a study by Pennino et al. (2022) evaluated measured concentrations from the Safe 

Drinking Water Information System, as well as from the Centers for Disease Control and 

Prevention (from 2006 to 2016) to explore the impact of wildfires on the contamination of public 

water systems by several parameters, including arsenic. Arsenic violations (incidents of 

concentrations above the maximum contaminant level of 0.01 mg/L) associated with 

groundwater sources increased by 1.08 violations per system over 3 years and by 1.13 violations 

over 10 years after wildfires compared to the same number of pre-wildfire years. Annual average 

arsenic concentrations increased by 0.92 μg/L during the three-year pre- vs. post-wildfire time 

window, and by 0.95 μg/L for the 10-year pre- vs. post-wildfire time window. Overall, the 

number of arsenic violations post-wildfire were increased for 35% of sites, whereas 48% of sites 

were observed to have a decreased number of arsenic violations. As for arsenic concentrations, 

40% of sites had increased levels and 22% of sites had decreased levels post-wildfire. These data 

indicate that wildfires are a potential source of arsenic release to groundwater drinking water 

sources.  

 

1.3 Exposure 
People in Canada are exposed to arsenic primarily through food and drinking water. The 

contribution of these two sources is dependent on the concentration of arsenic in water used for 

drinking and for reconstituting drinks and/or food. In a situation where a population is living in 

an area with high levels of naturally occurring arsenic or near a contaminated site, drinking water 

can be the most important contributor to overall exposure to inorganic forms of arsenic.  

 

Water  

Total (inorganic) arsenic data from water monitoring conducted by the provinces and territories 

(PT) (municipal and non-municipal supplies) were obtained. These datasets included total 

arsenic concentrations from raw, treated and distribution system waters. Total arsenic 

concentrations were also obtained from Indigenous Services Canada’s First Nations and Inuit 

Health Branch (FNIHB) and the National Drinking Water Survey (NDWS). These datasets 

reflect the different detection limits (DLs) used by accredited laboratories within and among the 

jurisdictions, as well as their respective monitoring programs. As a result, the statistical analysis 

of exposure data provides only a limited picture. The results for the PT and FNIHB data are 

presented in Table 2; for the NDWS in Table 3; and Environment and Climate Change Canada 

(ECCC) surface water monitoring and PT groundwater monitoring studies are presented in 

Appendix C. For total arsenic concentrations: 
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• The PT data typically showed higher arsenic levels in raw groundwater than in surface 

water. The mean values in treated and distributed water were generally below 5 μg/L, 

regardless of source.  

• The FNIHB data showed mean arsenic values in treated and distributed waters below 

5 μg/L. The 90th percentile concentrations were generally below 5 μg/L with some 

groundwater sources having treated or distributed water that exceeded this value. 

• The 90th percentile concentrations in the NDWS data were below 5 μg/L for treated and 

distributed waters. Higher values occurred in groundwater sources.  

• The 90th percentile concentrations in ECCC’s long-term surface water monitoring data 

were generally below 5 μg/L. 

• The PT ambient groundwater monitoring studies (Appendix C) had 90th percentile 

concentrations as high as 40 μg/L. None of the sources concerned are used for drinking 

water purposes. 

 

Table 2. Occurrence of total arsenic in Canadian drinking water 

Jurisdiction  

(DL μg/L)  

[years] 

System 

type 
Water type  

# Detects 

/samples 

% 

Detect 

Concentration (μg/L) 

Median Meana 
90th 

percentile 

Alberta1 

(0.07–1) 

[2014–2018] 

Municipal Ground-Raw 82/90 91.1 8.05 11.10 23.50 

Ground-Treated 115/131 87.8 0.70 3.65 8.59 

Surface-Raw 148/148 100 0.40 0.59 1.00 

Surface-Treated 552/555 99.5 0.30 0.28 0.40 

Ground &/or surface-Treated 5/6 83.3 0.45 0.37 NC 

British 

Columbia2  

(0.1–9)  

[2014–2018] 

Municipal Ground-Raw 136/201 67.7 1.12 18.91 5.69 

Ground-Treated 0/12 0 < DL < DL < DL 

Ground-Distribution 163/216 74.5 0.735 2.54 6.43 

Ground-Unspecified 290/353 82.2 0.25 1.23 3.52 

Surface-Raw 13/68 19.1 < DL 0.40 0.51 

Surface-Distribution 15/19 78.9 0.31 1.77 5.00 

Surface-Unspecified 6/90 6.67 < DL 0.31 < DL 

Ground &/or surface-Raw 6/22 27.3 < DL 1.37 5.10 

Ground &/or surface-Treated 18/20 90 4.075 4.35 9.08 

Ground &/or surface-

Distribution 

38/59 64.4 0.4 2.07 6.91 

Ground &/or surface-

Unspecified 

23/44 52.3 0.25 1.25 4.97 

FNIHB 

Atlantic3 

(0.1–1.0) 

Public and 

semi-public 

Ground-Raw 28/41 68.3 1.0 2.4 3.0 

Ground-Treated 39/58 67.2 1.1 2.3 3.0 

Ground-Distribution 132/275 48 < DL 5.2 14.0 

Surface-Raw 0/9 0 < DL < DL < DL 

Surface-Treated 0/19 0 < DL < DL < DL 

Surface-Distribution 3/27 11.1 < DL 0.6 < DL 

Private 

wells and 

systems 

Ground-Raw 0/1 0 < DL < DL NC 

Ground-Distribution 82/418 19.6 < DL 2.1 2.4 

FNIHB 

Manitoba3  

(0.1–1.0) 

Public and 

semi-public 

Ground-Raw 138/167 8.3 < DL 1.6 < DL 

Ground-Treated 114/160 71.3 0.5 0.8 1.6 

Ground-Distribution 73/187 39.0 < DL 1.4 2.4 

Surface-Raw 221/240 92.1 0.6 0.9 1.7 

Surface-Treated 208/243 85.6 0.4 0.6 1.0 

Surface-Distribution 4/6 66.7 0.5 0.5 NC 

Ground-Raw 13/13 100 3.7 15.2 30.5 

Ground-Treated 11/19 57.9 0.5 2.7 10.8 
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Jurisdiction  

(DL μg/L)  

[years] 

System 

type 
Water type  

# Detects 

/samples 

% 

Detect 

Concentration (μg/L) 

Median Meana 
90th 

percentile 

Private 

wells and 

systems 

Ground-Distribution 338/816 

41.4 

< DL 1.6 3.1 

FNIHB  

Ontario3  

(0.1–0.6) 

Public and 

semi-public 

Ground-Raw 2/36 5.6 < DL 0.9 < DL 

Ground-Treated 36/258 14.0 < DL 0.9 2.5 

Ground-Distribution 34/201 16.9 < DL 1.0 2.0 

Surface-Raw 4/60 6.7 < DL 0.7 < DL 

Surface-Treated 14/391 3.6 < DL 0.5 < DL 

Surface-Distribution 1/40 2.5 < DL 0.5 < DL 

Private 

wells and 

systems 

Ground-Raw 1/2 50 0.3 0.3 NC 

Ground-Treated 1/7 14.3 < DL 0.4 NC 

Ground-Distribution 17/372 4.6 < DL 0.6 < DL 

Manitoba4  

(0.1–2)  

[2011–2018] 

Municipal Ground-Raw 697/799 87.2 1.33 4.54 10.70 

Ground-Treated 980/1 179 83.1 0.87 2.38 6.41 

Ground-Distribution 88/100 88 0.94 2.33 6.07 

Surface-Raw 601/609 98.7 1.01 1.97 5.10 

Surface-Treated 613/643 95.3 0.70 0.84 1.42 

Surface-Distribution 69/74 93.2 0.76 0.79 1.20 

Ground &/or surface-Raw 172/179 96.1 1.60 2.89 5.64 

Ground &/or surface-Treated 180/208 86.5 0.70 1.57 4.41 

Ground &/or surface-

Distribution 

24/26 92.3 0.72 1.12 3.41 

New 

Brunswick5  

(1–2) 

[2013–2018] 

Municipal Ground-Raw 347/1 222 28.4 < DL 1.84 4.00 

Ground-Treated 76/199 38.2 < DL 7.22 10.0 

Ground-Distribution 95/627 15.2 < DL 1.1 2.0 

Ground-Unspecified 20/88 22.7 < DL 1.0 2.0 

Surface-Raw 0/60 0 < DL < DL < DL 

Surface-Distribution 1/186 0.5 < DL 0.59 < DL 

Ground & surface-Raw 76/301 25.3 < DL 0.91 1.8 

Ground & surface-Treated 326/761 42.8 < DL 10.9 4.0 

Ground & surface-Distribution 95/685 13.9 < DL 1.0 1.0 

Ground & surface-Unspecified 23/79 29.1 < DL 4.6 3.0 

Newfoundland6  

(0.5) 

[2014–2018] 

Municipal Ground-Raw 28/99 28.3 < DL 1.45 3.00 

Ground-Distribution 527/1 216 43.3 < DL 2.04 5.00 

Surface-Raw 9/627 1.4 < DL 0.51 < DL 

Surface-Distribution 37/3 223 1.1 < DL 0.51 < DL 

Nova Scotia7 

(1–2)  

[2011–2018] 

Municipal Ground-Raw 89/245 36.3 < DL 2.34 5.00 

Ground-Treated 43/124 34.7 < DL 1.43 3.60 

Surface-Raw 148/148 100 0.40 0.59 1.00 

Surface-Treated 543/546 99.5 0.30 0.28 0.40 

Ontario8 

(0.11) 

[2013–2018] 

Municipal Ground-Raw 556/563 98.8 0.40 0.77 1.40 

Ground-Treated 222/233 95.3 0.50 0.65 1.36 

Ground-Distribution 141/146 96.6 0.40 0.55 1.10 

Surface-Raw 248/249 99.6 0.50 0.61 1.00 

Surface-Treated 241/250 96.4 0.30 0.35 0.59 

Surface-Distribution 288/293 98.3 0.30 0.38 0.60 

Ground &/or surface-Raw 485/527 92.0 0.60 0.73 1.20 

Ground &/or surface-Treated 544/560 97.1 0.40 0.54 1.00 

Ground &/or surface- 

Distribution 

597/622 96.0 0.40 0.50 0.90 

Prince Edward 

Island9  

(0.1–4)  

[2015–2018] 

and [2018–

2023] 

Municipal Ground-Raw NP NP NP 1.4 NP 

Ground-Distribution NP NP NP 0.7 NP 

Semi-public Ground-Unspecified NP NP NP 1.8 NP 

Private 

wells  

Ground-Rawb 10 741/ 

10 982 

97.8% 0.7 1.4 2.8 
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DL: detection limit; < DL: below detection limit (for median with < 50% detects; for 90th 

percentile with < 10% detects and mean with 0% detects); FNIHB: First Nations and Inuit Health 

Branch; NA: not applicable; NC: not calculated due to insufficient sample size; NP: not 

provided; Unspecified: sample not specified whether raw, treated or distribution.    
a Non-detects included at half the detection level in the calculation of the mean. 
b Dissolved arsenic concentrations.  
c Canadian means were calculated as the weighted mean of arsenic concentrations from the 

jurisdictions that provided data (excluding FNIHB data) [Sum of (PTs No. of samples) * (PTs 

mean arsenic concentration)]/Total no. of samples. 
1 Alberta Provincial Programs Branch (2019) 
2 British Columbia Ministry of Health (2019) 
3 Indigenous Services Canada (2019) 
4 Manitoba Sustainable Development (2019) 
5 New Brunswick Department of Environment and Local Government (2019) 
6 Newfoundland and Labrador Department of Municipal Affairs and Environment (2019) 
7 Nova Scotia Environment (2019) 
8 Ontario Drinking Water Surveillance Program (2022) 

Jurisdiction  

(DL μg/L)  

[years] 

System 

type 
Water type  

# Detects 

/samples 

% 

Detect 

Concentration (μg/L) 

Median Meana 
90th 

percentile 

[2018–

2023] 

Quebec10 

(0.3–20) 

[2013-2018] 

Municipal Ground-Distribution 1 440/ 

6 814 

21.1 < DL 1.4 3 

Surface-Distribution 202/2 171 9.3 < DL 0.71 < DL 

Saskatchewan11  

(0.01–0.5) 

Municipal 

[2013–

2018] 

Ground-Raw 196/218 89.9 3.80 10.21 28.21 

Surface-Raw 83/83 100 1.50 3.67 10.22 

Ground & surface-Treated 151/176 85.8 1.10 3.37 10.66 

Ground & surface-Distribution 2 255/ 

2 528 

89.2 0.80 3.1 8.4 

Private 

wells  

[1996–

2011] 

Ground-Raw 3 319/ 

4 128 

80.4 0.9 5.0 14.0 

Yukon12 

(0.1–4.3)  

[2014–2018] 

Non-

municipal 

Ground-Unspecified 27/30 90 0.63 3.97 14.52 

Municipal Ground-Raw 179/183 97.8 2.1 4.5 14.1 

Ground-Treated 102/125 81.6 0.60 1.8 5.4 

Surface-Raw 9/9 100 14.7 13.3 16.0 

Surface-Treated 20/21 95.2 2.0 2.6 6.8 

Canadac 

Municipal Ground-Treated 1 537/  

2 002 

76.8 NA 2.6 NA 

Ground-Distribution 2 454/ 

9 118 

26.9 NA 1.5 NA 

Surface-Treated 1 426/ 

1 682 

84.8 NA 0.60 NA 

Surface-Distribution 612/5 966 10.3 NA 0.5 NA 

Ground &/or Surface-Treated 1 224/ 

1 731 

70.7 NA 5.5 NA 

Ground &/or Surface-

Distribution 
3 899/ 

3 920 

99.5 NA 2.28 NA 
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9 PEI Department of Communities, Land and Environment (2019)  
10 Ministère du Développement durable, de l’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) 
 

Table 3. Summary of total arsenic concentrations from the National Drinking Water Survey 

(2009 to 2010) 

Water 

type 

Summer (μg/L) Winter (μg/L) 

Detects/ 

samples Median Meana 

90th 

percentil

e 

Detects/ 

samples Median Meana 

90th 

percentil

e 

Well-Raw 7/18 < DL 2.36 9.30 7/17 < DL 0.80 2.00 

Well-Treated 5/18 < DL 1.58 4.40 4/16 < DL 1.50 4.90 

Well- Distribution 6/18 < DL 1.61 4.30 2/9 < DL 1.50 NC 

Lake-Raw 0/21 < DL < DL < DL 1/20 < DL 0.58 < DL 

Lake-Treated 0/21 < DL < DL < DL 0/20 < DL < DL < DL 

Lake-Distribution 0/21 < DL < DL < DL 1/11 < DL 0.57 < DL 

River-Raw 3/26 < DL 1.25 4.90 3/22 < DL 0.80 2.00 

River-Treated 0/25 < DL < DL < DL 0/22 < DL < DL < DL 

River-

Distribution 
0/26 < DL < DL < DL 0/12 < DL < DL < DL 

DL: detection limit (0.5 μg/L); < DL: below detection limit (for median with < 50% detects; for 

90th percentile with < 10% detects and mean with 0% detects); NC: not calculated due to 

insufficient data. 
a Non-detects included at half the detection level. Samples were analysed using hot acid 

digestion. 

Source: Health Canada, 2017. 
 

A First Nations Food, Nutrition and Environments Study included results from eight Assembly 

of First Nation regions (FNFNES, 2021). The document includes a summary of tap water 

sampling from 1 516 households. Arsenic concentrations were below 10 μg/L in all households 

except for one, which had a maximum arsenic concentration of 14 μg/L. 

 

A review of publicly available arsenic concentrations in Canadian drinking water was carried out 

by McGuigan et al. (2010). Any information that could be found within the literature (raw, 

treated arsenic concentrations and reports) was compiled. This study showed that most water 

samples had arsenic concentrations below 10 μg/L. There are several localized hot spots within 

Alberta, British Columbia, New Brunswick, Newfoundland and Labrador, Nova Scotia, Quebec 

and Saskatchewan with higher arsenic concentrations. 

   

Food 

Food is generally considered one of the most important sources of arsenic exposure in Canada. 

The exception to this is in populations living in areas of high levels of naturally occurring arsenic 

or near a contaminated site. Considering average exposures to arsenic from food (Health Canada, 

2022a), food represents the largest exposure source when arsenic levels in water are below 
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3 µg/L for infants and below 5 µg/L for adults; above these concentrations, drinking water 

becomes the primary source of exposure. Arsenic can exist in both organic and inorganic forms 

in food; the inorganic forms are widely considered to be much more toxic to humans. The 

amount and forms of arsenic found in foods are dependent on several factors such as food type, 

growing conditions and processing techniques (CFIA, 2022a). The Canadian Total Diet Study is 

a food surveillance program that monitors the concentrations of chemical contaminants in foods 

that are typically consumed by people in Canada. Overall, from 1993 to 2018, detected 

concentrations of arsenic ranged from as low as 0.0075 ng/g in tap water to as high as 8 495 ng/g 

in marine fish. Arsenic concentrations for different foods ranged from 0.7 to 6.6 ng/g in apple 

juice, 219 to 362 ng/g in shellfish, 3 215 to 8 495 ng/g in marine fish, 120 to 1 087 ng/g in 

freshwater fish, 31 to 99 ng/g in white rice and non-detectable (ND) to 2.6 ng/g in infant 

formula. In tap water, arsenic concentrations ranged from ND to 1.05 ng/g (Health Canada, 

2020a).   

 

Health Canada has established maximum levels (MLs) for total arsenic in beverages (0.1 ppm) 

except fruit juices and nectars, and in bottled water (0.01 ppm), as well as for inorganic arsenic 

in fruit juices and nectars (0.01 ppm), and in grape juices and nectars (0.03 ppm) (Health 

Canada, 2020b).  

 

Rice is considered an important dietary source of exposure and is likely to have higher arsenic 

concentrations compared to other foods because it is grown under flooded conditions. Inorganic 

arsenic can represent approximately 70% of the arsenic content in rice and it is highly 

bioavailable. Levels in brown rice (which is less processed) are generally higher than in white 

rice. Survey results collected by the Canadian Food Inspection Agency (CFIA) from 2011 to 

2013 indicate an average inorganic arsenic concentration of 94.19 ppb in rice and rice products 

(CFIA, 2018a). Health Canada has established MLs of 0.2, 0.35 and 0.1 parts per million (ppm) 

for inorganic arsenic in polished (white) rice, husked (brown) rice and rice-based foods for 

infants, respectively. These MLs also apply to white and brown rice when used as an ingredient 

in other foods (Health Canada, 2020b). 

 

Total arsenic was measured in children’s food samples as part of the 2013 to 2014 Children’s 

Food Project conducted by the CFIA. Total arsenic was detected in 20.6% of samples with 

concentrations ranging from 0.005 ppm in samples of juice and purees containing meat to a 

maximum of 0.023 ppm in a pureed vegetable sample. There were two samples of juice that 

tested positive for arsenic, one pear juice (0.0067 ppm) and one apple juice (0.0054 ppm). Both 

samples had an inorganic arsenic level below the ML of 0.01 ppm in fruit juices. The total 

arsenic concentrations reported in samples collected over this period were all below or within the 

ranges reported for previous periods (2008 to 2009 and 2010 to 2011) (CFIA, 2018b). The CFIA 

has also published targeted surveys of total arsenic and arsenic speciation in alcoholic beverages, 

fish, shellfish and crustaceans sampled during the 2018 to 2019 period and added rice-based 

infant foods to its surveys during the 2019 to 2020 period. The average total arsenic (and total 

inorganic) concentrations reported are shown in Table 4.  

 

Table 4. Average total arsenic and inorganic concentrations in targeted foods sampled during the 

2018 to 2019 and 2019 to 2020 periods (CFIA, 2022a,b) 

 Average total arsenic (total inorganic arsenic) in ppb 
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Food samples 2018 to 2019 2019 to 2020 

Alcoholic beverages 3.31 (3.12) 4.28 (2.18) 

Fish 1 027 (1.31) 1 528 (1.48) 

Shellfish and crustaceans 5 831 (34.28) 4 810 (23.08) 

Rice-based infant food N/A 78.09 (52.91) 
N/A: not available; ppb: parts per billion. 

          

In a Chemicals Management Plan Monitoring and Surveillance Fund project entitled 

“Surveillance of Arsenic Speciation in Various Food Samples,” which was led by the Health 

Products and Foods Branch of Health Canada, 71 samples from the 2011 Total Diet Study and 

75 samples from the 2012 study were analyzed for six arsenic species: arsenobetaine, 

arsenocholine, dimethylarsenic acid (DMA), monomethylarsenic acid (MMA), As(III) and 

As(V). Arsenobetaine and arsenocholine were mainly found in meat, fish and mushroom 

samples, with these two species representing a large portion of total arsenic in fish (greater than 

95% of total arsenic). For the meat or processed food samples, 35 samples contained these two 

arsenic species and, together, they accounted for less than 13% (average) of total arsenic. DMA 

and MMA were detected in most food samples, with As(III) and As(V) being the most 

predominant species measured. For the 2011 and 2012 Total Diet Study samples, total arsenic 

concentrations ranged from 2.86 (cherries) to 80.9 (rice-based cereal) ng/g and 0.36 (coffee) to 

72.9 (herbs and spice) ng/g, respectively (Health Canada, 2016).  
  

Air  

The National Air Pollution Surveillance program measured ambient arsenic air concentrations 

associated with fine particulate matter (PM2.5) across 16 stations in Canada over the 2009 to 

2013 period. An average concentration of 0.0009 µg/m3 was reported, with a range of less than 

0.000016 to 0.74 µg/m3 for 4 128 samples (Galarneau et al., 2016). Individuals residing near 

point sources of inorganic arsenic, such as lead and copper smelters, may be exposed to levels 

that are much higher than those to which the general population is exposed. The Environment 

Canada and Health and Welfare Canada (1993) Priority Substances List assessment report states 

that air concentrations of arsenic near smelters and a gold ore roaster ranged from 0.086 to 0.3 

µg/m3, whereas the mean arsenic level (within most of the 11 cities investigated) was 

0.001 µg/m3. In Rouyn-Noranda, Quebec, in the vicinity of a copper smelter, annual average 

concentrations of arsenic in ambient air generally showed a downward trend from the early 

1990s to 2021. Differences in the magnitude of arsenic concentrations are observed depending 

on the location of the monitors: stations that are farther away from the smelter show lower 

annual concentrations than stations closer to the facility. Data from 1993 up to 2005 indicate 

substantially higher annual average arsenic concentrations, often surpassing 500 ng/m3 and 

reaching up to 968 ng/m3 at the stations nearest to the facility. By contrast, concentrations ranged 

from 60 to 260 ng/m3 at stations farther away during the same time period. From 2005 to 2021, 

annual average arsenic concentrations typically ranged from 70 to 200 ng/m3 at the stations 

adjacent to the smelter, from 16 to 73 ng/m3 at stations 500 to 600 m away, and from 3 to 

39 ng/m3 at stations farther away. 

 

Fine particulate matter in outdoor air, including metal compounds bound to particles, can 

infiltrate into the indoor environment and negatively affect indoor air quality. There is evidence 

that infiltrated particles reflect their outdoor origin in terms of elemental composition, and that 
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particulate matter (PM) can settle as dust in the indoor environment (Rasmussen et al., 2018). 

Hence, there is the potential for PM originating from outdoor sources to impact health through 

deterioration of indoor air quality. Arsenic in indoor dust from 1 025 urban homes in 

13 Canadian cities was measured as part of an evaluation of nationally representative 

concentrations, loads and loading rates for several metals in urban homes. Arsenic levels ranged 

from 0.1 to 153 µg/g, with a mean reported level of 13.1 µg/g and a 95th percentile level of 

40.6 µg/g. Approximately half of the homes in the study were located within 2 kilometres of 

industrial zones and were characterized by higher dust and metal loading rates compared to 

homes in non-industrial zones. However, no significant difference in dust metal concentrations 

(including arsenic) was observed between non-industrial and industrial zones. The authors 

indicate that the higher dust loading rate in the industrial zone is likely the driver for the higher 

metal loading rates observed in the homes located near industrial zones (Rasmussen et al., 2013). 

  

Soil  

Arsenic in soil (predominantly inorganic) originates from underlying materials that form soils, 

industrial wastes or the use of arsenical wood preservation compounds. In general, exposure to 

arsenic from soil can be expected to occur only in areas with industrial and geological sources. 

Children are potentially more exposed to arsenic from soil through incidental ingestion. In a 

recent Canadian study, the mean arsenic concentration in background soil (parent material below 

the surface soil known as the C horizon) at 532 sites in 10 provinces was 6.2 mg/kg for both 

surface layer (0 to 5 cm) and C horizon soils combined. Elevated concentrations were found in 

Nova Scotia (mean: 10 mg/kg; standard deviation [SD]: 28.1 mg/kg; 95th percentile: 28 mg/kg, 

67 samples), New Brunswick (mean: 8.5 mg/kg; SD: 5.4 mg/kg; 95th percentile: 21 mg/kg, 

115 samples) and Newfoundland and Labrador (mean: 9.7 mg/kg; SD: 0.11 mg/kg; 

95th percentile: 31 mg/kg, 66 samples). Overall, significantly lower arsenic concentrations were 

detected in the surface layer (median 4.7 mg/kg) compared to the C horizon (median 6.3 mg/kg), 

which suggests that most of the arsenic variability across regions may be due to the bedrock 

characteristics (namely, natural weathering of arsenic-rich parent materials) (Dodd et al., 2017). 

 

Significantly higher levels of arsenic can be found in areas influenced by natural geological 

sources or mining operations. In tailings from mining operations in 14 historical gold districts in 

Nova Scotia, arsenic concentrations ranged from 10 to 312 000 mg/kg (mean: 11 900 mg/kg, 482 

samples) (Parsons et al., 2012). In the Yellowknife area, the concentration of arsenic in the top 

soil layer (0 to 5 cm) was estimated to range from less than 2 to 4 700 mg/kg (median = 120 

mg/kg) within 30 km of Yellowknife. Within 20 km of Yellowknife, 95% of the upper 5 cm 

layer samples exceeded the Canadian Council of Ministers of the Environment (CCME) 

guideline for residential soils (12 mg/kg), whereas only 49% of soils beyond 20 km exceeded 

this value. High concentrations of arsenic (up to 4 700 mg/kg) were measured in publicly 

accessible soils near decommissioned mine roaster stacks in the region. The authors estimated 

the geochemical background range of arsenic for the region as 0.25 to 15 mg/kg based on 1 490 

samples of till, excluding any samples collected within 20 km of the Yellowknife area due to the 

influence of historic mining. The 95th percentile level was estimated to be below 22 mg/kg 

(Palmer et al., 2021). 

 

Consumer products 
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Tobacco contains measurable levels of arsenic. Tobacco is grown in over 120 countries and 

levels of arsenic in tobacco vary with geographical region (Lugon-Moulin et al., 2008). China 

and the U.S. are the largest producers of tobacco leaves in the world (Eriksen et al., 2012). A 

recent study estimated a mean value of 0.29 mg/kg (SD 0.04) for arsenic in tobacco extracted 

from 50 samples of popular U.S. cigarette brands (Fresquez et al., 2013), whereas the mean for 

47 samples of popular cigarette brands in China was 0.85 mg/kg (SD 0.73) (O’Connor et al., 

2010). Campbell et al. (2014) analyzed 14 samples of tobacco from the United Kingdom, U.S. 

and China, including certified reference materials and cigarette products. The concentrations of 

total inorganic arsenic species ranged from 144 to 3 914 μg/kg, while DMA ranged from 21 to 

176 μg/kg, and MMA ranged from 30 to 116 μg/kg. Overall the data indicated a consistent ratio 

of approximately 4:1 for inorganic arsenic versus the organic forms. 

 

Cannabis may also be a potential source of exposure to arsenic although research on arsenic 

levels in cannabis products is very limited. A study by Bengyella et al. (2022) indicates that 

arsenic accumulates in the roots, stems and leaves of eight different varieties of hemp plants. The 

levels varied widely between plant varieties and plant structures, ranging from less than 2 ppm to 

greater than 12 ppm. Further research is required to understand the potential for exposure to 

arsenic from cannabis consumption.  

  

Biomonitoring data  

The Canadian Health Measures Survey (CHMS) is a national survey which collects information 

from people in Canada (from 10 provinces) about their general health. The CHMS is the most 

comprehensive, direct health measures survey conducted in Canada and is designed to represent 

the population of people in Canada. The survey provides baseline data on several indicators of 

health including environmental exposures to chemicals such as arsenic. These biomonitoring 

data reflect all routes of exposure.  

 

Exposure to inorganic arsenic can be estimated from the sum of urinary concentrations of two 

inorganic species, As(III) and As(V), and their methylated (organic) metabolites, MMA and 

DMA. While urinary MMA and DMA may also be derived directly from consumption of several 

food items containing MMA or DMA, or through human metabolism of the organic arsenic 

compounds aresnosugars and aresenolipids which are contained in seafood, the sum of the 

urinary concentrations of As(III), As(V), MMA and DMA is known to provide a more stable 

estimate of inorganic arsenic exposure than any of the individual species, given that population 

variations in degree of methylation due to factors such age, gender, body mass index (BMI), etc. 

have been shown not to influence the sum (Hays et al., 2010).  

 

Sampling for inorganic-related arsenic species (As(III), As(V), MMA and DMA) in urine spans 

over five CHMS cycles from 2009 to 2019 (Health Canada, 2021a). The geometric mean 

concentrations of inorganic arsenic (calculated as the sum of inorganic-related arsenic species) in 

urine for all age groups (ages 3 to 79) in the Canadian population remained relatively unchanged 

over the five cycles of sampling, ranging from 5.1 to 5.5 µg arsenic/L. Urinary inorganic arsenic 

concentrations by age and sex over the five cycles are shown in Table 5. The biomonitoring 

component of the CHMS provides a snapshot of population exposure (to inorganic arsenic) 

integrated from all sources. Inorganic arsenic concentrations in urine from the CHMS 2016 to 

2017 (Faure et al., 2020) and 2018 to 2019 (report to be published) were compared to a level in 
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urine equivalent to a health-based exposure guidance value (biomonitoring equivalent). The 

biomonitoring equivalent for arsenic in urine used for comparison is 6.4 µg arsenic/L, which was 

derived from a reference dose of 0.0003 mg/kg body weight per day based on 

hyperpigmentation, keratosis and possible vascular complications. The resultant hazard quotient, 

calculated as the ratio of population level concentrations to the biomonitoring equivalent, 

exceeded 1 at the 95th percentile of population concentrations. However, it did not exceed 1 

when the geometric mean of population level concentrations was used, which suggests that 

exposure may exceed existing guidance values for a portion of the population, at least on an 

intermittent basis. 

 

Table 5. Range of urinary inorganic arsenic concentrations (geometric mean) for five CHMS 

sampling cycles spanning 2009 to 2019, by age and sex (Health Canada, 2021a) 

Age group (years) or sex Range of urinary inorganic arsenic 

concentrations (geometric mean) (µg/L) 

3 to 5 5.0 to 5.7 

6 to 11 5.1 to 6.4 

12 to 19 5.1 to 6.0 

20 to 39 5.2 to 6.2 

40 to 59 4.9 to 5.3 

60 to 79 4.6 to 5.4 

Males 5.0 to 6.1 

Females 5.0 to 5.2 

 

The Maternal-Infant Research on Environmental Chemicals (MIREC) study is a national 

prospective biomonitoring study involving pregnant women and pregnant people aged 18 and 

older recruited from 10 cities across Canada between 2008 and 2011 (Arbuckle et al., 2013). 

Total arsenic was measured in mothers’ blood in the first and third trimester as well as in 

umbilical cord blood and meconium. Detection rates were highest in the first trimester blood 

(92.5%) and lowest in meconium (6.1%). Total arsenic in first trimester whole blood samples 

(n = 1 938) had geometric mean, 95th percentile and maximum levels of 0.75 µg/L, 2.32 µg/L 

and 34.46 µg/L, respectively (Ettinger et al., 2017). Additionally, speciated arsenic was 

measured in first trimester urine (n = 1 933); however, only DMA was commonly detected with 

geometric mean, 95th percentile and maximum levels of 2.30 µg/L, 11.99 µg /L and 64.42 µg /L, 

respectively. First and third trimester total blood arsenic concentrations and urinary DMA 

concentrations were higher in women who were older, foreign-born or had a higher education 

level. Positive and statistically significant relationships between both first trimester total blood 

arsenic and maternal DMA levels and gestational diabetes were also observed in this cohort 

(Shapiro et al., 2015; Ashley-Martin et al., 2018). First trimester total blood arsenic 

concentrations were also associated with an increased risk of gestational hypertension and 

preeclampsia in MIREC participants. Individuals with higher manganese levels were less prone 

to the adverse effect of arsenic on gestational hypertension (Borghese et al., 2023). Additional 

data are available for total arsenic in blood samples from children aged 2 to 5 from a follow-up 

child development study (MIREC-CD Plus). Median and maximum levels of total arsenic in 

whole blood samples from children (n = 449) were 0.464 µg/L and 20.7 µg/L, respectively 

(Ashley-Martin et al., 2019). No associations were found between childhood exposures to 
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arsenic and anthropometric measures (for example, BMI). In a follow-up study of MIREC 

(MIREC-ENDO, 2018 to 2021) participants aged 7 to 9, arsenic concentrations in whole blood 

were detected in 48% and 55% of male and female children, respectively; median concentrations 

were 0.23 µg/L in males and 0.38 µg/L in females (unpublished data). Total blood arsenic was 

measured in mothers of these children at the same time (7–9 years postpartum); median 

concentrations of 2.30 µg/L and 95% percentiles of 0.38 µg/L were detected in 97% of mothers 

(unpublished data). 

 

2.0 Health considerations 
 

2.1 Kinetics  
2.1.1 Absorption  
Most inorganic arsenic compounds are well absorbed (> 80%) from the gastrointestinal tract; 

however, absorption decreases with decreasing solubility (IARC, 2012). Both MMA and DMA 

are also well absorbed following oral ingestion (approximately 75% to 85%) (ATSDR, 2007). 

Absorption through inhalation occurs to a lesser extent than absorption through ingestion; 

however, increased solubility and decreasing particle size can increase absorption. Large 

airborne particulates containing arsenic that enter the upper respiratory tract may also be 

absorbed in the intestine if later swallowed. Both organic and inorganic arsenic are poorly 

absorbed by the skin and thus this route of exposure is of minor importance compared to 

ingestion (U.S. NRC, 1999; ATSDR, 2007, 2016; IARC, 2012).  

 

The movement of As(III) across human cells is facilitated by aquaglyceroporins (AQPs) and 

hexose permeases (IARC, 2012; Mukhopadhyay et al., 2014). Whereas AQP9 is found in 

astrocytes and liver cells, AQP7 is found in the kidney, adipose tissue and the testis (Kageyama 

et al., 2001). Liu et al. (2002) reported that As(III) is transported into cells by aquaglyceroporins 

AQP7 and AQP9, which also transport water and glycerol into cells. APQ9 also transports 

monomethylarsenite (MMAIII) at a rate nearly 3 times faster than As(III) (Liu et al. 2006). 

Studies have suggested that the transport of As(V), on the other hand, occurs via phosphate 

transporters since it is chemically similar to phosphate (Huang and Lee, 1996; Cohen et al., 

2013; Garbinski et al., 2019).  

 

2.1.2 Distribution  
Once ingested, inorganic arsenic appears rapidly in the bloodstream, where it binds primarily to 

hemoglobin (Axelson, 1980). Correlations have been reported between increasing levels of 

inorganic arsenic in drinking water and arsenic levels in blood (Arikan et al., 2015; Rodrigues et 

al., 2015). In the blood, inorganic arsenic species can bind to the sulfhydryl groups of proteins 

and low molecular weight compounds such as glutathione and cysteine (U.S. NRC, 1999). 

Persistence in the blood depends on the binding and transport characteristics of the arsenic 

species. For example, As(III) has an approximate 5- to 10-fold greater affinity for sulfhydryl 

groups than As(V), which may explain the lower cellular uptake and tissue concentrations of the 

pentavalent forms (Jacobson-Kram and Montalbano, 1985).  

 

Within 24 hours of oral exposure, arsenic is found mainly in the liver, kidneys, lungs, spleen and 

skin (Wickström, 1972). Skin, bone and muscle represent the major storage organs. The 
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accumulation of arsenic in skin, for example, is likely attributable to the abundance of proteins 

containing sulfhydryl groups (Fowler et al., 2007). As(III) transport throughout the human body 

is reportedly linked to glucose permease which is reported to be highly expressed in heart and 

brain cells (Garbinski et al., 2019). Transplacental transfer of arsenic in humans has also been 

reported to occur (Amaya et al., 2013). 

