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Copper

Part I. Overview and Application

1.0 Guideline

A maximum acceptable concentration (MAC) of 2 mg/L (2000 ug/L) is established for
total copper in drinking water, based on a sample of water taken at the tap. The aesthetic
objective (AO) for total copper in drinking water is 1 mg/L (1000 pg/L).

2.0 Executive summary

Copper is present in tap water principally as a result of leaching from copper-containing
components of distribution and plumbing systems. Copper has been, and continues to be, broadly
used in drinking water applications, including in household pipes and in fittings.

This guideline technical document reviews and assesses all identified health risks
associated with copper in drinking water. It assesses new studies and approaches and takes into
consideration the availability of appropriate treatment technology in order to propose a MAC
that is protective of human health, measurable and achievable by both municipal and residential
scale treatment technologies. Based on this review, the drinking water guideline for total copper
in drinking is a MAC of 2 mg/L (2000 pg/L) and an AO of 1 mg/L (1000 pg/L) based on
samples taken at the tap. The MAC is developed based on bottle-fed infants (aged 0 to 6
months), the most sensitive sub-population, and is intended to protect all Canadians.

2.1  Health effects

Copper is an essential element in humans. Copper deficiency may cause several health
effects, but is not expected to be a concern in Canada, based on copper intake from food. The
U.S. National Academy of Medicine (formerly called the Institute of Medicine) has established
recommended daily allowances of 900 pg/day for adults and 340-890 pg/day for children, as
well as tolerable upper intake levels of 10,000 pg/day for adults and between 1,000 and
8,000 pg/day for children.

International agencies have determined that the data available on copper are not sufficient
to classify it with respect to carcinogenicity. Short-term exposure to very high levels of copper
may result in effects in the gastrointestinal tract (nausea, pain and vomiting, diarrhea). Long-term
effects are less well documented; current evidence indicates that, in the general population,
chronic exposure to very high levels of copper may lead to effects in the liver and kidney. The
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MAC was developed based on bottle-fed infants (aged 0 to 6 months) and is considered to be
protective of all Canadians for any health effects, both short-term and longer-term.

2.2  Aesthetic considerations

The presence of copper can affect the taste of the water and cause the staining of laundry
and plumbing fixtures at levels below the MAC. Although there are no adverse effects associated
with such levels, they may affect the acceptability of the water by consumers. Although the AO
for copper in drinking water is 1 mg/L (1000 pg/L), some individuals can readily perceive
copper at levels below the AO. Nevertheless, corrosion control practices should target the MAC
and not the elimination of aesthetic concerns as this could jeopardize other water quality
priorities such as lead control, especially if changes are made without consideration to the water
quality impacts. Utilities may choose to use the AO to trigger a site-specific or localised water
quality/corrosion investigation.

2.3 Exposure

Copper occurs naturally in the Earth’s crust, either in mineral deposits or, less frequently,
as a metal. Copper can enter water sources from natural processes, such as soil weathering, and
human activities such as agriculture, mining and manufacturing. The National Plumbing Code of
Canada considers copper to be an acceptable material for service lines and plumbing systems.
Consequently, copper in drinking water primarily results from the corrosion of copper-containing
pipes and fittings in distribution and plumbing systems, depending on the chemistry of the water.

Canadians can be exposed to copper through its presence in food, drinking water, air, soil
and consumer products. Although the most significant source of copper intake is food for the
general population, the bioavailability of copper in drinking water may be greater than that in
food. Based on the physical and chemical properties of copper, inhalation and dermal absorption
of copper are not expected from exposure to drinking water.

2.4 Analysis and treatment

The establishment of a drinking water guideline must take into consideration the ability
to measure the contaminant. There are several methods available for the analysis of total copper
in drinking water. Based on the capacity of commercial laboratories in Canada, analytical
methods are available to reliably measure total copper in drinking water below the MAC and
AO. These methods should include sample preparation to ensure that they are able to detect total
copper (i.e., both dissolved and particulate forms).

Copper levels in source water are typically very low. Although there are treatment
technologies that can remove copper efficiently at the treatment plant, municipal treatment is not
generally an effective strategy. This is because copper is an acceptable material for service lines
and plumbing systems. However, in certain water qualities, copper may be released into drinking
water from pipes, service lines and brass fittings. The treatment approach for copper is generally
focused on corrosion control through approaches such as water quality adjustments and the use
of corrosion inhibitors.

As the primary source of copper in drinking water is the leaching from plumbing and
distribution system components, drinking water treatment devices offer an effective option at the
residential level, although their use should not be considered to be a permanent solution. There
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are a number of certified residential treatment devices available that can remove copper from
drinking water to below the MAC.

2.5 International considerations

Drinking water guidelines, standards and/or guidance from other national and
international organizations may vary due to the age of the assessments as well as differing
policies and approaches, including the choice of key study and the use of different consumption
rates, body weights and allocation factors.

Various organizations have established values for copper in drinking water. The United
States Environmental Protection Agency (U.S. EPA) has established a maximum contaminant
level goal (MCLG) and maximum contaminant level (MCL) for copper in drinking water at
1.3 mg/L as well as a secondary maximum contaminant level (SMCL) (aesthetic) for copper at
1 mg/L. Additionally, the U.S. EPA has established an action level of 1.3 mg/L in its treatment-
based Lead and Copper Rule, though a revision of this rule is currently underway. The World
Health Organization has established a provisional health-based guideline value of 2 mg/L for
copper in drinking water, the European Union directive includes a parametric value of 2 mg/L,
and the Australian National Health and Medical Research Council has established two levels for
copper: an aesthetic value of 1 mg/L and health-based value of 2 mg/L.

3.0 Application of the guideline

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

The MAC for copper is established to be protective of both short-term gastrointestinal
effects and longer-term effects in bottle fed infants as well as in the general population.
Considering that copper levels at the consumer’s tap may be significantly higher than levels at
the treatment plant or in the distribution system, strategies to reduce exposure to total copper will
need to focus on controlling corrosion within the distribution and plumbing systems. Although it
IS recognized that a utility’s responsibility does not generally include residential plumbing
systems, most of the established guidelines are intended to apply at the consumer’s tap. The
water quality factors that have the greatest effect on copper corrosion are pH and alkalinity.
Dissolved oxygen and/or chlorine residual/oxidants are also important considerations for copper.
Copper monitoring should focus on areas known or likely to have new copper piping and where
water quality conditions are potentially corrosive (e.g., low pH, dead ends, low or high alkalinity
waters) and in consecutive systems since the water quality may differ from one system to the
next.

An exceedance of the MAC should be investigated and followed by the appropriate
corrective actions to reduce the copper levels below the MAC and public education, as
appropriate. Corrective actions include, but are not limited to, resampling and corrosion control
measures. However, these actions should be based on an assessment of the cause of the
exceedance using appropriate protocols, such as those found in Guidance on Controlling
Corrosion in Drinking Water Distribution Systems.
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3.1  Monitoring

Sampling protocols will differ, depending on the desired objective (i.e., identifying
sources of copper, controlling corrosion, assessing compliance, estimating exposure to copper).
As monitoring of total copper at the tap can be done using different sampling protocols, it is
important that the selected protocol be appropriate to meet the desired objective. It is important
to note that although the analysis of metals can be undertaken from the same sample bottle,
sample sites for copper and lead differ. As such, copper results from lead sampling sites are
unlikely to properly identify areas with copper issues.

The objective of sampling protocols in this document is to monitor for typical community
exposure to total copper to determine whether there are concerns about human health effects.
Compliance monitoring should be conducted at the consumer’s tap and focus on areas known or
likely to have new copper pipe installations and should include areas or zones (geographical
areas within which the quality of drinking water is considered approximately uniform) supplied
by potentially corrosive water (e.g., low pH, low or high alkalinity). Specifically, priority should
be given to sites known to have new copper plumbing or when the water supply has a pH < 7, with
or without disinfection or oxidation processes and alkalinity < 25 mg CaCOzs/L, or pH >7 and
alkalinity >200 mg CaCOz3/L with disinfection or oxidation processes, regardless of the age of
copper. It should be noted that low concentrations of corrosion inhibitors can prevent the
formation of stable malachite scales or displace sorbed oxyanions (e.g., copper) from distribution
system piping. Therefore, a water system using orthophosphate treatment for corrosion control with
a PO, residual of less than 3.3 mg PO,/L, should also undertake monitoring for copper.

Daycare facilities should also be prioritized for monitoring to ensure that the most
sensitive population (i.e., infants) is captured.

Sampling should be conducted at least once per year, with the number of sites to be
monitored determined based on the size of the drinking water system and the type of
building.The frequency may be reduced if no failures have occurred in a defined period as
determined by the regulator, or if water quality conditions are not corrosive to copper.

Guideline for Canadian Drinking Water Quality: Guideline Technical Document
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Part I1. Science and Technical Considerations

4.0 Identity, use and sources in the environment

4.1  Chemical and physical properties

Copper (Cu, CAS Registry N0.7440-50-8) is a transition element that naturally occurs in
four oxidation states: elemental copper metal (Cu(0) or Cu®), cuprous (monovalent)ion (Cu(l) or
Cu®), cupric (divalent)ion (Cu(ll) or Cu®") and rarely trivalent copper ion (Cu(lI1) or Cu**).
Copper has two stable (**Cu and ®®Cu) and 27 less stable-isotopes. Copper metal has a reddish-
brown color, an atomic mass of 63.55 Da, a density of 8.92 g/cm® and a vaporization point of
2350°C (Georgopoulos et al., 2001; Riedel, 2008; Kiaune and Singhasemanon, 2011; Ellingsen
et al., 2015). In the sections below, “total copper” will be used when referring to all of the major
oxidation states. However, “copper” will be used when referring to both Cu(l) and Cu(ll), which
cycle from one to the other (see section 9.1), are soluble, bioavailable, and considered the most
relevant from a toxicological standpoint (see sections 4.3, 8 and 9.3); otherwise, the specific
form will be used.

4.2  Sources and uses

With an average concentration of 50 ppm in the Earth’s crust, copper occurs in several
primary mineral deposits, mostly as sulphide ores (the most abundant being chalcopyrite, and
chalcocite) and less frequently in its metallic form (CCME, 1999; Mauceri and Mishra, 2014). In
general, weathering of these primary mineral deposits liberates secondary forms of copper
including copper carbonate ores (e.g., malachite and azurite) and copper oxide ores (e.g., cuprite)
(CCME, 1999; ATSDR, 2004; Ellingsen et al., 2007; Riedel, 2008; Mauceri and Mishra, 2014).
In addition, anthropogenic activities like mining, municipal and industrial wastes management,
agriculture (e.g., pesticides), and water treatment (e.g., copper sulphate pentahydrate in
algaecides) can generate localized copper deposits and increase levels in the neighbourhood
(ATSDR, 2004; Mauceri and Mishra, 2014). Thus, copper can enter water sources from natural
processes (e.g., soil weathering), human activities (e.g., agricultural runoffs), or from the
corrosion of pipes/fittings in water distribution systems; the latter depends on water chemistry
(e.g., low pH, high temperature, reduced hardness) (WHO, 1998; NRC, 2000; Ellingsen et al.,
2007).