 

Ingested organic arsenic species, such as monomethylarsonic acid (MMAV) and dimethylarsinic 

acid (DMAV), are not readily taken up by cells and are largely excreted unchanged (Cohen et al., 

2006). Animal studies, however, have shown that direct acute exposure to MMA and DMA 

resulted in some distribution to the bladder, kidneys, lungs and blood (ATSDR, 2007).  

 

Overall, the distribution and retention of arsenic is influenced by many factors including the 

chemical species, dose level, tissue type, methylation capacity, valence state and route of 

administration (Thomas et al., 2001).  

 

2.1.3 Metabolism  
In humans, ingested arsenic is metabolized mainly in the liver via enzymatic biotransformation 

by arsenite methyltransferase (AS3MT) into methylarsenite and dimethylarsenite. The 

methylation of arsenic occurs through alternating steps of reduction and oxidative methylation, 

with the trivalent species serving as the methyl substrate and S-adenosylmethionine as the 

methyl donor co-substrate. The sequential reduction and methylation of arsenic compounds 

result in the creation of pentavalent MMAV and DMAV, as well as the trivalent 

monomethylarsonous acid (MMAIII) and dimethylarsinous acid (DMAIII) (U.S. NRC, 2001; 

Vahter and Concha, 2001). An alternative methylation pathway exists in animals whereby 

trivalent arsenic conjugates with glutathione (which catalyses methyl transfer), creating thiol-

bound trivalent arsenicals which serve as substrates for AS3MT-catalyzed methylation (IPCS, 

2001; EFSA, 2009; Watanabe and Hirano, 2013; Cullen, 2014). 

 

Genetic polymorphisms in enzymes associated with methylation can lead to increased total 

arsenic retention time in the body, with greater elimination of inorganic arsenic and MMA and 

reduced elimination of DMA. Amino acid substitutions in the AS3MT enzymes can decrease 

methylation activity by decreasing substrate affinity and thereby lowering the overall rates of 

catalysis and stability. Individuals with such polymorphisms may have an increased risk for 

arsenic-related diseases (Li et al., 2017). Genetic polymorphisms in other enzymes, such as 

glutathione S-transferase omega 1, methylenetetrahydrofolate reductase (Ahsan et al., 2007; 

Lindberg et al., 2007; Luo et al., 2018) and formiminotransferase cyclodeaminase (Pierce et al., 

2019), have also been associated with altered cancer risk; however, the risk appears weaker 

compared to that for polymorphisms in AS3MT enzymes (Chung et al., 2010; Gao et al., 2015). 

Additional factors that can influence inorganic arsenic methylation include age, sex, ethnicity, 

dose level, pregnancy and nutrition (see section 2.2.2).  

 

Unlike inorganic arsenic, ingested organic arsenicals such as MMAV and DMAV undergo very 

little biotransformation and are excreted almost entirely unchanged; therefore, ingestion of 

organic forms of arsenic do not produce as much of the highly reactive trivalent arsenicals that 

are cytotoxic and genotoxic (Cohen et al., 2006).   
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2.1.4 Elimination 
As(III) tends to accumulate in tissues; however, As(V) and organic arsenic are rapidly and 

almost completely eliminated via the kidneys (Bertolero et al., 1987). DMA appears to be more 

readily excreted than MMA (U.S. NRC, 2001). In humans, the relative proportions of arsenic 

species in the urine are usually about 10% to 30% inorganic arsenic, 10% to 20% MMA and 

60% to 70% DMA (Vahter, 2000; Caldwell et al., 2009). Christian et al. (2006) reported that 

pregnant women and pregnant people exposed to elevated levels of inorganic arsenic through 

drinking water excreted ingested arsenic mostly as DMA (79% to 85%) with lesser amounts 

excreted as inorganic arsenic (8% to 16%) and MMA (5% to 6%). Siblings and parents 

reportedly show similar patterns of arsenic methylation in urine, which suggests that the 

metabolism of inorganic arsenic may be genetically influenced (Chung et al., 2002). 

 

There appear to be two main processes, with different rates, for the elimination of ingested 

As(III) from the body (Lovell and Farmer, 1985). The first is the rapid urinary excretion of 

inorganic arsenic in both the trivalent and pentavalent forms (close to 90% of the total urinary 

arsenic over the first 12-hour period). The second involves the sequential methylation of As(III) 

in the liver to the organic forms MMAIII, DMAIII, MMAV and DMAV (Buchet and Lauwerys, 

1985; Lovell and Farmer, 1985). Excretion of the methylated compounds commences 

approximately 5 hours after ingestion but reaches its maximum level 2 to 3 days later. Less 

important routes of elimination of inorganic arsenic include skin, hair, nails, sweat and breast 

milk (ICRP, 1975; Concha et al., 1998; Kurttio et al., 1999). The half-life of inorganic arsenic in 

humans is estimated to be between 2 and 40 days (Pomroy et al., 1980). 

 

Bile also serves as a major route of arsenic detoxification whereby excess arsenic in the liver is 

pumped out as an arsenic-glutathione complex (both inorganic and methylated forms) through a 

specific adenosine triphosphate binding cassette transporter known as multi-drug resistance-

associated protein (Leslie, 2011; Garbinski et al., 2019).  

 

2.1.5 Physiologically based pharmacokinetic modelling  
Physiologically based pharmacokinetic (PBPK) models for inorganic arsenic have been 

developed for both animals and humans (Mann et al., 1996a,b; Yu, 1999; Gentry et al., 2004; El-

Masri and Kenyon, 2008; El-Masri et al., 2018). These models were developed for predicting 

urinary and fecal elimination of arsenic and metabolites by using species-specific blood flow and 

tissue volume parameters (considering age) as well as tissue metabolic considerations (namely 

linear, first-order or saturable Michaelis-Menten). 

 

Much of the scientific literature on the mechanisms of arsenic toxicity suggests that the trivalent 

forms (As(III), MMAIII and DMAIII) are likely responsible. However, it is still unclear which 

forms of arsenic are responsible for the tissue responses that lead to cancer and non-cancer 

outcomes. In addition, the enzymes involved in tissue oxidation of trivalent species and the 

transfer processes involved in transporting trivalent species from tissues to blood and then to 

urine are not fully understood. Currently available PBPK models describe the appearance of 

trivalent arsenic species in urine without it passing though the body's circulation and filtration 

systems. In other words, they describe direct elimination of arsenic from the liver, lung and 

kidney (the sites of arsenic metabolism) to the urine, which is not consistent with physiological 

modelling approaches. Until there is a greater understanding of the forms of arsenic responsible 
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for toxicity and cancer, as well as the oxidation processes and transfer processes that move 

trivalent species from tissues through blood to urine, the current PBPK models are not 

considered sufficiently mature for use in any detailed risk assessment for arsenic and its various 

metabolites (RSI, 2022). 

 

2.2 Health effects  
The epidemiological database for inorganic arsenic is extensive, with numerous primary studies 

and reviews in the peer-reviewed literature and many assessments by regulatory agencies and 

authoritative bodies. Arsenic exposure in humans has been associated (weakly or strongly) with 

numerous adverse health outcomes including cancers of the bladder, breast, cervix, colon, gall 

bladder, kidneys, lungs, prostate and skin. It has also been associated with leukemia and 

lymphoma, as well as with several non-cancer outcomes, including diabetes, cardiovascular 

disease, hypertension, skin lesions, neurodevelopmental effects and adverse birth outcomes. 

Animal data are of limited use for human risk assessment since animals respond differently to 

inorganic arsenic. The metabolism of inorganic arsenic in animals is also quantitatively different 

from metabolism in humans. Therefore, this guideline technical document focuses on human 

data involving oral exposure via drinking water, with animal data only included to support the 

mode of action (MOA) analysis since the molecular and cellular elements making up the MOA 

are expected to be similar between human and animal cells. 

 

Health Canada commissioned a study (RSC, 2019) using a systematic approach with the aim of 

identifying the key cancer and non-cancer endpoints in humans with the strongest causal 

relationships in the case of oral exposure to inorganic arsenic in drinking water. The literature 

search focused on peer-reviewed articles and international agency assessments and was aimed at 

identifying key primary studies for in-depth analysis. The methods used in each published review 

article were critically evaluated to assess the degree of confidence in study conclusions, so as to 

ensure that only the strongest reviews from the literature were consulted as sources for 

identifying key primary studies. This guideline technical document focuses only on the key 

cancer and non-cancer health endpoints as identified in the Risk Services Center (RSC) study 

(2019).  

 

2.2.1 Health effects in humans 
In the following sections, inorganic arsenic in drinking water will be referred to simply as arsenic 

unless differentiation from other species is required. Organic forms of arsenic, or specific 

valences, will be differentiated as necessary. 

 

Acute effects  

Symptoms of acute arsenic intoxication have been reported following the ingestion of well water 

containing arsenic at levels of 1 200 and 21 000 µg/L (Feinglass, 1973; Wagner et al., 1979). 

Common symptoms of acute high-dose oral exposure to arsenic include nausea, vomiting and 

diarrhea likely due to irritation of the gastrointestinal mucosa; other effects include clinical signs 

such as confusion, hallucinations, impaired memory and mood swings, as well as 

neurobehavioural changes in children (ATSDR, 2007). Longer term exposure (duration not 

provided) to lower concentrations of arsenic (for example 0.03 to 0.1 mg As/kg per day) can lead 

to numbness and tingling of the extremities, muscular cramping, rash, burning (“pins and 

needles”) sensation in the extremities, excessive epidermal thickening of the palms and soles, 
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Mee's lines on fingernails, and progressive deterioration in motor and sensory responses (Fennell 

and Stacy, 1981; Murphy et al., 1981; Wesbey and Kunis, 1981; ATSDR, 2007). 

 

Cancer effects 

With the large number of published cancer studies available, the evaluation of cancer effects 

focuses on cohort and case-control studies and excludes cross-sectional and ecological studies. 

Seventeen published scientific reviews (Chu and Crawford-Brown, 2006; Celik et al., 2008; 

Mink et al., 2008; Begum et al., 2012; McClintock et al., 2012; Christoforidou et al., 2013; St-

Jacques et al., 2014; Tsuji et al., 2014, 2019; Bardach et al., 2015; Karagas et al., 2015; Lamm et 

al., 2015; Mayer and Goldman, 2016; Gamboa-Loira et al., 2017; Lynch et al., 2017; Yuan et al., 

2018; Mendez et al., 2019) were critically evaluated to identify the best available studies 

investigating the association between cancer effects and arsenic exposure. Key studies identified 

from these reviews were critically evaluated for study quality and the potential for describing the 

dose-response relationship in the low-dose region, as a function of the number of exposure 

groups and dose spacing below 100 µg/L of arsenic in drinking water (the dose range of interest). 

Preference was given to studies in the U.S. or other Western countries. However, in some cases, 

studies in Asian populations were considered more suitable based on the number of exposure 

groups with exposures below 100 µg/L. Studies with a low-dose referent group and at least one 

additional dose group in the low-dose range were given extra weight. The potential key cancer 

health endpoints identified are bladder, lung and skin cancer. Table D-1 in Appendix D provides 

a list of the primary studies that were consulted based on discussions from the scientific reviews 

above. The best available primary studies showing the strongest causal relationships for these 

cancer endpoints in humans are discussed below. The criteria for selecting the best available 

studies for cancer included prospective case-control or cohort design, studies with North 

American participants with histologically confirmed cancers, reported estimates of an association 

measure (odds ratio [OR], hazard ratio [HR], or relative risk [RR]) with confidence intervals 

(CIs), control for smoking and relevant confounders, and multiple risk estimates associated with 

concentrations below 100 μg/L.  

 

Bladder cancer  

Baris et al. (2016) conducted a large-scale case-control study evaluating bladder cancer risk and 

exposure to low levels of arsenic in drinking water. The study population was from Maine, New 

Hampshire and Vermont, where bladder cancer mortality rates are higher than those for the U.S 

as a whole. A total of 1 079 patients aged 30 to 79 years with histologically confirmed bladder 

cancer newly diagnosed between 2001 and 2004 were evaluated. Patients were identified through 

hospital pathology departments as well as hospital and state cancer registries. Control subjects 

(1 287) were selected randomly from state Department of Motor Vehicle records (ages 30 to 64 

years) and beneficiary records (age 65 to 79 years) from Centers for Medicare and Medicaid 

Services. They were frequency matched to case patients by state, sex and five-year age group at 

diagnosis.  

 

Arsenic concentrations in well water were estimated through a combination of on-site arsenic 

measures and geostatistical modelling. Exposure groups were divided into the following ranges, 

based on average concentrations: less than or equal to 0.4 µg/L, greater than 0.4 to 0.7 µg/L, 

greater than 0.7 to 1.6 µg/L, greater than 1.6 to 5.7 µg/L, greater than 5.7 to 8.7 µg/L and greater 

than 8.7 µg/L. ORs with 95% CIs for bladder cancer risks lagged over 40 years (meaning 
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exposures less than or equal to 40 years before diagnosis were excluded) were derived for each 

exposure group as follows: 1.0, 0.91 (0.71 to 1.17), 0.93 (0.72 to 1.20), 1.06 (0.81 to 1.40), 0.92 

(0.51 to 1.66) and 1.49 (0.85 to 2.61). ORs were adjusted for age, sex, ethnicity, state of 

residence, smoking status, high-risk occupation and exposure to drinking water disinfection by-

products.  

 

A statistically significant increased risk of bladder cancer (positive exposure-response trend) was 

associated with both average daily arsenic intake and cumulative intake lagged over 40 years 

(Ptrend 0.01 and 0.004, respectively). However, this association was not observed for average 

exposure ranges lagged over 40 years, or with well water concentration (either lagged or 

unlagged). This trend was significant for participants with a history of private well use, 

particularly those using shallow dug wells which are vulnerable to anthropogenic contamination 

such as arsenical pesticide use in the study area before 1960. The authors concluded that the 

significant positive trend between drinking water intake (from water, beverages and foods made 

with water) and bladder cancer risk was largely driven by the amount of drinking water 

consumed and not the arsenic concentration in water. 

 

The strengths of this study are that it is a large case-control study which evaluates the risk of 

bladder cancer from low-to-moderate exposure to arsenic in drinking water; it is based on a 

population-based design using histologically confirmed bladder cancer patients; and risk 

estimates were controlled for confounding factors for other bladder cancer risks. One limitation 

is the imprecision of the arsenic exposure assessment, which is due to substantial uncertainty 

from the large variation in groundwater arsenic concentrations over short distances and 

challenges in estimating historical levels in private wells. The authors reported that this 

limitation likely explains the inability of the study to accurately quantify the contribution of 

arsenic exposure to the excess incidence of bladder cancer observed in New England.  

 

Chen et al. (2010a) conducted a prospective cohort study on 8 086 residents (aged 40 and older) 

from 18 villages and 4 586 households in northeastern Taiwan from 1991 to 1994, to explore the 

association between the risk of urinary cancer (which included bladder cancers and other urinary 

tract cancers) and exposure to low levels of arsenic in well water. Participants were followed for 

12 years. Urinary cancer incidence was obtained through the national cancer registry.  

 

Arsenic well water concentrations were estimated from 3 901 water samples. For 

685 households, the wells no longer existed; therefore, exposure for 1 136 residents was 

classified as unknown. Additionally, the arsenic concentrations of well water samples for 

62 participants could not be determined, resulting in a total of 1 198 study participants with 

unknown exposures. Excluding these individuals yielded 6 888 participants for the final analysis. 

Arsenic concentrations in well water collected at enrollment were categorized as follows: less 

than 10 µg/L, 10 to 49.9 µg/L, 50 to 99.9 µg/L, 100 to 299.9 µg/L, equal to and greater than 

300 µg/L and unknown. No information on the arsenic concentration in well water for previous 

residences was obtained. Other measures of arsenic exposure were assessed (via questionnaire), 

including duration of exposure, age at which residents started (latency) and ended drinking well 

water (changing to a community water system), whether residents still consumed well water at 

enrollment (recent exposure) and cumulative exposure status (concentration and duration). The 

authors reported 45 incidences of urinary cancer. The RR was multivariate adjusted for all 
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urinary cancers (with 95% CIs) and estimated as follows for each of the exposure groups: 1.0, 

1.66 (0.53 to 5.21), 2.42 (0.69 to 8.54), 4.13 (1.32 to 12.9), 7.80 (2.64 to 23.1) and 3.40 (1.05 to 

11.0). RRs were adjusted for age, sex, education level, whether the individual had been drinking 

well water since birth, as well as cigarette smoking and alcohol consumption status at the time of 

enrolment.  

 

A significant dose-response relationship was observed between increasing arsenic concentration 

and increased risk of urinary cancer for exposures above 100 μg/L. Residents reporting that they 

still consumed well water containing arsenic levels equal to or greater than 10 μg/L at the time of 

enrolment were at a significantly increased risk of urinary cancer [RR, 3.54 (1.35 to 9.32)] when 

compared to those consuming well water with arsenic concentrations below 10 μg/L. Residents 

who consumed well water with higher concentrations from birth [RR, 3.69 (1.31 to 10.4)] 

continued to consume well water at the time of enrolment [RR, 3.50 (1.33 to 9.22)] and 

consumed well water for more than 50 years [RR, 4.12 (1.48 to 11.5)]. All of them had a 

significantly increased risk of urinary cancer compared with residents consuming well water with 

arsenic levels below 10 μg/L. Finally, all risk estimates for well water concentrations and the 

other measures of arsenic exposure were higher when urothelial carcinoma alone was considered 

compared to all urinary cancers. 

 

Study strengths include a prospective follow-up design, a large sample size, long follow-up 

period, a homogeneous cohort with information on arsenic levels for individual wells, as well as 

information on the duration of exposure to well water. One limitation of this study is that well 

water arsenic information was unavailable for nearly 15% of the participants since their wells no 

longer existed at the time the study was conducted. However, according to the authors, excluding 

them from the analysis did not impact the study results. 

 

Lung cancer 

Using the same cohort and well water exposure groupings (with the unknown exposure group 

excluded) as described above in the Chen et al. (2010a) study, Chen et al. (2010b) explored the 

association between the risk of lung cancer incidence and exposure to low levels of arsenic in 

well water for 40 years. From the Taiwan national cancer registry profiles, the authors identified 

a total of 178 lung cancers, with 75 cancers identified as squamous cell carcinoma, 51 as 

adenocarcinoma, 22 as small cell carcinoma and the remaining 30 mostly characterized as either 

“no microscopic confirmation” or “other malignancy.”  

 

The RRs (with 95% CIs), which were multivariate adjusted for all lung cancers, were estimated 

as follows for each of the exposure groups: 1.00, 1.10 (0.74 to 1.63), 0.99 (0.59 to 1.68), 1.54 

(0.97 to 2.46) and 2.25 (1.43 to 3.55). They were also adjusted for age, sex, education level, 

cigarette smoking and alcohol consumption status. Since most of the study participants were 

farmers, previous use of arsenic pesticides was considered and only those participants who 

reported never having used an arsenic pesticide (93% of participants) were included in the 

analysis. A significant dose-response trend (p-value equal to 0.001) was observed between lung 

cancer risk (for squamous cell and small cell carcinomas) and increasing arsenic concentration 

with and without considering the synergistic effect of smoking. This trend was not observed for 

adenocarcinoma. Despite low statistical precision, when the authors accounted for duration of 

exposure, all levels of exposure increased the risk of lung cancer, with these associations 
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increasing as duration of exposure increased. Lastly, the authors observed that participants 

exposed to high arsenic concentrations for long periods were at a much higher risk of developing 

lung cancer than those either exposed to lower concentrations or exposed for a shorter duration. 

The strengths and limitations of this study are the same as those for the Chen et al. (2010a) study 

described above. 

 

Smith et al. (2009) conducted a re-analysis of a case-control study in northern Chile previously 

analyzed by Ferreccio et al. (2000) which investigated the relationship between lung cancer and 

exposure to arsenic in drinking water over a 65-year period. The original analysis divided the 

cohort into 8 exposure groups, which resulted in very low statistical power in the low-dose 

region. In contrast, the re-analysis by Smith et al. (2009) re-grouped the study participants into 6 

exposure groups, which increased the statistical power. The study identified 151 lung cancer 

cases and 419 frequency-matched hospital controls between 1994 and 1996. Participants were 

asked for information on drinking water sources, cigarette smoking, socio-economic status, 

lifetime residential history and occupation (to identify potential exposure via copper smelting). 

 

In northern Chile, each city and town receives water from a municipal source. Arsenic 

monitoring for these sources is available going back to the 1950s; therefore, arsenic 

concentrations were easily identified based on where participants lived. Exposure was divided 

into six groups as follows: 0 to 9, 10 to 59, 60 to 199, 200 to 399, 400 to 699 and 700 to 

999 µg/L. These exposures represent average concentrations during the period of peak arsenic 

exposure from 1958 to 1970. ORs (with 95% CIs), which were adjusted for age, sex, smoking 

status, employment in copper smelting and socio-economic status, were determined as follows: 

1.0, 0.7 (0.3 to 1.7), 3.4 (1.8 to 6.5), 4.7 (2.0 to 11.0), 5.7 (1.9 to 6.9) and 7.1 (3.4 to 14.8) for 

each of the exposure groups. The strengths of this study are that it is based on a large population 

(over 600 000 residents from 22 cities/towns) and that all drinking water comes from a municipal 

source, making the exposure estimates more accurate on an individual level. The main limitation 

of the study relates to the selection of controls. Ideally, hospital controls are matched with 

hospital lung cancer cases to match exposures between the two comparison groups since arsenic 

concentrations in water supplies vary by city and geographic location. In this study, more 

controls were chosen from the highly exposed city of Antofagasta than from the lower-exposure 

cities of Arica and Iquique. The authors concluded that this would bias the results toward 

underestimating the risks for the highest exposures. 

 

Skin cancer 

The epidemiological database for skin cancer contains several low-exposure studies (Karagas et 

al., 2001; Baastrup et al., 2008; Leonardi et al., 2012; Gilbert-Diamond et al., 2013; Kim et al., 

2017) that either reported no effect, or presented issues related to potential confounding factors 

or poor study design. Other studies involved exposures above 100 µg/L with reference groups 

also exposed to high concentrations (Tseng et al., 1968; Tseng, 1977; Hsueh et al., 1997). Cross-

sectional and ecological studies have also been published such as those by Lamm et al. (2007) 

and Knobeloch et al. (2006); however, these study types are of low quality for dose-response 

analysis. 

 

Non-cancer effects 
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Similar to the approach described above for cancer effects, the best available scientific studies 

investigating non-cancer effects were selected and are presented below. The focus was on high 

quality reviews that evaluated causality and/or dose-response associations, as well as relevant 

reviews by authoritative bodies, including international agencies, food safety commissions and 

various governing bodies such as the U.S. Environmental Protection Agency (U.S. EPA), the 

Dutch National Institute for Public Health and the Environment (RIVM) and the World Health 

Organization (WHO). Studies published in a language other than English or that evaluated only 

occupational exposures to arsenic were excluded. Through evaluation of the available 

epidemiological data and MOA information, it was determined that the key non-cancer health 

endpoints are diabetes, cardiovascular disease and neurodevelopmental effects. Appendix D 

presents all of the primary studies for diabetes, cardiovascular disease and neurodevelopmental 

effects that were evaluated. The best available primary studies identified for these health 

endpoints are discussed below. 

 

Diabetes  

An association between arsenic exposure and diabetes has been reported in the scientific 

literature. Although the data for Type 1 diabetes mellitus are limited, adequate data are available 

for evaluating the risk of developing Type 2 diabetes mellitus (T2D). Confounding factors to 

consider when evaluating the risk of T2D from exposure to arsenic include poor diet, physical 

inactivity, genetics (including family history and race), age, polycystic ovary syndrome and 

obesity, high blood pressure or abnormal cholesterol levels.  

 

Fifteen scientific reviews were evaluated (Tseng et al., 2002; Navas-Acien et al., 2006; Chen et 

al., 2007; Pimparkar and Bhave, 2010; Huang et al., 2011; Maull et al., 2012; Andra et al., 2013; 

Kuo et al., 2013, 2017; Hong et al., 2014; Wang et al., 2014; Sung et al., 2015; Bommarito and 

Fry, 2016; Khan et al., 2017; Young et al., 2018) to identify the best available studies for 

investigating the association between T2D and arsenic exposure. These reviews provide evidence 

of an association between arsenic intake and T2D risk; however, the dose-response relationship 

for exposures at low-to-moderate arsenic concentrations is unclear. Table D-2 in Appendix D 

provides a list of the primary studies that were consulted based on discussions from the scientific 

reviews above. James et al. (2013) and Kim et al. (2013) are considered the best available 

primary studies to illustrate the association between T2D and exposure to arsenic. They are 

summarized below.  

 

James et al. (2013) conducted a prospective case-cohort study based on individual estimates of 

lifetime arsenic exposure, in order to examine the relationship between chronic arsenic exposure 

to low concentrations from drinking water and the risk of T2D. The analysis was conducted on 

141 cases (aged 20 to 74) of T2D diagnosed between 1984 and 1998 as part of the prospective 

San Luis Valley Diabetes Study of Hispanic and non-Hispanic residents from the Alamosa and 

Conejos Counties in south-central Colorado. The study cases were compared to a sub-cohort of 

488 participants that was randomly sampled from 936 eligible participants who were disease-free 

at baseline. The exposure metric used was time-weighted average dose with four dose groupings 

of less than or equal to 4 µg/L-year, greater than 4 µg/L-year and less than or equal to 8 µg/L-

year, greater than 8 µg/L-year and less than or equal to 20 µg/L-year and greater than 20 µg/L-

year. The authors noted that, across exposure groups, Hispanics and lower income participants 

had higher percentage representation in the lower arsenic exposure groups, whereas non-
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Hispanics and higher income participants had higher percentage representation in the higher 

exposure groups. Other risk factors for T2D were found to be similar across exposure groups. 

 

After adjusting for known risk factors for T2D (age, sex, ethnicity, income, BMI, physical 

activity, smoking, alcohol and family history), the HRs (with 95% CIs) for each exposure group 

were estimated as 1.0, 1.11 (0.82, 1.95), 1.42 (0.94, 2.48) and 1.55 (1.00, 2.51). Overall, the 

adjusted risk of T2D for every 15 µg/L increase in the time-weighted arsenic water concentration 

was estimated as 27% (HR = 1.27; 1.02, 1.64). The authors concluded that their analysis shows a 

55% increased risk of T2D with exposure to arsenic levels greater than 20 µg/L in drinking 

water. 

 

The strengths of this study are its prospective case-control design, the low rate of out-migration 

from the study area, the well-characterized spatial variability and the temporal stability of the 

arsenic concentrations in drinking water. In addition, the authors adjusted for most of the key 

confounding factors, and residential histories were used to reconstruct lifetime arsenic exposure 

estimates. One limitation is that the authors did not directly investigate the impact of diet. 

Therefore, it is possible that other, stronger diabetes risk factors may have influenced the 

observed outcomes. 

 

Kim et al. (2013) conducted a prospective case-control study investigating diabetes in a Pima 

Indigenous population from the Gila River Indigenous Community in Arizona where T2D 

incidence is high. Arsenic concentrations in well water were not measured during the study 

period. Urinary arsenic was used as the dose metric for exposure. The authors noted that since 

the study population consumed little seafood, drinking water likely contained moderately high 

inorganic arsenic concentrations given that arsenic species were measurable in urine.  

 

Between 1965 and 2007, each member of the community age 5 and older was invited to undergo 

examination (including an oral glucose tolerance test) every two years, regardless of health. A 

total of 150 non-diabetic subjects aged 25 and older who subsequently developed T2D were 

matched by year of examination and sex to 150 controls who remained non-diabetic for 10 years 

and longer. Total urinary arsenic concentrations (inorganic and methylated species; adjusted for 

urinary creatinine to account for urine dilution) ranged from 6.6 to 123.1 µg/L, with inorganic 

arsenic concentrations ranging from 0.1 to 36.0 µg/L. ORs (95% CI) for T2D adjusted for age, 

sex, BMI and urinary creatinine level were estimated at 1.11 (0.79, 1.57) and 1.16 (0.89, 1.53) 

for a two-fold increase in urinary total and inorganic arsenic, respectively. 

 

The strengths of this study are that it has a prospective case-control design, drinking water 

arsenic levels in the study area are adequately high to allow for the detection of arsenic species in 

the urine, and the extremely low seafood diet allows for the assumption that urinary arsenic 

levels are almost entirely due to inorganic arsenic and its methylated metabolites. One limitation 

of the study is that it was based on urinary arsenic concentration from a single spot urine sample 

which reflects exposure at a single point in time. However, the authors did not expect 

groundwater arsenic levels to fluctuate substantially over time. Additional limitations are that no 

adjustment was made for diet or for other risk factors for T2D. The authors attributed the weak 

association between urinary arsenic and T2D to the limited sample size, insufficient variability in 

exposure levels within this homogenous population and use of the single arsenic measure.  
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Cardiovascular disease 

Cardiovascular disease (CVD) is a disease of the heart and blood vessels that includes multiple 

specific conditions, including coronary heart disease (CHD), atherosclerosis, myocardial 

infarctions, stroke and heart failure. Confounding factors to consider when evaluating the risk of 

CVD from exposure to arsenic include sex, age, BMI, smoking, hypertension, diabetes, physical 

activity, hereditary and dietary factors and kidney disease. 

 

Sixteen scientific reviews (Navas-Acien et al., 2005; Chen et al., 2007; Kwok, 2007; Wang et al., 

2007; Abhyankar et al., 2012; Abir et al., 2012; Moon et al., 2012, 2017; Tsuji et al., 2014; Sidhu 

et al., 2015; Kuo et al., 2017; Phung et al., 2017; Chowdhury et al., 2018; Smeester and Fry, 

2018; Young et al., 2018; Tchounwou et al., 2019) were evaluated to identify the best available 

studies investigating the association between CVD (both peripheral and ischemic heart disease) 

and arsenic exposure. Overall, these reviews provide clear evidence supporting a relationship 

between high exposure to arsenic and CVD. However, the dose-response relationship is unclear 

for low-to-moderate concentrations of arsenic given that there are insufficient data illustrating 

causality at low-level exposures. Although blackfoot disease is a type of CVD that has been 

shown to have a clear association with arsenic exposure, this endpoint was not evaluated since 

this disease is caused by exposure to high concentrations (above 100 µg/L) of arsenic, which are 

not characteristic of Canadian drinking water exposures. Table D-3 in Appendix D provides a list 

of the primary studies that were consulted based on discussions from the scientific reviews 

mentioned above. Moon et al. (2013) and James et al. (2015) are considered the best available 

primary studies to illustrate the association between CVD and exposure to arsenic. These studies 

are summarized below.   

 

Moon et al. (2013) investigated the association between chronic low/moderate arsenic exposure 

and the incidence of CVD in 3 575 American Indigenous men and women living in Arizona, 

Oklahoma, and North and South Dakota who participated in the Strong Heart Study. This 

population-based prospective cohort study examined men and women 45 to 75 years of age for 

clinical and cardiovascular parameters during clinical visits between 1989 and 1991, then 

actively followed them through 2008. Individual drinking water arsenic levels were not 

measured at the time of the study; however, concentrations in public water systems ranged from 

less than 10 to 61 μg/L in Arizona, less than 10 μg/L in Oklahoma and less than 1 to 21 μg/L in 

the Dakotas. Based on data from a U.S. Geological Survey report, arsenic levels in private wells 

likely exceeded 10 and even 50 μg/L in Arizona and the Dakotas (Focazio et al., 2000). For 

Arizona and the Dakotas, drinking water was likely the main source of inorganic arsenic for 

participants, whereas in Oklahoma (where arsenic levels in drinking water are low) diet was 

likely the main source of arsenic exposure. 

 

The sum of inorganic and methylated arsenic species in urine at the start of the study was used as 

a biomarker of chronic arsenic exposure. Urine arsenic concentrations (in μg/L) were divided by 

urine creatinine concentrations (in g/L) to account for urine dilution and expressed in μg/g 

creatinine. Participants were followed for fatal and non-fatal cardiovascular disease, including 

coronary heart disease and stroke. A total of 1 184 participants developed fatal (439 participants) 

or non-fatal (745 participants) CVD. HRs were adjusted for socio-demographic factors, smoking, 

BMI and lipids. Comparing the highest to lowest quartile urinary arsenic concentrations (greater 



 

24 Guidelines for Canadian Drinking Water Quality: Guideline Technical Document 

 

Unclassified / Non classifié 

than 15.7 vs. less than 5.8 μg/g creatinine [referent group]), the HRs (95% CIs) for CVD, CHD 

and stroke mortality were 1.65 (1.20, 2.27), 1.71 (1.19, 2.44) and 3.03 (1.08, 8.50), respectively. 

The corresponding HRs for CVD, CHD and stroke incidence were 1.32 (1.09, 1.59), 1.30 (1.04, 

1.62) and 1.47 (0.97, 2.21), respectively. The dose-response relationships of arsenic 

concentrations with CVD and CHD incidence and mortality were statistically significant; 

however, for stroke incidence and mortality, the dose-response relationship was not statistically 

significant. These associations were found to vary by study region. When the authors further 

adjusted for diabetes, hypertension and measures of kidney disease, the observed associations 

were diminished, yet still apparent, with statistical significance for CVD and CHD incidence and 

mortality.  

 

The strengths of this study include high quality data collection methods, long-term surveillance 

of cardiovascular disease outcomes and rigorous urinary arsenic analysis. Limitations include the 

absence of individual arsenic concentrations in drinking water, a single urinary arsenic sample as 

an exposure metric, the possibility of residual confounding factors (for example, access to care, 

geographical factors, hereditary and dietary factors and physical activity levels), over-adjustment 

for causal variables (diabetes, hypertension, kidney disease), and exposure and outcome 

misclassification. 

 

James et al. (2015) conducted a prospective case-cohort analysis of the San Luis Valley Diabetes 

Study to examine the relationship between chronic low-level arsenic exposure and risk of CHD. 

The study involved 555 Hispanic and non-Hispanic participants, aged 20 to 74, from the 

Alamosa and Conejos counties of south-central Colorado. Between 1984 and 1998, 96 CHD 

cases, defined as myocardial infarction, angioplasty and death due to acute, subacute, or chronic 

ischemic heart disease, were diagnosed. Individual lifetime arsenic exposure estimates were 

derived using residential history linked to geospatial modelling of predicted arsenic 

concentrations in drinking water. Lifetime arsenic exposure estimates were then correlated with 

historically collected urinary arsenic concentrations.  

 

HRs for CHD were adjusted for age, sex, first-degree family history of CHD and serum low-

density lipoprotein levels. The HR (95% CI) for CHD for a 15 μg/L increase in the time-

weighted average (TWA) arsenic exposure was estimated at 1.36 (1.06, 1.75). Compared to the 

lowest TWA arsenic exposure group (that is, less than 20 μg/L), HRs for the 20 to 30 μg/L, 30 to 

45 μg/L and 45 to 88 μg/L TWA arsenic exposure groups were estimated as 1.2 (0.6, 2.2), 2.2 

(1.2, 4.0) and 3 (1.1, 9.1), respectively. 

 

The strengths of this study include a wide spectrum of longitudinal clinical, behavioural and 

demographic data provided by the San Luis Valley Diabetes Study, along with a low rate of out-

migration and low variability in inorganic arsenic exposures. The authors noted that an important 

limitation of the study was the possibility of exposure misclassification due to the use of 

exposure prediction models and reconstruction of residential history (as opposed to measured 

drinking water concentrations) even though modelled groundwater concentrations were 

correlated with urinary arsenic samples. 

 

Neurodevelopmental effects in infants and children 
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Neurodevelopmental effects refer to impacts on the development of the central nervous system, 

which can be beneficial or adverse. Adverse effects result in disorders such as neurobehavioral 

outcomes (autism for example) and impairments in motor function, intelligence, verbal skills and 

learning. Much of the research related to the adverse effects from arsenic exposure focuses on 

changes in full-scale and verbal intelligence quotients. Confounding factors to consider when 

evaluating the risk of impacts on intelligence from arsenic exposure include sex, age, parental 

and child education, number of children in the home, birth factors (such as head circumference 

and birth length) and blood levels of other neurotoxic chemicals. 

 

Eleven scientific reviews (Kapaj et al., 2006; Wasserman et al., 2008; Brinkel et al., 2009; 

Rodriguez-Barranco et al., 2013; Hong et al., 2014; Tolins et al., 2014; Tsuji et al., 2015; 

Bommarito and Fry, 2016; Saghazadeh and Rezaei, 2017; Smeester and Fry, 2018; Tchounwou 

et al., 2019) were examined to evaluate the association between neurodevelopmental effects and 

exposure to arsenic in infants and children. These reviews provide only weak evidence of a 

relationship between arsenic intake and decreased full-scale and verbal intelligence quotients. 

Although the U.S. National Research Council (U.S. NRC) (2013) has reported that low-to-

moderate concentrations of arsenic (below 100 µg/L) have been associated with neurocognitive 

deficits in children, the database for evaluating the relationship between arsenic exposure and 

neurodevelopment is considered insufficient. Table D-4 in Appendix D provides a list of the 

primary studies that were consulted based on discussions in the scientific reviews mentioned 

above.  

 

Summary 

The strongest causal relationships for cancer in humans from oral exposure to inorganic arsenic 

in drinking water (below 100 µg/L) have been demonstrated for the bladder and lungs. The key 

studies available for dose-response assessment are described in the sections on cancer above. For 

skin cancer, no suitable key study is available for dose-response modelling at low exposure 

levels.  

 

For the key non-cancer effects discussed above, a detailed weight-of-evidence analysis for 

causality using the evolved Bradford-Hill criteria (considering biological concordance, 

essentiality of key events, concordance of empirical observations, consistency and analogy) was 

conducted. For T2D, the association observed with exposure to low concentrations of arsenic is 

weak, with a weak-to-moderate dose-response trend. Determining the risk of arsenic-induced 

T2D is limited by the presence of numerous risk factors, including poor diet, physical inactivity, 

genetics, age and history of gestational diabetes as well as obesity, high blood pressure and 

abnormal cholesterol levels. The European Food Safety Authority (EFSA, 2021) also concludes 

that there is insufficient evidence for an association between low-to-moderate exposure to 

inorganic arsenic and diabetes. For CVD, the scientific database provides evidence supporting an 

association with exposure to high levels of arsenic. However, the dose-response relationship is 

unclear at low-to-moderate concentrations and there are insufficient data showing causality at 

low-level exposures. For neurodevelopmental effects, the available epidemiological database is 

insufficient to investigate the potential association between verbal and general intelligence and 

inorganic arsenic exposure. Decreases in these neurodevelopmental indicators may be 

confounded by co-exposures to other neurodevelopmental toxicants (such as lead and 

manganese). Overall, cancer effects have been demonstrated as having the strongest association 
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with low-level exposure to inorganic arsenic in drinking water. Therefore, cancer is considered 

the most appropriate health endpoint for assessing the health risks from exposure to arsenic in 

drinking water. 

 

2.2.2 Populations that may be disproportionately impacted 
Populations that may be disproportionately impacted can be characterized as those having 

increased susceptibility to arsenic effects either due to life stage, reduced methylation capacity 

(due to gene polymorphisms), dietary factors (such as nutritional deficiencies in folate and 

selenium), lifestyle factors (such as smoking or co-exposure to other carcinogenic metals) or 

pregnancy. Below is a brief summary of some evidence which indicates that these factors may 

increase an individual's susceptibility to arsenic-mediated effects.  

 

Life stage 

Many of the epidemiological studies in the scientific literature investigating the effects of 

exposure to arsenic in drinking water concern long-term exposures and thus the effects described 

are largely those in adults. There have been some investigations into exposure to arsenic in 

drinking water at younger ages and the development of cancer and cardiac disease as well as 

prenatal exposures and birth outcomes. These investigations show that some of the effects seen 

in adults from long-term exposures may also occur in children from shorter duration exposures 

and that early-life exposures may increase the risk of adverse effects later in life. Steinmaus et al. 

(2014) investigated the association between lung and bladder cancer incidence in residents from 

different regions of northern Chile (population greater than 250 000) and age of exposure. Their 

analysis showed that the risk of lung and bladder cancer in adults exposed to arsenic in early life 

was higher than in adults exposed only during adulthood. This suggests that early-life exposure 

may increase the risk of these cancers later in life. Chen et al. (2019) examined the association of 

arsenic exposure during early childhood, childhood, and adolescence with blood pressure in 

adolescence. The cross-sectional study of 726 adolescents (14 to 17 years old) whose mothers 

were participants in the Bangladesh Health Effects of Arsenic Longitudinal Study showed that 

every doubling of adolescent urinary arsenic or doubling of maternal urinary arsenic (a measure 

of early childhood exposure) was associated with an increase in systolic blood pressure of 

0.7 mm mercury, particularly in subjects with a BMI above the median. Farzan et al. (2022) 

demonstrated the influence of arsenic exposure on cardiovascular health in children and 

adolescents in 200 adolescent children (aged 15 to 19) of adult participants in the above-

mentioned Bangladesh health effects study. Endothelial dysfunction was higher in individuals 

who reported always drinking water from wells containing arsenic levels greater than 50 μg/L 

compared to participants who drank exclusively from wells with arsenic levels less than or equal 

to 50 μg/L. This finding suggests that chronic exposure to arsenic may impact cardiovascular 

health in adolescents. Bulka et al. (2022) found an association between arsenic exposure from 

approximately 20 000 private wells and adverse birth outcomes in the greater U.S. They 

demonstrated that term birth weights decreased as arsenic concentrations in well water exceeded 

5 and 10 µg/L. Finally, Richter et al. (2022) showed an association between maternal exposure to 

arsenic in drinking water and congenital heart disease in 1 042 413 liveborn children in a Danish 

population. The authors reported that maternal exposure to arsenic levels as low as 0.5 to 

0.9 μg/L in drinking water increased the risk of congenital heart disease in offspring. 

  

Gene polymorphisms 
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It has been suggested that reduced methylation capacity leading to a higher ratio of MMA to 

DMA in urine is associated with an increased risk of cancer. Polymorphisms in genes related to 

DNA methylation and DNA repair could also affect the risk of cancer and non-cancer health 

effects. A number of studies have quantified changes in arsenic metabolism (Schlebusch et al., 

2013, 2015; Apata et al., 2017) or in cancer or non-cancer risks based on differences in arsenic 

metabolism (Chung et al., 2010; Beebe-Dimmer et al., 2012; McClintock et al., 2012; Pierce et 

al., 2013, 2019; Gamboa-Loira et al., 2017; Luo et al., 2018). However, it is unclear how much 

of the difference is due to genetics versus nutritional or environmental factors. Quantifying the 

impact is challenging due to differences in the measures used and inconsistencies in controlling 

for smoking and other factors. 

  

Folate and selenium deficiency 

Folate and selenium have been reported to potentially alter the toxicity of arsenic in both animals 

and humans. A review by Bae et al. (2021) described two randomized control trials with 

822 adults from Bangladesh which assessed the effect of taking folic acid supplements on 

concentrations of arsenic and homocysteine (a marker of inflammation and folate deficiency) in 

plasma, blood and urine. One of the trials also assessed the effects of folic acid and creatine 

supplements. The study results suggest that, compared to a placebo, folic acid supplements, 

whether taken alone or in combination with other nutrients, may reduce blood arsenic and 

plasma homocysteine concentrations and potentially improve urinary arsenic methylation 

profiles (a measure of arsenic toxicity) in adults previously exposed to arsenic-contaminated 

drinking water. When compared to a placebo, folic acid administration was found to reduce the 

proportion of total urinary arsenic excreted as inorganic arsenic and MMA while increasing the 

proportion excreted as DMA, which suggests that folic acid enhances arsenic methylation. 

Zwolak (2020) conducted a review of available in vivo and in vitro animal and human studies to 

explore the role of selenium in arsenic (and cadmium) toxicity. The studies reviewed 

demonstrate that selenium, regardless of its form, can reduce arsenic toxicity in the liver, kidney, 

spleen, brain or heart. Available data suggest that selenium counters arsenic toxicity mainly 

through one of the following mechanisms: its conversion to a biologically inert selenium-arsenic 

complex; the action of selenium-dependent antioxidant enzymes; or increasing methylation 

efficiency. 

  

Smoking  

Folesani et al. (2023) conducted a review of 16 studies to explore the synergism between arsenic 

and smoking. Four studies involved occupational exposure to arsenic and the remaining studies 

involved drinking water or food exposures. Five studies identified a synergism between arsenic 

exposure and cigarette smoking which led to lung carcinoma. Synergism with smoking 

significantly increased the lung cancer risk when individuals were exposed to arsenic 

concentrations greater than 100 µg/L in drinking water compared to lower concentrations, where 

the synergism was found to be negligible. Some studies, however, did not have a complete 

quantitative characterization of exposure, or tobacco consumption details were missing. 

Limitations of this analysis are the inclusion of studies with occupational exposure and the high 

abundance of retrospective studies, which could introduce information bias. Also, smoking status 

was not always well characterized. In one study for example, tobacco consumption was assessed 

based on cigarette sales in municipalities. 
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Co-exposures to other carcinogens 

Co-exposure to other carcinogens may also increase vulnerability to arsenic effects through 

synergism. For example, Cobbina et al. (2015) evaluated the effects of exposure to lead 

(0.01 mg/L), mercury (0.001 mg/L), cadmium (0.005 mg/L) and arsenic (0.01 mg/L) 

administered individually and as mixtures to 10 groups of 40 three-week-old mice for 120 days. 

The study showed that low-dose exposures caused brain, liver and kidney toxicity, with mixtures 

showing higher toxicities compared to individual metals. In particular, low-dose exposure to all 

four metals combined induced hepatocellular injury as well as renal tubular necrosis in the 

kidneys. Arain et al. (2014) evaluated the synergistic effects of arsenic and cadmium in adult 

male kidney patients (30 to 50 years old) who consumed contaminated lake water and smoked 

local cigarettes containing tobacco from plants irrigated with the same contaminated lake water. 

Arsenic and cadmium concentrations in lake water were higher than the respective WHO limits 

for drinking water, and levels in local cigarettes were found to be three- to four-fold higher than 

in branded cigarettes. Urinary N-acetyl-β-glucosaminidase, an early indicator of kidney disease, 

was found to be higher in exposed versus unexposed participants as well as in exposed versus 

unexposed kidney patients. In addition, arsenic and cadmium concentrations in the blood and 

urine samples of exposed participants and kidney patients were greater than for unexposed 

individuals.  

  

Pregnant women and pregnant people 

In addition to the adverse pregnancy outcomes mentioned previously, arsenic exposure may also 

be associated with gestational diabetes mellitus (GDM) during pregnancy. Pregnant women and 

pregnant people may be more vulnerable to the impact of arsenic on glucose metabolism due to 

the sensitivity of ongoing physiological processes supporting fetal growth. GDM is a glucose 

intolerance that occurs during pregnancy and can cause adverse outcomes in both the mother and 

fetus. Salmeri et al. (2020) conducted a systematic review and a meta-analysis of data from 

10 studies to examine a possible association between arsenic exposure and the risk of GDM. 

Exposure metrics included blood, urine, tap water and toenail or meconium arsenic 

concentrations. The analysis indicates a possible association between arsenic exposure and 

GDM, which aligns with arsenic’s potential role in disrupting glucose metabolism. However, 

more research is required to validate these findings. 

 

2.2.3 Genotoxicity 
There are substantial scientific data indicating that inorganic arsenic and its metabolites do not 

directly interact with DNA to produce point mutations (Rossman et al., 1977, 1980; Lee et al., 

1985; Moore et al., 1997a; Hei et al., 1998; U.S. NRC, 1999, 2013; Nesnow et al., 2002; 

Kligerman et al., 2003; Mure et al., 2003; Klein et al., 2007; Kitchin and Wallace, 2008; U.S. 

EPA, 2010, 2014; IARC, 2012; Cohen et al., 2013; Tsuji et al., 2019).  

 

Inorganic arsenic is considered to be clastogenic and has been shown to induce chromosome 

aberrations (Moore et al., 1997a; IARC, 2004, 2012; Roy et al., 2018) and micronuclei formation 

(a measure of clastogenicity) (Gebel, 2001; IARC, 2004). The U.S. EPA (2010) reported several 

human studies showing increased micronuclei or chromosome aberrations in the oral mucosa or 

exfoliated bladder cells of people exposed to high concentrations of arsenic (greater than 200 

µg/L in drinking water or equivalent exposures from other sources) (Warner et al., 1994; Moore 

et al., 1997b; Basu et al., 2002; Ghosh et al., 2006). However, Cohen et al. (2013) indicated that 



 

29 Guidelines for Canadian Drinking Water Quality: Guideline Technical Document 

 

Unclassified / Non classifié 

these observed micronuclei may have been mischaracterized. Furthermore, Tsuji et al. (2019) 

reported that there was no indication whether these studies controlled for smoking and, in some 

of the studies, there was only a minimal increase in micronuclei with increasing dose. 

 

Aneuploidy has been shown to occur following in vitro treatment with As(III) at concentrations 

lower than those causing chromosome aberrations (Bernstam and Nriagu, 2000; IARC, 2012).  

 

As(III) and As(V) have been shown to increase sister chromatid exchanges in vitro. While sister 

chromatid exchange is indicative of DNA damage, it does not provide information on whether 

gene mutations have occurred. IARC (2012) reported that the data on sister chromatid exchanges 

in lymphocytes from populations exposed to arsenic concentrations greater than 100 µg/L are 

unclear. 

 

In general, the available genotoxicity data indicate that it is unlikely that inorganic arsenic 

interacts directly with DNA. 

 

2.2.4 Mode of action 
Cancer effects in humans have been found to have the strongest association with low-level 

exposure to inorganic arsenic in drinking water. However, arsenic is not likely to be a direct-

acting genotoxic carcinogen (see section 2.2.2). Human and animal data suggest that arsenic acts 

through two molecular initiating events (MIEs): 1) binding to cysteines (sulfhydryl groups) in 

regulatory proteins and disrupting many crucial biological functions and 2) disruption of normal 

reactive oxygen species-mediated cell signalling with associated oxidative stress and damage to 

macromolecules at high concentrations. Both MIEs appear to affect similar downstream events; 

however, their relative contributions to carcinogenesis are not clear. It has been proposed that, 

following these MIEs, genotoxic, epigenetic and DNA misregulation pathways lead to the 

disruption of gene expression and downstream cell signalling. This causes sustained cell 

proliferation, evasion of growth suppression, resistance to apoptosis, chronic inflammation and 

angiogenesis. Following cell transformation, the transition to malignant cancer occurs, including 

escape from immune surveillance and destruction, acquisition of replicative immortality, 

increased angiogenesis, invasion and metastasis (RSC, 2019; RSI, 2023).  

 

An extensive literature review and analysis of the available MOA data for arsenic was conducted 

by RSC (2019) and Risk Sciences International (RSI, 2023) for Health Canada. A summary of 

the available evidence on the MOA and key events (sorted by level of biological organization, 

from simplest to most complex) from these reports is presented in Error! Reference source not f

ound..  

 

Figure 1. MOA and key events associated with arsenic exposure sorted by level of biological 

organization. Adapted from RSI (2023) 
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Protein and peptide 

modification through 

sulfhydryl binding 

↓ 

 Oxidative stress by reactive 

oxygen species generation 

↓ 
 

Biochemical Response 

• Impaired zinc finger function; 

• Inhibition of DNA repair enzymes; 

• Disruption of DNA binding, gene 

expression and signal transduction by 

enzyme and zinc finger impairment; 

• Alteration in function of other critical 

enzymes;  

• Genotoxicity by DNA mutation, DNA 

deletion, DNA double-stranded break, 

DNA–DNA or DNA–protein 

crosslinks;  

• Alteration of the epigenome; 

• Increased genomic instability; and  

• Change in energy production. 

↓ 

 Biochemical Response 

• Disruption of chromosomal structure 

and stability, causing end-to-end 

fusion, abnormal sister chromatid 

separation, and aneuploidy; 

• DNA alkylation and deamination; 

• Induction of mitotic arrest, as well as 

chromosome and DNA damage; 

• Decreased tumour suppressor gene 

function; 

• Increased oncogene expression; and 

• Altered transcription factors. 

↓ 

Cellular Response 

• Increased inflammatory cytokine production; 

• Altered cell signalling and responses; 

• Increased cell cycling; 

• Altered autophagy degradation; 

• Altered stem cell populations and differentiation; 

• Epithelial-mesenchymal transition; and 

• Resistance to apoptotic stimuli. 

                                         ↓ 

Tissue Response 

• Increased mobility, invasion, and metastasis; 

• Increased chronic systemic inflammation; 

• Altered cell growth, tissue development and function; 

• Increased angiogenesis, contributing to tumour growth and 

migration;  

• Impaired immune system surveillance; and 

• Decreased apoptosis. 

                                         ↓ 

Metaplasia and Cancer 

 

Although there are data in the literature to support the proposed threshold MOA for cancer, there 

are significant uncertainties which require consideration when choosing the appropriate dose-

response approach. Arsenic-induced cancer is a complex process due to the multiple forms of 

arsenic (As(III), As(V) and metabolites) which have distinctive potencies and actions with 
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numerous molecular, biochemical and cellular pathway targets. Therefore, predicting cancer 

incidence based on a single key event is difficult.  

 

The background cancer risk is also an important consideration. For example, in the case of lung 

cancer, several arsenic-induced key events are expected to be the same as for lung cancer due to 

other causes, particularly at the cell signalling and transformation levels of organization (RSI, 

2023). Arsenic exposure from drinking water can therefore add to the background level of key 

events already occurring independent of arsenic exposure, with small exposures potentially 

prompting a cascade of events leading to cancer. Conolly et al. (2005) and Lutz et al. (2005) 

report that if an unexposed population has a background level of disease or key events, then 

additional exposure can incrementally add to the background level of response, which will 

influence the shape of the dose-response curve. Crump et al. (1976) showed that a parameter 

increasing the rate of a background disease process will show a linear relationship in the 

presence of additional exposure to that parameter. This supports a low-dose linear (non-

threshold) extrapolation approach for dose-response assessment.  

 

Interindividual variability in response to arsenic exposure is another important consideration. 

Interindividual variability is substantial for arsenic, more so than for other chemical pollutants. 

As discussed in more detail in section 2.2.2, populations that may be disproportionately impacted 

can be characterized as those having susceptibility to arsenic effects either due to life stage, 

reduced methylation capacity (due to gene polymorphisms), dietary factors (such as nutritional 

deficiencies in folate and selenium), lifestyle factors (such as smoking or co-exposure to other 

carcinogenic metals) or pregnancy. One or more of these risk modifiers (along with background 

levels of response) will determine an individual’s threshold dose. At the population level, with 

numerous risk modifiers to consider, it is likely that variability in response across the population 

will be substantial and will introduce greater uncertainty into the process of identifying a 

population threshold of response.  

 

Taking into consideration the complex MOA, the potential additivity of drinking water 

exposures to ongoing background levels of key events (leading to lung cancer) and the 

substantial interindividual variability due to the presence of numerous risk modifiers, it is 

difficult to estimate a population threshold. Furthermore, this threshold would carry a low level 

of confidence in terms of providing adequate health protection. Taken together, these 

considerations support a low-dose linear (non-threshold) approach for developing health 

guidance for arsenic in drinking water.   

 

2.2.5 Selected key studies 
The best available epidemiological data show that exposure to low levels of arsenic in drinking 

water is most strongly associated with lung and bladder cancer. Although there are 

epidemiological data on non-cancer effects (as discussed in section 2.2.1), the associations 

and/or dose-response trends at low-dose exposures are generally weak. Therefore, cancer is 

considered the most appropriate key health endpoint for assessing the health risks from exposure 

to arsenic in drinking water. 

 

Health Canada commissioned RSI (2022) to conduct a meta-analysis on the best available 

epidemiological data for the key health endpoints associated with exposure to arsenic in drinking 
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water. Meta-analysis combines evidence from several studies for dose-response modelling to 

derive points of departure (PODs) (benchmark doses [BMDs] and benchmark dose lower limits 

[BMDLs]) for lung and bladder cancer (see section 3.0 for details of the analysis). As shown in 

Table 6, the analysis revealed lung cancer to be a more sensitive health endpoint than bladder 

cancer as indicated by the lower BMD/BMDL values.  

 

The five key lung cancer studies that provided sufficient information for conducting a meta-

analysis are listed in Table 7. These include the studies by Smith et al. (2009) and Chen et al. 

(2010b), as described in section 2.1.1, as well as three additional supportive studies with 

adequate data for meta-analysis (Mostafa et al., 2008; Dauphine et al., 2013; Steinmaus et al., 

2013).  

 

Table 6. BMD and BMDL estimates for bladder and lung cancer using benchmark responses of 

1%, 5% and 10%. Adapted from RSI (2022) 

BMD: benchmark dose; BMDL: benchmark dose lower limit 

 

Table 7. Summary of key studies used by RSI (2022) for a meta-analysis undertaken to derive a 

point of departure for arsenic in drinking water 

Study 
Study 

design 
Location 

Sample 

size 
Dose 

metric 

Numbe

r of 

study 

groups 

Reference 

dose 

range less 

than 

10 μg/L? 

Dose 

groups 

Risk (95% 

CI) 

Mostafa 

et al. 

(2008)  

Case-

control 

(males 

only) 

Bangladesh 516 

cases 

(non-

smokers)

, 2 239 

cases 

(smokers

), 438 

controls 

Tube-well 

water 

concentrat

ion (µg/L) 

4 Yes 

 

Less than 

10, 11 to 

less than 

or equal to 

50, 51 to 

less than 

or equal to 

Smokers 

ORs: 1.00, 

1.25 (0.96 to 

1.62), 1.37 

(0.92 to 

2.03), 1.65 

(1.25 to 

2.18); 

Endpoin

t 

Model and 

data (# of 

studies/ # of 

data points) 

BMD based on 1% 

excess risk (µg/L) 

BMD based on 

5% excess risk 

(µg/L) 

BMD based on 

10% excess risk 

(µg/L) 

BMD01 BMDL01 BMD05 BMDL05 BMD10 
BMDL

10 

Bladder 

cancer 

Log-linear; 

8/31 
122.5 33.5 417.0 113.7 623.1 169.6 

Lung 

cancer 
Log-linear; 

5/15 
60.4 14.4 241.9 57.5 396.1 93.9 
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Study 
Study 

design 
Location 

Sample 

size 
Dose 

metric 

Numbe

r of 

study 

groups 

Reference 

dose 

range less 

than 

10 μg/L? 

Dose 

groups 

Risk (95% 

CI) 

(non-

smokers)

, 735 

(smokers

) 

100, 101 

to less 

than or 

equal to 

400 µg/L 

Non-

smokers 

ORs: 1.00, 

0.90 (0.62 to 

1.33), 1.10 

(0.62 to 

1.96), 0.94 

(0.62 to 

1.41)  

Smith et 

al. 

(2009) 

Case-

control  

Chile 151 

cases and 

419 

controls 

Drinking 

water 

concentrat

ion (µg/L) 

6 Yes 

 

0 to 9, 10 

to 59, 60 

to 199, 

200 to 399 

µg/L, 400 

to 699 and 

700 to 999 

ORs: 1.00, 

0.7 (0.3 to 

1.7), 3.4 (1.8 

to 6.5), 4.7 

(2.0 to 11.0), 

5.7 (1.9 to 

6.9) and 7.1 

(3.4 to 14.8) 

Chen et 

al. 

(2010b) 

Prospe

ctive 

cohort 

Northeaster

n Taiwan 

6 888 Well 

water 

concentrat

ion (µg/L) 

5 Yes 

 

less than 

10 µg/L, 

10 to 

49.99 µg/

L, 50 to 

99.99 µg/

L, 100 to 

299.99 

µg/L, 

equal to or 

greater 

than 300 

µg/L 

RRsa: 1.00, 

1.10 (0.74 to 

1.63), 0.99 

(0.59 to 

1.68), 1.54 

(0.97 to 

2.46) and 

2.25 (1.43 to 

3.55) 

RRsb: 1.00, 

1.22 (0.64 to 

2.32), 1.32 

(0.64 to 

2.74)  
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Study 
Study 

design 
Location 

Sample 

size 
Dose 

metric 

Numbe

r of 

study 

groups 

Reference 

dose 

range less 

than 

10 μg/L? 

Dose 

groups 

Risk (95% 

CI) 

Dauphin

e et al. 

(2013) 

Case-

control 

United 

States 

(California/ 

Nevada) 

196 

cases and 

359 

controls 

Average 

drinking 

water 

concentrat

ion (µg/L)   

3 Yes 

 

Less than 

10, 11 to 

84, equal 

to or 

greater 

than 85 

µg/L 

ORs for 

highest 5-

year 

average, 40-

year lag: 1.0, 

0.84 (0.40 to 

1.79), 1.39 

(0.55 to 

3.53)  

Steinma

us et al. 

(2013) 

Case-

control 

Chile 306 

cases and 

640 

controls 

Average 

drinking 

water 

concentrat

ion (µg/L) 

4 No 

 

Lifetime 

average 

concentrat

ions 

before 

1971: less 

than 11, 

11 to 90, 

91 to 335, 

greater 

than 

335 µg/L 

ORs: 1.00, 

1.27 (0.81 to 

1.98), 2.00 

(1.24 to 

3.24), 4.32 

(2.60 to 

7.17) 

CI: confidence interval; OR: odds ratio; RR relative risk  
a RRs are for all participants adjusted for smoking 
b RRs are for “never smokers” for three exposure categories: less than 10 ug/L, 10 to 99.9 ug/L, and less than or equal to 

100 ug/L 

 

3.0 Derivation of the health-based value (HBV) 
The weight of evidence continues to support cancer as the key health endpoint showing the 

strongest association with exposure to low concentrations of arsenic in drinking water. 

Furthermore, following the evaluation of the best available epidemiological evidence on cancer 

effects, lung cancer is considered the most sensitive health endpoint (see section 2.2.4) for 

assessing the health risks from exposure to arsenic in drinking water.  

 

Although there are some data available to support a threshold MOA for lung cancer, several 

significant uncertainties remain with respect to how low-level arsenic exposure leads to cancer, 

as discussed in section 2.2.3. This calls into question the appropriateness of a threshold approach. 

This includes uncertainty surrounding which arsenic event(s)/pathway(s)/form(s) play a key role 



 

35 Guidelines for Canadian Drinking Water Quality: Guideline Technical Document 

 

Unclassified / Non classifié 

in causing cancer; the potential for exposure to arsenic in drinking water to add to ongoing 

background levels of key events (leading to lung cancer) occurring from exposure either to 

arsenic from other sources or exposure to other lung cancer-causing substances; and substantial 

interindividual variability across the Canadian population (see section 2.2.2) due to numerous 

risk modifiers that can alter an individual’s response to arsenic exposure. Considering these 

significant uncertainties, a low-dose linear approach for assessing the risk of lung cancer from 

exposure to arsenic in drinking water is considered most appropriate.   

 

To derive a POD for lung cancer, RSI (2022) conducted a meta-analysis combining the dose-

response results from key lung cancer studies (see section 2.2.5) for BMD modelling. Meta-

analysis is a statistical procedure that involves combining data from multiple studies in order to 

overcome individual study limitations (such as limited sample size, wide confidence intervals 

and variations in study design). In the present context, the ultimate goal was to reduce 

uncertainty associated with the derived BMDs/BMDLs. Although benchmark responses of 1%, 

5% and 10% were modelled, the 1% response data were chosen due to the severity of the health 

endpoint. The analysis outputs are presented in Table 8. 

 

A pooled analysis of relative risks from the five studies identified in section 2.2.4 was performed 

for arsenic exposures at or below 250 µg/L, in order to reduce the influence of responses to very 

high exposure levels, which are not representative of typical drinking water exposures in Canada. 

Log-linear parametric models were used to describe the shape of the dose-response curve within 

the observable response range. A two-stage log-linear model was used to derive slope parameter 

estimates for each study, then weighted averages were used to derive a slope parameter estimate 

for the meta-analysis. It was assumed that a random-effects model was more appropriate than a 

fixed-effects model due to heterogeneity between studies. Heterogeneity (I2; Table 8) is an 

indicator of differences in study parameters across studies, including study design, participant 

characteristics and average exposure levels. In the meta-analysis of all five studies, although the 

p-value of 0.418 for the “goodness of fit” test shows an acceptable fit (a p-value greater than 0.1 

indicates a suitable fit), the heterogeneity statistic of 80.6% (CI: 54.7% to 91.7%) indicates 

substantial differences among the studies. Deeks et al. (2021) provides guidance on interpreting 

heterogeneity as follows: not important (0% to 40%), moderate (30% to 60%), substantial (50% 

to 90%) and considerable (75% to 100%). When high degrees of heterogeneity exist, caution 

should be exercised when interpreting BMD modelling results. In the Smith et al. (2009) study, 

the highest exposure group (60 to 199 ug/L) may be an influential group in the overall meta-

analysis due to its large OR compared to that of the highest exposure groups in the other studies. 

When the meta-analysis is performed with the Smith et al. (2009) study data removed, the 

heterogeneity statistic is reduced to 42.1% (CI: 0%, 80.6%). Also, the resulting excess 1% risk 

BMD01 and BMDL01 estimates increase to 174.8 and 32.9 µg/L, respectively, compared to the 

BMD01 and BMDL01 values of 60.4 and 14.4 µg/L, respectively, when the Smith et al. (2009) 

study data are included. Although excluding the data from a given study (for instance, the Smith 

et al., 2009 study) may reduce heterogeneity, this alone should not be viewed as sufficient 

justification for removing a study or its observations from the analysis. Therefore, it is important 

that the Smith et al. (2009) study data be included in the overall BMD analysis for lung cancer. 

 

The meta-analysis for lung cancer was performed by fitting dose-response models to relative risk 

values from the key lung cancer studies in order to determine excess risk-based BMDs. The 
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BMD analyses were carried out using a log-linear model from the dosresmeta R package for 

conducting multivariate dose-response meta-analysis (software version 4.1.1), with the choice of 

model based on the “goodness of fit” test. Drinking water arsenic concentrations were 

standardized to arsenic exposure by applying an adult daily water consumption of 1.53 L/day and 

a body weight of 74 kg for the population in Canada (Health Canada, 2022b). Modelling 

required the incorporation of a Canadian background average arsenic level in drinking water and 

a background lung cancer risk level. The average person in Canada was assumed to be exposed 

to inorganic arsenic in drinking water at 2.25 µg/L, which represents the midpoint value of the 

average groundwater concentrations reported in several Canadian provinces (Health Canada, 

2006a). The estimated risk for lung cancer associated with current background exposure levels in 

Canada is 6.7% (Canadian Cancer Statistics Advisory Committee, 2021). 

 

Using a total of 15 data points from the 5 key studies identified in section 2.2.4, the BMD01 and 

BMDL01 values representing a 1% excess risk of lung cancer above the Canadian background 

level were estimated to be 60.4 and 14.4 µg/L, respectively, as shown in Table 8.  

  

Table 8. Excess risk (1%) of lung cancer (above the Canadian background level) derived from 

the meta-analyses and individual analyses of 5 key studies for lung cancer  

 

   Excess Risk (1%) 

Study  

(# of studies)a 

p-value 

(goodness of 

fit)b 

BMD01
 (µg/L) BMDL01 (µg/L) BMDU01 (µg/L) 

Meta-analysis (5) 0.418 60.4 14.4 ND 

Meta-analysis (4) 

excluding Smith 

et al. (2009) 

0.598 174.8 32.9 ND 

Dauphine et al. 

(2013) 

0.401 ND 61.1 ND 

Chen et al. 

(2010b) 

0.599 5153.6 49.6 ND 

Mostafa et al. 

(2008) 

0.408 288.7 36.4 ND 

Smith et al. 

(2009) 

0.110 15.5 11.0 26.3 

Steinmaus et al. 

(2013) 

0.357 38.2 21.1 217.4 

ND: not determined; the benchmark dose upper limit (BMDU01) cannot be determined since its 

derivation is based on the lower confidence limit for the dose-response slope, which is negative. 
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However, the “best” estimate for a POD, based on available epidemiologic data, is the BMDL01, 

which accounts for uncertainty in the POD estimation. The BMDL01 can be determined since it is 

derived based on the upper confidence limit for the dose-response slope which is positive. 
a Number of studies only applies to meta-analyses. 
b Indicator of the ability of the model to fit the data; p-value greater than 0.1 indicates an 

acceptable fit.  
 

 

To apply a low-dose linear extrapolation approach using the BMDL01 of 14.4 µg/L, the slope of 

the dose-response curve is determined as follows: 

 

 Slope = excess risk level / POD 

        = 0.01 / 14.4 µg/L 

        ≈ 0.0007 (µg/L)-1     (1) 

 

where:  

• the excess risk level represents a 1% excess risk of lung cancer above the Canadian 

background level; and 

• the POD is the point of departure at 1% excess risk above the Canadian background level 

of 14.4 µg/L. 

 

Using the slope of the dose-response curve, a risk-specific dose can be determined as follows:  

 

 Risk-specific dose = risk level / slope     

 

In the context of drinking water guidelines, Health Canada defines “essentially negligible” as a 

range from one new cancer above background per 1 million people to one new cancer above 

background per 100 000 people (10-6 to 10-5) over a lifetime. Table 9 shows the estimated excess 

lifetime risk of lung cancer (above the Canadian background level) associated with various 

concentrations of arsenic in drinking water. 

 

Table 9. Estimated excess lifetime risk of lung cancer (above the Canadian background level) 

associated with various concentrations of arsenic in drinking water 

Level of arsenic in drinking water (µg/L) Estimated excess lifetime risk of lung 

cancer above the Canadian background 

level 

≈ 0.0014 1 × 10-6 

≈ 0.014 1 × 10-5 

≈ 0.14 1 × 10-4 

Proposed MAC = 5 ug/L 3.5 × 10-3 

Current MAC = 10 µg/L 7 × 10-3 

  

 The level of arsenic in drinking water that represents an “essentially negligible” risk of 

lung cancer ranges from 0.0000014 to 0.000014 mg/L (0.0014 to 0.014 µg/L). Since people in 
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Canada can be exposed to arsenic through multiple sources (such as food, drinking water, air and 

soil; see section 1.3), the health-based value (HBV) for drinking water is set to 0.0000014 mg/L 

(0.0014 µg/L), which is near the lower level of the range.  

 

4.0 Analytical methods for detecting arsenic 
 

4.1 Standardized methods  
Standardized analytical methods available for the analysis of total arsenic in drinking water and 

their respective method detection limits (MDLs) are summarized in Table 10. MDLs are 

dependent on the sample matrix, instrumentation and selected operating conditions, and will vary 

between individual laboratories. These methods are subject to a variety of interferences, which 

are outlined in the respective references. The total arsenic concentration is determined using 

these methods but the different arsenic species are not differentiated.  

 

Accredited laboratories in Canada were contacted to determine the MDLs; these laboratories’ 

method reporting limits for total arsenic analysis were between 0.5 and 1 μg/L for methods based 

on inductively coupled plasma–mass spectrometry (ICP-MS) (AGAT Laboratories, 2019a,b,c; 

Paracel Laboratories Ltd., 2019). Drinking water treatment systems should discuss sampling 

requirements with the accredited laboratory conducting the analysis to ensure that quality control 

procedures are followed. Also, the method reporting limits need to be low enough to ensure 

accurate monitoring at concentrations below the proposed MAC. 

 

Table 10. Standardized analytical methods for the analysis of arsenic in drinking water 

Method 

(Reference)  

Methodology MDL 

(µg/L) 

Comments 

EPA 200.5 Rev. 4.2 

(U.S. EPA, 2003a) 

Axially viewed ICP-

AES  

0.1 Matrix interferences: Ca, Mg and 

Na > 125 mg/L and Si > 250 mg/L 

EPA 200.7 Rev. 4.4  

(U.S. EPA, 1994a) 

 

ICP-AES  1.0 Matrix interferences: TDS > 0.2% 

(w/v)  

EPA 200.8 Rev. 5.4 

(U.S. EPA, 1994b) 

ICP-MS 0.03–0.5 Matrix interferences: TDS > 0.2% 

(w/v) 

EPA 200.9 Rev. 2.2 

(U.S. EPA, 1994c) 

Stabilized 

temperature graphite 

furnace atomic 

absorption 

spectrometry  

0.05 The HCl present from digestion 

procedure can influence the 

sensitivity.  

SM 3113 

(APHA et al., 2023) 

Electrothermal 

atomic absorption 

spectrometry 

0.5 Matrix modification can be useful 

in minimizing interferences and 

increasing sensitivity. 