In Canada, the mining industry has produced 580,082; 652,595 and 695,513 tonnes of
total copper in 2012, 2013 and 2014, respectively (British Geological Survey, 2016). Owing to
its malleability, conductivity, alloying potential and resistance to corrosion and wear, copper
metal is used in many products, such as pipes, paint pigments, antifouling agents, refinery oils,
and in construction materials such as flashing electronic components, tubes, sheets, and rods for
roofing (ATSDR, 2004; WHO, 2011; Stewart et al., 2012; Gaetke et al., 2014; Ellingsen et al.,
2015). As a component of bronze and brass, it is used in marine equipment, cooking utensils,
coins, to name a few. Copper nanoparticles are increasing in use for example in antimicrobial
products such as biomedical and surgical devices (Ingle et al., 2014), or in copper hanowires
(Yang et al., 2014). In addition, total copper is used by the health industry as a component of
birth control pills, intrauterine devices (IUDs), dental amalgam, anti-microbial/bacterial agents,
vitamin and mineral supplements, and by the food industry as a colouring agent (Barceloux,
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1999; Grass et al., 2011; Park et al., 2012; Stewart et al., 2012; Shaligram and Campbell, 2013).
Finally, copper is used as an active ingredient in pesticides (fungicides, algaecides, and
antimicrobials). There are currently nine copper compounds (e.g., cuprous oxide, copper
sulphate, copper carbonate) registered as pesticides, for use in combination with other active
ingredients, in Canada (Health Canada, 2009a).

Copper is present in tap water principally as a result of dissolution or leaching (i.e.,
corrosion) from components of distribution and plumbing systems that contain copper,
particularly from the extensive use of copper pipes in household plumbing. In addition, fittings
or service connections to homes and brass fittings may also represent a source of copper (Schock
and Neff, 1988; Kimbrough, 2001, 2007, 2009). Copper leaching will vary with the types of
alloys used and the manufacturing and fabrication processes (Lytle and Schock, 1996, 2000;
Oliphant and Schock, 1996; Dudi et al., 2005). Several factors can influence copper corrosion,
including the age of the piping and the water quality characteristics in the system. These factors
are discussed in greater detail in section 7.2.

Copper release may result in blue water, which can stain bathroom fixtures and hair and
may be caused by the presence of particulate copper. It is more difficult to determine the cause of
particulate copper corrosion, but it is thought to primarily be the result of microbiological,
chemical, or physical factors, or some combination of factors that also result in pitting corrosion
and/or pipe failure (Edwards et al. 2000; Bremer et al. 2001; Arnold et al., 2012). The most
significant home plumbing failures that occur as a result of internal corrosion are copper pitting
and pinhole leaks. Pitting corrosion is not a well understood cause of copper release, but it can
cause significant damage to copper plumbing, leading to leaks that can also cause substantial
damage to homes and result in mould growth (Scardina et al., 2008). Pitting can occur relatively
rapidly (a few months to years) after installation in cold water plumbing; whereas pitting
generally takes many years (typically more than 8 years) to perforate pipe walls in hot water
systems (Ferguson et al., 1996).

4.3  Environmental fate

In the environment, copper metal and Cu (I) are unstable. Conversely, Cu(ll) is more
stable and the most abundant and frequently encountered species in the environment, including
water and biological systems (Georgopoulos et al., 2001; Ellingsen et al., 2007; Riedel, 2008;
Shike, 2009; Kiaune and Singhasemanon, 2011; Omur-Ozbek and Dietrich, 2011; Gaetke et al.,
2014; Ellingsen et al., 2015). Hence, in general, surface oxidation leads to copper(l) oxide or
hydroxide; but, due to its instability, Cu(l) is frequently oxidized to Cu(ll) (WHO, 2004). Cu(ll)
is subject to redox reactions and tends to be hydrated. The hydrated Cu(ll) ion rarely occurs free,
but usually adsorbs to particulate matter or a variety of dissolved (inorganic and organic)
compounds such as hydrated metal oxides (including those of iron, aluminium and manganese),
polyvalent organic anions and humic acids (WHO, 1996, 2004; IPCS, 1998).

In the air, copper is mainly removed from the atmosphere by wet deposition (rain and
snow), followed by gravitational settling and dry deposition (Kieber et al., 2004; WHO, 2004).
In soil, copper strongly adsorbs to particles and has low mobility, with greatest retention at
neutral pH (Health Canada, 2009a). Applied copper usually persists in topsoil, accumulating in
upper layers (=15 cm) (CCME, 1999; Kiaune and Singhasemanon, 2011). Its fate and availability
in soils depend on many soil features: soil types (high mobility in sand vs. clays), pH (acidity
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and high reductive capacity favour release from oxide complexes), cation exchange capacity,
water content, organic/inorganic matter content, redox potential, and the presence of oxides (e.g.,
of iron, manganese, aluminum) and clay (IPCS, 1998; Kiaune and Singhasemanon, 2011). Also,
copper does not bioaccumulate, hydrolyze or breakdown in soil (Health Canada, 2009a).

In water, copper speciation is complex and influenced by many factors such as water
source (e.g., Cu(ll) is less bioavailable in hard water than in soft water), water chemistry (i.e.,
alkalinity, ionic strength, dissolved oxygen, pH and redox potential), sediments-water clays
interaction (pH-dependent), presence of complexing (inorganic and organic) ligands and
suspended particulate matter and carbon (WHO, 2004; Cuppett et al., 2006; Kiaune and
Singhasemanon, 2011). The formation of Cu(l) and Cu(ll)complexes can impact the solubility,
color, and taste of water. Thus, when dissolved, Cu(l) is colourless while most Cu(ll)-
compounds impart a light blue-green colour and a metallic, bitter taste to drinking water
(Georgopoulos et al., 2001; Cuppett et al., 2006; Omur-Ozbek and Dietrich, 2011). In raw water,
copper primarily occurs as complexed Cu(ll) and to a lesser extent as precipitated Cu(ll)
particles (Cu(ll)-particulate matter), assuming typical pH values and oxidation-reduction
potentials (Lide, 1993). The primary copper-complexing ligands are dissolved molecules such as
organic (e.g., dissolved organic carbon or matter) and inorganic species. On one hand, copper-
organic complexes and copper-particulate matter compounds usually precipitate, rendering them
non-bioavailable (Kiaune and Singhasemanon, 2011). On the other hand, inorganic ligands
commonly form Cu(ll) and Cu(l) complexes, alongside the ubiquitous copper hydroxo
complexes; the latter, however, mostly precipitate (commonly at pH 6.5-12) as copper hydroxide
(Cuppett et al., 2006). Thus the further dissolution of the remaining copper complexes and the
relative stability of Cu(Il) as compared to Cu(l) makes free Cu(ll) the most prevalent species in
drinking water (Cuppett et al., 2006; Kiaune and Singhasemanon, 2011; Omur-Ozbek and
Dietrich, 2011). Therefore, the main focus of this document will be on dissolved copper.

4.4  Aesthetic characteristics

Copper in water can be detected through taste or visual inspection (i.e., blue or green
colour). Taste thresholds for copper have ranged from 0.0035 to > 5 mg/L (Zacarias et al., 2001,
Omur-Ozbek and Dietrich, 2011) and 0.4-0.8 mg/L (Cuppett et al., 2006); reported taste
threshold values vary significantly due to different sensory test methods used, the concentrations
of the metal tested, the type of water used, and the type of data analysis performed. The aesthetic
properties of copper are affected by solubility, with soluble copper being more readily tasted
than the particulate form (Cuppett et al., 2006). However, both Cu(l) and Cu(ll) ions are equally
detectable producing a weak bitter and salty taste and an astringent mouth feel (Omur-Ozbek and
Dietrich, 2011). Omur-Ozbek and Dietrich (2011) estimated that 79% of the population would be
able to taste copper at a concentration of 2 mg/L, while 72% would be able to taste it at 1 mg/L.
The visual detection of copper in water is a function of light path through the water, deposited
particles and the concentration of copper in water (Edwards et al., 2000). For example, 0.3 mg/L
would be visible in a white bathtub at a distance of approximately 460 mm (18 inches) (typical
observation distance), but 3 mg/L of copper would need to be present for the copper particulate
to be noticeable in a glass of water.
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5.0 Exposure

Canadians can be exposed to total copper via food, drinking water, air, soil and consumer
products. For the general population, food is the major source of exposure (more than 90% of
dietary intake), followed by drinking water (less than 10% of dietary intake) and copper-
containing supplements (WHO, 2004; Sadhra et al., 2007; Cockell et al., 2008; de Romana et al.,
2011; Mauceri and Mishra, 2014; EFSA, 2015). However, drinking water can be a significant
source of exposure if distributed through corroded pipes, especially in the case of infants fed
formula (fortified, non-soy-based) reconstituted with water from such sources (Cockell et al.,
2008; Chambers et al., 2010). Copper speciation in water differs from that in food (NRC, 2000)
and this can influence its solubility and bioavailability. In fact, in food, copper is covalently
bound to macromolecules (IOM, 2001; OEHHA, 2008; Ceko et al., 2014). In contrast, copper
occurs free or complexed with ligands in drinking water. Thus, copper in drinking water can
readily reach the bloodstream, bypassing the liver processing. Consequently, the bioavailability
of copper in drinking water ingested in a fasted state is considered greater than that from food
(OEHHA, 2008; Mauceri and Mishra, 2014; Ellingsen et al., 2015).

51 Food

The Canadian Total Diet Study (TDS) is a Health Canada initiative that measures the
dietary concentrations of different chemicals in food and uses these data to estimate dietary
intakes for different age-sex groups of the Canadian population (Health Canada, 2009b). Based
on the TDS, the average intakes of dietary copper were estimated between 1993 and 2007 for
Canadians of all age groups in 7 cities (Montreal, Ottawa, St John’s, Vancouver, Winnipeg,
Toronto, and Halifax). These estimates (g/kg bodyweight [bw] per day) were 40-91 for 0-6
months old, 36-57 for 6 months—4 years old, 36—48 for 5-11 years old, 19-35 for 12-19 years
old, and 13-32 for 20 years old and above. Based on copper intake for male and female 20+
years of age, an adult Canadian weighing 70 kg would have a dietary exposure to copper of 910—
2,240 pg/day.

Based on the data collected as part of the TDS conducted between 1993 and 2007, copper
concentrations in common food items vary in Canada, with the highest concentrations being food
in organ meats (offal) such as liver and kidney. Lower copper levels are found in milk (25-70
Ma/kg), while infant milk formulas have concentrations of 650-850 pg/L, and human breast milk
was reported to have 200-300 pg/L (Lonnerdal, 1998; Bauerly et al., 2005). The World Health
Organization (WHO) and the Food and Agricultural Organization (FAO) recommended a
minimum of 35 pg Cu/100 kcal formula (liquid or powder) intended to be marketed in order to
comply with normal nutritional requirements of infants. They also acknowledged that levels
adjustment may be needed in regions with high copper levels (FAO and WHO, 2011).

Even if the copper content of human breast milk is lower than that of formula, this form
of copper is highly bioavailable (Lonnerdal, 1996, 1998; Bauerly et al., 2005). In contrast,
phytates (zinc and copper chelators found at high levels in soy-based infant formula) and soy
proteins in infant formula reduce copper bioavailability (Gibson, 1994; NRC, 2000; IOM, 2001,
WHO, 2004; EFSA, 2006, 2009; Stern et al., 2007; OEHHA, 2008; Collins and Klevay, 2011).

Guideline for Canadian Drinking Water Quality: Guideline Technical Document

8



Copper (June, 2019)

5.2 Water

Exposure to copper in drinking water can only be properly assessed by monitoring copper
levels at the tap. This is because copper is present in tap water principally as a result of
dissolution (corrosion) from components of distribution and household plumbing systems that
contain copper. However, the concentration of copper is less variable both across a system and
within an individual site (Kirmeyer et al., 1994; Schock et al., 1995), making the assessment of
copper exposure from drinking water much less challenging than for lead. Monitoring of copper
at the tap can be done using different sampling protocols; the selection of an appropriate protocol
must take into consideration the desired objective, such as identifying sources of copper,
effectively controlling corrosion or estimating exposure to copper. Table 1 provides a list of
objectives and the type of sampling to undertake as well as a description of the protocols to

achieve those objectives.

Table 1: Sampling types, protocols and objectives of sampling

Objective

Sampling type

Protocol

Regulatory compliance
for copper

and/or

Corrosion control
efficacy

First draw (U.S. EPA)

6+ hr stagnation
Collect 1 L

RDT (UK/EU)

Random sample collection without prior flushing
Captures variable stagnation
Collect 1L

Determination of copper
sources
(plumbing/components
or copper service line
[CuSL))

Profile (or sequential)
sampling —traditional (useful
for plastic piping systems
with brass fittings)

Defined stagnation time
sequential samples of a defined volume (125 mL,
250 mL, 1L, etc.)

3T’s for schools guidance,
U.S. EPA (intended for lead
but also used for copper)

Overnight stagnation

Collect first 250 mL from all taps and fountains
If sample> 1.3 mg/L (action level), take follow
up samples

Fully flushed sampling
(can determine if source is
copper service line)

5 min. flush
Collect 1 L and compare to health based value

30MS

5 min. flush
30 min. stagnation; captures inter-use time
Collect first two liters and average results

Exposure assessment

Composite proportional

Captures actual water use (and variability)
Device collects 5% of every draw from the tap
for consumption during 1 week

30MS

5 min. flush
30 min. stagnation; captures inter-use time
Collect first two liters and average results
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Objective Sampling type Protocol
Random sample collection without prior flushing
RDT (UK/EU) Captures variable stagnation and inter-use time
Collect 1 L

5.2.1 Canadian exposure to copper from drinking water

Generally, across the provinces and territories, median copper levels at the tap were low
(below 1 mg/L); however there are cases where high levels of copper release have been
observed.

In Prince Edward Island, dissolved copper (filtered through a 0.45 um filter prior to
sample preservation) was measured in ground water, municipal central water supply plants,
private central water systems, and private wells and stand-alone system. Data from 2013-2015
were analyzed. For municipal central water supply plants, 48% of samples were below the
detection limit (0.005 mg/L), and for the samples above the detection limit (n=117), the median
dissolved copper level was 0.03 mg/L, with a maximum reported value of 0.9 mg/L. For
municipal central water supplies, the 95™ percentile was 0.12 mg/L, and the 97" percentile was
0.19 mg/L. In private central water systems, 67% of samples were below the detection limit, and
for those samples above the detection limit (n=13), the median dissolved copper level was
0.013 mg/L, with a maximum reported value of 0.044 mg/L. For private wells, and stand-alone
systems, 27% of samples were below the detection limit, and for those samples above the
detection limit (n=2798), the median dissolved copper level was 0.017 mg/L, with a maximum
reported value of 1.8 mg/L

In Newfoundland, for the 62 source water samples taken in 2013-2014, all were found to
be above the detection limit, and the median total copper level was 0.0020 mg/L, with a range of
0.001-0.073 mg/L. For source water samples, the 95" percentile was 0.031 mg/L, and the 97"
percentile was 0.033 mg/L. For the 1968 tap water samples reported from 2013-2014, 97% were
above the detection limit. For the tap water samples above the detection limit (n=1905), the
median total copper level was 0.035 mg/L, with a range of 0.001-2.5 mg/L. For tap water
samples, the 95" percentile was 0.4 mg/L and the 97" percentile was 0.49 mg/L.

In Nova Scotia, for the 845 municipal treated water samples reported from 2005-2012,
73% of the total copper were above the detection limit of 0.002 mg/L. For the treated water
samples above the detection limit, the median total copper level was 0.014 mg/L, with a range of
0.002-0.490 mg/L. The treated water samples 95th percentile was 0.12 mg/L, and the 97"
percentile was 0.17 mg/L.

In New Brunswick, for copper samples from 2010-2015 the detection limit ranged from
0.000026 mg/L to 0.0004 mg/L. Samples are prepared by nitric acid preservation, and analyzed
for dissolved plus dilute acid labile trace copper, which is approximate to a total copper sample.
For raw water, 71% of total copper samples were below the detection limit; for samples above
the detection limit (n=367) the median copper level was 0.006 mg/L with a maximum of 8.3
mg/L. For water treatment plant samples, all the total copper samples were above the detection
limit (n=17), with a median of 0.029 mg/L and a maximum of 0.11 mg/L. For water treatment
plant samples, the 95" percentile was 0.083 mg/L, and the 97" percentile was 0.094 mg/L. For
the distribution system samples, 20% were below the detection limit; for samples above the
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detection limit (n=1129), the median coEper level was 0.021 mg/L with a maximum of 3.1 mg/L.
For distribution system samples, the 95" percentile was 0. 48 mg/L and the 97" percentile was
0.63 mg/L.

In Quebec, copper sampling is conducted at the tap following a five minute flush. Of the
17,863 reported total copper samples from 2012-2015, 12.5% were below the detection limit
(0.001-0.01 mg/L), and 119 samples (0.7%) exceeded 1.0 mg/L. The median total copper
concentration was 0.028 mg/L, and the maximum value detected was 15 mg/L.

In Manitoba, total copper samples from 2009-2015 were analysed, and the detection limit
was reported as 0.001 mg/L. For raw water, 6% of samples were below the detection limit, and
for those samples above the detection limit (n=969), the median copper level was 0.003 mg/L,
with a maximum of 0.94 mg/L. For raw water samples, the total copper 95" percentile was
0.03 mg/L, and the 97™ percentile was 0.05 mg/L. For distributed water, all of the samples were
above the detection limit, and the median copper level was 0.016 mg/L with a maximum
reported level of 0.193 mg/L and minimum reported level of 0.002 mg/L (n=9). For distributed
water samples, the 95™ percentile was 0.133 mg/L, and the 97" percentile was 0.157 mg/L. For
treated drinking water, 2% of the samples were below the detection limit, and for those samples
above the detection limit (n=1026), the median copper level was 0.009 mg/L with a maximum of
0.8 mg/L. For treated water samples, the 95" percentile was 0.12 mg/L, and the 97™ percentile
was 0.19 mg/L. For untreated drinking water, 6% of the total copper samples were below the
detection limit, and for those samples above the detection limit (n=165) the median copper level
was 0.005 mg/L with a maximum of 0.62 mg/L. For disinfected drinking water samples, the 95"
percentile was 0.08 mg/L, and the 97" percentile was 0.13 mg/L.

In Saskatchewan, of the 2423 total copper samples taken from distribution sites in 2005—
2015, 90% were above the detection limit, with a median of 0.012 mg/L, and a range of 0.002—
3.9 mg/L. The 95" percentile was 0.12 mg/L and the 97" percentile was 0.18 mg/L.

In Alberta, for dissolved copper samples from 2010-2015 the detection limit ranged from
0.002-0.003 mg/L. For raw water/entering the water treatment plant samples 43% were below
the detection limit, and the median copper level was 0.005 mg/L with a maximum of 0.025 mg/L
for those samples above the detection limit (n=131). For samples taken exiting the water
treatment plant, 94% were below the detection limit, and the median copper level was
0.003 mg/L with a maximum of 0.17 mg/L for those samples above the detection limit (n=9). For
water leaving the treatment plant, the 95™ percentile was 0.105 mg/L, and the 97" percentile was
0.131 mg/L. For distribution system samples, 82% of samples were below the detection limit,
and the median copper level was 0.004 mg/L, with a maximum of 0.147 mg/L for those samples
above the detection limit (n=50). For distribution system samples, the 95" percentile was
0.047 mg/L, and the 97™ percentile was 0.096 mg/L.

In British Columbia, for total copper samples from 2010-2015, 11% were below the
detection limit (0.0002—0.005 mg/L). For those samples above the detection limit (n=473), the
median copper level was 0.0077 mg/L, with a maximum reported value of 0.549 mg/L. The 95"
percentile was 0.0824 mg/L, and the 97" percentile was 0.13 mg/L.

In the Yukon, samples from 2012-2015 taken from 20 communities were examined, and
19% of raw water and 10% of treated water total copper samples were below the detection limit
(0.001-0.002 mg/L). For raw water samples above the detection limit (n=51), the median total
copper level was 0.0029 mg/L, with a maximum reported value of 0.13 mg/L. For raw water
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samples, the total copper 95 percentile was 0.054 mg/L, and the 97" percentile was 0.09 mg/L.
For treated water samples above the detection limit (n=26), the median total copper level was
0.003 mg/L, with a maximum reported value of 0.0712 mg/L. For treated water samples, the total
copper 95™ percentile was 0.067 mg/L, and the 97" percentile was 0.07 mg/L.

High Canadian household tap water copper levels have also been documented in the
literature. In a 1985 study found that 50% of rural Nova Scotia homes had copper levels
exceeding 1 mg/L. The 55 homes surveyed were all served by private wells in three different
areas of bedrock (granite, quartzite, and limestone). The authors did not find the Langelier,
Ryznar, or Aggressiveness indexes, chloride to sulphate mass ratio (CSMR), alkalinity, or pH to
be good predictors of corrosion. They also noted that from house to house, there was a large
degree of variation of metal (copper, lead, zinc) mobilization (Maessen et al., 1985).

5.2.2 Sampling to assess copper exposure from drinking water

Sampling protocols will differ, depending on the desired objective (i.e., identifying
sources of copper, controlling corrosion, assessing compliance, estimating exposure to copper).
As monitoring of copper at the tap can be done using different sampling protocols, it is important
that the selected protocol be appropriate to meet the desired objective (see Table 1). Monitoring
for typical exposure to total copper should be conducted at the consumer’s tap, with priority
given to identifying homes with new copper plumbing (generally, newly built homes) or those
homes supplied with water having low or unstable pH or situated near dead ends, as these are
likely to have the highest copper concentrations. Daycare facilities should also be prioritized for
monitoring, to ensure that the most sensitive population (i.e., bottle-fed infants) is captured.
Sampling should be conducted at least once per year, with the number of sites to be monitored
determined based on the size of the drinking water system and the water quality characteristics.

53 Air

The Canadian National Air Pollution Surveillance Program reported copper
concentrations in fine (PM, ) particulates in 2014 (Environment Canada, 2014). 75.2% of
samples exceeded the detection limit of 0.28-0.85 ng/m°, 14 samples were above 50 ng/m® and 7
were above 100 ng/m®. The mean was 3.4 ng/m®, the median was 1.2 ng/m?, the 75™ percentile
was 2.4 ng/m®, and the maximum was 430.3 ng/m®. Similar results were observed in a Health
Canada study of indoor and outdoor air (n=3,000 sites in Edmonton, Halifax, Ottawa, Sault-
Saint-Marie, and Windsor), where average concentrations of 2.9 ng/m® and medians < 2 ng/m®
were reported (Health Canada, 2015). Indoor airborne copper concentrations of 8.2 ng/m® (range
of 3.8-17.8) and 11.4 ng/m*® (range of 3.9-56.9) were reported in10 Canadian rural and urban
homes (PM; filter), respectively (Rasmussen et al., 2006). Copper was shown to be mainly
associated with the organic phase of house dust, increasing its bioavailability (Rasmussen et al.,
2008). Based on these low concentrations of copper in ambient air, intake from air would be
negligible compared with that from other media.