Optimum concentration: 5–100 

μg/L 

SM 3125 

(APHA et al., 2023) 

ICP-MS 0.025 

(IDL) 

Samples should not contain > 

0.5% dissolved solids. 

D5673-16 ICP-MS 0.9 None 
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Method 

(Reference)  

Methodology MDL 

(µg/L) 

Comments 

(ASTM, 2016) (IDL) 

ICP-AES: Inductively coupled plasma–atomic emission spectrometry; ICP-MS: Inductively 

coupled plasma–mass spectrometry; IDL: instrument detection level; MDL: method detection 

limit; SM: Standard Method; TDS: total dissolved solids 

 

4.2 Sample preparation 
Total arsenic includes both the dissolved and particulate fractions of arsenic in a water sample. 

Methods used for total recoverable arsenic are used to analyze total arsenic, which is compared 

to the proposed MAC. 

 

Sample processing considerations for the analysis of arsenic in drinking water (for example, 

sample preservation, storage, digestion) can be found in the references listed in Table 10. 

Accurate quantification of dissolved, particulate and total arsenic is dependent on proper sample 

preservation and processing steps. Standard Method (SM) 3030B and SM 3030D provide 

guidance on filtration, preservation (acidification) and digestion procedures for the determination 

of dissolved or particulate metals (APHA et al., 2023). To determine dissolved arsenic 

concentrations, samples should be filtered at the time of collection (not at the laboratory). The 

filtrate should be acidified to a pH of less than 2 with concentrated nitric acid. 

 

Currently, EPA methods 200.8 and SM 3113 do not require hot acid digestion for total 

recoverable metals, unless turbidity of the sample is greater than 1 nephelometric turbidity unit. 

However, studies conducted on other metals (for example, lead, chromium) have found that this 

does not accurately quantify the total metal concentration in a drinking water sample 

(Triantafyllidou et al., 2007, 2013; Deshommes et al., 2010; Haas et al., 2013; Clark et al., 2014). 

When particulate arsenic is present, this approach may underestimate total arsenic in drinking 

water. Hot acid digestion is described in EPA method 200.8 Rev. 5.4 (U.S. EPA, 1994b). 

Microwave-assisted digestion, outlined in SM 3030 K (APHA et al., 2023), can also be used for 

analysis of total recoverable metals in the case of methods that are based on ICP-MS. 

 

4.3 Online analyzers and portable field kits 
Commercial online analyzers are available for quantifying dissolved or soluble arsenic. Some 

online analyzers have an internal digestion unit that can measure both dissolved and total arsenic. 

Depending on the analyzer, arsenic may be determined through voltammetry or 

spectrophotometry. Online analyzers have various ranges depending on the unit and have 

detection limits of 1 μg/L or less.  

 

A field arsenic speciation method is presented in Edwards et al. (1998). This method uses an 

anion exchange resin column to separate the soluble arsenic species. A filtration step using a 

0.45 μm filter is used to separate the soluble and insoluble forms of arsenic (Sorg et al., 2014). 

This method allows for determination of total arsenic, particulate arsenic, soluble arsenic, soluble 

As(III) and soluble As(V). 

 

Portable test kits are also available that are based on colorimetric methods and cover various 

ranges. A review of various portable test kits is presented in He et al. (2023) and includes the 
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ranges, performance and references. The authors of this review indicate that on-site test kits do 

not guarantee the same performance as analytical methods in the laboratory. They recommend 

taking duplicate samples, blank samples and spiked samples, and comparing against standardized 

methods. 

 

To accurately measure arsenic using these units, water treatment systems should develop a 

quality assurance and quality control (QA/QC) program such as those outlined in SM 3020 

(APHA et al., 2023). In addition, periodic verification of results using an accredited laboratory is 

recommended. Water treatment systems should check with the responsible drinking water 

authority to determine whether results from these analyzers can be used for compliance 

reporting. 

 

5.0 Treatment considerations  
Treatment technologies that may be used to reduce the concentration of arsenic at the municipal 

scale for drinking water are co-precipitation/adsorption, adsorption, membrane filtration, ion 

exchange and enhanced lime softening. A combination of these treatment technologies could 

also be used to achieve lower arsenic concentrations. The selection of treatment technology 

depends on several factors, including source water chemistry, existing treatment processes, 

operational conditions and residual handling concerns. Pilot-scale testing is critical to ensure the 

source water can be successfully treated and to optimize operating conditions. Bench-scale 

testing can be used to determine operational parameters for optimal arsenic removal performance 

for a full-scale system. 

 

At the residential scale, certified treatment devices relying on RO, adsorption or distillation are 

expected to be effective for removal of arsenic. 

 

5.1 Arsenic chemistry 
Inorganic forms of arsenic are more prevalent in water. The species present depend on oxidation-

reduction conditions and pH (Fields et al., 2000a; U.S. EPA, 2003b; Sorg et al., 2014). Arsenic is 

generally present in the reduced form, that is As(III), in groundwater under anoxic conditions 

and lower redox potentials. In surface waters under aerobic conditions, the oxidized form, that is 

As(V), is usually present (Fields et al., 2000a; U.S. EPA, 2003b; Katsoyiannis et al., 2007; 

Ahmad et al., 2017). In the environment, the oxidation or reduction of arsenic is a slow process 

and a proportion of each species is generally present (Edwards, 1994).  

 

The U.S. EPA’s arsenic treatment research program collected monthly arsenic speciation data in 

65 wells for up to 3 years (Sorg et al., 2014). Although, as previously stated, groundwater 

generally contains arsenic in the form of As(III), this speciation study showed that it is not 

uncommon for groundwater to also contain As(V). The data from these groundwater sources 

showed that 31 of the 65 wells had mostly As(V), 29 had predominantly As(III) and 5 had a 

mixture. The monthly tests from these wells showed that there were no significant changes in the 

speciation over time. 

 

For arsenic removal, the species (As(III) versus As(V)) is an important factor. Since As(III) 

exists mainly as the neutral species H3AsO3 at a pH below 9, it is not easily removed by most 

treatment technologies (U.S. EPA, 2003b; Ahmad et al., 2017). As As(V) exists mainly as the 
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single-charged species H2AsO4
-
 or the double-charged species HAsO4

2-, at pH values between 6 

and 9, it can be effectively removed by the available treatment methods (U.S. EPA, 2003b; 

Ahmad et al., 2017). As such, oxidation of As(III) to As(V) is critical in the treatment process in 

order to achieve effective removals (Ahmad et al., 2017). 

 

The amount of soluble versus particulate arsenic is an important factor in determining 

appropriate treatment. The prevalence of particulate arsenic in some source waters may indicate 

that filtration alone would reduce arsenic sufficiently (Edwards et al., 1998; Chen et al., 1999). In 

one study, 428 water supplies were sampled and greater than 96% particulate arsenic was found 

in one groundwater sample, greater than 50% particulate arsenic in 30% of groundwater samples, 

and between 23% and 54% particulate arsenic in surface water samples (Chen et al., 1999).  

 

5.2 Municipal-scale treatment 
The selection of an appropriate treatment process for arsenic removal for a specific water supply 

is complex and depends on many factors such as water quality (including arsenic concentration, 

arsenic species, soluble iron concentration and pH), existing treatment processes, 

system/operation reliability and simplicity, and residual production and disposal. The form of 

arsenic (soluble or particulate) and the proportion of each species present also impact treatment 

choice.  

 

Arsenic readily adsorbs to soluble iron. Iron plays a significant role in arsenic removal whether 

present in the source water or added to the treatment process. For this reason, iron is a critical 

factor in the selection of an appropriate treatment, including iron removal processes (Wang et al., 

2004). Iron removal processes include chemical oxidation/filtration, biological oxidation, and 

manganese greensand filtration (U.S. EPA, 2003b; Hoffman et al., 2006). Sorg (2002) developed 

a tool that defines zones based on the ratio of soluble iron to arsenic concentration. The tool 

guides the selection of potential treatment technologies for arsenic removal in relation to these 

defined zones (see Error! Reference source not found.). For water falling into Zone A, the s

oluble iron to soluble arsenic concentrations would favour the selection and optimization of an 

iron removal process (for example, a 20:1 soluble iron to arsenic ratio is the minimum required 

for chemical oxidation/filtration; see section 5.2.2). For Zone B water, there is insufficient 

soluble iron, and a modified iron removal process should be considered. For Zone C, low soluble 

iron levels indicate that technologies to consider for arsenic removal include adsorption, ion 

exchange, iron coagulation/filtration, modified iron removal and membrane processes. 

 

Figure 2. Tool to assess treatment technologies for arsenic removal (adapted from Sorg, 2002) 
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MCL: Maximum contaminant level; SMCL: secondary maximum contaminant level 

 

The presence of competing ions may have an impact on the effectiveness of different treatment 

technologies. Phosphates, sulphate, natural organic matter (NOM), silicates, fluoride, carbonates, 

vanadium, selenium and trace heavy metals have the potential to negatively impact arsenic 

removal depending on the technology being used (Fields et al., 2000a,b; Korngold et al., 2001; 

Rubel, 2003a,b; U.S. EPA, 2003b; Sancha, 2006; Guan et al., 2009a,b; Pallier et al., 2010; 

Clifford et al., 2011; Möller et al., 2011; Mondal et al., 2013; Sorlini et al., 2014; Cortina, 2016; 

Hering et al., 2017; Mohanty, 2017; Sorg et al., 2017a; van Genuchten and Ahmad, 2020). 

Owing to its similar chemistry, phosphate competes strongly with arsenic in various treatment 

technologies. The presence of calcium was found to improve arsenic removal for conventional 

treatment and for chemical oxidation/filtration (van Genuchten and Ahmad, 2020; Guan et al., 

2009b).  

 

Health Canada strongly recommends that any chemicals and components used in treatment 

systems be certified to NSF/ANSI/CAN Standard 60: Drinking Water Treatment Chemicals–

Health Effects (NSF International, 2024a), NSF/ANSI/CAN Standard 61: Drinking Water 

System Components–Health Effects (NSF International, 2023a). These standards ensure that 

materials meet health-based requirements and are safe for use in potable water applications.  

 

The following subsections present full- and pilot-scale studies. These include studies from a U.S. 

EPA full-scale demonstration program that evaluated various treatment technologies at small and 

semi-public systems. This program generally monitored the systems over several years. In some 

cases, the systems were modified during the study in an attempt to improve arsenic removal 

(U.S. EPA, 2023). 

 

5.2.1 Pre-oxidation 
Most, and potentially all, treatment technologies remove As(V) better than As(III) although they 

may require pH adjustment for optimization. When significant As(III) is present, pre-oxidation 
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will improve arsenic removal. Arsenic can be rapidly oxidized under many conditions using 

chlorine, permanganate, ozone, and manganese dioxide-based solid-oxidizing media (Ghurye 

and Clifford, 2001, 2004; Katsoyiannis et al., 2004; Dodd et al., 2006; Sorlini and Gialdini, 

2010; Clifford et al., 2011). However, oxygen, aeration, chlorine dioxide, chloramine and 

ultraviolet irradiation are not effective in oxidizing arsenic (Bissen and Frimmel, 2003; U.S. 

EPA, 2003b; Ghurye and Clifford, 2004; Hoffman et al., 2006; Sorlini and Gialdini, 2010; 

Mohanty, 2017). If chlorine is added in the presence of ammonia, chloramines will form and 

negatively impact the oxidation of As(III) (Chen et al., 2018). The presence of NOM in source 

water can also impede the oxidation of As(III) when permanganate (Chen et al., 2018) and ozone 

are being used (Ghurye and Clifford, 2001). The appropriate permanganate dosage can be 

determined through a jar test, as outlined in the study conducted by Chen et al. (2018). 

 

Biological oxidation of As(III) by iron- or manganese-oxidizing bacteria can also occur (Gude et 

al., 2018a; Crognale et al., 2019). There are also arsenic-oxidizing bacteria that can grow and 

survive within filters (Lytle et al., 2007). When pre-oxidation is achieved using arsenic-oxidizing 

bacteria, pre-aeration is needed to ensure the growth and development of the bacteria (Lytle et 

al., 2007; Gude et al., 2018a,b; Crognale et al., 2019). Microbial development under these 

conditions has been shown to take between 10 days and a month to establish (Zouboulis and 

Katsoyiannis, 2005; Lytle et al., 2007). Running aerated water through new filter media 

promotes rapid bacteria growth, and seeding with old filter media was found to be unnecessary 

(Lytle et al., 2007). 

 

Choice of oxidant and point of addition are important design considerations and will depend on 

raw water quality (Hoffman et al., 2006). The pre-oxidation strategy should include an 

assessment to determine if any disinfection by-products (DBPs) are formed and to confirm that 

no other compliance issues occur. Bench- and pilot-scale studies can help optimize an oxidation 

strategy.   

 

5.2.2 Co-precipitation/adsorption  
Coagulation/filtration and iron removal processes remove arsenic through a combination of co-

precipitation and adsorption. In waters with large amounts of soluble ferrous (Fe(II)), iron 

removal processes can be used to simultaneously remove arsenic (Sorg, 2002; U.S. EPA, 2005). 

When the amount of iron is insufficient, a coagulant is added in a coagulant/filtration process. 

When oxidation occurs, iron and arsenic are co-precipitated and the arsenic adsorbs to newly 

formed ferric oxide (Fe(III)) (Sorg, 2002; Katsoyiannis and Zouboulis, 2004; Hoffman et al., 

2006; Chen et al., 2018).  

 

As pre-formed iron particles have less capacity to remove As(V) than iron particles that are 

formed in the presence of As(V), oxidation of iron and arsenic should occur at the same time to 

achieve optimal arsenic removal (Edwards, 1994; Roberts et al., 2004; Tresintsi et al., 2013). 

These processes improve with increasing natural iron in the water and increasing particle surface 

area (Lytle et al., 2005; Hoffman et al., 2006; Thirunavukkarasu et al., 2014).  

 

Coagulation/filtration 

Coagulation/filtration is the most frequently used conventional method to treat arsenic in water 

and is suitable for large-capacity drinking water treatment systems (Chen et al., 2002; U.S. EPA, 
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2005; Cortina, 2016). Arsenic-laden flocs are formed through the addition of a coagulant and 

then removed through sedimentation and filtration (U.S. EPA, 2005; Sancha, 2006; Mondal et 

al., 2013; Cortina, 2016). Effective removal is a function of arsenic species and initial 

concentration, coagulant type and dose, mixing intensity, pH and water composition (Sancha, 

2006; Hering et al., 2017). The coagulants commonly used in arsenic removal by 

coagulation/filtration are aluminum sulphate (alum), ferric chloride, ferrous sulphate and cationic 

polymers (Fields et al., 2000b; Han et al., 2002; Sancha, 2006; Cortina, 2016). An optimized 

system can achieve greater than 90% arsenic removal (U.S. EPA, 2005). A selection of full-scale 

studies are presented in Table 11.  

 

Greater removal of As(V) than As(III) was observed at all pH values and coagulants (U.S. EPA, 

2005; Lakshmanan et al., 2008; Sun et al., 2013; Sorlini and Gialdini, 2014; Cortina, 2016). The 

presence of ammonia may have resulted in chloramine formation and thus incomplete oxidation 

of As(III) to As(V) (Valigore et al., 2008a). 

 

Ferric-based coagulants were shown to have better arsenic removal than aluminum-based 

coagulants (U.S. EPA, 2000; Odell, 2010). Typical doses of ferric-based coagulants shown to be 

effective are 5 to 30 mg/L, with better removals at a pH less than 8 (U.S. EPA, 2003b; 

Lakshmanan et al., 2008; Odell, 2010; Cortina, 2016). Alum coagulation (typical dose of 10 to 

50 mg/L, at pH 6 to 7) is less effective than ferric-based coagulation for As(V) and does not 

remove As(III) (Lakshmanan et al., 2008; Cortina, 2016).  

 

As(V) removal depends on coagulation dose and pH, along with the zeta potential of the 

colloidal suspension (Edwards, 1994; Pallier et al., 2010; Hu et al., 2012; Pramanik et al., 2016). 

A lower pH increases positively charged adsorption sites and decreases the concentration of the 

competing OH- ions (Ghurye et al., 2004; Sancha, 2006; Pramanik et al., 2016). Lowering the pH 

below 7 can lead to increased removal and require less coagulant (Sancha, 2006; Lakshmanan et 

al., 2008; Cortina, 2016; Hering et al., 2017). As(III) removal depends on coagulant dose and, to 

a smaller extent, on pH (Edwards, 1994; Pallier et al., 2010). However, since As(V) is more 

readily removed than As(III), pre-oxidation of all As(III) to As(V) prior to conventional 

coagulation/filtration is the preferred approach. A study by Sorlini et al. (2014) evaluating 8 full-

scale treatment plants showed that the highest rate of removal was achieved when either a double 

stage of iron addition or post-iron adsorption was implemented. 

 

With the required coagulant doses for arsenic removal, significant amounts of arsenic-laden 

sludge may be produced. This may lead to challenges in disposing of the contaminated sludge. 

Sludge production is a significant drawback for conventional coagulation/filtration utilization in 

arsenic removal from drinking water. 

 

Table 11. Full-scale studies using coagulation/filtration for arsenic removal 

Influen

t 

arsenic  

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Coagulan

t  

Operational 

parameters 

Reference 

Municipal-scale 
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Influen

t 

arsenic  

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Coagulan

t  

Operational 

parameters 

Reference 

7.5 

  

[As(III) 

= 0.7] 

 

3.5 

 

Groundwater and 

surface water runoff 

through aqueduct 

pH = 8.0  

Soluble Fe < 30 μg/L 

TOC = 2.4 mg/L (as C) 

FeCl3 =  

1 to 2 

mg/L (as 

Fe)  

 

Cationic 

polymer = 

1 to 5 

mg/L 

Pre-ozonation (1.5 

mg/L) 

Flocculation contact 

time = 8.5 min 

Flow rate = 420 mgd 

Filter media: Anthracite 

coal 

Post-chlorination (2 

mg/L residual) 

Fields et al. 

(2000b) 

19.1 

  

[As(III) 

= 0.6] 

 

4.0 

 

Surface water 

pH = 8.4 

Soluble Fe < 30 μg/L 

TOC = 3.7 mg/L (as C) 

Alum = 25 

to 30 

mg/L 

 

Cationic 

polymer = 

0.75 mg/L 

Pre-chlorination 

Flow rate = 6 to 8 mgd 

in winter and 30 to 35 

mgd in summer 

Filter media: 

anthracite/sand  

20  

 

[As(III) 

= 14] 

 

4 Groundwater 

pH = 7.9  

Fe = 165 μg/L 

Phosphate = 550 μg/L 

NH3 = 1.2 mg/L 

FeClSO4 = 

2.3 mg/L 

(as Fe) 

Biological oxidation  

Filter media: 

Anthracite/sand 

Backwash every 3 days  

Katsoyianni

s et al. 

(2008) 

11.9 ± 

1.0 

 

[As(III) 

= 11.7 

± 1.0] 

< 1 

 

(Prior to 

coagula

nt being 

used As 

~ 6.3 

μg/L) 

Groundwater 

pH = 7.6 ± 0.1  

Fe = 1400 ± 70 μg/L 

[as Fe(II)]  

NH3 = 0.55 ± 0.1 mg/L  

TOC = 2.4 ± 0.2 mg/L 

(as C) 

FeCl3 = 

1.8 mg/L 

[as Fe(III)

] 

Pre-oxidation with 

KMnO4 (1.2 mg/L 

MnO4
-) 

Flow rate = 10 Mm3/yr 

Filter: Rapid sand 

 

Ahmad et 

al. (2018) 

34.4 

 

[As(III) 

= 29.1] 

 

8.3 Groundwater 

pH = 8.3 

Soluble Fe = 26.1 μg/L 

SiO2 = 9.5 mg/L (as 

SiO2) 

P = 44.7 μg/L (as P) 

FeCl3 = 

2.2 mg/L 

(as Fe)  

Pre-chlorination 

Contact time = 4.3 min 

Flow rate = 263 gpm for 

6.5 hr/day 

Filtration rate = 7.0 

gpm/ft2 

Filter media: Ceramic 

Chen et al. 

(2010c) 

 

(U.S. EPA 

demonstrati

on program) 

Other systems 

29.0 

 

[As(III) 

= 26.2] 

 

2.7 Groundwater 

pH = 7.8  

Soluble Fe = 146 μg/L 

SiO2 = 14.1 mg/L (as 

SiO2) 

FeCl3 = 

1.8 mg/L 

(as Fe)  

 

Seasonal resort 

Pre-chlorination 

Contact time = 23 min 

Flow rate = 49 to 53 

gpm 

Chen et al. 

(2011a) 
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Influen

t 

arsenic  

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Coagulan

t  

Operational 

parameters 

Reference 

 Filtration rate = 4.0 

gpm/ft2 

Filter media: Anthracite  

(U.S. EPA 

demonstrati

on program) 

Fe: iron; FeCl3: ferric chloride; FeClSO4: iron chloride sulphate; Fe(II): ferrous; Fe(III): ferric 

oxide; gpm: gallons per minute; KMnO4: potassium permanganate; mgd: million gallons per day; 

Mm3: cubic megameter; MnO4
-: permanganate; NH3: ammonia; P: phosphorus; SiO2: silica; 

TOC: total organic carbon 

 

Chemical oxidation/filtration 

For chemical oxidation/filtration to be successful, the soluble iron to arsenic ratio in the source 

water must be at least 20:1 (Sorg, 2002; U.S. EPA, 2003b, 2005). This process involves strong 

oxidant addition, sufficient contact time and filtration and can be used over a pH range of 5.5 to 

8.5 (U.S. EPA, 2003b; Ghurye and Clifford, 2004; Hoffman et al., 2006).  

 

Since chlorine, potassium permanganate and ozone achieve oxidation rapidly, contact time is not 

a critical factor for these oxidants. However, extended contact time may allow for more particle 

development and better removal through subsequent filtration (Hoffman et al., 2006). Jar tests 

are recommended to determine the optimum oxidant dose (Hoffman et al., 2006).  

 

The point at which the oxidant is added is important as iron particles formed in the presence of 

As(V) have better removal capacity (Lytle et al., 2005; Hoffman et al., 2006; Tresintsi et al., 

2013). A bench-scale study evaluated co-oxidation of As(III) (50 μg/L), Fe(II) (5 mg/L) and 

manganese oxide (Mn(II)) (0.5 mg/L), and showed that chlorine and potassium permanganate are 

capable of reducing the arsenic level to below 10 μg/L, with potassium permanganate achieving 

the greatest reduction (van Genuchten and Ahmad, 2020). The presence of NOM in source water 

can also impede the oxidation of As(III) by permanganate (Chen et al., 2018). Ozone is also 

effective (Ghurye and Clifford, 2004). Oxidation can be impeded by NOM and other 

contaminants (Ghurye and Clifford, 2004; Chen et al., 2018). Although aeration can effectively 

oxidize Fe(II), it is ineffective in oxidizing arsenic (van Genuchten and Ahmad, 2020). 

 

Oxidation/filtration continuously provides new sites for arsenic adsorption, hence there is no 

need for filter regeneration (Pokhrel and Viraraghavan, 2009). Formation of DBPs must be 

considered when using chemical oxidation (Hoffman et al., 2006; Health Canada, 2006b, 

2008a,b, 2011). To avoid formation of DBPs, permanganate can be used to effectively oxidize 

As(III) and Fe(II). Permanganate dosing is important as overdosing can result in pink water. In 

the presence of NOM, colloidal manganese dioxide particles may form and are difficult to 

remove during media filtration (Knocke et al., 1987, 1991, 1994; Chen et al., 2018). Increasing 

the permanganate dose to overcome the effect of NOM would reduce the formation of 

manganese dioxide particles (Knocke et al., 1991). 
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Table 12 summarizes the results of full-scale studies on arsenic removal using chemical 

oxidation/filtration in groundwater sources. Taken together, these studies illustrate the challenges 

and many factors (for example, incomplete oxidation, insufficient iron, competing ions, 

particulate arsenic) that affect the success of this treatment technology in achieving low (between 

1 and 10 µg/L) levels of arsenic in the treated water. Iron/arsenic leakage can happen as a result 

of the following: inadequate oxidation allowing soluble iron, As(III) and As(V) to pass through 

the filtration processes; improper backwashing; or too much time between backwashes (Hoffman 

et al., 2006). 

 

Table 12. Full-scale studies showing results of arsenic removal using chemical 

oxidation/filtration in groundwater sources 

Influent 

arsenic 

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Oxidant  Operational 

parameters 

Reference 

Municipal – small systems (up to 6 000 people) 

48.5 

 

[As(III) 

= 1.4] 

11.9 

(only 

particula

te 

arsenic 

removed

) 

Soluble Fe to As = 9:1 

(< 20:1 insufficient 

iron) 

Soluble Fe = 107 μg/L 

Particulate As = 38.9 

μg/L 

Chlorine 

= 3 mg/L 

(as Cl2) 

Filtering rate = 10 

gpm/ft2 

Design flow rate = 1.4 

mgd 

Filter media: 

Anthracite 

Backwash = 1/8 hrs 

May benefit from iron 

addition 

Six-month study 

 

Fields et al. 

(2000a) 

17.7 

 

[As(III) 

= 14.9]   

9.3 

(no Fe 

addition

) 

Groundwater 

pH = 7.9 

Soluble Fe = 250 μg/L 

NH3 = 0.3 mg/L (as N) 

SiO2 = 11.2 mg/L (as 

SiO2) 

P = 57.4 μg/L (as P) 

TOC = 2.0 mg/L (as C) 

NaOCl =  

3.2 mg/L 

(as Cl2) 

Pre-chlorination  

Contact time = 6.8 min 

Flow rate = 350 gpm  

Filtration rate = 8.9 

gpm/ft2 

Filter media: Ceramic 

 

Valigore et 

al. (2008a) 

 

(U.S. EPA 

demonstratio

n program) 
5.0 

(0.5 

mg/L Fe 

addition

) 

11.4 

 

[As(III) 

= 8.7] 

 

2.4 Soluble Fe to As = 80:1  

Soluble Fe = 250 μg/L 

NH3 = 0.3 mg/L (as N)  

TOC = 2.0 mg/L  

P = 57.4 μg/L (as P) 

SiO2 = 11.2 mg/L (as 

SiO2) 

NaOCl = 

2.5 mg/L 

(as Cl2) 

 

Flow rate = 163 gpm 

Contact time = 69 min 

Filter media: Sand 

Backwash = 1 to 

2/week 

Breakpoint 

chlorination not 

achieved (ammonia) – 

incomplete oxidation 

Valigore et 

al. (2008b) 

 

(U.S. EPA 

demonstratio

n program) 
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Influent 

arsenic 

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Oxidant  Operational 

parameters 

Reference 

36.5 

 

[As(III) 

= 35.8] 

14.1  

(no Fe 

addition

) 

Soluble Fe to As = 13:1 

(< 20:1 insufficient 

iron) 

Soluble Fe = 485 μg/L 

NH3 = 0.7 mg/L (as N)  

SiO2 = 28.7 mg/L (as 

SiO2) 

NaOCl = 

1.2 mg/L 

(as Cl2) 

Flow rate = 140 gpm 

Contact time = 5 min 

Filter media: Ceramic 

Backwash = 189/year 

Condit and 

Chen (2006) 

 

(U.S. EPA 

demonstratio

n program) 
6.0 to 

9.3 

(1.85 

mg/L Fe 

addition

) 

41.8 

 

[As(III) 

= 11.6] 

8.3 Soluble Fe to As = 29:1  

Soluble Fe = 1 153 

μg/L 

NH3 = 0.2 mg/L (as N)  

TOC = 1.7 mg/L 

P = 30.4 μg/L (as P) 

SiO2 = 29.9 mg/L (as 

SiO2) 

NaOCl = 

1.7 mg/L 

(as Cl2) 

 

Flow rate = 231 gpm 

Contact time = 7.4 min 

Filter media: Ceramic 

Backwash = 3/week 

Chen et al. 

(2010d) 

 

(U.S. EPA 

demonstratio

n program) 

Other systems 

29.4 

 

[As(III) 

= 17.7] 

 

3.6 Soluble Fe to As = 52:1 

Soluble Fe = 1 058 

μg/L 

NH3 = 1.0 mg/L (as N) 

TOC = 1.8 mg/L 

P = 11.0 μg/L (as P) 

SiO2 = 15.2 mg/L (as 

SiO2) 

NaOCl =  

1.7 mg/L 

(as Cl2) 

School system 

Flow rate = 47 gpm 

Filter EBCT = 12.5 

min 

Filter media: Iron-

based 

Backwash = 8/year 

Stowe et al. 

(2011a) 

 

(U.S. EPA 

demonstratio

n program) 

18.9 

 

[As(III) 

= 16.3] 

 

6.0 Soluble Fe to As = 80:1  

Soluble Fe = 1 423 

μg/L 

NH3 = 2.9 mg/L (as N) 

P = 69.6 μg/L (as P) 

SiO2 = 14.5 mg/L (as 

SiO2) 

NaOCl = 

1.3 to 5.9 

mg/L 

(as Cl2) 

Nursing home facility 

Flow rate = 20 gpm 

Contact time > 4.1 min 

Filter media: Ceramic  

Backwash = 102/14 

months Breakpoint 

chlorination not 

achieved (NH3) – 

incomplete oxidation 

Chen et al. 

(2009a) 

 

(U.S. EPA 

demonstratio

n program) 

27.5 

 

[As(III) 

= 21.9] 

 

6.4 Soluble Fe to As = 88:1 

Soluble Fe = 2 385 

μg/L 

NH3 = 1.2 mg/L (as N)  

P = 417 μg/L (as PO4) 

KMnO4 

= 1.3 to 

6.5 mg/L 

 

 

Mobile home park 

Flow rate = 4 gpm 

Contact time = 103 

min 

Filter media: Ceramic 

Shiao et al.  

(2009) 

 

(U.S. EPA 

demonstratio

n program) 
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Influent 

arsenic 

(μg/L) 

Treated 

water 

arsenic 

(μg/L) 

Other source water 

parameters 

Oxidant  Operational 

parameters 

Reference 

SiO2 = 24.2 mg/L (as 

SiO2) 

TOC = 3.3 mg/L 

Filtration rate = 5.4 

gpm/ft2 

Backwash = 1 133/ 

15 month 

EBCT: empty bed contact time; Fe: iron; KMnO4: potassium permanganate; gpm: gallons per 

minute; mgd: million gallons per day; NaOCl: sodium hypochlorite; NH3: ammonia; P: 

phosphorus; SiO2: silica; TOC: total organic carbon  

 

Biological oxidation/filtration  

Biological oxidation/filtration involves using iron- or manganese-oxidizing bacteria (promoted 

through pre-aeration) to form particulate oxides, which are subsequently filtered (Zouboulis and 

Katsoyiannis, 2002, 2005; Katsoyiannis et al., 2008). Examples of biological oxidation/filtration 

include slow sand filtration, rapid sand filtration and biological activated carbon filtration 

(Pokhrel et al., 2005; Lytle et al., 2007; Gude et al., 2016). These processes do not require the 

use of chemical oxidants, which can help reduce the potential of DBP formation (Zouboulis and 

Katsoyiannis, 2005). This technology is better suited to smaller systems as it may not be cost 

effective for larger ones (Pokhrel and Viraraghavan, 2009). This process is effective when 

sufficient soluble iron is present. For example, a bench-scale study showed arsenic removal to 

5 μg/L with an iron to arsenic ratio of 40:1 (Pokhrel and Viraraghavan, 2009).  

 

Biological oxidation/filtration with iron-oxidizing bacteria results in better arsenic removal than 

manganese-oxidizing bacteria, as iron oxides are also good arsenic adsorbents (Katsoyiannis and 

Zouboulis, 2004). Iron-oxidizing bacteria also oxidize As(III) to As(V), which is then adsorbed 

to iron oxides deposited in the filter (Katsoyiannis et al., 2004; Lytle et al., 2007). Arsenic-

oxidizing bacteria were able to grow and be maintained in slow sand filters even with a low 

initial arsenic concentration (Gude et al., 2018a,b). Studies involving the use of biological 

oxidation/filtration in arsenic removal are presented in Table 13. 

 

Biological oxidation/filtration continuously produces iron oxide adsorbent in situ, eliminating the 

chance of breakthrough (Katsoyiannis and Zouboulis, 2004, 2006; Pokhrel and Viraraghavan, 

2009). Iron oxides produced by bacterial oxidation are considered denser, have greater specific 

surface area and adsorb more arsenic (Katsoyiannis and Zouboulis, 2006). As(III) removal 

increases with redox potential and dissolved oxygen (Katsoyiannis and Zouboulis, 2006).  
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Table 13. Biological oxidation with aeration for removal of iron and arsenic from groundwater 

sources 

Influent 

arsenic 

(μg/L)a 

Treated 

water 

arsenic 

(μg/L)a 

Other source water 

parametersa 

Operational parameters Scale / 

referenc

e 

46 ± 8 

 

[As(III) 

= 37 ± 2] 

9 to 10 Soluble Fe to As = 50.3:1b 

Soluble Fe = 2 312 ± 138 

(μg/L) 

pH 7.48 ± 0.1 

NH3 = 1.15 ± 0.04 mg/L 

(as N)  

TOC = 1.2 mg/L 

Plant production = 0.6 mgd 

Filter media: Sand/anthracite  

Hydraulic filter loading rate = 

2 gpm/ ft2 

Backwash every 3 days 

Full / 

Lytle et 

al. 

(2007) 

10.2 

 

[As(III) 

= 8.23] 

 

1.5 Fe = 1.97 mg/L 

pH 7.29 

NH3 = 0.27 mg/L (as N) 

Phosphate = 0.023 mg/L 

(as P) 

TOC = 1.53 mg/L (as C) 

Residence time = 13.9 min 

Filter media: Sand 

Filtration rate = 5.0 m/h 

 

Full / 

Gude et 

al. 

(2016) 

13.2 

 

[As(III) 

= 12.7] 

 

6.18 Fe = 1.40 mg/L 

pH 7.54 

NH3 = 0.42 mg/L (as N) 

Phosphate = 0.15 mg/L (as 

P) 

TOC = 2.22 mg/L (as C) 

Residence time = 13.4 min 

Filter media: Sand 

Filtration rate = 4.8 m/h 

26.1 

 

[As(III) 

= 22.4] 

 

2.44 Fe = 4.33 mg/L 

pH 7.39 

NH3 = 0.29 mg/L (as N) 

Phosphate = 0.19 mg/L (as 

P) 

TOC = 2.56 mg/L (as C) 

Residence time = 12.4 min 

Filter media: Sand/anthracite 

Filtration rate = 6.8 m/h 

 

17.4 ± 

1.7 

 

[As(III) 

= 11.6 ± 

1.5] 

 

0.7 ± 0.5 Soluble Fe to As = 454:1b 

Soluble Fe = 7.9 ± 0.7 

mg/L 

 

Filter media: Sand/BAC 

Aerated to enhance biological 

growth 

Flow rate = 4.5 L/min 

Sand filter backwashed once per 

month 

BAC filter backwashed twice per 

year 

Pilot / 

Pokhrel 

et al. 

(2005) 

0.8 ± 0.5 Soluble Fe to As = 454:1b 

Soluble Fe = 7.9 ± 0.7 

mg/L 

 

Filter media: Sand 

Aerated to enhance biological 

growth 

Flow rate = 4.5 L/min directly 

after backwash 
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Influent 

arsenic 

(μg/L)a 

Treated 

water 

arsenic 

(μg/L)a 

Other source water 

parametersa 

Operational parameters Scale / 

referenc

e 

Filter clogging leads to lower 

flow rates 

Filter backwashed at least every 

2 days 

BAC: biological activated carbon; Fe: iron; Soluble Fe to As: ratio of soluble iron to soluble 

arsenic; mgd: million gallons per day; NH3: ammonia; TOC: total organic carbon 
a Average values 
b Calculated 

 

Manganese greensand process  

The manganese greensand process involves potassium permanganate or chlorine oxidation 

followed by the use of a greensand filter media (sand with a manganese dioxide coating). The 

greensand catalyzes the oxidation and precipitation of iron and manganese hydroxides, which are 

subsequently filtered (U.S. EPA, 2003b; Hoffman et al., 2006). To extend filter life, a layer of 

anthracite generally precedes the layer of manganese greensand media. This will filter out most 

of the iron hydroxides containing As(V) formed during pre-oxidation. Water is then passed 

through the manganese greensand, which oxidizes and precipitates out any residual iron, 

manganese and arsenic (Hoffman et al., 2006).  

 

The manganese greensand process can be operated continuously or intermittently (U.S. EPA, 

2003b; Hoffman et al., 2006; Thirunavukkarasu et al., 2014). For continuous operation, 

permanganate or chlorine is continuously added (U.S. EPA, 2003b). With an intermittent 

process, the greensand filter is periodically regenerated to allow MnO2 on the filter surface to 

oxidize soluble iron and arsenic as it contacts the media. Regeneration is carried out using 

potassium permanganate or chlorine. With chlorine, periodic regeneration with potassium 

permanganate may be required (U.S. EPA, 2003b; Hoffman et al., 2006). 

 

Studies using the manganese greensand system are presented in Table 14. One study used 

sodium permanganate, since the presence of ammonia would cause the formation of chloramine 

if chlorine were used. As the source water also contained high levels of total organic carbon 

(TOC), jar tests were conducted to determine the required dose of sodium permanganate (Chen 

et al., 2018).  

 

Table 14. Studies showing arsenic removal using a manganese greensand system 

Influent 

arsenic 

(μg/L)a 

Treated 

water 

arsenic 

(μg/L)a 

Other source water 

parametersa 

Operational parameters Scale /  

reference 

4 to 38 < 10 Uranium = 1 to 14.3 

μg/L 

High levels of iron 

and manganese for 

10 full-scale plants in 

Saskatchewan 

Manganese greensand 

 

Full / 

Thirunavukkarasu 

et al. (2014) 
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Influent 

arsenic 

(μg/L)a 

Treated 

water 

arsenic 

(μg/L)a 

Other source water 

parametersa 

Operational parameters Scale /  

reference 

most plants (values 

not provided) 

33.1 

 

[As(III) = 

24.1] 

 

3.4 Soluble Fe to As = 

72:1 

Soluble Fe = 2 277 

μg/L 

NH3 = 3.8 mg/L (as 

N)  

P = 89.1 μg/L (as P) 

SiO2 = 22.1 mg/L (as 

SiO2) 

TOC = 7.9 mg/L 

NaMnO4 = 6.3 mg/L 

Flow rate = 11.4 

gpm/vessel 

Flow rate = 40.5 gpm 

total 

Filtration rate = 3.4 

gpm/ft2 

Filter media = 

Anthracite/Manganese 

greensand 

Backwash = 1/3 days 

Full /  

Chen et al. 

(2011b) 

14-month study 

 

(U.S. EPA 

demonstration 

program) 

2.0 Full /  

Chen et al. (2018) 

(2009 to 2016) 

20.7 

 

[As(III) = 

16.0] 

3.1 pH 7.6 

Soluble Fe = 953 

μg/L 

 

Pre-chlorination 

Water backwash 1/20 hrs 

Air backwash 1/72 hrs 

Manganese greensand 

Full /  

Fields et al. 

(2000a) 

300 ± 270 11 ± 4 pH 6.62 

Soluble Fe =1.07 

mg/L 

Pre-chlorination 

Media: Commercial 

greensand 

Flow rate = 60 L/s 

Pilot /  

Feistel et al. 

(2016) 

Fe: iron; gpm: gallons per minute; NaMnO4: sodium permanganate; NH3: ammonia; P: 

phosphorus; SiO2: silica; TOC: total organic carbon 
a Average values 

 

5.2.3 Adsorption 
The effectiveness of adsorption is a function of initial concentration, adsorbent type, arsenic 

species and water chemistry (pH and competing ions) (Su et al., 2008; Clifford et al., 2011). 

Adsorbent media include granular metal oxides such as aluminum, ferric or titanium (Möller et 

al., 2011). For all metal (hydr)oxide media, arsenic adsorption declines with increasing pH 

(Clifford et al., 2011). Adsorption materials exhibit significant variations in their chemical 

composition and physical properties and impact key design parameters (for example, empty bed 

contact time [EBCT], hydraulic loading rates, backwash frequency and operation and 

maintenance requirements). Some single-use adsorption media may require backwashing even if 

regeneration is not possible.  

 

Full-scale treatment studies using adsorption are presented in Table 15 (parallel configuration) 

and Table 16 (series configuration). These studies illustrate the variability in the performance of 

adsorption in terms of removing arsenic. In some cases, pH pre-adjustment to lower levels 

increased bed volumes (BVs) to breakthrough (Valigore et al., 2007; Stowe et al., 2011b). 

However, McCall et al. (2008) showed no improvement with pH adjustment. When arsenic was 

mainly in the form of As(III), pre-chlorination improved reduction (Chen et al., 2006). 
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Performance was worse in the presence of competing ions (for example, silica or phosphorus) 

(Cumming et al., 2009a,b). 

 

Alumina-based adsorptive media 

Activated alumina (AA) can achieve high arsenic removal and has the potential to treat 

thousands of BVs depending on water chemistry (Cortina, 2016; Sorg et al., 2017a). Pre- and 

post-treatment pH adjustment with a strong acid and strong base are generally required to 

optimize arsenic removal (U.S. EPA, 2003b; Mohanty, 2017). An optimum pH of 5.5 has been 

established for AA and run times under these acidic conditions are 5 to 20 times longer than at 

pH 6 to 9 (Rubel, 2003a; Singh and Pant, 2004; Mohan and Pittman, 2007; Giles et al., 2011; 

Cortina, 2016). However, this low pH level can increase aluminum solubility and result in 

elevated aluminum concentrations, which may exceed the MAC or operational guidance value 

for aluminum. For a more detailed discussion, please refer to Health Canada’s Guidelines for 

Canadian Drinking Water Quality: Guideline Technical Document–Aluminum (Health Canada, 

2021b).  

 

Empty bed contact time has been shown to range from 3 to 10 minutes (U.S. EPA, 2003b; 

Cortina, 2016). The AA media can be regenerated with a strong base, flushed with water and 

then neutralized with a strong acid (Rubel, 2003a; Clifford et al., 2011; Ungureanu et al., 2015; 

Cortina, 2016; Sorg et al., 2017a).  

 

The need to store and use strong acids and strong bases is a disadvantage of the AA method, 

especially for small systems. Incorrect pH adjustment could lead to issues within the distribution 

system, such as elevated lead and copper concentrations. Also, regeneration of the AA may 

result in significant media dissolution and lead to operational difficulties and cost issues. 

 

Several full-scale studies evaluated adsorption using iron-modified AA (see Table 16). In one of 

the studies, breakthrough was reached sooner than expected and was thought to be due to a 

combination of higher pH and presence of silica (Lipps et al., 2008). Another study showed 

lower than expected performance, which was attributed to higher pH (Lipps et al., 2010). Yet 

another study had a media run with pH adjusted to 6.9, which increased BVs to breakthrough 

compared to runs with no pH adjustment (Valigore et al., 2007).  

 

Iron-based adsorptive media 

Iron-based adsorbents include granular ferric oxide (GFO), granular ferric hydroxide (GFH), iron 

oxyhydroxides, zero valent iron and other iron-modified adsorbents (Mohan and Pittman, 2007; 

Möller et al., 2011). Arsenic removal efficiency is affected by EBCT and source water quality 

(Mondal et al., 2013; Sorg et al., 2017a).  

 

Historically, laboratory studies using iron-coated sand and GFH have demonstrated that treated 

arsenic concentrations could be reduced to a level below 5 μg/L (Pierce and Moore, 1980, 1982; 

Fuller et al., 1993; Hsia et al., 1994; Wilkie and Hering, 1996; Raven et al., 1998; Driehaus et al., 

1998; Thirunavukkarasu et al., 2001, 2003a,b). Several full-scale studies showed successful 

removal of arsenic at rates ranging from less than 0.51 μg/L to less than 3.3 μg/L throughout the 

entire study (see Table 15 and Table 16) (Chen et al., 2008; Williams et al., 2009; Coonfare et 

al., 2010; Darlington et al., 2010; Stowe et al., 2011b).   
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One study had better than expected performance, thought to be due to longer EBCT (Wang et al., 

2008). Another study had lower than expected BVs to breakthrough, possibly due to shorter 

EBCT and the presence of competing ions (silica and phosphorus) (McCall et al., 2009). A few 

other studies had lower performance due to the presence of competing ions: silica, phosphorus 

(Cumming et al., 2009a) and manganese (Cumming et al., 2009b). In another study, the presence 

of silica did not impact arsenic removal (Wang et al., 2010a). 

 

Iron-based media are not as sensitive to pH as AA (Rubel, 2003a). Several full-scale studies 

showed good removals over an extended period without pH adjustment (Williams et al., 2009; 

Darlington et al., 2010; Chen et al., 2011c,d). However, iron-based media have a point-of-zero 

charge pH level (pH at which the net charge of total particle surface is equal to zero) below 

which arsenic is better removed and adjustment can extend bed life (Rubel, 2003a; Sorg et al., 

2021). Several full-scale studies utilized pH adjustment to improve arsenic removal (Coonfare et 

al., 2010; Stowe et al., 2011b). In another study, arsenic removal was not improved with pH 

adjustment, possibly due to leaching from the adsorption media (McCall et al., 2008).  

 

One study at a school used four different iron-based media, each with varying performance 

(Chen et al., 2011d). These results highlight the need for bench- and/or pilot-scale testing using 

the specific source water when assessing which media to use in full-scale application. 

 

Most studies used pre-chlorination to oxidize As(III) to As(V). In two studies, arsenic removal 

was improved with pre-chlorination as compared to runs without pre-chlorination (Chen et al., 

2006, 2008).  

 

Although iron-based media typically cannot be regenerated, some studies have been able to 

successfully regenerate the media (Rubel, 2003a; Mohan and Pittman, 2007; Chen et al., 2015; 

Sorg et al., 2017a,b). 

 

Other adsorptive media 

Metal oxide/hydroxide media besides AA and iron-based media have been used for arsenic 

removal. Among these are zirconium hydroxide and titanium oxide (Guan et al., 2012; Sorlini et 

al., 2014; Uddin and Jeong, 2020). Full-scale studies showed zirconium hydroxide media (Table 

15) and titanium oxide media (Table 16) were effective in removing arsenic (Chen et al., 2010c; 

Darlington et al., 2011). 

 

Table 15. Full-scale U.S. EPA demonstration studies using adsorption (parallel configurations) 

with groundwater sources 

Influent 

As (μg/L)a 

Media Other source water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

Municipal – small systems (less than or equal to 8 300 people) 

36.0 

 

[As(III) = 

1.3] 

 

GFO pH 7.8 

Soluble Fe < 25 μg/L 

Vanadium = 112 

μg/L 

Pre-chlorination  

EBCT = 5.7 min 

Ran 5.9 h/d at a  

Flow rate = 118 gpm 

Backwash 1/month 

> 25 938 

(< 3.3 μg/L 

on average) 

Williams et 

al. (2009) 
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Influent 

As (μg/L)a 

Media Other source water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

SiO2 = 46.8 mg/L 

(as SiO2) 

TOC = 1.3 mg/L 

Ran 5.9 h/d treating 

14 744 962 gallons 

Aug 2006 

to Apr 

2008 

 

 

34.9 

 

[As(III) = 

0.5] 

GFO pH 8.4 

Soluble Fe < 25 μg/L 

Vanadium = 32.2 

μg/L 

SiO2 = 26.2 mg/L 

(as SiO2) 

Pre-chlorination  

EBCT = 4.5 min 

Ran 4.38 h/d at a  

Flow rate = 60.1 gpm 

pH adjusted to 7.0 

Backwash 1/month 

Treated 11 686 000 

gallons 

> 41 000 

(< 1 μg/L 

throughout) 

Stowe et al. 

(2011b) 

 

Feb 2008 to 

March 

2010 

 

 

32.2 

 

[As(III) = 

0.7] 

GFO pH 9.0 

Soluble Fe < 25 μg/L 

SiO2 = 14.1 mg/L 

(as SiO2) 

Pre-chlorination 

EBCT = 4.7 min 

Ran 12.3 h/d at a 

Flow rate = 114 gpm 

pH adjusted to 7.0 

Backwash 1/month 

Treated 64 580 000 

gallons 

> 121 390 

(< 3 μg/L 

throughout, 

except when 

pH control 

was not 

working) 

Coonfare et 

al. (2010) 

 

May 2007 

to Sept 

2009 

 

 

15.3 

 

[As(III) = 

13.1] 

GFO pH 7.9  

Soluble Fe = 151 

μg/L 

SiO2 = 9.0 mg/L 

(as SiO2) 

 

EBCT = 4.2 min 

Ran 4.5 h/d at a flow 

rate = 564 gpm 

Backwash 1/45 days 

Treated 154 000 000 

gallons 

20 800 

(No pre-

chlorination) 

Chen et al. 

(2006) 

 

May 2004 

to May 

2007 

 

 

> 65 000 

(Pre-

chlorination) 

21.0/20.1 

 

[As(III) = 

18.7/19.1] 

GFO pH 7.8 

Soluble Fe = 241 to 

244 μg/L 

SiO2 = 14.6 mg/L 

(as SiO2) 

P= 11.1 μg/L (as P) 

 

 

EBCT = 5.6/6.0 min 

Ran 6.2 hr/d at a flow 

rate = 207 gpm 

Backwash 1/45 days 

Treated 7 533 000 

gallons 

7 400  

(No pre-

chlorination) 

Chen et al. 

(2008) 

 

June 2004 

to Apr 

2007 

 

 

52 400 

(< 10 μg/L, 

averaged 2.1 

μg/L)  

(Pre-

chlorination) 

Run 1: 67.2 

 

[As(III) = 

0.3] 

 

Run 2: 90.1 

Run 1: 3 

tanks 

(GFH) 

 

Run 2: 1 

tank GFH 

pH 7.1 

Soluble Fe < 25 μg/L 

SiO2 = 72.6/74.6 

mg/L (as SiO2) 

P= 115.2/111.8 μg/L 

(as P) 

Pre-chlorination 

EBCT = 6.5 min 
 

Backwash 1 to 2 

times per month 

Run 1: 

7 200 

 

Run 2: 

3 700 

 

Cumming 

et al. 

(2009a) 
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Influent 

As (μg/L)a 

Media Other source water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

 

[As(III) = 

NP] 

 

 

and 2 

tanks 

iron-based 

 

Run 1: Ran 3.8 h/d at 

flow rate = 275 gpm 

Run 2: Ran 13 h/d at 

flow rate = 276 gpm 

Sept 2005 

to July 

2007 

(2 Runs) 

 

 

Phase 1: 

37.0 

 

[As(III) = 

18.3] 

 

Phase 2: 

37.7 

 

[As(III) = 

16.8] 

GFO pH 7.9/7.7 

Soluble Fe = 

42/72 μg/L 

Soluble manganese = 

100.4/106.3 μg/L 

SiO2 = 15.0/15.3 

mg/L (as SiO2) 

P = NP/82.9 μg/L (as 

P) 

Pre-chlorination 

EBCT = 3.0 to 9.5 

min 

Ran 10.5 h/d at flow 

rate = 112 gpm and 

9.7 h/d at flow rate = 

97 or 58 gpm 

Treated 11 926 000 

gallons and 

12 881 000 gallons 

Backwash = 1/month 

12 500 to  

17 000 

Cumming 

et al. 

(2009b) 

 

Feb 2004 to 

May 2006  

(2 phases) 

 

 

41.7 

 

[As(III) = 

0.4] 

Hydrous 

iron oxide 

nano-

particles 

pH 6.9 

Soluble Fe < 25 μg/L 

SiO2a = 43.4 mg/L 

(as SiO2) 

P = 7.1 μg/L (as P) 

No pre-oxidation 

EBCT = 6.7 to 10.1 

min 

Ran 18.5 h/d at 

flow rate = 23 gpm 

Regeneration 3 

times/year 

Treated 13 561 950 

gallons 

31 700 to  

33 100 

Wang et al. 

(2010a) 

 

Oct 2005 to 

March 

2007 

 

 

12.2 

 

[As(III) = 

2.5] 

Zirconium 

hydroxide 

pH 7.6 

Soluble Fe < 25 μg/L 

SiO2 = 

27.7/28.4/27.3 mg/L 

(as SiO2) 

P = < 10 μg/L (as P) 

Pre-chlorination 

EBCT = 0.9 to 1.2 

min 

Media cartridges 

No backwash 

61 600 

Average 

flow = 79 

gpm 

Chen et al. 

(2010e) 

 

Oct 2005 to 

March 

2007 

 

 

11.5  

 

[As(III) = 

0.61] 

92 800 

Average 

flow = 74 

gpm 

12.3 

 

[As(III) = 

1.6] 

85 100 

Average 

flow = 85 

gpm 

Other systems 

28.6 

 

[As(III) = 

20.2] 

GFO pH 7.3 

Soluble Fe = 654 

μg/L 

NH3 = 0.1 mg/L 

(as N) 

School system 

Pre-chlorination  

EBCT = 5.0 min 

Ran 1.5 to 1.9 h/d at a 

flow rate = 16.4 gpm   

> 6 600 

(< 0.51 μg/L 

throughout) 

Darlington 

et al. 

(2010) 
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Influent 

As (μg/L)a 

Media Other source water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

SiO2= 20.1 mg/L 

(as SiO2) 

P = 11.1 μg/L (as P) 

Backwash 1/72 hours 

Treated 517 000 

gallons 

June 2008 

to June 

2009 

 

 

BV: bed volume; EBCT: empty bed contact time; Fe: iron; GFH: granular ferric hydroxide; 

GFO: granular ferric oxide; NH3: ammonia; NP: not provided; P: phosphorus; SiO2: silica; TOC: 

total organic 
a Average values 

 

Table 16. Full-scale U.S. EPA demonstration studies using adsorption (series configurations) 

with groundwater sources 

Influent 

As  

(μg/L)a 

Media Other source 

water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

Municipal – small systems (less than or equal to 2 600 people) 

29.7 

 

[As(III) = 

0.5] 

GFO pH 7.1 

Soluble Fe < 

25 μg/L 

SiO2 = 25.4 

mg/L 

(as SiO2) 

P =  

71.0 μg/L (as 

P) 

No pre-oxidation 

EBCT = 2.9 min 

Flow rate = 

13 gpm 

Backwash 1 to 

2/month 

Run 2: Partially 

exhausted lag 

vessel from Run 

1 moved to lead 

vessel and new 

media in lag 

vessel 

 

Treated 

3 459 000 

gallons 

Run 1: 

Lead: 19 500 

Lag: 25 710 

 

McCall et al. 

(2009) 

 

Apr 2005 to 

Aug 2007 

 

 

31.3 

 

[As(III) = 

0.5] 

pH 7.1 

Soluble Fe < 

25 μg/L 

SiO2 = 24.7 

mg/L 

(as SiO2) 

P =  

54.0 μg/L (as 

P) 

Run 2: 

Lead: Not 

provided 

Lag: 18 370 

 

 

59.7 

 

[As(III) = 

1.1] 

GFO pH 6.9 

Soluble Fe < 

25 μg/L 

SiO2 = 25.6 

mg/L 

(as SiO2) 

P =  

10.2 μg/L (as 

P) 

Pre-chlorination 

EBCT = 5.4 min 

Flow rate = 30 

gpm 

Backwash 

1/month later 

reduced to 4/year  

Lead: 39 180 

Lag: 52 150 

Wang et al. 

(2008) 

 

June 2004 to 

March 2007 
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Influent 

As  

(μg/L)a 

Media Other source 

water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

Treated 

17 164 000 

gallons 

39.4 

 

[As(III) = 

0.6] 

AA/Fe 

complex 

pH 7.7 

Soluble iron 

< 25 μg/L 

SiO2 = 19.0 

mg/L 

(as SiO2) 

P =  

10.9 μg/L (as 

P) 

Pre-chlorination 

EBCT = 3.5 min 

pH adjusted to 

6.9 at end of run 

Lead: 6 870 

Lag: 8 240 

Valigore et al. 

(2007) 

 

Sept 2004 to 

Sept 2006 Pre-chlorination 

EBCT = 3.5 min 

pH adjusted to 

6.9 

Lag: 23 030 

Pre-chlorination 

EBT = 4.6 min 

No pH 

adjustment 

Lag: 10 360 

 

Fe oxide/ 

hydroxide 

complex 

Pre-chlorination 

EBCT = 4.5 min 

Backwash 

4/week 

Lead: 20 190  

Lag: 25 720  

46.4 

 

[As(III) = 

0.5] 

 

 

Ferric 

hydroxide 

complex 

pH 7.3 

Soluble Fe < 

25 μg/L 

SiO2 = 19.7 

mg/L 

(as SiO2) 

Total P =  

0.05 μg/L (as 

PO4) 

 

Pre-chlorination 

pH lowered to 

6.8, 6.4 and 6.0  

EBCT = 16 min 

Average flow 

rate = 1.4 gpm 

Backwash as 

needed due to 

low headloss (3 

times during 

study) 

Treated 

3 890 000 

gallons 

Lead: never < 10 

μg/L 

Lag: 3 050 

McCall et al. 

(2008) 

 

Oct 2004 to Nov 

2005 

Other systems 

15.4 

 

[As(III) = 

11.3] 

Fe oxide/ 

Fe 

hydroxide 

complex 

pH 7.4 

Soluble Fe =  

1 717 μg/L 

NH3 = 1.0 

mg/L 

SiO2 = 15.3 

mg/L 

(as SiO2) 

School system 

Pre-chlorination 

EBCT > 3.3 min 

Flow rate < 10 

gpm 

Backwash 

1/month 

Treated 303 200 

gallons 

Both: > 9 000  

(≤ 1.4 μg/L) 

Chen et al. 

(2011c) 

 

June 2006 to 

Feb 2010 
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Influent 

As  

(μg/L)a 

Media Other source 

water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

P < 10 μg/L 

(as P) 

TOC = 2 

mg/L 

 

31.7 

 

[As(III) = 

12.1] 

AA/Fe 

complex 

pH 8.4 

Soluble Fe < 

25 μg/L 

SiO2 = 14.1 

mg/L 

(as SiO2) 

School system 

2 pre-oxidation 

media columns: 

AA/sodium 

metaperiodate 

3 adsorption 

tanks in series 

Average flow 

rate = 9.3 gpm 

EBCT = 1.2 min 

No backwash 

required 

Treated 303 000 

gallons 

Oxidation media 

Lead: 4 600 

Lag: 8 900 

Adsorption media 

Lead: 16 400 

1st lag: 19 700 

2nd lag: 8.9 μg/L 

at end of study 

Chen et al. 

(2009b) 

 

Sept 2005 to 

June 2007 

39.1 

 

[As(III) = 

28.5] 

AA/Fe 

complex 

pH 8.5 

Soluble Fe < 

25 μg/L 

P = 33 μg/L 

(as P) 

 

Mobile home 

park 

Pre-oxidation 

media: 

AA/sodium 

metaperiodate 

2 parallel trains 

with 4 tanks in 

series 

Ran 3.7 h/d at 

flow rate = 6.1 

gpm 

EBCT = 1.9 

min/column 

No backwash 

required 

Treated 

1 834 990 

gallons 

Train A 

7 701/5 880/11 636  

 

Train B 

7 814/6 222/15 359  

Lipps et al. 

(2010) 

 

March 2005 to 

Aug 2007 

29.8 Iron-

based 

pH 8.0 to 8.2 

Soluble Fe < 

25 μg/L 

SiO2 = 29.9 

to 30.1 mg/L 

(as SiO2) 

Each POE 

system served a 

building on a 

school campus 

Pre-chlorination 

Lag: >24 254 

(< 0.4 μg/L at end 

of study 

Chen et al. 

(2011d) 

 

Dec 2005 to 

Aug 2009 
29.1 Fe oxide/ 

Fe 

3 media used 

sequentially: 

1: 44 676 BV 
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Influent 

As  

(μg/L)a 

Media Other source 

water 

parametersa 

Operational 

parametersa 

BV  

(to 10 μg/L) 

Reference 

hydroxide 

complex 

Design flow rate 

= 30 and 60 gpm 

Design EBCT = 

2.5 min/vessel 

2: 35 595 BV 

3: 81 341 BV (3.1 

μg/L at end of 

study)  

29.9 Titanium-

based 

49 212  

(< 1.3 μg/L at end 

of study) 

24.7 

 

[As(III) = 

5.8] 

Titanium 

oxide-

based 

pH 7.1 

Soluble Fe < 

25 μg/L 

SiO2 = 15.8 

mg/L 

(as SiO2) 

School system 

No pre-oxidation 

EBCT = 3.2 min 

Ran 1.0 hr/d at 

Flow rate = 

16.4 gpm 

Lead: 7 600 

Lag: > 9 600 

Darlington et al. 

(2011) 

 

Sept 2005 to 

May 2006 

42.2 

 

[As(III) = 

1.8] 

AA/Fe 

complex 

pH 7.7 

SolubleFe < 

25 μg/L 

SiO2 = 12.6 

mg/L 

(as SiO2) 

Mobile home 

park 

Pre-chlorination 

EBCT=1.6 to 

56.1 min 

2 parallel trains 

with 3 tanks in 

series 

Ran 7.6 h/d at 

flow rates 2.8 

and 3.3 gpm  

No backwash 

required 

Treated 745 000 

gallons 

Lead:  

5 700 and 5 400 

1st lag:  

13 000 and 12 500 

2nd lag:  

17 400 and 17 600 

Lipps et al. 

(2008) 

 

June 2005 to 

Oct 2006 

AA: activated alumina; BV: bed volume; EBCT: empty bed contact time; Fe: iron; GFO: 

granular ferric oxide; NH3: ammonia; P: phosphorus; SiO2: silica; TOC: total organic 

 
a Average values 

 

5.2.4 Membrane filtration 
Membrane filtration options include nanofiltration (NF), RO, ultrafiltration and microfiltration 

(MF). NF and RO are high pressure techniques that are viable options for arsenic removal if 

suspended solids are low (Uddin et al., 2007; Figoli et al., 2010; Akin et al., 2011). The NF is a 

membrane that allows for improved water flux and lower energy requirements than RO (Uddin et 

al., 2007; Akin et al., 2011; Mondal et al., 2013). RO is less sensitive to pH and ionic strength 

than NF and more reliable with respect to the removal of ions (Velizarov et al., 2004; Uddin et 

al., 2007; Mondal et al., 2013). MF and ultrafiltration alone are not capable of removing soluble 

arsenic (Mondal et al., 2013). Coagulation-assisted MF may be an option as the arsenic-laden 

flocs are sufficiently large to be rejected by MF.  
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Reverse osmosis and nanofiltration 

Membrane processes like NF and RO remove arsenic through properties like particle size, 

dielectric characteristics and hydrophobicity/hydrophilicity (U.S. EPA, 2005; Cortina, 2016). RO 

can remove 80% to 99% of As(V), whereas reported removals of As(III) were as low as 5% to as 

high as that of As(V) (Waypa et al., 1997; Brandhuber and Amy, 1998; Kang et al., 2000; Ning, 

2002; U.S. EPA, 2003b, 2006a; Uddin et al., 2007; Walker et al., 2008; Akin et al., 2011; 

Schmidt et al., 2016).  

 

At a pH range of 6 to 9, As(V) is present as either monovalent or divalent ions and removal is 

increased through electrostatic exclusion (Moore et al., 2008). Since As(III) is neutral, if it is 

present, pre-oxidation may be necessary to improve removal (Uddin et al., 2007; Moore et al., 

2008; Nguyen et al., 2009; Richards et al., 2009; Litter et al., 2010; Akin et al., 2011; Mondal et 

al., 2013). The application of an oxidant prior to NF or RO filtration can be challenging due to 

the potential for membrane damage. The effects depend on the type of oxidant and the tolerance 

of the membrane (Saitúa et al., 2005; Moore et al., 2008). Bench- and/or pilot-scale testing is 

recommended to evaluate oxidation and impacts on the membrane. 

 
The effectiveness of arsenic removal using RO or NF depends on membrane characteristics, feed water composition, 

charge, pH, operating pressure and membrane fouling (U.S. EPA, 2003b, 2005; Uddin et al., 2007; Akin et al., 2011; 

Saitúa et al., 2011; Cortina, 2016). For RO, removal of As(V) occurs at a pH greater than 4.1 and removal of As(III) 

occurs at a pH greater than 9.1 (Akin et al., 2011). With NF, removal is a function of both pore size and membrane 

charge. Negatively charged NF membranes have higher multivalent removal through electrostatic exclusion (Velizarov et 

al., 2004; Saitúa et al., 2005, 2011; Uddin et al., 2007; Padilla and Saitúa, 2010; Mondal et al., 2013). Removal improves 

with increasing pH as speciation of As(V) moves from monovalent to divalent ions (Saitúa et al., 2005, 2011; Uddin et al., 

2007; Nguyen et al., 2009; Figoli et al., 2010). A study evaluating 10 RO full-scale systems indicated that some systems 

may have been ineffective at removing arsenic due to the molecular weight cutoff. The authors also indicated that the 

poor removal may be attributable to presence of high levels of sulphate, TDS and hardness in raw water 

(Thirunavukkarasu et al., 2014). Full- and pilot-scale studies showing arsenic removal using RO and NF are presented in  

Table 17. 

 

Double filtration using RO to remove As(III) and As(V) was tested at bench-scale using arsenic-

spiked tap water. After the first RO membrane, almost 100% removal of As(V) and 

approximately 80% removal of As(III) was observed. Removal of As(III) increased to about 95% 

after the second RO membrane (Víctor-Ortega and Ratnaweera, 2017).  

 

Limitations of the RO process include possible membrane scaling, fouling and failure, as well as 

higher energy use and capital costs. Granular activated carbon, particulate pre-filters and/or 

water softeners can be used prior to the RO membrane to remove NOM, particulates and 

chlorine, or to protect against membrane scaling (U.S. EPA, 2006a). 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 may need to be increased to avoid corrosion 

issues in the distribution system such as leaching of lead and copper (Schock and Lytle, 2011; 

U.S. EPA, 2012). 
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Table 17. Studies showing results of arsenic removal using RO and NF membrane technologies 

in groundwater systems 

Influent 

arsenic 

(μg/L) 

Treated 

water arsenic 

(μg/L) 

Other source water 

parameters 
Operating parameters Scale / reference 

Municipal systems 

4 - 50a  < 5 For six 

water 

treatment 

systems 

 

> 5 For four 

water 

treatment 

systems 

Uranium = 1 to 43 

μg/L 

Sulfate = 250 to 

1 300 mg/La 

Hardness = 500 to 

1 300 mg/La 

TDS = 900 to 2 900 

mg/La 

Ten RO systems 

(Saskatchewan) 

Presence of sulphate, 

TDS and hardness may 

impact removal. 

 

Full / 

Thirunavukkarasu 

et al. (2014) 

38 - 44 

 

[As(III) 

= 34 - 

41] 

Up to 51% 

removal  

(No pre-

oxidation) 

 

< 4 

(With MnO2 

media pre-

oxidation) 

pH 8.3 

Fe= 0.58 mg/L 

NH3 = 1.02 mg/L 

(as N) 

TDS = 1 100 mg/L 

RO membrane (spiral 

wound) 

 

 

 

Pilot /  

Moore et al. 

(2008) 

38 - 44 

 

[As(III) 

= 34 - 

41] 

Very low 

removal  

(No pre-

oxidation) 

 

< 4 

(With MnO2 

media pre-

oxidation) 

pH 8.3 

Fe = 0.58 mg/L 

NH3 = 1.02 mg/L 

(as N) 

TDS = 1 100 mg/L 

NF membrane (2 spiral 

wound membranes) 

 

Pilot /  

Moore et al. 

(2008) 

409  

 

[All 

As(V)] 

16.4b 

(96.0% 

removal) 

pH 8.5 

TDS = 1 290 mg/L 

 

Spiral wound 

polyamide NF 

membrane 

MWCO = 180 Da 

Pressure = 7 bar 

Pilot / Saitúa et 

al. (2011) 

Other systems 

18.2 

 

0.1 pH 7.9 

Antimony = 10.8 

μg/L 

School system 

Thin film composite 

POE RO 

Full /  



 

63 Guidelines for Canadian Drinking Water Quality: Guideline Technical Document 

 

Unclassified / Non classifié 

Influent 

arsenic 

(μg/L) 

Treated 

water arsenic 

(μg/L) 

Other source water 

parameters 
Operating parameters Scale / reference 

[As(III) 

= 0.2] 

SiO2 = 11.2 mg/L 

(as SiO2) 

TDS = 255 mg/L 

No pre-chlorination 

Recovery = 40%  

Average Pressure = 255 

kPa 

Wang et al. 

(2011a); Chen et 

al. (2020)  

 

(U.S. EPA 

demonstration 

program) 

Fe: iron; MnO2: manganese dioxide; MWCO: molecular weight cutoff; NF: nanofiltration; NH3: 

ammonia; POE: point of entry; POU: point of use; RO: reverse osmosis; SiO2: silica; TDS: total 

dissolved solids 
a Estimated from graph 
b Calculated 

 

Coagulant-assisted microfiltration 

Coagulant-assisted MF is similar to conventional coagulation except that MF is used to separate 

the flocs (Chang et al., 2005; U.S. EPA, 2005; Odell, 2010). The flocculation step is not required 

as long as the flocs are larger than the pore size of the membrane (Chwirka et al., 2004). As(V) is 

removed more effectively than As(III) through this treatment.  

 

Ferric-based coagulants have been shown to achieve better removal than aluminum-based 

coagulants, with 95% As(V) removal for ferric-based coagulants and 90% for alum seen in one 

study (U.S. EPA, 2000; Odell, 2010). Membrane pore size is an important factor, with one study 

indicating that pore size less than or equal to 0.2 μm is required for efficient MF and arsenic 

removal (Ghurye et al., 2004). Other studies stated that pore size of 0.2 μm and 0.45 μm worked 

better than 1 μm pore size (Han et al., 2002; Odell, 2010). Studies showed enhanced removal at a 

lower pH (Han et al., 2002; Ghurye et al., 2004). Some bench- and pilot-scale studies used ferric-

based coagulation followed by ultrafiltration (Floch and Hideg, 2004; Ahmad et al., 2020; 

Moreira et al., 2021). 

 

The membrane flux, solids loading and chemical cleaning frequency of the membrane are all 

interrelated (Chwirka et al., 2004). The advantages of this technology are that it is suitable for a 

wide range of water quality, requires fewer chemicals and has smaller space requirements. 

Membranes must be periodically backwashed to dislodge solids. The amount of solids produced 

is a function of coagulant type, dosage, filter run length and ambient solids concentration (U.S. 

EPA, 2003b). 

 

5.2.5 Ion exchange 
Ion exchange using a strong base anion exchange resin with either chloride (most common) or 

hydroxide ions is effective for As(V) removal (Rubel, 2003b; U.S. EPA, 2003b; Sorlini et al., 

2014; Cortina, 2016). Ion exchange is suitable for small systems, is insensitive to pH, and has 

low chemical requirements (Kim et al., 2003). 
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For small systems, chloride-form resin is recommended because of the ease of chemical handling 

(U.S. EPA, 2003b). This technology is not suitable for water with a sulphate concentration 

greater than 50 mg/L or TDS greater than 500 mg/L (Wang et al., 2000; Rubel, 2003b). 

Important factors in using ion exchange for arsenic removal are the choice of a strong base anion 

exchange resin, competing contaminants, chromatographic peaking, and EBCT (Clifford et al., 

2011). Table 18 presents a list of full-scale studies that used ion exchange for arsenic removal.  

 

As(III) is uncharged and cannot be removed through ion exchange. Therefore, pre-oxidation to 

As(V) is required. However, residual oxidant concentrations should be kept as low as possible so 

they do not affect the resin (Korngold et al., 2001; U.S. EPA, 2005; Odell, 2010; Clifford et al., 

2011; Sorlini et al., 2014; Cortina, 2016). Korngold et al. (2001) indicated that divalent As(V) is 

more effectively removed at higher pH. However, Clifford et al. (1998) stated that arsenic 

removal is indifferent to changes in pH (range of 6.5 to 9.0).  

 

The effectiveness of ion exchange for arsenic removal is dependent on regeneration (U.S. EPA, 

2003b; Chen et al., 2020). Regeneration timing depends on arsenic or competing ion (for 

example, sulphate) breakthrough, and should be at a frequency to avoid leaking of arsenic from 

resin and chromatographic peaking (Rubel, 2003b). The process includes backwash followed by 

regeneration with brine (for the chloride form) or with caustic soda (for the hydroxide form) 

(U.S. EPA, 2003b). However, with frequent regeneration, corrosion issues need to be considered 

and monitored. One study using a strong base anion exchange resin initially had a regeneration 

frequency of every three months. Under these conditions, chromatographic peaking occurred, 

most likely due to the presence of sulphate, and the treated water arsenic concentration 

sometimes exceeded that in the source water. When regeneration frequency was increased to 

every 4 weeks, performance was improved and arsenic concentrations below 5 μg/L were 

attained (Wang et al., 2000). 