54  Consumer products
Canadian quantitative estimates of total copper exposure from consumer products are
rather scarce. However, copper compounds, e.g., copper(ll) acetate, carbonate, chloride, sulfate,
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are part of various medicinal products available in Canada, and can be consumed in oral natural
therapy formulae at maximum doses of 0.7 mg/day for children 1-3 years of age, up to 8 mg/day
for adults > 19 years of age (Health Canada, 2007). For women, the use of copper IUDs may also
result in daily exposure of about 80 g copper and less, with decreasing levels after the first few
weeks from insertion (IPCS, 1998; Gaetke et al., 2014; Ellingsen et al., 2015). Although
amalgams have been pointed out as a source of copper, exposure from this source is considered
minimal (IPCS, 1998).

55  Solil

Copper distribution in rocks and soil varies as a reflection of the mineralogy of parent
material and proximity to anthropogenic sources. Total copper mean concentration in Canada
was estimated at 20 mg/kg soil (range: 2-100 mg/kg), with lower levels in the Canadian Shield
(11 mg/kg) and higher levels in the Cordilleran region (46 mg/kg) (CCME, 1999). Levels of 41—
65 mg/kg were reported in Ontario parklands, 25 mg/kg in western Manitoba, and 17-19 mg/kg
in rural Alberta. Street dusts in Halifax had levels of 87 mg/kg. Copper was measured in garden
soil (geometric mean [GM]: 12.3 mg/kg; 95™ percentile: 19.4 mg/kg), house dust (GM: 170.7
mg/kg; 95™ percentile: 489.0 mg/kg), and street dust (GM: 38.1 mg/kg; 95" percentile: 236.2
mg/kg) from 50, 48 and 45 residences in Ottawa, respectively (Rasmussen et al., 2001). Copper
is used as a dietary supplement for farmed animals (Nicholson et al., 1999; Xiong et al., 2010)
with some of the copper absorbed by the animal and the remainder excreted. The concentration
of copper in manure has been reported in a study in China as 699.6 mg Cu/kg (pigs); 31.8 mg
Cu/kg (cattle); 81.8 mg Cu/kg (chickens) and; 66.85 mg Cu/kg (sheep). In a study in England
and Wales, 360 mg Cu/kg was found in pig manure, 80 mg Cu/kg in poultry manure and 50 mg
Cu/kg in cattle manure. In a Canadian study examining run-off from manure compost windrows
(containing a mixture of cattle manure and barley straw), the copper concentration in the
compost ranged from 49 to 55 mg Cu/kg (Larney et al., 2014). Run-off from the manure was
measured periodically over a 224 day period. On day 18 (first measurement), the copper
concentration ranged from 0.3 to 0.62 mg/L. The copper concentration in run-off peaked at
0.78 mg/L on day 26. As the compost matured, the copper concentration significantly declined,
and the copper concentration had decreased by 67% between days 26 and 40.

5.6  Blood and urine levels in the Canadian population

Copper levels in the blood and urine of Canadians are available from the Canadian Health
Measures Survey (cycle 2) conducted by Statistics Canada, Health Canada and the Public Health
Agency of Canada. As part of this cross-sectional study, health data and biological specimens
were collected at 257 sites across Canada from 6,070 Canadians aged 3-79 years, distributed
among six age groups (3-5, 6-11, 12-19, 20-39, 40-59 and 60-79 years). The geometric mean
for whole blood copper concentration was 900 pg/L (95% confidence interval [CI] = 900-910
ug/L; n = 6,070), and the geometric mean for urinary copper concentration was 10 pg/L (95% CI
=10-11 pg/L; n = 6,311), for the total Canadian population aged 3-79 years (Health Canada,
2013).

A study conducted by the Government of the Northwest Territories and Health Canada
between 1994 and 1999 evaluated maternal and umbilical cord levels of copper in women from
arctic Canada. The geometric means for copper in umbilical cord plasma (N=382) was 357 pg/L,
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while the geometric mean for maternal plasma (N= 383) was 2097 pg/L (Butler Walker et al.,
2006). Levels did not differ between ethnic groups.

5.7  Multi-route exposure

Based on the physical and chemical properties of copper, drinking water exposure
through the dermal and inhalation routes is likely negligible. Exposure to copper in vapours
while showering is not expected since it is non-volatile, and no reports on copper absorption by
inhalation were found. Although the generation of mists during showering could allow for
inhalation of copper in aerosol form, the typical multi-route assessment, which measures
inhalation exposure to volatile chemicals from showering and bathing, would not accurately
represent copper aerosols inhaled during a showering event. There is little information on the
dermal absorption of copper; however, bathing and showering are not expected to be significant
sources of exposure. As a result, dermal and inhalation exposure during showering and bathing
are unlikely to contribute significantly to the total exposure to copper through drinking water.

6.0 Analytical methods
The United States Environmental Protection Agency (U.S. EPA) has several approved
methods for measuring total copper in drinking water:
e EPA 200.5Rev 4.2 (U.S. EPA, 2003a)

EPA 200.7 Rev 4.4 (U.S. EPA, 1994a)

EPA 200.8 Rev 5.4 (U.S. EPA, 1994b)

EPA 200.9 Rev 2.2 (U.S. EPA, 1994c)

ASTM D1688-95A, ASTM D1688-02A, ASTM D1688-07A, D1688-12A (ASTM, 1995,

2002, 2007, 2012).

e ASTM D1688-95C, ASTM D1688-02C, ASTM D1688-07C, D1688-12C (ASTM, 1995,
2002, 2007, 2012).

e Hach 8026, Hach 10272 (Hach, 2014, 2016)

e SM 3111B (1992, 1995, 2005, 2012) and the online version of SM3111B (1999) (APHA
etal., 1992, 1995, 1999, 2005, 2012)

e SM 3113B (1992, 1995, 2005, 2012) and the online versions of SM3113B (1999, 2004,
2010) (APHA et al., 1992, 1995, 1999, 2005, 2012) (APHA et al., 1992, 1995, 1999,
2004, 2005, 2010, 2012)

e SM 3120 B (1992, 1995, 1998, 2005, 2012) and the online version of SM 3120B (1999)
(APHA et al., 1992, 1995, 1999, 2005, 2012).

The method detection limits (MDLSs) for the methods listed above range between 0.02
and 500 pg/L. It should be noted, however, that MDLSs are dependent on the sample matrix,
instrumentation and selected operating conditions and will also vary between individual
laboratories. In selecting an analytical method, consideration should be given to the water matrix
to minimize the effect of interfering agents by using the prescribed sample pre-treatment or
mitigation steps can help eliminate or decrease the effects of interfering agents.

ASTM D1688A, ASTMD1688C, EPA 200.9 Rev 2.2, SM 3111B, SM 3113B are all atomic
absorption based methods. The light source is specific to each element measured, as each metal
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has a characteristic absorption wavelength (APHA et al., 2012). ASTM D1688A uses an atomic
absorption direct method, with a method range of 0.05-5 mg/L (ASTM, 1995, 2002, 2007,
2012); whereas ASTM D1688C uses an atomic absorption graphite furnace method, with a
method range of 5-100 pg/L (ASTM, 1995, 2002, 2007, 2012). EPA 200.9 Rev 2.2 uses a
graphite furnace atomic absorption method, with a method detection limit of 0.7 pg/L (U.S.
EPA, 1994c). SM 3111B (1992, 1995, 2005, 2012) and the online version of SM 3111B (1999)
use a flame atomic absorption spectrometry method, with an instrument detection limit of 0.01
mg/L (APHA et al., 1992, 1995, 1999, 2005, 2012). SM 3113B (1992, 1995, 2005, 2012) and the
online version of SM 3113B (1999, 2004, 2010) use an electrothermal atomic absorption
spectrometry method with an estimated detection level of 0.7 pg/L with an optimum
concentration range of 5-100 pug/L (APHA et al., 1992, 1995, 1999, 2004, 2005, 2010, 2012).
Flame atomic absorption is subject to several interferences primarily chemical interferences,
where there is a lack of absorption by atoms because they are bound in molecules or they ionize
in the flame. The electrothermal/graphite furnace method generally has detection levels 20 to
1000 times lower than flame based methods as a result of increased atom density within the
furnace (APHA et al., 2012). However, the electrothermal/graphite furnace method is also
subject to more interferences, including spectral, matrix and memory interferences (U.S. EPA,
1994c¢) and may require increased analysis time compared to flame based methods (APHA et al.,
2012).

EPA 200.7 Rev 4.4 uses an inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method, with a method detection limit of 0.003 mg/L (U.S. EPA, 1994a). EPA 200.5
Rev 4.2 uses an axially viewed ICP-AES method, with a method detection limit of 0.3 pg/L and
a calculated reporting limit of 0.7 pg/L (U.S. EPA, 2003a). EPA 200.8 Rev 5.4 uses an
inductively coupled plasma mass spectroscopy (ICP-MS) method, with a method detection limit
of 0.5 pg/L in scanning mode and 0.02 pg/L in selective ion monitoring mode (U.S. EPA,
1994b). SM 3120 B (1992, 1995, 1998, 2005, 2012) and the online version of SM 3120B (1999)
use an inductively coupled plasma method, with an estimated detection level of 6 pg/L (APHA
etal., 1992, 1995, 1999, 2005, 2012). Sources of interference can include matrix effects, spectral
and isobaric elemental and polyatomic ion interferences. Generally, for both ICP-AES and ICP-
MS methods, the presence of high dissolved solids in a sample may interfere with ion
transmission, and interferences can occur when dissolved solids exceed 0.2% (w/v) (U.S. EPA,
1994b; APHA et al., 2012).

Determination of copper by the colorimetric methods Hach 8026 and 10272 rely on the
complexation of Cu(l) with bicinchoninic acid. Hach 8026 has a method range of 0.04-5 mg/L
(Hach, 2014), and Hach 10272 has a method detection limit of 0.06 mg/L (Hach, 2016). In the
colorimetric method, the Cu(ll) is chemically reduced to Cu(l), and the concentration is
determined through spectrophotometry at 560 nm. There are a number of interfering agents for
Hach 8026 (AI**, CN", Fe**, Ag", hardness, pH < 2) and Hach 10272 (CN", Ag*, pH < 2) that can
be mitigated through the use of a chelating agent or a prescribed pH adjustment.

The current practical quantitation limit (PQL) is 0.05 mg/L (U.S. EPA, 2009). In the
second-six year review of existing national primary drinking water regulations, the U.S. EPA
indicated that although the laboratory passing rate was high, there were insufficient or
inconclusive performance evaluation and proficiency testing data for copper to justify lowering
the PQL (U.S. EPA, 2009).

Guideline for Canadian Drinking Water Quality: Guideline Technical Document

15



Copper (June, 2019)

6.1  Sample preparation

The concentration of copper is much less variable than the concentration of lead, both
across a system and within an individual site (Kirmeyer et al., 1994; Schock et al., 1995), making
the analysis of total copper generally easier. Sample preparation to ensure that both the
particulate and dissolved fractions of copper are capable of being detected is best practice,
especially for diagnostic purposes. Generally, all methods listed above follow the same
preservation steps, including the use of nitric acid, a 16-hour holding time and the addition of
hydrochloric acid for hot digestion when the sample turbidity is above 1 nephelometric turbidity
unit (NTU). The standard acid preservation (pH < 2) has been shown to quantify total copper in
water samples (U.S. EPA, 1994b; APHA et al., 2012). However, similarly to lead and other
metals, when particles of copper are present in a sample, they may not be well dispersed and may
settle to the bottom of the sampling bottle, resulting in turbidity below 1 NTU. As such, the
current protocol may underestimate total copper in drinking water when particulate copper is
present and best practice for the preservation step should be considered. Increasing the nitric acid
strength to 2% for the preservation step may result in better recovery for most forms of
particulate copper as has been observed with lead particulates (Haas et al., 2013; Triantafyllidou
etal., 2013; Clark et al., 2014).

Best practice leading to a better estimation of total metals include ensuring that no aliquot
or volume transfers occur prior to preservation or analysis, in situ sample preservation where
feasible, maintaining a minimum holding time of 16 hours after preservation, thoroughly mixing
the sample prior to analysis and taking the aliquot directly from the original sample bottle
(Cartier et al., 2013; Haas et al., 2013; Triantafyllidou et al., 2013). It is important to note that
the addition of 2% nitric acid should be undertaken by qualified personnel and using appropriate
precautions. To this end, if sampling is conducted by homeowners, the sample should only be
acidified and held upon arrival at the laboratory.

7.0 Treatment technology

7.1  Municipal scale

Historically, copper release has been considered an aesthetic nuisance in the case of blue
water or a financial nuisance in the case of pipe failure attributed to pitting corrosion/pinhole
leaks. Copper levels in source water are typically very low, and copper is generally introduced
into drinking water after it leaves the treatment plant. The treatment approach for copper is
generally focused on corrosion control. The approaches used for corrosion control include water
quality adjustments (e.g., pH, alkalinity) and the use of corrosion inhibitors. The selection of an
appropriate strategy for minimizing copper at the tap and, thus copper exposure, will depend on
many factors including the characteristics of the raw water supply and the type of corrosion.
More detailed information on corrosion control strategies can be found in Guidance on
Controlling Corrosion in Drinking Water Distribution Systems (Health Canada, 2009c). Utilities
should undertake pilot-scale or pipe rig studies to understand how water quality changes to
control copper will affect various chemical constituents in the treated water (e.g., iron and
manganese) as well as materials in the distribution system (e.g., scale stability, lead-bearing
components).
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Site-specific investigations can be a useful tool when copper exceedances are limited an
individual building or neighbourhood. An investigation of a widespread and rapid copper
plumbing failure (2 months after installation) in a German hospital, Fischer et al. (1992) found
evidence of both uniform and pitting corrosion in copper pipes. Biofilm was also found layered
between corrosion products and implicated as a contributing factor to copper release. The authors
also found that the areas that experienced greater corrosion were in intensively branched,
horizontal sections of the pipe network that experienced long stagnation times. Arnold et al.
(2012) conducted a site-specific investigation at a newly built U.S. school where copper release
exceeded 6 mg/L and blue water was observed. Through targeted investigations, a practical long-
term treatment strategy (removal of natural organic matter [NOM]) was identified for the school.

7.1.1 Treatment considerations

Although copper levels in source water tend to be low, conventional water treatment
technologies have been demonstrated both at the bench/pilot-scale as well as full scale to remove
copper. Stover and Kincannon (1983) conducted bench/pilot scales treatability studies using raw
groundwater (pH 6). pH adjustments using lime decreased copper from 0.1 mg/L to < 0.001
mg/L (at pH 9.1 and 9.9) and 0.008 mg/L (at pH 11.3). Activated carbon adsorption was shown
to also decrease copper from 0.1 mg/L to < 0.001 mg/L (Stover and Kincannon, 1983). A survey
of the performance of twelve water treatment plants in Colorado and California also provided
some evidence of copper removal from source water (average influent concentration of 0.03
mg/L) through microstrainer (14%) , clarifier (26%) and filtration (37%) steps, for an overall
removal of 49% (Zemansky, 1974). A comparison of three granular activated carbon (GAC)
filter media was conducted in a river water supplied water treatment plant in Southern Poland.
The water treatment plant consisted of two parallel treatment trains prior to the GAC filters
consisting of either pre-ozonation, coagulation, flocculation, sedimentation and rapid sand
filtration; or pre-ozonation, coagulation, clarification/flocculation, rapid sand filtration and
ozonation. The GAC filters were followed by storage where secondary disinfection occurred.
The water entering the GAC filters was pH 6.8, 0.2 NTU. The authors found that the copper
concentration increased by 130-253% on the Chemviron F-300 filter media and by 1965% on the
Norit ROW 08 filter media over the course of the first year of operation (influent concentration
not reported). On the third filter media (WG-12), adsorption of copper was irregular and some
desorption (release) of copper was observed. (Dabioch et al., 2013). For public water systems,
the U.S. EPA has identified point-of-use (POU) ion exchange (using cationic resins) and reverse
osmosis (RO) as small systems (i.e., serving fewer than 10 000 people) compliance technologies
for copper removal (U.S. EPA, 1998). These technologies are also relevant for residential-scale
treatment (see section 7.9.). The alkalinity of finished water is affected by the use of the reverse
osmosis process. This process removes sodium, sulphate, chloride, calcium and bicarbonate ions
and results in finished water that is corrosive (Taylor and Wiesner, 1999). This underlines the
importance of process adjustments such as addition of a base and aeration of the permeate stream
to recover alkalinity prior to distribution.

7.1.2 Distribution system considerations
The National Plumbing Code of Canada (NPC) allows copper as an acceptable material
for service lines and plumbing systems (NRCC, 2010), without respect to water quality. All
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provinces and territories use the NPC as the basis for their plumbing regulations. However, in
certain water qualities, both soluble and particulate copper may be released into drinking water
from copper plumbing pipes, copper service lines and copper in brass fittings used in both home
plumbing systems and in distribution mains, to levels exceeding the proposed MAC.

7.2 Factors affecting uniform copper corrosion

Schock and Lytle (2011) report that for general uniform copper corrosion and copper
release, the most important variables are pH, alkalinity, redox potential (ORP) and plumbing age.
Several other factors can also influence uniform copper corrosion including the stagnation time
of the water and flow in pipes, temperature and other water quality conditions as well as NOM
and biofilms.

7.21 pH

The effect of pH on the solubility of the corrosion products formed during the corrosion
process is often the key to understanding the concentration of metals at the tap. Typically,
distributed water with higher pH decreases the solubility of the corrosion products formed in the
distribution system. Copper corrosion increases rapidly as the pH drops below 6; in addition,
uniform corrosion rates can be high at low pH values (below about pH 7), causing metal
thinning. At higher pH values (above about pH 8), copper corrosion problems are almost always
associated with non-uniform or pitting corrosion processes (Edwards et al., 1994a; Ferguson et
al., 1996). Edwards et al. (1994b) found that for new copper surfaces exposed to simple solutions
that contained bicarbonate, chloride, nitrate, perchlorate or sulphate, increasing the pH from 5.5
to 7.0, roughly halved corrosion rates, but that further increases in pH yielded only subtle
changes. The prediction of copper levels in drinking water relies on the solubility and physical
properties of the Cu(ll) oxide, hydroxide and basic carbonate solids that comprise most scales in
copper water systems (Schock et al., 1995). In the Cu(Il) hydroxide model of Schock et al.
(1995), a decrease in copper solubility with higher pH is evident. Above a pH of approximately
9.5, an upturn in solubility is predicted, caused by carbonate and hydroxide complexes increasing
the solubility of Cu(Il) hydroxide. Copper solids also age much more rapidly, transforming to
much less soluble Cu(ll) hydroxide phases, at higher pH and higher temperatures (Hidmi et
Edwards, 1999). Copper solubility was found to be high in cold, high-alkalinity and high-
sulphate groundwater up to about pH 7.9 (Edwards et al., 1994a).

7.2.2 Alkalinity

Alkalinity is a measure of the capacity of the water to neutralize acids and serves to control
the buffer intensity of most water systems. Therefore, a minimum amount of alkalinity is
necessary to provide a stable pH throughout the distribution system for corrosion control.
Alkalinity is influenced by the presence of the conjugate bases of inorganic carbon (HCO*and
C05%), organic acids and OH ™ ion and is expressed in mg CaCOs/L (Edzwald and Tobiason,
2011). Alkalinity is generally used interchangeably with dissolved inorganic carbon (DIC). The
relationship between alkalinity, pH and cuprosolvency is complex, with the form of the
controlling copper solid playing a critical role. Hard, high alkalinity groundwaters are
particularly aggressive toward copper materials (Schock and Lytle, 2011). For example, copper
releases of 1.4 — 2.4 mg/L were observed in high alkalinity (273 CaCO3 mg/L) and pH 7.4 water
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from tap water samples from relatively new copper plumbing (< 6 years old) in large buildings.
The addition of orthophosphate at 3mg/L was sufficient to decrease copper release to below 1.3
mg/L (Grace et al., 2012). Similarly, Schock and Fox (2001) found that in a high alkalinity (280
mg CaCOs/L), pH 7.3 water, the 90™ percentile copper levels exceeded 1.63 mg/L. Edwards et
al., (1999) found that a combination of low pH (< 7.8) and high alkalinity (> 74 mg CaCOs/L)
produced the worst-case 90th-percentile copper levels (Edwards et al., 1999). Laboratory and
utility experience have demonstrated that copper corrosion releases are worse at higher alkalinity
(Edwards et al., 1994b, 1996; Schock et al., 1995; Ferguson et al., 1996; Broo et al., 1998).
These effects are likely due to the formation of soluble Cu(Il) bicarbonate and carbonate
complexes (Schock et al., 1995; Edwards et al., 1996) as well as water qualities that prevent the
formation of insoluble malachite scale (Arnold et al., 2012). Both carbonate complexation and
pH have a strong effect of on copper solubility in relatively new plumbing systems. Low
alkalinity (< 25 mg CaCOs/L) also proved to be problematic under utility experience (Schock et
al., 1995). For high-alkalinity waters, the only practical solutions to reduce cuprosolvency are
lime softening, removal of bicarbonate or addition of rather large amounts of orthophosphate
(U.S. EPA, 2003b). Lower copper concentrations can be associated with higher alkalinity when
the formation of the less soluble malachite and tenorite has been favoured (Schock et al., 1995;
Edwards et al., 2002).

7.2.3 Redox potential

The importance of redox potential (ORP) lies mostly in defining the conditions under
which Cu(Il) ions are formed (i.e., high oxidizing potential). At lower redox potentials, copper
will not be subject to corrosion or the formation of highly insoluble copper(l) oxide or hydroxide
solids will occur, resulting in extremely low copper levels in the water (Schock et al., 1995;
Ferguson et al., 1996). Many untreated groundwaters of neutral pH and high alkalinity fall into
this category.

The rate of release of copper into the water is influenced by the level of oxidizing agents
in the system, especially free chlorine. Even low levels (i.e., 0.2 mg/L) affect the oxidation and
corrosion rate (Schock and Lytle, 2011). Reiber (1989) has shown that the chlorine effect is
much more important than dissolved oxygen in normal drinking water situations.