 

The removal of arsenic by ion exchange depends on several design/process parameters (type of 

resin, flow rate, height/depth ratio of resin) and water quality characteristics (influent arsenic 

concentration, temperature, pH). In theory, ion exchange can achieve low arsenic concentrations 

in treated water, particularly if resin is regenerated frequently. However, this is often not 

operationally practical. Additionally, frequent regeneration has been shown to cause corrosion 

issues (that is, leaching of copper and lead) (Lowry, 2009, 2010) because ion exchange reduces 

alkalinity and causes the treated water pH to decrease during short runs (Wang et al., 2010b; 

Clifford et al., 2011). 

 

Table 18. Full-scale studies using ion exchange for removal of arsenic from groundwater sources 

Influent 

arsenic 

(μg/L) 

Treated 

water arsenic 

(μg/L) 

Other source 

water parameters 

Operational 

considerations/Comments 

References 

40.6 

 

[As(III) = 

0.7] 

As > 50 μg/L 

(chromatograp

hic peaking 

occurred) 

pH 7.5 

Sulphate = 

23.7 mg/L 

Pre-oxidation filter 

Strong base anion exchange 

resin in chloride form 

Design flow rate = 4 gpm 

Wang et al. 

(2000) 
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Influent 

arsenic 

(μg/L) 

Treated 

water arsenic 

(μg/L) 

Other source 

water parameters 

Operational 

considerations/Comments 

References 

 Regeneration 

every 3 

months  

Dissolved Fe = 

14.9 μg/L 

EBCT = 3.7 min 

Regeneration frequency was 

increased to overcome 

chromatographic peaking which 

was causing arsenic 

concentrations in treated water to 

exceed the levels in source 

water. 

As < 5 μg/L 

Regeneration 

every 4 weeks 

56.7 

 

[As(III) = 

0.8] 

97% removal 

(average) 

 

0.8–4.5 μg/L  

(breakthrough 

not reached) 

Sulphate = 

46 mg/L  

Dissolved Fe = 

35.1 μg/L 

Pre-oxidation filter 

Cation and anion exchange 

resins 

Regenerated every 6 days  

Design flow rate = 2 gpm 

EBCT = 5.6 min 

 

Wang et al. 

(2000) 

21.1a   

 

Mostly 

As(V) 

 

404 BV to 10 

μg/L for 1st 

run  

 

pH 7.4 

Sulphate = 

78 mg/L 

Vanadium = 

52.7 μg/L 

Nitrate = 5.5 mg/L 

(as N) 

TDS = 506 mg/L  

TOC = 1.9 mg/L 

Anion exchange resin 

System flow rate = 540 gpm 

Hydraulic loading rate = 12.5 

gpm/ft2 

EBCT = 2.6 min  

Performance declined with each 

subsequent run. 

Resin fouled by NOM 

contributed to reduced BV 

Regeneration mode co-current 

downflow 

Wang et al. 

(2011b)  

 

(U.S. EPA 

demonstrati

on program) 

BV: bed volume; EBCT: empty bed contact time; Fe: iron; NOM: natural organic matter; TDS: 

total dissolved solids; TOC: total organic carbon 
a Average 

 

5.2.6 Enhanced lime softening  
Lime softening for removal of arsenic alone may be impractical unless hardness reduction is a 

concurrent treatment goal. However, the process can be enhanced to co-precipitate As(V) by 

adding sufficient lime after the pre-oxidation step in order to raise the pH above 10.5 (U.S. EPA, 

2003b, 2005). McNeill and Edwards (1997) showed that arsenic removal was lower than 10% at 

a pH less than 10 and greater than 90% at a pH greater than 11. A full-scale study confirmed the 

importance of pH (average influent arsenic = 32 μg/L, As(III) = 30.0 μg/L, dissolved iron = 

2 303 μg/L), given that lime softening at pH 8.8 only achieved a 48% reduction in arsenic 

(average treated arsenic = 16.6 μg/L, As(III) = 0.4 μg/L) (Fields et al., 2000b). Significant 

arsenic-laden sludge will be produced with the increased lime dose. 
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5.2.7 Combined treatment 
A study of 19 drinking water treatment plants in Italy using various combinations of treatment 

were monitored for arsenic removal (Sorlini et al., 2014). Ten of the drinking water treatment 

plants, generally those with a higher flow rate, used chemical precipitation within the treatment 

train. Five of these with a higher initial arsenic concentration (greater than 40 μg/L) used a 

double stage iron salt addition or post-GFH and had greater than 90% arsenic removal. The 

remaining 5 plants with chemical precipitation had arsenic removal ranging from 60% to 90%. 

The plants with an ion exchange step achieved greater than 80% removal; those with an RO step 

had greater than 95% removal; and those with either a GFH or titanium dioxide adsorption step 

had 75% to 99% arsenic removal.  

 

5.2.8 Full-scale treatment summary from provincial/territorial data 
Some PTs provided paired influent and treated water arsenic concentrations and treatment 

information. Operational factors were not given nor was it specified whether treatment was 

targeting arsenic removal specifically. For treatment processes requiring backwashing or 

regeneration (for example, adsorption), no information was available on when samples were 

taken during the treatment cycle. For analysis, only data pairs where the influent concentration 

was greater than or equal to 5 μg/L were considered, as it was assumed that below this 

concentration, treatments targeting arsenic removal were most likely not implemented. A total of 

227 sets of paired samples were analyzed and the results are presented in Appendix E 

(Table E-1) for all treatment technologies, sorted by individual technology. Overall, a wide range 

of removal efficiencies (less than 0% to almost 100%) were observed. Some of the lower 

removal efficiencies may have been due to the following: low influent arsenic concentrations; 

the possibility that treatment was not targeting arsenic removal; or an operational issue like 

chromatographic peaking. The average arsenic concentration in treated water was 3.5 μg/L and 

the 90th percentile was 6.8 μg/L, respectively. 

 

5.3 Distribution system considerations 
Arsenic in treated water can be deposited and can accumulate within the distribution system, 

creating the potential for exposure to this legacy arsenic. If chemical changes or physical 

disturbances occur, legacy arsenic can be remobilized into the water, potentially resulting in 

increased arsenic concentrations at the tap. Discoloration episodes involving release of iron and 

manganese scales are likely to be accompanied by the release of accumulated contaminants 

(including arsenic), because they readily adsorb onto deposits comprised of these metals. 

Therefore, discoloured water events should not be considered only an aesthetic issue but should 

trigger sampling for metals, including arsenic, and possibly distribution system maintenance. 

However, the absence of discoloured water does not mean that there are no metals being 

released. For example, releases of soluble particles or micro-particles can cause increases in 

arsenic concentrations with no perceptible colour (Hill et al., 2010). 

 

5.3.1 Arsenic deposition and accumulation 
The accumulation of arsenic and other trace inorganic contaminants in the drinking water 

distribution system is a complex function of numerous factors. These factors include 

contaminant concentration in treated water, water quality conditions, pH and redox conditions in 

the distribution system, pipe material, local hydraulic conditions, and corrosion-control measures 

(Friedman et al., 2010; Hill et al., 2010; AWWA, 2017). The primary mechanisms by which 
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trace metals (for example, arsenic, lead, cadmium) accumulate in the distribution system are 

adsorption and co-precipitation to substrate solids, particularly iron particulates and corrosion 

scales (for example, hydrous iron oxides), aluminum solids and manganese solids (for example, 

hydrous manganese oxides) (Hill et al., 2010; Kim and Herrera, 2010; Friedman et al., 2010, 

2016; Han et al., 2018; Gao et al., 2019). Arsenic accumulation by these mechanisms is 

enhanced under conditions of higher arsenic concentrations in water entering the distribution 

system, at reduced pH levels (typically less than or equal to 7.6 for iron-based solids) and in the 

presence of lower levels of potentially competitive anions (for example, bicarbonate, phosphate, 

silicate) (Friedman et al., 2010). Iron tends to accumulate in a variety of locations in systems 

where iron is or was historically present in the source water or in the distribution or plumbing 

system (that is, cast iron, galvanized steel or galvanized iron pipes) (Health Canada, 2023). 

 

Water flushing trials of distribution systems have consistently shown higher particulate arsenic 

concentrations in flushed samples than in distribution system water (Lytle et al., 2004; Friedman 

et al., 2016). In a study by Friedman et al. (2010), scale and sediment samples were collected 

from the distribution systems of 20 U.S. water treatment systems, which were supplied by 

groundwater, surface water and blended water sources. In this study, arsenic was found to be the 

fifth most concentrated of the 12 trace inorganic contaminants analyzed. The median arsenic 

concentration in all scale deposits and sediment samples combined was 13 μg/g (1.3 × 10-3 

weight%). The 90th percentile of these deposits was 206 μg/g (2.06 × 10-2 weight%). The 

authors concluded that: 

• The two water samples with the highest arsenic concentrations had relatively low arsenic 

levels in hydrant flush solids. These samples also had an elevated pH of 8, which is 

outside the range considered favourable for arsenic to adsorb to iron. 

• Six solid samples with the highest arsenic content (greater than or equal to 200 μg/g) 

came from sites where:  

o Treated arsenic concentrations were among the highest; 

o Iron was predominant in the solid deposits (28 to 40 wt%);  

o The pH was relatively low (7.4 to 7.6); and 

o Levels of co-occurring manganese were relatively high (median 2 700 μg/g). 

The authors also reported an estimated arsenic mass of 13 lb (5.9 kg) accumulated per 100 miles 

of pipe length (160 km) (based on a 12-in. diameter pipe [30.5 cm]). Theoretically, a release of 

less than 1% of the scale deposit (by mass) would exceed the U.S. EPA drinking water standard 

for arsenic of 0.010 mg/L.  

 

Studies examining arsenic accumulation in pipe section solids, hydrant flush solids of various 

pipe materials and other solids are presented in Table 19. These results show a wide range of 

arsenic content, indicating large variability and necessity of site specific distribution system 

evaluation.  

 

The profiles for pipe specimens and hydrant flush solids were dissimilar. In the Friedman et al. 

(2010) study, the scale deposits and hydrant flush solids had median arsenic concentrations of 22 

μg/g and 6 μg/g (2.2 × 10-3 weight% and 6 × 10-4 weight%), respectively. 
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Table 19. Arsenic content in pipe section, hydrant-flush solids, reservoir sediment and 

opportunity samples 

Deposit 

Type 

Pipe material # 

samples 

Arsenic content 

range (μg/g) 

Reference 

Pipe section 

solids 

Lead 11 73.8 to 183 Kim and Herrera (2010) 

1 157 Kim et al. (2011) 

5 2 to 229 Schock (2005) 

Lead and iron 

scales 

91 < 1 to 426 Schock et al. (2008) 

Cast iron  3 75 to 108 Lytle et al. (2004) 

3 40.2 to 234 Peng and Korshin 

(2011) 

23 3 to 1 033 Lytle et al. (2004) 

22 0.07 to 620 Friedman et al. (2010) 

Iron 1 21.1 Schock (2005) 

Galvanized iron 4 71.7 to 939 Friedman et al. (2010) 

Ductile iron 5 18.4 to 437 Friedman et al. (2010) 

Cement 1 719 Lytle et al. (2004) 

Asbestos cement 1 825 Lytle et al. (2004) 

Cement-lined 1 1.65 Friedman et al. (2010) 

Polyvinyl chloride 1 1 230 

(prior to 

treatment)a 

Lytle et al. (2010) 

Polyvinyl chloride 5 710 to 13 650 Lytle et al. (2004) 

HDPE 1 46.9 Friedman et al. (2010) 

Steel 2 33.7 and 46.8 Friedman et al. (2010) 

Unknown 4 54 to 383 Lytle et al. (2004) 

Hydrant 

flush solids 

Cast iron 19 0.01 to 163 Friedman et al. (2010) 

4 109 to 2 935 Lytle et al. (2004) 

2 3.88 and 30.9 Peng and Korshin 

(2011) 

Cement-lined 3 13.3 to 55.4 Friedman et al. (2010) 

Asbestos cement 1 237 Lytle et al. (2004) 

Polyvinyl chloride 5 1 508 to 4 469  

(prior to 

treatment)a 

Lytle et al. (2010) 

1 695  

(after treatment)a 

Polyvinyl chloride 1 8.92 Friedman et al. (2010) 

Unknown 25 107 to 9 936 Lytle et al. (2004) 

Reservoir 

sediment 

Unknown 1 48 Scanlan (2003) 

Opportunity 

samplesb 

Water meter 2 59 and 1 112 Friedman et al. (2016) 

“Slime” inside 

pipe 

1 434 
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Deposit 

Type 

Pipe material # 

samples 

Arsenic content 

range (μg/g) 

Reference 

Cement-lined 

ductile iron 

2 58 and 107 

Metal 2 97 and 147 

Polyvinyl chloride 3 14 to 1 563 

Galvanized iron 2 801 and 939 

House filter 1 2 192 

HDPE: high density polyethylene 
a Arsenic treatment system installed. Average arsenic concentration in distribution system: prior 

to treatment, 43 μg/L; after treatment, < 0.5 μg/L. 
b Opportunity samples are various unplanned water and solid samples that became available 

throughout the study. 

 

 

5.3.2 Arsenic release 
Legacy scales and deposits in a distribution system represent a potential reservoir of 

concentrated co-occurring arsenic and other inorganic contaminants that could be released back 

into the water. Physical/hydraulic disturbances (for example, flow velocity increases, road work, 

hydrant flushing, watermain breaks) and changes in water chemistry (for example, pH) can re-

mobilize arsenic via different mechanisms. In general, release of arsenic in soluble form is more 

likely to occur as a result of water chemistry changes (Friedman et al., 2016). Solids with higher 

initial arsenic content and increased pH (relative to a prior equilibrium condition) can cause a 

higher arsenic release due to desorption (Copeland et al., 2007; Liu et al., 2018). Uncontrolled or 

dynamic blending of surface water with groundwater and of chlorinated and chloraminated 

waters can also impact the water chemistry and should be avoided (Friedman et al., 2010). Loss 

of chlorine residual and the associated drop in redox potential can cause reductive dissolution 

and soluble release of arsenic-laden deposits. 

 

Hydraulic disturbances result in increased turbidity and colour due to mobilization of solid 

precipitates. However, sometimes releases of arsenic-laden iron and manganese particles can 

cause elevated arsenic levels without perceptible colour (Hill et al., 2010). Elevated arsenic at the 

tap can also occur under routine hydraulic conditions due to the dynamic nature of distribution 

systems (Lytle et al., 2010).    

 

In some cases, legacy arsenic was shown to be released back into the water at concentrations 

exceeding source water levels (U.S. EPA, 2006b; Schock et al., 2008; Friedman et al., 2010; Hill 

et al., 2010; Kim and Herrera, 2010; Peng et al., 2012; AWWA, 2017). In one case, a coloured 

water incident showed arsenic concentrations of 1 to 5 mg/L at the tap compared to source water 

levels between 0.003 and 0.008 mg/L (U.S. EPA, 2006b). In another case study, a water 

treatment system using groundwater (arsenic less than 7 μg/L) was historically unchlorinated. 

After the system began chlorination, some coloured-water events occurred, with arsenic reaching 

5 mg/L at the tap (Reiber and Dostal, 2000). Another study evaluated the impact of hydraulic 

disturbances (through hydrant flushes) at 21 sites. Tap water had a maximum arsenic 

concentration of 0.002 mg/L compared to 0.015 mg/L in distributed water (Han et al., 2018). In 

another case study, the source water arsenic concentration was 0.01016 mg/L, and after ten 
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minutes of flushing, the arsenic concentration was 0.151 mg/L in the flushed water (Clement and 

Carlson, 2004). 

 

In a desorption study, two different pipe solids were evaluated. The fraction not associated with 

crystalline iron oxides was defined as the mobile fraction. In each of these two pipe solids, more 

than 95% of arsenic was associated with the mobile fractions (Friedman et al., 2016). However, 

another study examined solids from three pipe specimens and two hydrant flushes with 

approximately 80% of arsenic associated with the mobile-resistant fractions (Peng and Korshin, 

2011).  

 

In several studies, the presence of competing ions such as sulphate, phosphate and 

orthophosphate led to increased desorption of arsenic (Copeland et al., 2007; Sun et al., 2017; 

Liu et al., 2018). Phosphate can be used for corrosion control and can compete with and displace 

adsorbed arsenic (Lytle et al., 2004; Friedman et al., 2010, 2016; Hill et al., 2010; Peng and 

Korshin, 2011; Liu et al., 2018). Desorption studies using loose deposits collected from a 

distribution system showed that arsenic release progressively increased as phosphate 

concentration increased (worsened) (Liu et al., 2018). The presence of calcium sulphate 

decreased the amount of arsenic desorbed (Copeland et al., 2007). This reduction was likely due 

to calcium ion adsorbing to oxide surfaces, which provided more positive sites on the surfaces 

and increased arsenic retention. 

 

One study conducted over a period of 7.5 years used an approximately 100-year-old corroded 

cast iron pipe harvested from a drinking water system. Arsenic adsorption and release under 

different scenarios were examined. Sequential events were evaluated using recirculation of 

waters with various arsenic (0, 75 and 180 μg/L) and phosphate (0 and 3 mg/L) concentrations. 

In general, arsenic accumulated when the phosphate level was 0 mg/L and was released when it 

was 3 mg/L. The authors stated that spikes of arsenic may occur when phosphate is initially 

added for corrosion control (Tang et al., 2021).  

 

A desorption test was conducted using three pipe specimen solids and two hydrant flush solids. 

The average arsenic concentration was 0.44 μg/L for pipe specimen solids and 0.14 μg/L for 

hydrant flush solids (Peng and Korshin, 2011).  

 

Arsenic can also accumulate in biofilms within the distribution system and may be released into 

the water under various circumstances. It was determined that the biofilm on an high density 

polyethylene pipe had highest potential for arsenic release (Liu et al., 2017). 

 

A study of 20 drinking water systems exhibited 3 different patterns. The 6 systems with low iron 

and manganese levels and plastic (mainly polyvinyl chloride or not listed) piping showed 

conservative behaviour in the distribution system in that arsenic concentration did not vary 

between the point-of-entry (POE) and taps. The 8 systems with high iron and manganese 

concentrations and iron pipes had consistently higher arsenic concentrations at the tap than the 

treated water, a finding that was attributed primarily to chemical re-equilibration and release. 

The remaining 6 systems exhibited occasional arsenic treatment complications and the results 

showed multiple arsenic spikes at consumer taps (Triantafyllidou et al., 2019).  
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5.4 Residuals management 
Treatment technologies, such as coagulation, flocculation, sedimentation, backwashing of filters 

and other processes, may produce a variety of residuals that contain arsenic (Litter et al., 2019). 

The appropriate authorities should be consulted to ensure that the disposal of liquid and solid 

waste residuals from drinking water treatment meet applicable regulations. Guidance can be 

found elsewhere (CCME, 2003, 2007; Cornwell, 2006; McTigue and Cornwell, 2009).  

 

5.5 Residential-scale treatment 
In cases where arsenic removal is desired at the household level, for example, where a household 

obtains its drinking water from a private well, a residential drinking water treatment unit may be 

an option. Systems classified as residential-scale may have a rated capacity to treat volumes 

greater than that needed for a single residence. Therefore, these systems 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 the total arsenic concentration in the source water. An accredited laboratory 

should conduct periodic testing on both the water entering the unit and the treated water, to 

verify that the treatment unit is effective. The removal capacity of such units can decrease 

through use and over time, and they need to be maintained and/or replaced. Consumers should be 

aware of the expected longevity of the components in the treatment unit (according to the 

manufacturer’s recommendations), and get the unit serviced when necessary. Choosing a unit 

with an alarm or an indicator light that indicates when servicing is required is advisable. 

 

Health Canada does not recommend specific brands of drinking water treatment units. However, 

it is strongly recommended that consumers use units that have been certified by an accredited 

certification body. This certification provides assurance that the drinking water treatment unit 

meets the appropriate NSF International/American National Standards Institute (NSF/ANSI) 

standards. The purpose of these standards is to establish minimum requirements for the 

materials, design and construction of drinking water treatment units. Certification of treatment 

units is conducted by a third party. It ensures that materials in the unit do not leach contaminants 

into the drinking water (in other words, material safety). In addition, the standards include 

performance requirements that specify the level of removal that must be achieved for specific 

contaminants (for example, reduction claim) that may be present in water supplies. 

 

Certification organizations (in other words, third party) provide assurance that a product 

complies with applicable standards. They must be accredited by the Standards Council of 

Canada. Accredited organizations in Canada (SCC, 2020) include: 

• CSA Group 

• NSF International 

• Water Quality Association 

• UL LLC 

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

• International Association of Plumbing and Mechanical Officials 

• ALS Laboratories 

 

https://www.csagroup.org/
http://www.nsf.org/
http://www.wqa.org/
https://www.ul.com/
http://www.bnq.qc.ca/
http://www.iapmo.org/
https://www.truesdail.com/
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An up-to-date list of accredited certification organizations can be obtained from the Standards 

Council of Canada. 

 

Several certified residential treatment devices are currently available for the removal of arsenic 

from drinking water. These devices rely on adsorption (activated carbon), RO and distillation 

technologies. In residential settings, drinking water treatment devices can be installed at the 

faucet (point-of-use [POU]) or at the location where water enters the home (POE) to reduce 

contaminant concentrations. 

 

Drinking water treatment devices can be certified to NSF/ANSI Standard 53 (Drinking Water 

Treatment Units – Health Effects) or NSF/ANSI Standard 58 (Reverse Osmosis Drinking Water 

Treatment Systems) for arsenic removal. For both standards, more than one claim is possible 

(NSF International, 2023b,c). Claims may be made for pentavalent arsenic only and/or for (total) 

arsenic reduction [As(III) and As(V)].  

 

For the As(V) reduction claim, influent water must contain only As(V) and have a detectable free 

chlorine residual. There are two possible initial As(V) concentrations: 0.050 mg/L or 0.30 mg/L. 

To be certified, a unit must reduce As(V) to 0.010 mg/L. To qualify for a total arsenic reduction 

claim, the treatment unit must satisfy the As(V) claim and an As(III) claim using an initial 

As(III) concentration of either 0.050 mg/L or 0.30 mg/L. To be certified, the unit must also have 

a treated concentration of 0.010 mg/L for As(III) and for As(V).  

 

In 2023 and 2024, several systems certified for As(III) reduction were available. The Water 

Quality Association (WQA) certified several systems (WQA, 2024) and NSF International 

certified one system to the As(III) reduction claim under NSF/ANSI Standard 58 (WQA, 2024; 

NSF International, 2024b). 

 

Drinking water treatment devices can also be certified to NSF/ANSI Standard 62 (Drinking 

Water Distillation Systems) for arsenic removal, but none are currently available (NSF 

International, 2023d).  

 

Water that has been treated using RO and distillation may be corrosive to internal plumbing 

components. Also, since large quantities of influent water are needed to obtain the required 

volume of treated water, these devices are generally not practical for POE installation. Therefore, 

they should be installed only at the POU.  
 

New Jersey, U.S. has imposed a maximum contaminant level of 5 μg/L and indicated that the 

preferred treatment option is a POE system using two GFH filters in series (New Jersey 

Geological Survey, 2007; NJDEP, 2022). In light of this information and that found in the 

municipal-scale treatment section (section 5.2), treatment using GFH is expected to be effective 

in removing arsenic.  

 

5.5.1 Residential treatment achievability 
For residential devices to be certified to current standards, the treated As(V) concentration must 

be less than or equal to 10 μg/L. To determine the treated water arsenic concentrations that these 

devices were actually achieving, Health Canada commissioned two organizations, the WQA and 

http://www.scc.ca/
http://www.scc.ca/
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NSF International, to review As(V) removal data from the RO units that they had tested and 

certified (WQA, 2019; NSF, 2019). A report combining the data from both studies discusses the 

overall treatment efficacy of the certified RO units. For the 223 samples, the 90th percentile of 

treated As(V) concentration for RO devices was 4 μg/L (WQA, 2019). The performance data 

indicate that a residential-scale RO device could achieve the proposed MAC. However, if the 

treated water exceeds the proposed MAC, this may indicate that there is As(III) in the water. 

Since As(III) is not removed as easily, oxidation (pre-treatment) of As(III) to As(V) may be 

required to achieve the required removal. As oxidants can damage the membrane, any residual 

oxidant should be removed so it does not reach the RO membrane. Alternatively, another 

treatment method should be considered. A local water specialist should be consulted to 

determine the appropriate pre-treatment step or treatment option(s).  

 

Brodeur and Barbeau (2015) prepared a detailed report using the data from the Barbeau et al. 

(2011) study on the effectiveness of treatment technologies for the removal of manganese in 

groundwater. This report also included results for total arsenic removal for 25 systems using 

various treatment technologies at a median influent concentration of 8.70 µg/L and a treated 

water concentration of 7.4 µg/L (median removal of 15%). The species of arsenic in the influent 

water were not mentioned. In all, 72% and 32% of systems could achieve treated water 

concentrations below 10 µg/L (0.010 mg/L) and 5 µg/L (0.005 mg/L), respectively. Some units 

had negative removals, indicating that arsenic was being released. It should be noted that 17 of 

the 25 systems used ion exchange treatment (either alone or in a combined system) and that there 

is currently no NSF/ANSI standard for arsenic reduction for ion exchange. Therefore, no 

certified ion exchange systems are available for arsenic reduction. Results for the individual 

technologies are summarized in Appendix E (Table E-2). 

 

A U.S. EPA demonstration study evaluated POU RO units at 9 houses. The source water had on 

average 56.3 μg/L As(V), 1.5 μg/L As(III), 10.2 mg/L nitrate (as N) and 27.4 μg/L uranium. In 

the 100 samples taken during the study, arsenic was reduced to less than 0.1 μg/L in all but 4 

samples (8.7, 5.1, 1.2 and 1.2 μg/L) (Lewis et al., 2007; Chen et al., 2020). Tap water for 

156 households in Maine and 94 households in New Jersey that had existing RO units installed 

for treatment of arsenic were sampled (Yang et al., 2020). In the Maine households, most of the 

RO units were POU and the median arsenic concentrations for raw and treated water were 

71.7 μg/L and 0.8 μg/L, respectively. A total of 29 units (19%) had concentrations higher than 

10 μg/L, and 41 samples (26%) had concentrations exceeding 5 μg/L in the treated water. In the 

New Jersey households, most of the RO units were POE and the median arsenic concentrations 

for raw and treated water were 8.6 μg/L and 0.2 μg/L, respectively. A total of 5 units (5%) had 

levels exceeding 10 μg/L and 15 samples (16%) had levels greater than 5 μg/L in treated water. 

In both states, the higher the untreated arsenic concentration and the higher the ratio of As(III) to 

total arsenic, the higher the rate of exceedance of the regulatory limit (10 μg/L for Maine and 5 

μg/L for New Jersey) (Yang et al., 2020).  

 

Three POU units with iron-based adsorption media installed on drinking water fountains were 

investigated. The species of arsenic were not specified. Two of the units consistently reduced 

arsenic to less than 1 μg/L when treating up to 740 gallons of water. The third unit removed 

arsenic to less than 2.1 μg/L after treating 500 gallons of water; the concentration rose to 6 μg/L 

after 1 000 gallons were treated (Chen et al., 2011d). 
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Another study evaluated existing RO units at 59 households in Nevada with arsenic 

concentrations ranging from 4 to 4 100 μg/L (Walker et al., 2008). The arsenic concentration in 

the treated water ranged from less than 3 to 180 μg/L. In households where As(III) made up 

more than 50% of the total, the removal of total arsenic was less than 60%. The difference in 

removal efficiency was thought to be due to raw water quality, As(III) proportion, maintenance 

and age of system. 

 

One study surveyed 19 homes in Nevada that used RO devices with an initial arsenic 

concentration ranging from 36 to 2 363 μg/L (George et al., 2006). In this study, more than half 

of the units did not reduce arsenic to less than 10 μg/L. The arsenic species were not specified. 

The authors pointed out that the sample size was small and the sites were not randomly selected. 

However, the study highlights the importance of proper filter maintenance, the limited filter 

lifespan, and possible needs for arsenic testing, alternative treatment devices and/or water source. 

 

Two studies examined water pitcher filters for arsenic removal and showed variable 

performance. One filter removed both As(III) and As(V) to less than 10 μg/L, while others were 

less effective (Barnaby et al., 2017; Tomlinson et al., 2019). 

 

6.0 Management strategies  
All water treatment systems should implement a comprehensive, up-to-date risk management 

water safety plan. A source-to-tap approach should be taken to ensure water safety is maintained 

(CCME, 2004; WHO, 2012, 2017). In such cases, a system assessment is required 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 implemented along with 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).  

 

6.1 Control strategies 
In water sources with higher than acceptable arsenic concentrations, one or more treatment 

options (see section 5.0) may be implemented. In some situations, implementation of new 

treatment or adaptation of existing systems to achieve the proposed MAC can be challenging and 

costly. Assessing the availability of source waters that contain little or no arsenic may provide 

acceptable options. If such a source water is available, strategies such as controlled blending 

prior to system entry points or use of alternative water supplies can also be considered.  

 

A good overview of strategies and considerations for blending or introduction of a new water 

source is presented in Blute et al. (2023). This report includes methodologies for harvesting 

pipes; building and running pipe loop test equipment; analyzing scale; and identifying conditions 

that may cause corrosion within a distribution system and premise plumbing. It also provides 

strategies to help minimize corrosion with introduction of new water. Attention must be given to 

the water quality and compatibility of a new source prior to making any changes to an existing 

water supply (such as switching, blending and interconnecting). Note that if the water supply 
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historically contained arsenic, there will be legacy arsenic in distribution system solids and 

scales. If the new water source has a different chemistry profile than existing sources (such as 

different disinfectant), it may cause destabilization or desorption of legacy arsenic (and other 

metal contaminants) from the distribution system along with corrosion issues.   

 

When the option of a treatment technology is chosen, the species of arsenic should be identified 

(alternatively, pre-oxidation can be implemented to ensure all arsenic is As(V)) and the process 

design is established. Pilot-scale testing is recommended to ensure the source water can be 

successfully treated.  

 

As it is difficult to control the accumulation and release of arsenic and other contaminants of 

health concern in the distribution system, control strategies should minimize the arsenic 

concentration and loading that enters the distribution system from the treatment plant. Generally, 

the distribution system should be managed so that drinking water is transported from the 

treatment plant to the consumer with minimum loss of quality. Distribution system maintenance 

activities such as a routine main cleaning and flushing program can help to sustainably minimize 

accumulation. Maintenance of consistent distribution system water chemistry is also important to 

reduce risk of destabilization and desorption. As source waters, treatment plants and distribution 

systems can differ significantly, a system-specific control strategy is necessary (Friedman et al., 

2016; Han et al., 2018; Health Canada, 2022c). 

 

6.2 Monitoring 
Monitoring of total arsenic concentrations is important to ensure water quality. Various other 

parameters that can be used to assess treatment options and arsenic-specific operational factors 

during treatment and within the distribution system can also be monitored. For example, 

parameters that may impact treatment include iron and competing ions such as phosphate and 

silicate. Yet other parameters (pH, alkalinity, orthophosphate, chlorine residual) may impact or 

accompany the release of arsenic in the distribution system (manganese, iron).  

 

Changes to water at the source, during treatment or within the distribution system may impact 

arsenic concentrations and should be monitored. Suggested locations and conditions under which 

to monitor are found in Table 20. 

 

Table 20. Considerations of when and where to monitor within the distribution system 

When/where to monitor Considerations  

Where to monitor Locations to monitor may include those with increased risk factors 

for arsenic accumulation: 

Proximity to water treatment plant with current/historical arsenic 

loading 

Pipe materials (for example, unlined cast iron, galvanized iron) 

Presence of biofilm 

Operational and event-

based monitoring – when 

sampling should be 

conducted 

When there is a risk of release due to hydraulic disturbances, such 

as: 

Watermain breaks 

Hydrant flushing 

Increase in flow velocity 
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When/where to monitor Considerations  

Road work 

When there is a risk of release due to changes in water chemistry, 

such as: 

Change in pH 

Temperature change 

Source water change 

Uncontrolled source water blending 

Chlorine residual change 

Uncontrolled disinfectant blending 

Discoloured water events (Note: absence of discoloured water does 

not mean that there are no metals being released) 

Customer complaints 

Increased turbidity 

 

6.2.1 Source water  
Source water monitoring should be part of routine system assessments undertaken to determine if 

arsenic is present. The characterization should include determination of arsenic species and 

chemistry parameters pertinent to treatment and behaviour in distribution systems. The presence 

of iron and manganese are important as they can be used in treatment to remove arsenic and can 

also serve as substrates for arsenic co-accumulation in the distribution system. Monitoring of 

source water should be conducted at a frequency (for example, monthly) that is sufficient to 

capture changes that may occur seasonally or temporally or that are related to events such as 

drought, flood or forest fires.  

 

6.2.2 Operational/treatment  
Where treatment is required to remove arsenic, operational monitoring should be implemented to 

confirm whether the treatment process is functioning as required (such as paired samples of 

source and treated water to confirm the efficacy of treatment). Depending on the type of 

treatment employed, monitoring of other water quality parameters can provide valuable 

operational information.  

 

The frequency of operational monitoring will depend on the treatment process. For example, if 

adsorption is used for arsenic removal, media replacement frequency will need to be determined. 

This can be done by conducting quarterly monitoring (at minimum) or by using a method to 

estimate BVs to breakthrough. Any treatment resulting in modifications to other water quality 

and chemistry parameters should also be monitored on the same schedule as arsenic. 

 

6.2.3 Compliance monitoring 
Arsenic can accumulate and be released in distribution systems where arsenic is present or was 

historically present in the source water. Compliance monitoring should be conducted in water 

entering the distribution system, as well as within the distribution system. As the HBV is 

significantly lower than the proposed MAC, monitoring at the consumer’s tap is recommended, 

with priority given to homes supplied with pipes made from iron-based materials (for example, 

unlined cast iron or galvanized iron/steel). The number of monitoring sites is determined in 

conjunction with the responsible authority based on the size of the drinking water system.  
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It is recommended that compliance monitoring for total arsenic be conducted annually, at a 

minimum, to confirm the MAC is not exceeded. The frequency may be reduced if no failures 

have occurred in a defined period, as determined by the responsible authority. However, climate 

change events (for example, forest fires, flooding, drought) may result in changes in the arsenic 

concentration in the source water, resulting in the need to increase frequency.  

  

6.2.4 Distribution system 
Arsenic can accumulate and be released in distribution systems. Monitoring should be conducted 

at a variety of locations in systems where arsenic is present or was historically present in the 

source water or in the distribution system. An understanding of distribution system trends and 

hot spots of legacy arsenic accumulation can be gained through sampling and analyzing solid 

samples (for example, deposits from flushing, main cleaning, and pipe specimens). Monitoring 

during unidirectional flushing can also be used to spatially characterize the presence and degree 

of hydraulically mobile legacy arsenic. Samples should be collected so that an overall assessment 

of arsenic levels in the distribution system can be made.  

 

Distribution system sampling locations should ideally be located where there are increased risk 

factors for arsenic release (for example, locations with high risk for iron release such as areas 

known to have corroded/tuberculated pipes, pipe materials, biofilm). Monitoring should also be 

conducted during any discoloured water event. However, the absence of discoloured water 

should not be interpreted as the absence of an arsenic release.  

 

Monitoring for arsenic should be done in conjunction with other metals that can co-occur in the 

distribution system and have been shown to be released with arsenic (for example, iron, lead, 

manganese). Water treatment systems that undertake preventive measures with stable hydraulic, 

physical and water quality conditions and have baseline data indicating that arsenic is minimal or 

does not occur in the system may conduct less frequent monitoring.  

 

6.2.5 Residential 
Households with private wells are encouraged to have their water tested for total arsenic to 

ensure that the concentration in their water supply is below the proposed MAC. In addition, 

homeowners with private wells using residential treatment devices should conduct routine testing 

on both the water entering the treatment device and the treated water, to verify that the treatment 

device is effective. 