Hypochlorous acid is the predominant form of free chlorine below pH 7.5 in drinking
water and the dominant oxidant on the copper surface (Atlas et al., 1982; Reiber, 1987, 1989;
Hong and Macauley, 1998). Free chlorine residual was shown to increase the copper corrosion
rate at lower pH (Atlas et al., 1982; Reiber, 1989). Conversely, free chlorine residual was shown
to decrease the copper corrosion rate at pH 9.3 (Edwards and Ferguson, 1993; Edwards et al.,
1999). However, Schock et al. (1995) concluded that free chlorine species would affect the
equilibrium solubility of copper by stabilizing copper (1) solid phases, which results in a
substantially higher level of copper release. The authors did not observe any direct effects of free
chlorine on copper (I1) solubility other than the change in valence state and, hence, the indirect
change in potential of cuprosolvency.

Sometimes, copper levels in water that has been stagnant in the plumbing system can
increase for as many as 48 to 72 hours, especially in relatively rare cases of blue water (Edwards
et al., 2000). For this reason, an overnight standing sample is not necessarily representative of a
worst-case scenario for exposure to copper (Schock et al., 1995). Conversely, the depletion of
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oxidants may decrease copper levels (Edwards et al., 1996; Schock and Lytle, 2011). The
introduction of oxidative processes such as those for iron or manganese removal, or the initiation
of disinfection after low-ORP conditions, could increase, decrease or have no effect on copper
concentration depending on the circumstances.

Limited information has been reported in the literature about the effect of other
disinfectants on copper. A bench-scale study by Rahman et al. (2007) examined the effect of
three disinfectants (chlorine, chlorine dioxide, and chloramines) under two pH (7.2 and 8.5) and
alkalinity (10 or 100 mg CaCOs/L) conditions. The authors found that there was no significant
difference in dissolved copper release for the disinfectant-free control compared to any of the
disinfectants used in the study. Generally, the study found that the application of disinfectant
lowered the copper release, with the lowest total copper release found under the pH 8.5, 10 mg
CaCOg/L and 1.0 mg Cl,/L conditions. The authors suggested that the lower biomass (not
assessed in the study) might explain part of the benefit to disinfectant, and that the long
stagnation period (72 h) would result in low chlorine residuals. The authors also suggested that in
the case of chlorine dioxide the presence of chlorite (a by-product) may have acted as a corrosion
inhibitor.

Boyd et al. (2010) studied the effects of changing disinfectants from free chlorine to
chloramines and vice versa on leaching rates of metals and concentrations of metals from lead,
brass, and copper components in the distribution system. Local tap water was used and water
quality parameters (disinfectant residual, pH, alkalinity, and orthophosphate concentration) were
monitored and maintained. The authors conducted pipe loop testing using new copper tubing and
bronze piping (as a surrogate for standard brass) with different galvanic couplings (copper-
bronze, lead-bronze, and lead-copper couplings). Copper concentrations in unpassivated copper
and bronze pipe loops were sensitive to free chlorine and chloramines but the effects were
transient and not related to a specific disinfectant. A study assessed the leaching potential for
several components tested under NSF/ANSI Standard 61 protocols with both chlorinated and
chloraminated water. The study also tested these components using 28 waters (chlorinated and
chloraminated) collected from utilities throughout the U.S. These utilities were also surveyed on
copper and lead release issues. The authors found that neither chlorine nor chloramine was a
dominant factor towards the leaching of copper under the test conditions for both the synthetic
and utility waters. This mirrored the results from the utility survey that indicated few problems
with copper (and lead) release when chloramines were used for secondary disinfection (Sandvig
etal., 2012).

7.2.4 Pipe age and copper solubility

Copper release into the drinking water largely depends on the type of scale formed within
the plumbing system and whether they are relatively thin and adherent films of corrosion
products such as copper(l) oxide (cuprite, Cu,O), copper(ll) oxide (tenorite, CuO), or copper
carbonate (malachite, Cuy(OH),CO3) (Schock and Lytle, 2011). It can be assumed that at a given
age, a corrosion product governs the release of copper into the drinking water. In uniform
corrosion, solubility is highest for Cu(l) hydroxide [Cu(OH),] and lowest for tenorite [CuQ] and
malachite [Cu,(OH),COs3] (Schock et al., 1995). Similarly, Lagos et al. (2001) observed a linear
relationship between pipe age and mean dissolved copper concentration in water. The more
stable scales (malachite and tenorite) were also found to be the oldest and the least stable scale
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(langite), the youngest. Copper concentrations continue to decrease with the increasing age of
plumbing materials, even after 10 or 20 years of service, when tenorite or malachite scales tend
to predominate (Sharrett et al., 1982; Neuman, 1995; Edwards and McNeill, 2002). Sulphate and
phosphate can decrease copper concentrations by forming bronchantite and copper(Il) phosphate
in the short term but, in the long term, they may prevent the formation of the stable tenorite and
malachite scales (Edwards et al., 2002; Schock and Sandvig, 2009; Arnold et al., 2012).

7.2.5 Stagnation time, water age and flow

Long copper pipe of small diameter produces the greatest concentrations of copper upon
stagnation (Kuch and Wagner, 1983; Ferguson et al., 1996). Copper behaviour is complex with
respect to the stagnation of the water. Copper levels will initially increase upon stagnation of the
water, but can subsequently decrease or increase, depending on the oxidant levels. Lytle and
Schock (2000) showed that copper levels increased rapidly with the stagnation time of the water,
but only until dissolved oxygen (DO) fell below 1 mg/L, after which they dropped significantly.
Sorg et al. (1999) also observed that in softened water, copper concentrations increased to
maximum levels of 4.4 and 6.8 mg/L after about 20-25 h of standing time, then dropped to
0.5 mg/L after 72-92 h. Peak concentrations corresponded to the time when the DO was reduced
to 1 mg/L or less. In non-softened water, the maximum was reached in less than 8 h, because the
DO decreased more rapidly in the pipe loop exposed to non-softened water. Typically, water in a
conventional home has a water age of 1 day compared to green buildings, where water age has
been found to range from 2.7 days (net-zero energy house), 8 days (in a LEED-Gold healthcare
facility) and 1-6 months (net-zero office) (Rhoads et al., 2016). Increased water age has been
associated with deterioration of water quality (loss of disinfectant residual, pH decrease)
(Masters et al., 2015) as well as increases in microbial population (Masters et al., 2015; Rhoads
et al., 2016) and could increase the propensity of water towards copper corrosion. As green
building technology becomes more prevalent, consideration should be made for the implications
of increased water age on water quality and corrosion.

High flow velocities can sometimes be associated with erosion corrosion or the
mechanical removal of the protective scale (impingement attack) in copper pipes. Water flowing
at high velocity, combined with corrosive water quality, can rapidly deteriorate pipe materials.
For example, the combination of high Cl,, continuous flow velocity with low-pH and high-
alkalinity is extremely aggressive toward copper (Sarver et al., 2011; Schock and Lytle, 2011).

7.2.6 Temperature

No simple relationship exists between temperature and corrosion processes, because
temperature influences several water quality parameters, such as dissolved oxygen solubility,
solution viscosity, diffusion rates, activity coefficients, enthalpies of reactions, compound
solubility, oxidation rates and biological activities (McNeill and Edwards, 2002). These
parameters, in turn, influence the corrosion rate, the properties of the scales formed and the
leaching of materials into the distribution system. In hot water systems of building plumbing, a
high water temperature (>60°C), in the presence of high flow velocity, is a factor in erosion
corrosion (Ferguson et al., 1996). In a survey of the release of copper corrosion by-products into
the drinking water of high-rise buildings and single-family homes in the Greater VVancouver
Regional District, Singh and Mavinic (1991) noted that copper concentrations in water run
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through cold water taps were typically one-third of copper concentrations in water run through
hot water taps. A laboratory experiment that compared copper release at 4, 20, 24 and 60°C in a
soft, low alkalinity water showed higher copper release at 60°C, but little difference in copper
release between 4°C and 24°C (Boulay and Edwards, 2001). However, copper hydroxide
solubility was shown to decrease with increasing temperature (Edwards et al., 1996; Hidmi and
Edwards, 1999). In a survey of 365 utilities under the U.S. EPA Lead and Copper Rule, no
significant trend between temperature and copper levels was found (Dodrill and Edwards, 1995).

7.2.7 Chloride and sulphate

Chloride has traditionally been reported to be aggressive towards copper but has been
found to be less detrimental for cuprosolvency than originally expected (Edwards et al., 1994b).
High concentrations of chloride (71 mg/L) were shown to reduce the rate of copper corrosion at
pH 7-8 (Edwards et al., 1994a, 1994b, 1996; Broo et al., 1997, 1999). Edwards and McNeill
(2002) suggested that this dichotomy might be reconciled when long-term effects are considered
instead of short-term effects: chloride increases copper corrosion rates over the short term.
However, with aging, the copper surface becomes well protected by the corrosion products
formed. Sulphate is a strong corrosion catalyst implicated in the pitting corrosion of copper
(Schock, 1990; Edwards et al., 1994b; Ferguson et al., 1996; Berghult et al., 1999). Although
sulphate was shown to decrease concentrations of copper in new copper materials, it was found
that high sulphate concentrations resulted in higher copper levels in the experimental water once
the copper material had aged (i.e., transitioned from copper(l1) hydroxide to CuO) (Edwards et
al., 2002). The authors concluded that this was due to the ability of sulphate to prevent the
formation of the more stable and less soluble malachite and tenorite scales, supporting the
hypothesis of Schock et al. (1995) that aqueous sulphate complexes are not likely to significantly
influence cuprosolvency in potable water.

7.2.8 Natural organic matter

Research in copper plumbing pitting has indicated that some NOM may alleviate the
propensity of a water to cause pitting attacks by promoting the formation of more protective
scales (Campbell, 19544, 1954b, 1971; Campbell and Turner, 1983; Edwards et al., 1994a;
Korshin et al., 1996; Edwards and Sprague, 2001). However, NOM contains strong complexing
groups and has been shown to increase the solubility of copper corrosion products (Korshin et
al., 1996; Rehring and Edwards, 1996; Broo et al., 1998, 1999; Berghult et al., 1999, 2001,
Edwards et al., 1999; Boulay and Edwards, 2001; Edwards and Sprague, 2001). Nevertheless,
the significance of NOM to cuprosolvency relative to competing ligands has not been
conclusively determined (Schock et al., 1995; Ferguson et al., 1996). A study found that NOM
initially promoted pitting under certain narrow water quality and NOM concentration ranges.
However, over long periods of time, a reduction in pitting at the higher NOM concentrations was
observed (Korshin et al., 1996). Generally, the study concluded that NOM interacts with the
copper through sorption, increasing the rate of copper leaching and the dispersion of the
corrosion scales.

Mechanistic work by Edwards and Sprague (2001) elucidated some of the complex and
apparently contradictory effects of NOM on copper. NOM was shown to contribute to copper
by-product release through complexation and/or colloid mobilisation. NOM can interfere with
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pipe ageing through promoting the formation of highly soluble copper(ll) hydroxide, copper
carbonate and copper-NOM complex formation and thus, prevent the formation of the more
stable solid, malachite. Conversely, NOM can serve as a food source for bacteria, which in turn
consumes dissolved oxygen, triggering re-deposition of copper onto the pipe in the presence of a
suitable catalyst (e.g. chloride). In practice, Arnold et al. (2012) demonstrated, at the bench-
scale, that NOM removal was a practical and effective method to decrease copper release in a
school experiencing blue-water issues. NOM removal increased dissolved oxygen (and the
corrosion rate) and subsequently increased scale formation. The authors suggested that in the
absence of NOM, the corrosion rate decreased, accelerating the natural ageing process. Visual
inspection of the copper pipes revealed a blue-green solid, which is associated with the stable
crystalline solid, malachite.

7.2.9 Microbiologically influenced corrosion

Microbiologically influenced corrosion (MIC) results from a reaction between the pipe
material and organisms, their metabolic by-products, or both (Schock and Lytle, 2011).
Microbial activity can affect pH, metal solubility, and the oxidation-reduction potential of the
surrounding microenvironment. Biofilms are surface associated communities of bacteria and
their interaction with copper surfaces is complex. Bacteria can interact with the surface in
physically, metabolically, or as storage reservoir for released metals. As biofilms form on the
surface, corrosive microenvironments can form, for example, the area under the biofilm becomes
oxygen deprived (anaerobic) and can act as an anode to the neighbouring metallic surface
(cathode), thereby driving a localised corrosion event (Javaherdashti, 2008). Acidic metabolic
products can also create local pH decreases (Little et al., 1991) and create bulk water pH
decreases (Davidson et al., 1996). Bacteria in a biofilm produce sticky exopolymeric substances
(EPS) that tend to have a negative charge, providing a binding site for positively charged metals
ions (Qin-gin et al., 2012). Specifically, biofilm has been shown to act as a reservoir for released
copper (Davidson et al., 1996; Lehtola et al., 2006; Qin-gin et al., 2012; Payne et al., 2016),
representing another potential source of copper exposure in a biofilm detachment event.

There have been several bench-scale studies, as well as autopsies of corroded copper
plumbing, that have indicated a significant role for bacteria and biofilm in cuprosolvency.
Dutkiewicz and Fallowfield (1998) found that copper exposed to Agrobacterium sp., isolated
from a copper pipe biofilm found in Adelaide, Australia, increased copper release compared to a
sterile control. In an Australian study, Sphingomonas spp. and Acidovorax sp. have been
identified as species associated with corroding copper surfaces, and a species of Acidovorax has
been observed to accumulate copper when grown in a laboratory setting on a copper-containing
food source (Critchley et al., 2004). Conversely, other bacteria, Stenotrophomonas maltophilia,
were observed to have protective effects on copper, which the authors hypothesized could be a
result of the binding of the chloride ions to the EPS (Critchley et al., 2003).

Copper has antimicrobial properties (Grass et al., 2011), and in drinking water delayed
biofilm formation on copper pipes has been observed when compared to polyethylene pipes.
Although after 200 days there was a significant decrease in virus numbers on copper pipe
biofilm, there was no significant difference in microbial numbers (Lehtola et al., 2004). Biofilms
have also been implied as causative or contributing agents to both blue water events (Arens et al.,
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1996; Critchley et al., 2004) and pitting corrosion (Fischer et al., 1992; Reyes et al., 2008;
Burleigh et al., 2014).

7.3 Blue water events

Copper dissolution can cause blue or green water events and are frequently characterized
by a fine dispersion of copper corrosion products. Particulate copper appears light blue as a
copper hydroxide and black as copper sulphide. Visual perception of a blue water issue is
challenging as the coloured water can be flushed away through the first flush of a toilet or tap.
The distance of the observer from the coloured water also affects the perception, with 0.3 mg/L
visible at the typical observation distance from a bathtub, but 3 mg/L would need to present for
the copper particulate to be noticeable in a glass of water (Edwards et al., 2000).

No single cause has been identified for blue water events; they are thought to result from
a combination of microbial activity and certain water quality conditions. Critchley et al. (2004)
successfully induced blue water in a laboratory setting by inoculating copper pipe rigs with non-
sterile copper corrosion extracts, although the water used was not representative of drinking
water. The authors noted a nine week lag time before blue water was apparent suggesting that
there is an initial establishment phase to initiate this type of corrosion. Previously, Arens et al.
(1996) investigated a blue water event in recently commissioned copper pipes. MIC was
suspected as the causative agent and Arens et al. (1996) found that various food sources (e.g.,
sealing putty) increased microbial activity and copper release. Arnold et al. (2012) also reported
blue water and elevated copper (>6 mg/L) in new copper plumbing, in a high alkalinity (200 mg
CaCOg/L), pH 7.15-7.4 water. NOM removal provided long-term copper stability through
accelerated pipe ageing.

7.4  Brassalloys

Brasses are, basically, alloys of copper and zinc, with other minor constituents, such as
lead. Brass dezincification is thought to be a either a selective leaching of zinc or a multi-stage
process through which zinc and copper are leached through uniform corrosion and copper is
redeposited, creating a net effect of zinc leaching and both mechanisms leave behind a porous
weakened copper surface (Lytle and Schock, 1996; Sarver et al., 2011). Zinc oxide corrosion
products can build-up forming a “meringue” structure that restricts flow, which can subsequently
cause leaks and bursts. Brasses are particularly vulnerable to dezincification in low alkalinity,
high chloride water (Sarver et al., 2011). Ideally, brass used in premise plumbing should be low
zinc to help make the brass dezincification resistant. However, it should also be noted that in
cross-linked polyethylene (PEX) plumbing systems, higher zinc content brass (yellow brass)
fittings are frequently used. There have been widespread plumbing failures associated with PEX
and dezincification of brass fittings documented in North America (U.S. District Court, 2011;
Ontario Superior Court of Justice, 2011; Superior Court Province of Quebec, 2011). In addition
to the financial ramifications of brass corrosion, other metals are also released, including copper.
Lytle and Schock (1996) demonstrated that the composition of the brass alloy was a significant
factor in the amount of copper released and that small changes in pH were a strong influence on
copper release. A pH 8.5 and 7, with red brasses (low zinc) released more copper than yellow
brasses (high zinc) and some red brasses released similar copper levels as pure copper. Brasses at
pH 7 released more copper than at pH 8.5. It should also be noted that at pH 7, the copper
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releases were more sporadic. In practice brass can represent a significant source of copper
release. In a cluster of Southern California homes with all plastic plumbing, brass fittings were
identified as the major source of copper release with medians ranging from 85-185 ug/L over the
course of three sampling events (Kimbrough, 2007).

7.5  Pitting corrosion

Pitting corrosion is a form of non-uniform corrosion in all types of copper pipe and
tubing and can ultimately lead to pinhole leaks, a costly plumbing failure (Scardina et al., 2008).
Pitting corrosion can occur where a localised corrosion cell forms as a result of several
mechanisms such as a differential in pH or oxygen on the pipe surface. In the localised corrosion
cell, the cathodic area is protected, and the anodic area is oxidized, electrons are release, and
copper is depleted, creating a pit. The pit can ultimately breach the wall of the copper, creating a
small pinhole. If unfavourable water quality conditions occur prior to the formation of the
protective scale, then a serious pitting corrosion may occur (Schock and Lytle, 2011). The causal
pit initiation mechanism could be a result of one or a combination of several factors including
surface imperfections, carbon residues from manufacturing, soldering flux, unfavourable water
quality or microbiological activity. There are certain water quality, microbiological and flow
conditions that appear to induce or propagate pits and include: waters with high pH, low
alkalinity, the presence of chloride (Lytle and Schock, 2008; Lytle and Nadagouda, 2010) and
sulphides (Jacobs et al., 1998; Jacobs and Edwards, 2000); chlorine, high pH, low alkalinity
(Sarver et al., 2011); the presence of some biofilms (Fischer et al., 1992; Reyes et al., 2008;
Burleigh et al., 2014); pipe configuration (Fischer et al., 1992) and high water velocity
(Custalow, 2009). Lytle and Schock (2011) describe the three types of copper pitting (based on
chemistry and physical features): cold-water (type 1), hot-water (type Il) and soft-water (type I11)
as well as conditions typically associated with each type. It is important to note that sulphate and
chloride are typically associated in one way or another to all forms of pitting although the
relative importance of chloride versus sulfate in copper pitting corrosion is still a subject of
debate (Schock and Lytle, 2011).

In bench-scale experiments, the addition of 3 mg PO,/L or increasing DIC to 50 mg/L
(from 5-25 mg/L) was effective in preventing pit initiation at pH 9 (Lytle and Schock, 2008). It
has been theorised that phosphate may displace other anions from the anode and compete for
binding sites with Cu®* to form a relatively stable scale and that alkalinity decreases pit initiation
by either, limiting pH differentials on the surface or by forming copper carbonates and
decreasing precipitation on the surface. Ha and Scully (2013) suggested that phosphate (as
Na,HPQO,) addition inhibits pit initiation through increasing passivation and suppressing the
dissolution of copper. Lytle and Nadagouda (2010) analysed the elemental composition of
copper pits taken from in-home plumbing and found that chloride was concentrated in the floor
of the pits as well as in cracks or imperfections near the surface, suggesting that chloride plays an
important role in the propagation of pits. Although the presence of chloride has been
demonstrated to play a fundamental role in pit initiation, Edwards et al (1994a) hypothesized that
given longer exposures (with greater scale formation) that chloride could potentially have a
protective effect. Sulphides have been shown to be significant factors in inducing copper
corrosion and have been associated with pitting at pH 9.2 (Jacobs and Edwards, 2000).
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Burleigh et al. (2014) evaluated copper pitting in copper tubing from multiple cold water
lines in Santa Fe, New Mexico and found evidence of Actinobacteria deep inside the pits. The
authors suggested that Actinobacteria role in copper pitting could be through either the excretion
of an acidic metabolic product or using copper as an energy source (Burleigh et al., 2014). Reyes
et al (2008) compared two communities in Chile, one rural (pH 6.2, CaCO3; = 63 mg/L, no
chlorine) and one urban (pH = 6.9, CaCO3 = 98 mg/L, chlorinated), and although the two
communities had similar water quality they had different stagnant copper levels. The rural homes
had stagnant copper levels of 5 mg/L compared to the urban homes where stagnant copper levels
were 0.4 mg/L. When investigating the copper release in rural homes, the authors found that only
one quarter of the copper release could be attributed to water quality factors and the
microbiological component was suspected as another causal agent of copper release. In the rural
homes pipes with biofilm, surface pitting was observed; whereas in the absence of bacterial
biofilms no pitting was observed. High water velocity have also been demonstrated to increase
pitting in high pH chlorinated waters (Custalow, 2009) and are likely a result of the continuous
resupply of oxidants to the cathodic regions of a localised corrosion cell (Sarver et al., 2011).
Leaking pipes present an additional health risk as they could lead to mould growth (Scardina et
al., 2008), affecting indoor air quality (Health Canada, 2016).

7.6 Impact of treatment and/or water quality changes on copper release

Distribution system deposits and corrosion scales lie in delicate balance with the aqueous
environment and utilities should be aware that changes in water quality can affect the stability of
distribution system scale. Some treatment technologies can increase copper in drinking water by
changing water quality parameters that impact copper release. Changing water treatment to
address one issue, could inadvertently negatively impact another water treatment objective. For
example, switching from a sulphate to chloride containing coagulant has been shown to increase
CSMR and exacerbate lead release in premise plumbing material (Edwards and Triantafyllidou,
2010).