7.0 International considerations 
Other national and international organizations have drinking water guidelines, standards and/or 

guidance values for arsenic in drinking water (see Table 21). 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. 
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Table 21. Comparison of international drinking water values for arsenic 

Agency 

(Year) 

Value (mg/L) Basis of value (Reference) 

Health Canada - 

proposed MAC 

(2024) 

0.005 Risk managed based on available treatment achievability; 

health endpoint of concern is lung cancer. 

U.S. EPA (2001) MCL 0.01  Risk managed based on treatment achievability; health 

considerations are cancers of the bladder and lungs. 

WHO 

(2011) 

0.01 Provisional based on treatment performance and analytical 

achievability (WHO, 2017). 

Australia (NHMRC and 

NRMMC, 2011) 

0.01 Elevated cancer risks and other adverse health effects have 

not been demonstrated at arsenic concentrations around 0.01 

mg/L. 

EU 

(2020) 

0.01 N/A 

 MAC: Maximum acceptable concentration; MCL: Maximum contaminant level; N/A: Not available 

 

8.0 Rationale   

Arsenic is widely distributed throughout the Earth's crust and is a major constituent of numerous 

mineral species. Natural sources of arsenic include volcanically derived sediment, sulphide 

minerals and metal oxides. Arsenic can enter drinking water sources through the erosion and 

weathering of soil, minerals and ores, through industrial effluents, mining and smelting 

processes, through the use of arsenical wood preservation compounds, coal, wood and waste 

combustion, and through atmospheric deposition. 

 

People in Canada are exposed to arsenic primarily through food and drinking water. The 

respective contribution of these two sources is dependent on the concentration of arsenic in water 

used for drinking and reconstituting drinks and/or food. In a situation where a population is 

living in an area with high levels of naturally occurring arsenic or a site of contamination, 

drinking water can represent the most important contributor to overall exposure to inorganic 

forms of arsenic.  

 

Arsenic can be found in both surface water and groundwater sources, with levels generally 

higher in groundwater. Hotspots for arsenic concentrations in source waters in Canada were 

found with levels exceeding the proposed MAC. In general, Canadian treated and distributed 

waters were below the proposed MAC of 5 μg/L. 

 

The epidemiological database for inorganic arsenic is extensive. Animal data are of limited use 

for human risk assessment since animals respond differently to arsenic exposure. 
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Epidemiological studies report associations between oral exposure to arsenic in drinking water 

and numerous cancer and non-cancer outcomes. The strongest causal relationships for cancer in 

humans from exposure to arsenic in drinking water (below 100 µg/L) have been demonstrated 

for the bladder and lungs. Lung cancer represents the most sensitive cancer outcome. An 

evaluation of the best available scientific data for both cancer and non-cancer outcomes indicates 

that lung cancer represents the most sensitive endpoint of concern.   

 

Despite some scientific evidence supporting a threshold MOA for arsenic-induced lung cancer, 

significant uncertainties remain with respect to how low-level arsenic exposure leads to cancer. 

The MOA for arsenic-induced cancer is complex and there is uncertainty surrounding the 

event(s)/pathway(s)/form(s) of arsenic that play a key role in causing cancer. For lung cancer, 

several arsenic-induced key events are expected to be the same as for lung cancer induced by 

exposure from other carcinogens. Therefore, additional exposure to low levels from drinking 

water can add to the background level of responses, potentially amplifying ongoing events or 

triggering new, key events increasing the risk of cancer. Further, it has been shown that an 

exposure that adds to a background disease process will follow a linear relationship. 

Interindividual variability is substantial for arsenic, more so than for other chemical pollutants. 

Populations who may be disproportionately impacted can be characterized as those having 

susceptibility to arsenic effects either due to life stage, reduced methylation capacity, dietary 

factors, lifestyle factors, pregnancy or a combination of these factors. In considering these risk 

modifiers across the population, it is likely that the variability in response to arsenic exposure 

will be substantial, making it difficult to identify a population threshold of response. Considering 

these significant uncertainties, a low-dose linear approach for assessing the excess risk of lung 

cancer above the Canadian background level from exposure to arsenic in drinking water was 

used. 

 

To estimate this excess risk of lung cancer above the Canadian background level from exposure 

to arsenic in drinking water, a linear approach was applied to the dose-response data from five 

lung cancer studies. In the context of drinking water guidelines, Health Canada defines 

“essentially negligible” as a range from one new cancer above background per million people to 

one new cancer above background per 100 000 people (10-6 to 10-5) over a lifetime of exposure. 

The level of arsenic in drinking water that represents an “essentially negligible” risk of excess 

lung cancer above the Canadian background level ranges between 0.0000014 to 0.000014 mg/L 

(0.0014 to 0.014 µg/L). Since people in Canada can be exposed to arsenic through multiple 

sources (such as food, drinking water, air and soil, see section 1.3), the HBV for drinking is 

determined at the lower level of the range, at 0.0000014 mg/L (0.0014 µg/L). 

 

A MAC of 0.005 mg/L (5 µg/L) for arsenic in drinking water is proposed based on the following 

considerations: 

• The concentration of arsenic in drinking water representing an “essentially negligible” 

excess lifetime risk of lung cancer above the Canadian background level is 

0.0000014 mg/L (0.0014 µg/L).  

• Total arsenic can be accurately measured at concentrations well below the proposed 

MAC. 

• Arsenic can be reduced to concentrations below the proposed MAC at the municipal 

scale through various treatment technologies. At the residential scale, RO treatment units 
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can reduce arsenic to below the proposed MAC. Arsenic could also be managed through 

blending or use of an alternative water source. 

• Arsenic can accumulate within the distribution system. The level of arsenic in drinking 

water entering the distribution system should be as low as possible to reduce arsenic 

loading. 

The estimated excess lifetime risk of lung cancer above the Canadian background level 

associated with the ingestion of drinking water containing arsenic at 0.005 mg/L (5 µg/L) is 

greater than the level that is considered to represent “essentially negligible” risk. The estimated 

lifetime excess risk of lung cancer above the Canadian background level is associated with 

ingestion of water containing arsenic at 0.005 mg/L (5 µg/L) is 3.5 × 10-3. Considering the 

significant uncertainties surrounding how low-level arsenic exposure leads to lung cancer given 

the complex MOA, the additivity of drinking water exposure to background lung cancer risks, 

the large variability in responses to arsenic exposure at the population level, as well as the 

different practical difficulties associated with removing arsenic from drinking water at the level 

of small municipal and residential systems, every effort should be made to reduce arsenic levels 

in drinking water to levels as low as reasonably achievable.  

 

Considering the limitations of municipal- and residential-scale treatment technologies in terms of 

achieving arsenic concentrations in drinking water at or below the HBV and considering the 

health risks associated with arsenic concentrations above the HBV, the Federal-Provincial-

Territorial Committee on Drinking Water is proposing a MAC of 0.005 mg/L (5 µg/L). This 

value is the result of a risk management decision, since it exceeds the HBV.  

 

As part of its ongoing guideline review process, Health Canada will continue to monitor new 

research in this area and recommend any change(s) to the guidelines that it deems necessary. 
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AA  activated alumina 

ANSI  American National Standards Institute 

AQP  aquaglyceroporin 

As   arsenic 

As(III)  arsenite 

As(V)  arsenate 

AS3MT arsenite methyltransferase 

BMD  benchmark dose 

BMDL  benchmark dose lower limit 

BMI  body mass index 

BV  bed volume 

CCME  Canadian Council of Ministers of the Environment 

CFIA  Canadian Food Inspection Agency 

CHMS  Canadian Health Measures Survey 

CHD  coronary heart disease 

CI  confidence interval 

CVD  cardiovascular disease 

DBP  disinfection by-product 

DL  detection limit 

DMA  dimethylarsenic acid 

DMAIII dimethylarsinous acid 

DMAV dimethylarsinic acid 

DNA  deoxyribonucleic acid 

EBCT  empty bed contact time 

ECCC  Environment and Climate Change Canada 
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EFSA  European Food Safety Authority 

Fe(II)  ferrous 

Fe(III)  ferric oxide 

FNIHB First Nations and Inuit Health Branch 

GDM  gestational diabetes mellitus 

GFO  granular ferric oxide 

GFH  granular ferric hydroxide 

HBV  health-based value 

HR  hazard ratio 

IARC  International Agency for Research on Cancer 

ICP-AES inductively coupled plasma–atomic emission spectrometry 

ICP-MS inductively coupled plasma–mass spectrometry 

MAC  maximum acceptable concentration 

MCL  maximum contaminant level 

MDL  method detection limit 

MF  microfiltration 

MIE  molecular initiating event 

MIREC Maternal-Infant Research on Environmental Chemicals 

ML  maximum level 

MMA   monomethylarsenic acid 

MMAIII monomethylarsonous acid 

MMAV monomethylarsonic acid 

Mn(II)  manganese oxide  

MOA  mode of action 

ND  non-detectable 

NDWS  National Drinking Water Survey 

NF  nanofiltration 
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NOM  natural organic matter 

NSF  NSF International 

OR  odds ratio 

PBPK  physiologically based pharmacokinetic 

PM  particulate matter 

POD  point of departure 

POE  point of entry 

POU  point of use 

PT  provinces and territories 

QA/QC quality assurance/quality control 

RO  reverse osmosis 

RR  relative risk 

RSI  Risk Sciences International 

SCC  Standards Council of Canada 

SD  standard deviation 

SM  standard method 

T2D  type-2 diabetes 

TDS  total dissolved solids 

TOC  total organic carbon 

TWA  time-weighted average 

U.S.  United States 

U.S. EPA U.S. Environmental Protection Agency 

U.S. NRC U.S. National Research Council  

WHO  World Health Organization 

WQA  Water Quality Association 
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Appendix B: Anticipated impacts on provinces and territories 
 

Additional information on anticipated impacts in specific jurisdictions has been provided by 

Federal-Provincial-Territorial Committee on Drinking Water (CDW) members and is presented 

below verbatim. 

Please note that this information is not available in both official languages because the source of 

the information is not subject to the Official Languages Act. 

 

Overarching impact statement 

In determining whether to propose lowering the maximum acceptable concentration (MAC) for 

arsenic in drinking water from the current MAC of 10 µg/L to 5 µg/L, the Committee on 

Drinking Water (CDW) has carefully considered the health risks from exposure to arsenic in 

drinking water, the ability to both measure arsenic and remove it from drinking water supplies, 

and the potential impacts in their jurisdictions. 

 

The proposed MAC for arsenic in drinking water is based on lung cancer in humans. Because of 

limitations related to the available treatment technology, both the current and proposed MAC are 

set at a level that is higher than the level that represents “essentially negligible” risk. Health 

Canada has determined that lowering the MAC from 10 µg/L to 5 µg/L also lowers the estimated 

lung cancer risk associated with arsenic in drinking water. This is an important goal for the 

protection of public health.     

 

However, while recognizing the important impacts on health from arsenic, some Committee 

members have  concerns about the technical and financial impacts of lowering the MAC in 

drinking water systems in their jurisdictions. It is expected that a significant number of water 

systems across Canada would incur infrastructure, technology and operating costs to meet the 

proposed guideline. Committee members have noted that, in most cases, the water sources 

affected by arsenic are in small, often remote, communities. Therefore, this proposed guideline 

change would have a disproportionate impact on these small communities, both in terms of the 

costs and also the health benefits of implementation. 

 

Given the importance of both the health impact and the implementation challenges and costs, the 

CDW decided to seek public comment on the proposal for a lower MAC. It should be noted that 

this proposed MAC and the guideline technical document may be revised based on an evaluation 

of comments received.  

 

Alberta 

• Due to raw water monitoring information limitations, it is not possible to provide an 

exact quantitative assessment (in terms of numbers of systems impacted) of the impact of 

a change to the arsenic MAC from 0.010 mg/L to 0.005 mg/L in the province of Alberta. 

• Based on available data we do know that a number systems will be impacted and not able 

to meet the new MAC with the current operation. These are predominantly small ground 

water systems, both small public municipal systems and public non-municipal systems, 

and private wells. Very roughly, the estimated percentage of systems impacted are 
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o About 1.4 % of the 700 public municipal systems (possibly more) will be 

impacted 

o Possibly 8% of public non-municipal systems will be impacted (based on analysis 

of tested samples) 

o Possibly 20% of private ground water systems will be impacted (based on 

analysis of tested samples) 

• The overall financial, social and health impacts of adopting the proposed MAC are 

difficult to quantify, however, it is reasonable to anticipate that for communities with 

elevated arsenic in drinking water, short term costs of treatment will be increased. 

• For private wells, there would be some significant follow-up with private well owners. 

 

Manitoba 

The draft guideline document proposes a new maximum acceptable concentration (MAC) of 

0.005 mg/L (5 μg/L) for arsenic in drinking water based on municipal and residential-scale 

treatment achievability and a new Health Based Value (HBV) of 0.0000014 mg/L (0.0014 μg/L) 

on incidence of internal cancers. This represents a significant change from the existing guideline, 

in which the MAC is 0.01 mg/L (10 μg/L), and the HBV is 0.0003 mg/L (0.3 μg/L). Specifically, 

the proposed new MAC is half the current limit (100% lower), whereas the new HBV is three-

times (215%) lower. Manitoba has adopted the existing guideline as a regulatory standard, and as 

such, licensed water systems across the province are implementing treatment technologies to 

achieve a MAC of 0.01 mg/L for arsenic. 

 

Based on a review of data from these licensed systems, if the arsenic MAC were reduced by half 

to 0.005 mg/L, as proposed, 180 water systems across Manitoba would exceed the new value (71 

public water systems and 109 semi-public water systems), representing 14 percent of all water 

systems in the province. Those located in the Interlake-Eastern and Southern regions will be 

disproportionately negatively affected. 

 

Necessary treatment upgrades to achieve the lower MAC would range from $10K to $1M per 

system, depending on system size, and are estimated to cost Manitoba water systems $72M 

overall. Although impacted systems include large municipal systems, the majority of those 

affected are small water systems that are owned by sole proprietors, associations, and Hutterite 

colonies, who have no taxing mechanism and do not qualify for provincial and federal funding to 

assist in off-setting treatment upgrade costs. Further many affected systems are seasonally 

operated businesses (meaning they are closed for part of the year) and therefore cannot easily 

off-put costs onto customers. Moreover, even for systems operated by municipal governments 

that have traditionally been eligible for cost-shared infrastructure programs, the end of ICIP and 

the continued uncertainty around future federal infrastructure funding – and about the 

prioritization of water treatment infrastructure within any possible future program – poses a 

significant barrier to implementation of the proposed new MAC. As such, most water systems in 

Manitoba will not be able to afford the necessary upgrades to comply with the new MAC, which 

inhibits the effectiveness of the guideline in lowering health risks posed by exposure to arsenic in 

drinking water and creates enforcement challenges for the province (with subsequent provincial 

budgetary and workforce planning implications). Water systems that are successful in upgrading 

treatment technologies to the lower MAC are expected to incur higher operating costs on a go-
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forward basis (e.g., due to chemical and filtration media costs, salary for higher level certified 

operators, etc.). 

 

Manitoba recognizes arsenic is a Group 1 carcinogen as defined by the International Agency for 

Research on Cancer (IARC), and as a result, achieving the lowest level of exposure is optimal for 

health. However, the data presented in the draft guideline does not provide strong evidence for a 

cancer risk reduction by lowering the MAC from 10 ug/L to 5 ug/L. The 

applicability/generalization of the case control studies in Bangladesh, Chile, and Northern 

Taiwan to the Canadian context are debatable, as they do not adequately address the relatively 

high arsenic exposure in those countries from other sources, such as arsenic containing pesticides 

used historically. The one study from California (ORs for highest 5-year average, 40-year lag: 

0.84 (0.40 to 1.79), 1.39 (0.55 to 3.53) both included ‘1’ and further, exposure assessments do 

not differentiate exposures below 10 ug/L but lump them together as one group. As such, it 

cannot be said with any degree of confidence that the excess lifetime risk extrapolations down to 

5 ug/L are valid. In a resource limited setting, and where many water systems in Manitoba would 

need costly upgrades, cost effectiveness or cost benefit analyses would be helpful to evaluate a 

proposed MAC change like this. In the absence of this information, Manitoba will be challenged 

to address questions from water systems and others, justifying implementation and associated 

compliance costs. 

 

Overall, the achievability of the proposed new MAC is limited due to excessive compliance costs 

(both up-front and ongoing operating costs for water systems), and the opportunity cost for 

addressing well-grounded health-based drinking water treatment guidelines and standards. Given 

this and considering that the HBV is substantially lower than the proposed new MAC (indicating 

misalignment), this proposal is expected to spark public concern and calls for enhanced federal 

and provincial support for all water systems to be able to keep pace with evolving guidelines and 

technologies. 

 

New Brunswick 

Impact to NB based on monitoring results: 

• Arsenic is commonly found in groundwater in New Brunswick. 

• Approximately 9% of public drinking water systems operated by local governments 

would have occasional exceedances of the proposed Health Canada MAC of 5 ug/L and 

may require treatment.  

• Additionally, a number of Crown system would exceed the proposed Health Canada 

MAC and may require treatment. 

• Approximately 40% of New Brunswickers receive drinking water from private wells.  

Private wells exceeding the proposed Health Canada MAC would increase from 6% to 

13%. This would be equivalent to around 13 000 wells. 

 

Newfoundland and Labrador 

In Newfoundland and Labrador, drinking water system ownership may be public, semi-public, or 

private. Eighty-five percent of the population is serviced by a public drinking water system. The 

remaining 15% of the population have private drinking water supplies, including approximately 

30,000 private drilled wells and an equivalent number of dug wells servicing individual homes 
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and cottages throughout the province. There are over 1,000 water supplies servicing semi-public 

systems such as commercial, institutional, or recreational facilities. 

 

Public Drinking Water Systems 

The Province of Newfoundland and Labrador implemented the Multi-Barrier Strategic Action 

Plan (MBSAP) in 2001 to enhance drinking water safety in public drinking water systems. The 

provincial government is responsible for extensive drinking water quality monitoring for 

inorganic parameters, including arsenic, for these systems. Tap water quality monitoring, 

including arsenic, is conducted semi-annually, with the exception of quarterly monitoring for 

systems that service a population of 5,000 or greater. 

 

Of the 295 surface water sources in the province 264 (89.5%) are protected under the Water 

Resources Act. Of the 175 groundwater sources in the province, 76 (43.4%) are protected under 

the Water Resources Act. This provides for an extensive source water protection program that 

reduces the risk of contamination for drinking water sources. Approximately, 27 public drinking 

water sources (all groundwater) will exceed the proposed maximum acceptable guideline of 

0.005 mg/L. Fourteen of those sources exceed the current MAC of 0.01 mg/L.  Eleven of the 

systems exceeding the current MAC have arsenic treatment systems and the remaining three 

have been issued Non-Consumption Advisories. Therefore, 13 public drinking water sources 

have been identified with arsenic concentrations above the proposed MAC of 0.005 mg/L but 

below the current MAC of 0.01 mg/L. 

 

For public drinking water systems with arsenic treatment, increased maintenance will be required 

to maintain compliance with the proposed MAC, including increased frequency of filter media 

replacement. This will increase the annual operation and maintenance costs for these water 

systems.  

 

Of the 27 public drinking water sources noted above, all but one service a population less than 

100 people. These very small water systems have limited financial and technical capacity that 

contribute to the challenge of providing reliable water treatment.   

 

Semi-public and Private Drinking Water Systems 

In 2023, the Province of Newfoundland and Labrador released the Drinking Water Safety Action 

Plan (DWSAP) which expands the principles of the MBSAP to all types of drinking water 

systems, including semi-public and private systems.   

 

Based on a drinking water quality monitoring program for Provincial Parks, three groundwater 

sources that service Provincial Parks will exceed the proposed maximum acceptable guideline of 

0.005 mg/L. One of those sources exceed the current MAC of 0.01 mg/L and has been issued a 

Non-consumption Advisory. 

 

In 2022, the Province of Newfoundland and Labrador launched a pilot initiative that offered free 

water chemistry test kits to private well owners throughout the province. The goal of this project 

was to lower health risks related to consuming groundwater with naturally occurring 

contaminants, including arsenic. Since the launch of the pilot program, approximately 5000 test 
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kits have been distributed, and preliminary results indicate that 6.5% of samples will exceed the 

proposed MAC of 0.005 mg/L (4.1% exceed the current MAC of 0.01 mg/L). 

 

Owners of private and semi-public systems are responsible for operation and maintenance of 

these systems, including provision of treatment. 

 

In our opinion, lowering of MAC at this time will lead to non-compliance challenges for small 

systems. A detailed cost-benefit analysis might be helpful to promote the buy-in by owners and 

operators of water systems in case a decision is made to lower the MAC. 

 

Northwest Territories 

The Department of Health and Social Services establishes the regulatory requirement for 

drinking water in the Northwest Territories. The proposed change of Arsenic MAC to 5 µg/L 

will have minimal to no impact in NWT's water system.   

 

Nova Scotia 

Health Canada is proposing to reduce the maximum acceptable concentration (MAC) for arsenic 

from 10 µg/L to 5 µg/L. Nova Scotia’s drinking water program consists of both public 

(municipal and registered) and private supplies. It is estimated that 56% of the population are 

serviced by a municipal drinking water supply, 1% are serviced by a registered supply and 42% 

obtain their drinking water from private wells.  

 

There are 84 municipal drinking water facilities in the province. For this analysis treated water 

data was available for 78 of these facilities. Of the 1262 sample results representing treated 

water, 11 samples exceeded 5 µg/L impacting five municipal facilities. However more recent 

data obtained for the years 2018-2021 showed all five facilities had treated water below 5 µg/L 

and thus municipal facilities are not expected to be impacted by the proposed reduction to the 

arsenic MAC.  

 

There are 1600 registered drinking water facilities in the province. Treated water data was 

available for 645 of these facilities. Of the 1480 sample results representing treated water, 239 

exceeded 5 µg/L impacting 100 registered facilities. Approximately 6% of our registered 

supplies may be impacted by the proposed reduction to the arsenic MAC.  

 

There are approximately 200 000 private wells in the province. Although Nova Scotia 

Environment and Climate Change does not regulate private well water quality, the Department of 

Natural Resources and Renewables maintains a database of sample results representing raw 

groundwater chemistry. Raw water results for 2483 samples were included as part of this 

analysis with arsenic concentrations ranging from <0.1 to 2 300 µg/L. Approximately 20% of 

these samples exceeded the current arsenic MAC of 10 µg/L, corresponding to an estimated 40 

000 un-serviced households. An additional 12% of sample results exceeded the proposed arsenic 

MAC of 5 µg/L corresponding to approximately 24 000 un-serviced households. It is important 

to note that this analysis is based on available raw water sample results, therefore, it is possible 

that these households may already have treatment for arsenic and would not be impacted by the 

proposed reduction to the MAC, 

 



 

133 Guidelines for Canadian Drinking Water Quality: Guideline Technical Document 

 

Unclassified / Non classifié 

Cost estimates for treatment were obtained for point of use reverse osmosis and point of entry 

anion exchange and adsorption technologies. Installed costs ranged from $750 - $5 000. 

Assuming 100 registered drinking water facilities and 24 000 private wells may be impacted by 

the proposed reduction to the arsenic MAC, treatment costs may range from approximately 18 to 

120 million. Cost estimates include equipment installation; however, costs associated with pre-

treatment and equipment maintenance would be in addition to the capital investment.  

Due to a lack of available data, this impact assessment could not factor in costs to human health 

and the healthcare system associated with the current arsenic MAC and the reduction to these 

health costs that may be expected by a lowering of the arsenic MAC. Although the proposed 

MAC will result in increased treatment capital and maintenance costs for homeowners and 

registered supply owners, arsenic is a known human carcinogen that has been linked to a range 

of cancer and non cancer health effects. Given this, Nova Scotia supports Health Canada’s public 

consultation regarding a potential reduction to the arsenic MAC from 10 µg/L to 5 µg/L. 

 

Nunavut 

No arsenic problem in NU, so no impact. 

 

Ontario 

Ontario has a secondary process which requires formal adoption of Canadian Drinking Water 

Quality Guidelines (CDWQG) as Ontario Drinking Water Quality Standards under Ontario 

Regulation 169/03 which includes stakeholder consultation on the Environmental Registry of 

Ontario, and a change to regulations. Currently the Ontario Drinking Water Quality Standard for 

arsenic is 10 µg/L, which drinking water systems covered under Ontario’s Safe Drinking Water 

Act, 2002 are required to meet. There would be no immediate impacts resulting from an update 

of the arsenic CDWQG.  

 

In Ontario, it is estimated that about 64 drinking water systems (3.5% of all systems reporting 

arsenic levels in treated water) would be impacted if the Ontario drinking water quality standard 

is reduced from 10 µg/L to 5 µg/L. Of these 64 drinking water systems, the majority are small 

systems, and upgrading costs for them will be significant related to treatment upgrades and/or 

development of new water sources.  

 

Treatment technologies utilized in drinking water systems regulated in Ontario must be NSF 

certified. No certified treatment currently exists to meet 5 µg/L. 

 

Prince Edward Island 

Arsenic concentrations in Prince Edward Island groundwater are typically low and the proposed 

guidelines should have a relatively small impact for our municipal systems but could be of a 

more moderate impact to homeowners with private wells.  

 

It is not expected that any of our municipal drinking water supply systems will need to take 

immediate action to meet the new health-based guideline. However, with this new limit, some 

municipalities may have individual wells that are at or slightly above this proposed MAC. From 

previous sampling it shows that 2 of 14 municipalities had previous well samples above the 

MAC. This should be mitigated without additional treatment through the blending of source 

water wells at each wellfield. 
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We would expect to see more impact on the private residential wells. The change would result in 

arsenic being the number one parameter that would exceed any MAC guidelines on PEI. We 

would see the exceedances increase from around 1% to 3.5% of all private water samples. The 

biggest impact to homeowners would be the cost to install treatment devices to meet the new 

health guidelines. The biggest burden would be on health authorities, water treatment suppliers 

and ultimately the end users. 

 

Québec  

Au Québec, tous les réseaux de distribution d’eau potable qui desservent plus de 20 personnes 

doivent réaliser annuellement le contrôle de l'arsenic dans l’eau qu’ils distribuent en vertu du 

Règlement sur la qualité de l’eau potable (RQEP). De janvier 2018 à décembre 2023, 15 755 

résultats d’analyses issus du contrôle réglementaire pour l’As effectués dans 2923 installations 

de distribution d'eau potable ont été transmis au ministère de l’Environnement et de la Lutte 

contre les changements climatiques de la Faune et des Parcs (MELCCFP). De tous les résultats 

d’analyse transmis, 85% étaient inférieurs aux limites de détections rapportées. Celles-ci varient 

entre 0,02 et 2 µg/L. Les 2430 résultats rapportant la détection d’arsenic provenaient de 582 

installations de distribution d’eau potable distinctes, soit environ 20 % des réseaux ayant 

transmis des résultats.   

 

Pour l'année 2023, 2594 résultats ont été transmis, dont 17,4% (424 résultats) présentaient des 

concentrations au-dessus des limites de détection rapportées, et ce pour 345 installations 

distinctes. Seulement 14 de ces installations ont rapporté des résultats supérieurs à 10 µg/L. La 

concentration maximale atteinte était de 128 μg/L, tandis que la médiane des résultats supérieurs 

à 10 µg/L était de 12,2 µg/L. L'ensemble de ces réseaux sont de petite taille (moins de 500 

personnes) et la majorité (9/14) dessert une clientèle touristique, par définition transitoire.  

 

À titre comparatif, 72 installations ont transmis des résultats dépassant 5 µg/L au cours de 

l'année 2023, ce qui représente 58 installations additionnelles. Ces installations sont 

principalement situées dans des régions dont l'environnement géologique est reconnu pour 

contribuer à la présence d'arsenic dans l'eau souterraine. Une proportion significative des puits 

privés de ces régions pourrait également contenir des concentrations d’arsenic supérieures à 5 

µg/L. 

 

Saskatchewan 

The guideline document proposes a new Maximum Acceptable Concentration (MAC) of 5 µg/L 

for arsenic in drinking water, the existing guideline for Arsenic is 10 µg/L. Saskatchewan 

adopted the drinking water quality standard of 10 µg/L for arsenic in 2006 and communities in 

Saskatchewan are implementing appropriate treatment technologies to achieve less than 10 µg/L. 

The review of recent years data on arsenic levels in the distribution system showed that many 

communities in Saskatchewan are exceeding the proposed MAC of 5 µg/L; further, there are 23 

communities that put up the treatment system to meet the existing arsenic standard are achieving 

arsenic levels between 5 and 10 µg/L in the treated water. Since 2006, Saskatchewan works with 

the communities that are affected by arsenic to get funding from both provincial/federal agencies 

for providing treatment to achieve the standard of 10 µg/L. 
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Preliminary cost estimate showed that the arsenic affected communities in Saskatchewan 

including those already achieved less than 10 µg/L may need approximately more than $80 

million to upgrade their system to achieve the proposed MAC of 5 µg/L for arsenic. The 

estimation of operational cost is not possible at this time, however, Saskatchewan expects that 

once new treatment systems are in place there may be an increased operational cost for these 

systems due to chemical cost, membrane replacement for Reverse Osmosis (RO) systems, salary 

for the higher level certified operators for the new systems etc. Also, not all the affected 

communities may be eligible or qualify for federal/provincial funding, some communities may 

have to put up their own cost to comply with the new MAC and that will increase their financial 

liability. Further, communities in Saskatchewan are adopting RO plants (best available treatment 

system for arsenic) and there is a significant quantity of backwash water from these plants; this 

backwash water is disposed or discharged in the facultative lagoons (wastewater treatment 

system) of the communities thereby affecting the lagoon treatment and capacity, the 

communities need to upgrade their lagoon and storage cell to meet the wastewater regulatory 

requirements. Hence, there is an indirect cost associated with upgrading the lagoon due to the 

installation of RO plants for arsenic treatment. 

 

Also, the health benefits associated with the reduction to 5 µg/L from 10 µg/L is not clear in the 

guideline document. The new MAC of 5 µg/L will pose a significant compliance challenge for 

the arsenic affected communities (most of them are small) in Saskatchewan including those 

already have a treatment in place to achieve less than 10 µg/L. Saskatchewan has concerns 

regarding the achievability of the new MAC of 5 µg/L by the communities in Saskatchewan, the 

cost (capital, operational and indirect cost) of complying with the proposed MAC of 5 µg/L will 

be very high. Saskatchewan prefers to keep the existing arsenic drinking water quality standard 

of 10 µg/L in the province.        

 

Yukon 

As discussed in the draft guideline for arsenic, Environmental Health Services is in the opinion 

the proposed new guideline would have serious implications.  

 

The impacts of lowering the arsenic guideline by half - to 5 micrograms/L will push some of our 

water plants that are below the 10 microgram/L over the limit and the water plants treating for 

arsenic currently, will be considered insufficient. This would further complicate the current 

infrastructure in these water plants that were not designed to treat for arsenic.  

Once the treatment trains in these existing water plants requires modifications it involves, 

permitting, consultants, P. engineers, funding. These are complicated obstacles to overcome in 

the north. In addition to the mentioned complexities, this will also alter the EOCP Classification 

of each water plant system affected by the value change. When the EOCP classification is 

reevaluated due to enhancements to the treatment train; it will increase the level of classification 

at the water plant.  

 

Therefore, our current operators will not be qualified to operate the water plant under its new 

EOCP classification. As we struggle in this jurisdiction already to have qualified water operators 

meet or exceed the current EOCP classification of their water plants, this will further add 

complications in the ability to operate a more complex water treatment plant. Lowering the 
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arsenic values would have a great impact on our communities and our operators to supply 

drinking water and possibly placing some facilities in jeopardy of even being able to operate.  

 

Indigenous Services Canada (ISC) 

Based on available water quality data for First Nations communities south of 60°, there are a 

considerable number of public or semi-public water systems that could be affected by lowering 

the maximum acceptable concentration (MAC) from 0.01 mg/L to the proposed MAC of 0.005 

mg/L. The magnitude of this impact varies by province, with regions where arsenic is more 

prevalent in source water, such as British Columbia, Saskatchewan and Manitoba, facing a 

greater potential impact. Conversely, the impact on drinking water systems in First Nations 

communities in other provinces, such as Ontario and Quebec, is expected to be minimal. 

 

After analyzing the most recent available data in light of the proposed MAC, it is estimated that 

the number of ISC-funded public and semi-public drinking water systems in First Nations 

communities not meeting the new guideline would increase. Exceedances to the new proposed 

MAC are anticipated to impact a minimum of 26 First Nations communities across the country. 

 

Quantifying the impacts on systems with fewer than five connections or individual (private) 

wells is challenging. Nevertheless, available data suggests that the potential impact to these 

systems would likely be substantial in British Columbia, Alberta, Saskatchewan, Manitoba and 

Atlantic regions. 

 

Capital investments and/or operational adjustments will likely be needed for many systems to be 

able to meet the proposed MAC. This would include the construction of new drinking water 

treatment plants, upgrades to existing plants, as well as the installation of new treatment systems 

for individual wells. In addition, many First Nations communities are located in remote areas 

with small populations which presents unique challenges related to operating advanced drinking 

water treatment processes that may be needed to achieve the proposed MAC. ISC will support 

First Nations to meet the final proposed guideline, as required, and will continue to support 

operator training and capacity building programs. 

 

Workload and costs for drinking water monitoring conducted by Environmental Public Health 

Officers (EPHOs) is not expected to increase significantly as a result of Health Canada’s 

recommendation to conduct compliance sampling annually, at a minimum. The frequency of 

routine sampling conducted by EPHOs for chemical parameters in First Nations public water 

systems is to be once per year, at a minimum, as defined in the First Nation and Inuit Health 

Branch (FNIHB) Drinking Water Program Manual (1st Edition). For heavy metals such as 

arsenic, the manual indicates that in addition to water entering the distribution system, additional 

samples may need to be taken from points within the distribution system as determined by the 

EPHO.  
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Appendix C: Canadian water quality data 
 

Table C-1. Total arsenic concentrations for select river basins across Canada, taken from 

Environment and Climate Change Canada’s long-term monitoring data (2000 to 2015) 

Region River basin 

Number 

of 

samples 

Number 

of 

detectsa 

Median 

(μg/L) 

Mean 

(μg/L) 

90th 

percentil

e 

(μg/L) 

Maximu

m 

(μg/L) 

East 

Maritime Coast 2 146 2 101 0.4 0.5034 0.96 6.95 

Newfoundland-

Labrador 
4 775 4 624 0.14 0.2093 0.4 9.82 

North Shore-Gaspé 61 57 0.05 0.0508 0.06 0.28 

Saint John-St. Croix 158 156 0.1625 0.1882 0.3155 0.4 

Central Winnipeg 118 118 0.91 0.9497 1.163 3.19 

Prairie 

Assiniboine-Red 1 167 1 166 4.94 5.3617 8.536 33.4 

Churchill 408 405 0.89 0.8942 1.39 2.93 

Lower 

Saskatchewan-

Nelson 

541 541 1.4 1.5723 2.77 6.6 

Missouri 147 147 1.26 1.5386 2.346 9.52 

North 

Saskatchewan 
631 630 0.47 1.2500 3.708 10.1 

South 

Saskatchewan 
979 978 0.34 0.6785 1.36 21.8 

Pacific 

Columbia 5 016 4 956 0.24 0.3543 0.8 19.4 

Fraser 4 351 4 348 0.45 0.5499 1.14 6.54 

Okanagan-

Similkameen 
1 293 1 293 0.58 0.8959 1.5 14.9 

Pacific Coastal 3 253 3 251 0.43 0.6699 1.2 36.9 

Peace-Athabasca 901 891 0.46 0.9302 2.188 26.7 

Arctic 

Arctic Coast 1 109 1 098 0.38 0.9205 2.14 26.7 

Keewatin-Southern 

Baffin Island 
67 67 0.1 0.0955 0.14 0.2 

Lower Mackenzie 1 453 1 453 0.48 1.0039 2.25 35.2 

Yukon 857 856 0.48 0.8426 1.86 14.5 

Source: ECCC, 2020. 
a Method detection limit = 0.005–0.205 μg/L. 
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 Table C-2. Total arsenic concentrations for select provinces’ groundwater monitoring studies 

across Canada 

Jurisdiction (MDL μg/L) 
Years 

  

# Detects/ 

samples 

Median 

(μg/L) 

Mean 

(μg/L) 

90th 

percentile 

(μg/L) 

British Columbia1 (0.01 to 2.5) 
2005–

2018 
470/533 0.50 4.33 5.29 

Manitoba2 (0.1 to 2) 
1990–

2018  
834/834 1.72 7.70 24.25 

Nova Scotia3 

(1) 

Bedrock 

aquifers 1975–

2018 

2 483/2 4

83 
2.5 24.3 40 

Unconfined 

aquifers 
516/517 1 3.5 2.6 

Quebec4 (1 to 2) 
1971–

2014 
500/1 386 1.00 206 5.9 

MDL : method detection limit. 
1 British Columbia Ministry of Health (2019) 
2 Manitoba Office of Drinking Water (2019) 
3 Nova Scotia Environment (2019)  
4 Ministère du Développement durable, de l’Environnement et de la Lutte contre les changements climatiques du Québec (2019) 
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Appendix D: Primary studies evaluated for risk assessment 
 

Table D-1. Primary studies on bladder and lung cancer considered in the identification of key 

studies for quantitative risk assessment 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Bladder Cancer 

Baris et al. 

(2016) 

Case-control 

NE U.S 

 

Time-

weighted 

average As 

concentratio

n 

6 Yes 

 (≤ 0.4 μg/L 

> 0.4 to 0.7 

μg/L) 

1 079 cases 

and 1 287 

controls 

High quality 

but failed for 

study design 

and assay 

accuracy 

 

Bates et al. 

(1995) 

 

Case-control 

U.S. (Utah) 

 

Cumulative 

dose 

4 Yes (?)b 

(<19 000 μg 

cumulative 

exposure 

(<33 000 

μg/L-years) 

19 000 to 

< 33 000 μg 

(33 000 to 

< 53 000 

μg/L-years 

[sic]) 

71 cases and 

160 controls 

Low quality  

Bates et al. 

(2004) 

Case-control 

Argentina 

 

Fluid intake-

adjusted As 

water 

concentratio

n 

4 No 

(0 to 50 

µg/L 

51 to 100 

µg/L 

114 case-

control pairs 

Low quality 
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Chen et al. 

(2010a) 

Prospective 

cohort 

NE Taiwan 

 

As water 

concentratio

n  

5 (excluding 

unknown 

group) 

Yes 

(0 to 10 

µg/L  

10 to 49.9 

µg/L) 

8 086 (6 888 

if excluding 

unknown 

group) 

High quality 

 

Chiou et al. 

(1995) 

Prospective 

cohort  

SW Taiwan 

 

 

Average As 

concentratio

n in well 

water 

(cumulative 

As exposure 

from 

drinking 

artesian well 

water) 

3 (excluding 

unknown 

group) 

No 

(< 50 μg/L 

(0 μg /L-

years)  

50 to 700 

μg/L (100–

19 900 μg 

/L-years))   

2 256 

(includes 

unknown 

group – only 

total cohort 

size given) 

Low quality  
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Huang et al. 

(2008) 

Prospective 

cohort 

Northern 

Taiwan 

 

Average 

concentratio

n of As in 

artesian well 

water 

consumed 

4 No 

(< 400 µg/L 

410 to 700 

µg/L) 

1 078 High quality 

but of 

limited 

utility due to 

very high 

exposures, 

including of 

reference 

group 

Karagas et 

al. (2004) 

Case-control 

U.S. (New 

Hampshire) 

 

Toenail As 

concentratio

n  

7 Unknown 

(0.009 to 

0.059 µg/g 

0.060 to 

0.086 µg/g) 

 

383 cases 

and 641 

controls 

High quality 

but failed for 

adjustment 

for 

confounders. 

No 

significant 

increase at 

any 

exposure, 

and no dose-

related 

increase 

among never 

smokers 
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Kurttio et al. 

(1999) 

Case-cohort 

Finland 

As water 

concentratio

n; in well 

water  

3 Yes 

(< 0.1 µg/L 

0.1 to 0.5 

µg/L) 

61 cases and 

275 control 

cohort 

High quality 

but failed for 

exposure 

measuremen

t and 

adjustment 

for 

confounders 

Lewis et al. 

(1999) 

  

Cohort 

mortality 

study 

U.S. (Utah) 

 

Years of 

residence in 

community 

and median 

As 

concentratio

n in the 

community  

3 No 

(< 1 000 

µg/L-years 

1 000 to 

4 999 µg/L-

years) 

2203  Not assessed 

by Lynch et 

al. (2017) 

Meliker et 

al. (2010) 

Case-control 

U.S. (SE 

Michigan) 

 

As water 

concentratio

n time-

weighted 

average 

3 Yes 

(< 1 µg/L 

1 to 10 

µg/L) 

411 cases 

and 566 

controls 

High quality  

 

Michaud et 

al. (2004) 

Case-control 

SW Finland 

 

Toenail As 

concentratio

n 

4 Unknown 

(< 0.050 

µg/g 

0.05 to 

0.105 µg/g) 

280 cases 

and 293 

controls 

High quality 

but failed 

adjustment 

for 

confounders. 

No 

significant 

increase at 

any dose and 

comparable 
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

response at 

two highest 

quartiles 

Mostafa and 

Cherry 

(2015) 

Case-control 

Bangladesh 

 

Mean As 

concentratio

n  

6 Yes 

(< 10 µg/L 

10 to 50 

µg/L) 

2 610 cases 

(confirmed 

urinary tract 

cancer) and 

1 581 

controls 

(benign 

histological 

diagnoses) 

Low quality 

 

Steinmaus et 

al. (2003) 

Case-control 

Western 

U.S. 

 

 

Cumulative 

dose  

3 Yes 

(< 10 µg/day 

10 to 80 

µg/day) 

181 cases 

and 328 

controls 

High quality 

but failed for 

study design 

and assay 

accuracy. 

Cases and 

controls also 

compared by 

concentratio

n in drinking 

water, but 

no statistics 

done on that 

measure. 

Relatively 

small 

sample (only 

3 groups) 

and no 

statistically 

significant 

increase 
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Steinmaus et 

al. (2013) 

Case-control 

Northern 

Chile 

 

Lifetime 

average As 

concentratio

ns 

4 No 

(< 11 µg/L  

11 to 90 

µg/L) 

232 cases 

and 640 

controls 

Low quality  

 

Wang et al. 

(2009) 

Case-control 

SW Taiwan 

 

As exposure 

in water 

2 No 

(< 350 µg/L 

(Low) 

>= 350 µg/L 

(High)) 

520 case-

control pairs 

Low quality  

Focused on 

occupational 

exposure 

and genetics 

 

Lung Cancer 

Chen et al. 

(2010b) 

Prospective 

cohort 

NE Taiwan 

 

As 

concentratio

n in well 

water 

(cumulative 

exposure) 

5 Yes 

(< 10 µg/L 

(< 400 µg/L-

years) 

10 to 49.9 

µg/L (400- 

<1 000 

µg/L-years)) 

6 888  High quality 

although 

failed 

adjustment 

for 

confounders 

 

Chiou et al. 

(1995) 

Prospective 

cohort 

SW Taiwan 

 

Average As 

concentratio

n in well 

(cumulative 

As exposure 

from 

drinking 

artesian well 

water  

3 (excludes 

unknown 

group) 

No 

(< 50 µg/L 

(0 µg/ L-

years) 

50 to 700 

µg/L (100–

19 900 µg/ 

L-years)) 

2 256 

(includes 

unknown 

group – only 

total cohort 

size given) 

Low quality  
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

D’Ippoliti et 

al. (2015)  

Prospective 

cohort 

Italy 

 

Lifetime 

average As 

concentratio

n  

3 Yes 

(< 10 µg/L 

10 to 20 

µg/L) 

70 042 (F) 

68 758 (M) 

Low quality  

 

Dauphine et 

al. (2013) 

Case-control 

U.S. 

(California/ 

Nevada) 

 

Average As 

concentratio

n in drinking 

water  

3 Yes 

(< 10 µg/L 

11 to 84 

µg/L) 

 

196 cases 

and 359 

controls 

High quality 

but failed for 

study design 

and assay 

accuracy; 

however, 

data 

considered 

adequate by 

RSI (2022) 

for inclusion 

in meta-

analysis 

Ferreccio et 

al. (2000) 

Case-control 

Chile 

 

Average As 

concentratio

n in drinking 

water  

5 

(8 for peak 

years of 

exposure 

analysis) 

Yes 

(0 to 10 

µg/L 

10 to 29 

µg/L) 

151 cases 

and 419 

controls 

High quality 

although 

failed for 

exposure 

measuremen

t and assay 

accuracy 

 

Heck et al. 

(2009) 

Case-control 

U.S. (New 

Hampshire) 

 

Toenail As  4 Unknown 

(< 0.05 to 

≥ 0.1137) 

223 cases 

and 238 

controls 

High quality 

although no 

significant 

increase at 

any dose and 

OR < 1 at 

high dose. 
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Unclassified / Non classifié 

Study Study 

design and 

location 

 

Exposure 

metric 

Number of 

groups 

Is reference 

dose range 

< 10 μg/L?; 

range for 

lowest 

exposed 

dose group 

(non-

referent) 

Sample size Study 

qualitya 

Mostafa et 

al. (2008)  

Case-control 

Bangladesh 

 

Average As 

concentratio

n in drinking 

tube-well 

water  

4 Yes 

(≤ 10 µg/L 

11 to ≤ 50 

µg/L) 

516 cases 

(nonsmokers

), 2 239 

cases 

(smokers) 

438 controls 

(nonsmokers

), 735 

(smokers) 

Low quality; 

however, 

data 

considered 

adequate by 

RSI (2022) 

for inclusion 

in meta-

analysis  

 

Smith et al. 

(2009) 

Case-control  

Chile 

Average As 

concentratio

n in drinking 

water  

6 Yes 

(0 to 9 µg/L 

10 to 59 

µg/L) 

151 cases 

and 419 

controls 

High quality  

Steinmaus 

et al. (2013) 

Case-control 

Chile 

 

Average As 

concentratio

ns in 

drinking 

water  

4 No 

(< 11 µg/L  

11 to 90 

µg/L) 

306 cases 

and 640 

controls 

Low quality 

by Lynch et 

al. (2017); 

however, 

data 

considered 

adequate by 

RSI (2022) 

for inclusion 

in meta-

analysis 

 

As: arsenic; F: female; M: male; NE: northeast; OR: odds ratio; SE: southeast; SW: southwest  
a Study quality assessed by Lynch et al. (2017). A three-tier approach was used to evaluate 

bladder and lung cancer studies. In the first tier, if the study did not adjust for smoking, it was 

considered low quality. Tier 2 considered study design and exposure measurement, and Tier 3 

considered assay accuracy, adjustment for confounders, statistical analysis, selection bias and 

outcome ascertainment. There were specific requirements for meeting each Tier 2 and Tier 3 

criterion, depending on the study design. Studies that failed both Tier 2 criteria were considered 

low quality. If a study met at least one Tier 2 criterion, it was evaluated under Tier 3. A study 

was considered high quality if it met one of the two Tier 2 criteria and three or more of the Tier 3 
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Unclassified / Non classifié 

criteria. Note that the criteria were based on very high standards, so that a study could “fail” Tier 

2 or Tier 3 criteria and still be considered a “high quality” study. 
b It appears that there may be a units error in the publication. Based on the originally reported 

cumulative concentration, the concentration in the drinking water in the lowest quartile is ~1 

mg/L. However, Table 3 of the publication shows that about 20% of the population drank water 

with less than 1 µg/L 

 

Table D-2: Primary studies for diabetes considered in the identification of key studies for 

quantitative risk assessment 

Study Study 

design 

and 

location 

Exposure 

metric 

Number 

of 

groups 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referen

t])  

Samp

le size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Feseke 

et al. 

(2015) 

Cross-

sectional 

Canada 

Total 

urinary 

arsenic  

Continuo

us 

variable 

and 

quartiles 

Yes 

(5.71 to 

11.2 

µg/L) 

3 151 Age, sex, 

education 

level, 

alcohol, 

smoking, 

BMI, 

hypertensio

n, urinary 

creatinine, 

seafood 

consumptio

n 

No, cross- 

sectional 

design 

less than 

ideal and 

missing 

adjustmen

t of some 

key 

confoundi

ng factors 

Gribble 

et al. 

(2012) 

Cross-

sectional 

U.S. 

Baseline 

total 

urinary 

arsenic 

4 Yes  

(7.9 to 

14.1 

µg/L) 

3 925 Age, sex, 

BMI, 

education, 

smoking, 

alcohol, 

urinary 

creatinine 

No, cross- 

sectional 

design 

less than 

ideal and 

missing 

adjustmen

t of some 

key 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Exposure 

metric 

Number 

of 

groups 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referen

t])  

Samp

le size 

Adjusted 

for 

confounder

s 

Key 

study?a 

confoundi

ng factors 

Islam 

and 

Majumd

er 

(2012) 

Cross-

sectional 

Banglades

h 

 

Well water 

concentrati

on 

4 No 

(23 to 

32 

µg/L) 

1 004 Age, sex, 

education, 

BMI, 

family 

history of 

diabetes 

No, cross- 

sectional 

design 

less than 

ideal, non-

North 

American 

population 

and 

missing 

adjustmen

t of some 

key 

confoundi

ng factors 

James et 

al. 

(2013) 

Nested 

case-

control 

(prospectiv

e) 

U.S. 

TWA 

arsenic in 

drinking 

water 

4 Yes 

(4 to 7 

µg/L) 

141 

cases 

and 

488 

contro

ls 

Age, sex, 

race, 

income, 

BMI, 

physical 

activity, 

smoking, 

alcohol, 

family 

history 

Yes, 

prospectiv

e design 

in a North 

American 

population 

and 

adjusted 

for most 

of the key 

confoundi

ng factors 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Exposure 

metric 

Number 

of 

groups 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referen

t])  

Samp

le size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Kim et 

al. 

(2013) 

Case-

control 

(prospectiv

e) 

U.S. 

Baseline 

total 

urinary 

arsenic  

4 Yes 

(4.6 to 7 

µg/L) 

150 

cases 

and 

150 

contro

ls 

Age, sex, 

BMI, 

urinary 

creatinine 

Yes, 

prospectiv

e design 

in a North 

American 

population 

but 

limited 

adjustmen

t for 

confoundi

ng factors 

Mendez 

et al. 

(2016) 

Cross-

sectional 

Mexico 

Household 

water 

arsenic 

4 No 

(25.5 to 

47.9 

µg/L) 

1 160 Age, sex, 

education, 

smoking, 

alcohol, 

seafood 

intake, 

weight, 

waist 

circumferen

ce, water 

source 

No, cross- 

sectional 

design 

less than 

ideal, 

missing 

adjustmen

t of some 

key 

confoundi

ng factors 

and high 

refence 

dose 

range 

Sánchez

-

Rodrigu

Retrospecti

ve 

Drinking 

water and 

3 Yes 

(16.8 to 

257 Sex, place 

of 

residence, 

No, 

retrospecti

ve design 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Exposure 

metric 

Number 

of 

groups 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referen

t])  

Samp

le size 

Adjusted 

for 

confounder

s 

Key 

study?a 

ez et al. 

(2023) 

Mexico urinary 

arsenic 

19.4 

µg/L) 

exposure 

level, 

presence / 

absence of 

As, diet, 

lifestyle 

(alcohol 

consumptio

n, smoking, 

exercise), 

socio-

demographi

c and 

economic 

status 

is less 

than ideal 

and small 

sample 

size 

across 

ages 

As: arsenic; BMI: body mass index; CL: confidence limit; OR: odds ratio; T1D: Type 1 Diabetes 

Mellitus. 
a The criteria for consideration as a key study are: 1) longitudinal cohort or case-control study 

design, 2) conducted in a North American population and 3) adjustment for confounding factors 

including dietary and hereditary factors, smoking, race, age, sex, obesity, and physical activity. 

 

Table D-3: Primary studies on cardiovascular disease considered in the identification of key 

studies for quantitative risk assessment 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Exposure 

metric 

Numbe

r of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Peripheral Vascular Outcomes 

Chen et 

al. 

(2011e) 

Prospective 

cohort 

Bangladesh 

 

Well 

drinking 

water, 

Urine 

4 Yes (12 to 

62 µg/L) 

11 476 

 

Sex, age, 

BMI, 

smoking 

status, 

education, 

and changes 

in arsenic 

concentratio

n adjusted 

for urinary 

creatinine 

between 

visits 

No, non-

North 

American 

population 

Chen et 

al. 

(2013) 

Prospective 

case-cohort 

Bangladesh 

 

TWA 

Household 

drinking 

water, 

Urine 

3 No (25.1 to 

107 µg/L) 

1 109 

in 

cohort 

369 

cases 

  

Sex, age, 

BMI, 

smoking 

status, 

education, 

hypertensio

n, diabetes 

status, and 

change in 

urinary 

arsenic 

between 

visits 

No, non-

North 

American 

population 

D’Ippol

iti et al. 

(2015) 

Retrospectiv

e cohort 

Italy 

Predicted 

TWA 

household 

drinking 

water 

3 Yes (10 to 

20 µg/L) 

165 60

9 

Age, sex, 

calendar 

period, 

occupation, 

SES, 

smoking, 

radon 

No, 

retrospectiv

e design less 

than ideal 

and non-

North 

American 

population 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Exposure 

metric 

Numbe

r of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Ersbølla 

et al. 

(2018) 

Prospective 

cohort 

Denmark 

Predicted 

TWA 

drinking 

water 

levels 

estimated 

at the 

utility 

outlet 

3 Yes (0.573 

to 0.7 µg/L) 

57 053 Age, sex, 

calendar 

year, BMI, 

waist 

circumferen

ce, smoking, 

alcohol 

consumptio

n, 

vegetables 

and fruit 

intake, 

physical 

activity, 

length of 

school 

attendance 

No, non-

North 

American 

population, 

arsenic 

levels 

estimated 

from water 

treatment 

systems 

outlets 

during the 

1987 to 

2004 period 

and a lack 

of 

information 

on intake 

from other 

sources  

Moon et 

al. 

(2013) 

Prospective 

cohort 

U.S. 

Urine sum 

of 

inorganic 

and 

methylated 

metabolites  

4 Unknown 

(5.8 to 9.7 

µg/g 

creatinine) 

3 575 Age, 

location, 

sex, 

education, 

smoking, 

BMI, LDL-

C, 

hypertensio

n, diabetes, 

and 

estimated 

GFR 

Yes, 

prospective 

design in a 

North 

American 

population 

and 

evaluated 

both fatal 

and nonfatal 

stroke, 

although did 

not adjust 

for all key 

confounding 

factors 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Dose 

measure 

Number 

of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

 

Ischemic Heart Disease (CHD, CVD) 

Chen et 

al. 

(2011e) 

Prospective 

Cohort 

Bangladesh 

Well 

drinking 

water, 

Urine 

4 Yes  

(12 to 62 

µg/L) 

11 476 

 
Sex, age, 

BMI, 

smoking 

status, 

education, 

and changes 

in arsenic 

concentratio

n adjusted 

for urinary 

creatinine 

between 

visits 

No, non-

North 

American 

population 

Chen et 

al. 

(2013) 

Prospective 

case-cohort 

Bangladesh 

 

TWA 

househol

d 

drinking 

water, 

Urine 

3 No  

(25.1 to 107 

µg/L) 

1 109 

in 

cohort 

369 

cases 

  

Sex, age, 

BMI, 

smoking 

status, 

education, 

hypertensio

n, 

diabetes 

status, and 

change in 

urinary 

arsenic 

between 

visits 

No, non-

North 

American 

population 

D’Ippoli

ti et al. 

(2015) 

Retrospectiv

e cohort 

Italy 

Predicted 

TWA 

househol

d 

drinking 

water 

3 Yes (10 to 

20 µg/L) 

165 60

9 

Age, sex, 

calendar 

period, 

occupation, 

SES, 

smoking, 

radon 

No, 

retrospectiv

e design less 

than ideal 

and non-

North 

American 

population 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Dose 

measure 

Number 

of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

 

Farzan 

et al. 

(2015) 

Prospective 

case-control 

study 

U.S. 

Toenail 3 Unknown 

(0.07 to 

0.11 µg/g)  

3 939 Age, sex, 

education, 

smoking, 

cancer 

status 

No, limited 

adjustment 

for key 

confounding 

factors 

James et 

al. 

(2015) 

Prospective 

case-cohort 

U.S. 

Predicted 

TWA 

househol

d 

drinking 

water 

5 Yes (10 to 

20 µg/L) 

555 Age, sex, 

income, 

ethnicity, 

smoking, 

alcohol use, 

BMI, 

physical 

activity, 

family 

history of 

CHD, 

diabetes, 

cholesterol, 

folate, 

selenium 

Yes, 

prospective 

case-cohort 

design in a 

North 

American 

population, 

with 

adjustment 

for all of the 

key 

confounding 

factors 

Moon et 

al. 

(2013) 

Prospective 

cohort 

U.S. 

Urine 

sum of 

inorganic 

and 

methylate

d 

metabolit

es (mg/g 

creatinine

) 

4 Unknown 

(5.8 to 9.7 

µg/g 

creatinine) 

3 575 Age, 

location, 

sex, 

education, 

smoking, 

BMI, LDL-

C, 

hypertensio

n, diabetes, 

and 

estimated 

GFR 

Yes, 

prospective 

design in a 

North 

American 

population 

and 

evaluated 

both fatal 

and nonfatal 

CHD and 

CVD, 

although did 

not adjust 

for all key 

confounding 

factors 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Dose 

measure 

Number 

of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

 

Sohel et 

al. 

(2009) 

Retrospectiv

e cohort 

Bangladesh 

TWA 

househol

d 

drinking 

water 

5 Yes (10 to 

49 µg/L) 

115 90

3 

Age, sex, 

education, 

SES 

No, 

retrospectiv

e design less 

than ideal 

and non-

North 

American 

population 

Wade et 

al. 

(2015) 

Case-

control 

China 

Househol

d 

drinking 

water, 

toenail 

clippings 

3 Yes  

(10 to 39 

µg/L) 

275 

controls 

298 

cases 

Age, sex, 

diet, BMI, 

occupation, 

education, 

smoking, 

alcohol use, 

and family 

history of 

hypertensio

n, diabetes 

or heart 

disease 

No, non-

North 

American 

population 

Mortality from Heart Disease 

Nigra et 

al. 

(2021) 

Prospective 

cohort  

U.S. 

(NHANES) 

Urinary 

total 

arsenic 

4  Yes (2.31 to 

4.00 µg/L) 

4 990 Age, sex, 

race/ethnicit

y, urinary 

creatine, 

estimated 

glomerular 

filtration 

rate, 

education, 

BMI, blood 

cholesterol, 

serum 

cotinine, 

self-

reported 

No, small 

sample size, 

high limits 

of detection 

for urinary 

arsenic, 

short 

follow-up 

time (75 

months) and 

statistical 

significance 

only seen 

with flexible 

models 
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Unclassified / Non classifié 

Study Study 

design and 

location 

Dose 

measure 

Number 

of 

groups 

Is reference 

dose range 

< 10 µg/L? 

(range for 

lowest 

exposed 

group [non-

referent])  

Sample 

size 

Adjusted 

for 

confounder

s 

 

seafood 

intake (past 

24 hours), 

hypertensio

n, diabetes 

status, 

urinary 

cadmium, 

blood lead 

and survey 

cycle (for 

differences 

in detection 

limits)  

(restricted 

quadratic 

splines) 

BMI: body mass index; CHD: coronary heart disease; CVD: cardiovascular disease; LDL-C: 

low-density lipoprotein cholesterol; PAD: peripheral arterial disease; SES: socio-economic 

status; TWA: time-weighted average 
a The criteria for consideration as a key study are: 1) longitudinal cohort or case-control design, 

2) conducted in a North American population and 3) adjustment for, at minimum, dietary and 

hereditary factors, smoking, race, age, sex, obesity and physical activity. 
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Unclassified / Non classifié 

Table D-4: Primary studies on neurodevelopmental effects considered in the identification of 

key studies for quantitative risk assessment 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Full Scale IQ 

Hamada

ni et al. 

(2011) 

Prospecti

ve cohort 

Banglade

sh 

Water 

concentrati

on, urinary 

As during 

pregnancy, 

children’s 

urinary As 

4 No 

(Matern

al: 37 to 

82 µg/L 

dependi

ng on 

GW; 

Childre

n: 18 to 

50 µg/L 

dependi

ng on 

age) 

2 260 Age, sex, 

U-As and 

interaction 

of sex with 

U-As, 

HOME, 

father’s 

education, 

mother’s 

BMI and 

IQ, assets, 

housing, 

number of 

children in 

the 

household, 

gestational 

age, birth 

length, 

concurrent 

HAZ and 

dummy 

variables 

representin

g testers 

No, non-

North 

American 

population 

and only 

WPPSI-III 

raw scores 

were 

reported. 

No 

informatio

n was 

provided 

on how 

the 

WPPSI-III 

test was 

adapted to 

the 

Banglades

h 

population

, and no 

normalize

d data 

were 

provided. 

This limits 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

the 

interpretati

on of the 

reported 

data. 

Wasserm

an et al. 

(2014) 

Cross-

sectional 

Maine, 

U.S. 

Water 

concentrati

on, toenail 

As 

4 Yes (5 

to < 10 

µg/L) 

272  HOME 

scores, 

maternal 

education 

and IQ, 

school 

district, and 

the number 

of other 

children in 

the home 

No, cross-

sectional 

design is 

less than 

ideal and 

the study 

had a low 

participati

on rate 

with no 

relative 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

risks 

reported. 

Wasserm

an et al. 

(2018) 

Cross-

sectional 

Banglade

sh 

Blood 

arsenic 

4 Yes 

(2.2 to 

3.48 

µg/L) 

726 

adolesce

nts 

Home type, 

parental 

education, 

maternal 

intelligence

, child 

education 

in years, 

head 

circumferen

ce, sex, 

blood 

concentrati

ons of other 

neurotoxic 

metals 

No, cross-

sectional 

design is 

less than 

ideal, the 

study 

population 

was non-

North 

American, 

and no 

relative 

risks were 

reported. 

Neurobehavior (including memory and attention) 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Tsai et 

al. 

(2003) 

Cross-

sectional 

Taiwan 

Water 

concentrati

on  and 

cumulated 

arsenic 

exposure 

3 No  

(mean 

131.19 

ppb) 

109 

adolesce

nts 

Socio-

economic 

status 

No, cross-

sectional 

design is 

less than 

ideal, non-

North 

American 

population

, limited 

adjustment 

for key 

confoundi

ng factors, 

and small 

sample 

size 

Wasserm

an et al. 

(2018) 

Cross-

sectional 

Banglade

sh 

Blood 

arsenic 

4 Yes 

(2.2 to 

3.48 

µg/L) 

726 

adolesce

nts 

Home type, 

parental 

education, 

maternal 

intelligence

, child 

education 

in years, 

head 

circumferen

ce, sex, 

blood 

concentrati

ons of other 

No, cross-

sectional 

design is 

less than 

ideal, the 

study 

population 

was non-

North 

American, 

and no 

relative 

risks were 

reported. 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

neurotoxic 

metals 

Verbal IQ 

Calderón 

et al. 

(2001) 

Cross-

sectional 

Mexico 

Urinary 

arsenic  

2 No 80 

children 

Sex, age, 

socio-

economic 

status, 

parental 

education, 

blood lead 

concentrati

on 

No, cross-

sectional 

design is 

less than 

ideal and 

small 

sample 

size 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Hamada

ni et al. 

(2011) 

Prospecti

ve cohort 

Banglade

sh 

Water 

concentrati

on, urinary 

As during 

pregnancy, 

children’s 

urinary As  

4 No 

(Matern

al: 37 to 

82 µg/L 

dependi

ng on 

GW; 

Childre

n: 18 to 

50 µg/L 

dependi

ng on 

age) 

2260 Age, sex, 

U-As and 

interaction 

of sex with 

U-As, 

HOME, 

father’s 

education, 

mother’s 

BMI and 

IQ, assets, 

housing, 

number of 

children in 

the 

household, 

gestational 

age, birth 

length, 

concurrent 

HAZ and 

dummy 

variables 

representin

g testers 

No, non-

North 

American 

population 

and only 

WPPSI-III 

raw scores 

were 

reported. 

No 

informatio

n was 

provided 

on how 

the 

WPPSI-III 

test was 

adapted to 

the 

Banglades

h 

population

, and no 

normalize

d data 

were 

provided. 

This limits 

the 

interpretati

on of the 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

reported 

data. 
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Unclassified / Non classifié 

Study Study 

design 

and 

location 

Dose 

measure 

Numb

er of 

group

s 

Is 

referen

ce dose 

range 

< 10 

µg/L? 

(range 

for 

lowest 

exposed 

group 

[non-

referent

])  

Sample 

size 

Adjusted 

for 

confounder

s 

Key 

study?a 

Wasserm

an et al., 

(2018) 

Cross-

sectional 

Banglade

sh 

Blood 

arsenic 

4 Yes 

(2.2 to 

3.48 

µg/L) 

726 

adolesce

nts 

Home type, 

parental 

education, 

maternal 

intelligence

, child 

education 

in years, 

head 

circumferen

ce, sex, 

blood 

concentrati

ons of other 

neurotoxic 

metals 

No, cross-

sectional 

design is 

less than 

ideal, the 

study 

population 

was non-

North 

American, 

and no 

relative 

risks were 

reported. 

As: arsenic; BMI: body mass index; GW: gestational week; HAZ: height-for-age z-score; 

HOME: home observation for measurement of environment; IQ: intelligence quotient; U-As: 

urinary arsenic; WPPSI-III: Wechsler Preschool & Primary Scale of Intelligence third edition 
a The criteria for consideration as a key study are: 1) longitudinal cohort or case-control design 

with adjustment for, at minimum, socio-economic status, parental education and intelligence, 

regional difference, blood lead concentrations, and age. 
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Unclassified / Non classifié 

Appendix E: Summary of arsenic removal technologies 
 

 

Table E-1. Performances of municipal-scale treatment technologies for total arsenic removala 

 

Technology Parameter Median 
90th 

Percentile 
Max 

% samples above Performance 

5 μg/L 10 μg/L Best Worst 

Total 

(n = 227) 

Influent (μg/L) 14.9 36.1 141.0 100% 63% 90.5 6.4 

Treated water (μg/L) 1.7 6.8 51.4 18% 6% < 0.2 14.6 

% removal 86.0% 97.8% 99.8% NA NA 99.8% -129% 

Greensand  

(n = 41) 

Influent (µg/L) 26.9 58.3 65.1 100% 83% 22 24.3 

Treated water (µg/L) 4.5 19.6 51.4 41% 20% 0.7 51.4 

% removal 83.5% 94.7% 96.7% NA NA 96.7% -111.5% 

Reverse osmosis + 

Greensand 

(n = 32) 

Influent (µg/L) 22.8 38.9 49.6 100% 72% 21.1 5.3 

Treated water (µg/L) 1.4 4.2 13.0 3% 3% 0.1 2.8 

% removal 91.6% 99.3% 99.4% NA NA 99.4% 47.7% 

Ion exchange + 

Filtration 

(n = 4) 

Influent (µg/L) 12.9 NC 24.4 100% 50% 24.4 7.5 

Treated water (µg/L) 5.2 NC 17.3 50% 25% 0.66 8.9 

% removal 69.4% NC 97.3% NA NA 97.3% -17.9% 

Reverse osmosis  

(n = 23) 

Influent (µg/L) 12.9 48.2 141 100% 61% 50.6 5.4 

Treated water (µg/L)   1.9 4.9 6.8 9% 0% 0.2 5.3 

% removal 84.8% 99.0% 99.6% NA NA 99.6% 0.4% 

Ion exchange  

( n = 14) 
Influent (µg/L) 11.1 68.9 90.5 100% 64.3% 90.5 6.4 

Treated water (µg/L) 3.4 12.0 14.6 25% 4% 0.1 14.6 

% removal 96.2% 99.6% 99.8% NA NA 99.8% -128.8% 

Ion exchange and 

reverse osmosis  

(n = 4) 

Influent (µg/L) 10.4 NC 23.6 100% 50% 14.4 5.8 

Treated water (µg/L) 4.5 NC 2.9 50% 0% 2.9 5.8 

% removal 61.8% NC 80% NA NA 80% 0.5% 

Lime soda ash  

(n = 36) 

Influent (µg/L) 7.2 11.3 17.8 100% 14% 9.6 5.2 

Treated water (µg/L) 1.2 2.4 5.0 0% 0% 0.1 2.3 

% removal 84.1% 91.1% 98.7% NA NA 98.7% 55.3% 

Adsorption 

(n = 11) 

Influent (µg/L) 14.5 40.1 40.2 100% 100% 39.7 10.3 

Treated water (µg/L) 1.0 6.0 6.8 9% 0% 0.4 6.8 

% removal 91.2% 98.9% 99.0% NA NA 99.0% 34.0% 

Rapid sand filtration 

(n = 2) 

Influent (µg/L) NC NC 8.0 100% 0% 8.0 5.6 

Treated water (µg/L) NC NC 0.2 0% 0% 0.2 0.2 

% removal NC NC 97.4% NA NA 97.4% 96.3% 

Disinfection 

(n = 14) 

Influent (µg/L) 7.0 11.7 11.7 100% 14% 6.8 8.6 

Treated water (µg/L) 1.3 7.1 7.9 14% 0% 0.7 7.9 

% removal 82.2% 88.7% 89.9% NA NA 89.9% 9.1% 

Unspecified 

(n = 42) 

Influent (µg/L) 20.9 24.0 49.6 100% 93% 23.6 12.7 

Treated water (µg/L) 2.0 5.3 13.0 10% 5% 0.4 11 

% removal 90.1% 97.8% 98.5% NA NA 98.5% 13.4% 

n: sample size; NA: not applicable; NC: not calculated due to insufficient data 
a Only paired data with influent arsenic concentration greater than or equal to 5 μg/L were considered in the analysis. No 

operational data were provided. 

Sources: Alberta Provincial Programs Branch (2019); British Columbia Ministry of Health (2019); Manitoba Office of Drinking 

Water (2019); Nova Scotia Environment (2019); Yukon Health and Social Services (2019) 
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Table E-2. Performance of POU and POE residential devices for total (arsenic) As removal 

according to treatment technologya 

Technology Parameter Median 
90th 

Percentile  
Max 

% samples above Performance 

5μg/L 10 μg/L Best Worst 

Total 

(n = 25) 

Influent (μg/L) 8.70 31.5 83.1 100% 40% 5.1 23.5 

Treated water (μg/L) 7.40 23.4 49.8 68% 28% 0.2 49.8 

% removal 14.9% 89.4% 94.5% NA NA 96.5% -112% 

Ion exchange  

(n = 16) 

Influent (µg/L) 10.5 29.5 43.6 100% 50% 12.7 23.5 

Treated water (µg/L) 8.3 40.8 49.8 88% 38% 5.6 49.8 

% removal 2.5% 47.2% 55.9% NA NA 55.9% -112% 

Activated carbon 

(n = 2) 

Influent (µg/L) 7.1 NC 8.7 100% 0% 5.4 8.7 

Treated water (µg/L) 5.7 NC 7.4 33% 0% 3.9 7.4 

% removal 21.4% NC 27.8% NA NA 27.8% 14.9% 

Reverse osmosis 

(n = 2) 

Influent (µg/L) 44.1 NC 83.1 100% 50% 5.1 83.1 

Treated water (µg/L) 4.3 NC 8.5 50% 0% 0.2 8.5 

% removal 93.1% NC 96.5% NA NA 96.5% 90.0% 

Greensand  

(n = 3) 

Influent (µg/L) 6.5 NC 8.6 100% 0% 8.6 5.5 

Treated water (µg/L)   4.2 NC 4.8 0% 0% 0.93 4.2 

% removal 26.2% NC 89.2% NA NA 89.2% 23.6% 

Sediment filter  

(n = 1) 

Influent (µg/L) NC NC 7.4 100% 0% 7.4 NA 

Treated water (µg/L) NC NC 3.5 0% 0% 3.5 NA 

% removal NC NC 52.7% NA NA 52.7% NA 

Ion exchange and 

filtration 

(n = 1) 

Influent (µg/L) NC NC 15.2 100% 100% 15.2 NA 

Treated water (µg/L) NC NC 14.4 100% 100% 14.4 NA 

% removal NC NC 5.3% NA NA 5.3% NA 

n: sample size; NA: not applicable; NC: not calculated due to small sample size 
a Only paired data with influent arsenic concentration greater than or equal to 5 μg/L were considered in the analysis. 

Source: Brodeur and Barbeau (2015) 
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