In the anion exchange process, when removing contaminants such as uranium, freshly
regenerated ion exchange resin removes bicarbonate ions. This causes reductions in pH and total
alkalinity during the initial 100 bed volumes (BVs) of a run and may require raising the pH of
the treated water at the beginning of a run to avoid corrosion (Clifford, 1999; Wang et al., 2010;
Clifford et al., 2011). Similarly, frequent regeneration of an ion exchange resin can have an
impact on corrosion. In a case study in Maine, frequent regeneration of the ion exchange resin
was required to reduce the levels of uranium in the waste stream (residuals). This resulted in a
significant and continual decrease of pH and subsequent leaching of copper and lead into the
drinking water (Lowry, 2009, 2010). Since reverse osmosis (RO) continually and completely
removes alkalinity in water, it will continually lower the pH of treated water and increase its
corrosivity. Therefore, the product water pH must be adjusted to avoid corrosion issues in the
distribution system such as the leaching of lead and copper (Schock and Lytle, 2011; U.S. EPA,
2012). Additionally, changing from lime softening, which balances hardness and alkalinity with
a high pH, to ion exchange softening can leave a high alkalinity, which is corrosive to copper
(Schock and Lytle, 2011).

Similarly changes to finished water to address corrosion concerns can cause other
unintended changes in the distribution system. For example, raising pH in finished water to
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greater than 9 in order to decrease copper release from premise plumbing would precipitate
dissolved manganese in the treated water, which could lead to unwanted aesthetic issues.

Additionally, it is important to consider that distribution system deposits are susceptible
to changes in water quality. Distribution system deposits are comprised of the underlying
corroded material (e.g. cast iron) as well as the accumulated trace inorganics that have
accumulated over the service life of the water main. Friedman et al. (2010) found that trace
inorganic contaminants (including barium lead nickel, vanadium, arsenic, radium, chromium and
uranium) had accumulated in manganese deposits in distribution systems. Gerke et al. (2016)
reported copper accumulation in both chlorinated and chloraminated distribution system
manganese deposits. The stability of deposited inorganics is dependent upon maintaining stable
water quality conditions (e.g., pH, ORP, corrosion control), as well as avoiding the uncontrolled
blending of source water (ground and surface), and the uncontrolled blending of chlorinated and
chloraminated water (Friedman et al., 2010).

Before changing water quality to achieve a new treatment goal, such as corrosion control,
utilities should undertake pilot-scale studies to understand how a proposed water quality
amendment will affect various components of their distribution system.

7.7 Mitigation of copper release

The selection of a mitigation strategy for copper should take into consideration other
metals present since different strategies, including water quality adjustments, may impact various
metals differently. The use of test pipe-rigs under site specific water quality conditions is
recommended, as the testing process can be helpful in selecting an effective corrosion control
strategy and aid in anticipating unintended impacts. Generally, the level of trace metals increases
upon stagnation of the water but may vary according to water quality. For example, in standing
water in plumbing systems where oxidants are present, copper levels can increase for up to 48 to
72 hours. As such, flushing the water present in the plumbing system can significantly reduce the
levels of copper and is, therefore, considered a mitigation strategy. However, flushing the cold
water tap may not be sufficient to reduce the levels of copper (Singh and Mavinic, 1991,
Murphy, 1993; Barn et al., 2014). Periodic flushing throughout the day and extensive flushing
following long stagnation periods (vacation periods, weekends) may therefore be advisable to
provide suitable water quality throughout the day.

Reducing exposure to copper can also be achieved, as an interim measure, by the use of
drinking water treatment devices. It must be noted that in situations where high levels of copper
occur, drinking water treatment devices may have reduced capacity and require more frequent
replacement of the filter.

7.7.1 Alkalinity and pH

Copper solubility is strongly influenced by both alkalinity (through carbonate
complexation) and pH, for relatively new plumbing systems (Edwards et al., 1994b; Dodrill and
Edwards, 1995). However, it was also noted that high alkalinity groundwaters are aggressive
toward copper materials (Schock et al., 1995; Vik et al., 1996; Schock and Lytle, 2011).

The adjustment of pH at the water treatment plant is the most common method used for
reducing corrosion in drinking water distribution systems and leaching of contaminants, such as
copper, in the distributed water. Raising the pH is an effective method for reducing copper
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corrosion and thus, minimizing copper levels in drinking water. Generally, uniform corrosion of
copper is best controlled at pH > 7, depending on alkalinity (Schock and Lytle, 2011). Treatment
chemicals used for adjusting pH include caustic soda, potash, lime and sulfuric acid. Minimal pH
adjustment can also be achieved using CO,, with either sodium carbonate (Na,CO3) or sodium
bicarbonate (NaHCO3); however, this combination primarily adjusts alkalinity. Aeration is a
non-chemical treatment method that introduces air in the water, removing CO, and resulting in a
pH increase. Another method of adjusting pH is the use of limestone contactors: water flows
through a bed of crushed limestone, dissolving the limestone and causing the pH (as well as
alkalinity and calcium level) to increase. These last two methods offer less precise control of the
pH adjustment. A combination of lime or caustic soda and carbon dioxide offers more precise
control, as it allows the pH and alkalinity of the water to be independently adjusted (Schock,
1999).

Alkalinity, in combination with pH, serves to control the buffer intensity of most water
systems. Therefore, sufficient alkalinity is necessary to provide a stable pH throughout the
distribution system for corrosion control of copper (and other metals such as lead). Alkalinity
can improve the buffering capacity at a given pH. Raising or lowering the pH can substantially
increase the buffering capacity of the water as seen in buffer intensity plots developed by Schock
and Lytle (2011). This was demonstrated in practice by Clement et al. (1998) in a field study in
Concord, New Hampshire, where minor adjustments in pH and alkalinity resulted in greater pH
stability in the distribution system and improved corrosion control. In very low alkalinity waters,
adjustment of the alkalinity can be achieved by adding carbonate ion with either Na,CO3 or
NaHCOs. As stated previously, these chemicals are also used to adjust pH because they also
contribute carbonate (CO4”") or bicarbonate (HCO3") ions. It is important to note that the number
of carbonate ions available is a complex function of pH, temperature, and other water quality
parameters (Schock, 1999).

7.7.2  Addition of corrosion inhibitors

Phosphate- and silicate-based corrosion inhibitors are typically used for corrosion control
in drinking water. The most commonly used inhibitors are phosphate corrosion inhibitors with or
without zinc, which include orthophosphate or polyphosphate (typically, blended
polyphosphates). Silicate corrosion inhibitors (i.e. sodium silicates) have also been used for
corrosion control. The success of corrosion inhibitors is often based on pilot- or bench-scale
testing and depends on both the water quality and the conditions prevailing in the distribution
system. The effectiveness of corrosion inhibitors is largely dependent on maintaining a residual
of the inhibitor throughout the distribution system and on the pH and alkalinity of the water.
Measuring the concentration of inhibitors within the distribution system is part of good corrosion
control practice. Generally, direct correlations between the residual concentration of inhibitors in
the distribution system and the levels of metals, including copper at the tap are not possible.

Health Canada recommends that water utilities choose drinking water additives, such as
corrosion inhibitors, that have been certified as conforming to the applicable NSF/ANSI health-
based standard. Phosphate- and silicate-based corrosion inhibitors are included in NSF/ANSI
Standard 60, Drinking Water Treatment Chemicals—Health Effects (NSF International, 2017a).
These standards have been designed to safeguard drinking water by ensuring that additives meet
minimum health effects requirements and thus are safe for use in drinking water.
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7.7.2.1 Phosphate-based inhibitors

Orthophosphate and zinc orthophosphate are the inhibitors most often reported in the
literature as being successful in reducing copper levels in drinking water (Bancroft, 1988;
Reiber, 1989; Boffardi, 1993; Johnson et al., 1993; Dodrill and Edwards, 1995; Rezania and
Anderl, 1995, 1997; Schock et al., 1995; Boireau et al., 1997; MacQuarrie et al., 1997; Churchill
et al., 2000; Schock and Fox, 2001; Becker, 2002; Dudi, 2004; Kirmeyer et al., 2004).
Orthophosphate is generally used for lead control when pH control or pH and alkalinity
adjustment are not sufficient to control corrosion (Vik et al., 1996), and the effects on copper are
secondary considerations.

Some authors have reported that the use of orthophosphate may reduce copper levels in
the short term, but that in the long term the formation of more stable scales such as malachite and
tenorite may be prevented (Schock and Clement, 1998; Edwards et al., 2001; Cantor et al., 2003;
Schock and Sandvig, 2009). There is evidence that treatment for copper with phosphate was
more successful when higher dosages were applied or when pH and orthophosphate dosages
were optimized (Schock et al., 1996; Schock and Fox, 2001). Schock and Fox (2001)
demonstrated successful copper control in high-alkalinity water with orthophosphate when pH
and alkalinity adjustments were not successful. Similarly, Grace et al. (2012) found that
orthophosphate dosed at 3 mg/L effectively decreased copper levels below 1.3 mg/L from 1.4-
2.4 mg/L in a high alkalinity (273 mg/L) neutral pH (7.4) water. Bench-scale results also
indicated that a pH increase to 8.4 may also have been successful; however due to the high
alkalinity of the water this option was not selected over concerns of calcium carbonate deposition
on distribution system components (Grace et al., 2012).

A survey of 365 water utilities under the U.S. EPA Lead and Copper Rule also revealed
that utilities using orthophosphate had significantly lower copper levels only when pH was
below 7.8 and alkalinity was below 74 mg CaCOg3/L as (Dodrill and Edwards, 1995). Limited
data are available on the impact of polyphosphate on copper solubility. Generally,
polyphosphates increase the corrosion rate of copper (Vik et al., 1996). In a case study, Cantor et
al. (2000) reported that the use of a polyphosphate blend, at one of the three utilities studied,
increased copper levels at the tap. In a copper pipe rig study, Edwards et al. (2002) reported that
although polyphosphate generally reduced soluble copper concentrations, they also significantly
increased them at pH 7.2 and alkalinity of 300 mg CaCOg/L since polyphosphates hinder the
formation of the more stable malachite scales.

McNeill and Edwards (2004) used bench-scale experiments to compare the performance
of orthophosphate, polyphosphate and zinc orthophosphate. Orthophosphate addition (1 mg/L)
was associated with decreased soluble copper release, although no difference was observed for
particulate release compared to the control. Polyphosphate addition (1 mg/L) decreased soluble
copper release compared to orthophosphate, but increased particulate copper release. Zinc
orthophosphate addition decreased soluble copper release but increased particulate copper
release, compared to orthophosphate, except at pH 9.5. Additionally, particulate copper release
increased with pipe age in zinc orthophosphate treated copper pipes. The comparison of
phosphate corrosion inhibitors highlights the importance of using site-specific water quality as
well as pilot testing and/or pipe rigs in selecting an appropriate corrosion inhibitor for a given
water system. It should also be noted that phosphate can decrease copper concentrations by
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forming copper(Il) phosphate but may also prevent the formation of the more stable tenorite and
malachite scales (Edwards et al., 2002; Arnold et al., 2012). Cantor (2017) found that uniform
passivating films are not always formed on copper pipe walls when using orthophosphate and
that care was needed in selecting a corrosion control approach. In addition to pH and alkalinity,
water quality issues (discoloured water, disinfection by-products, presence of pathogens, release
of lead and copper, etc.) and the biostability of the water (i.e., biofilms) were found to impact the
formation of the passivating film. The author found that preventing and/or controlling corrosion
issues requires a holistic approach that includes maintenance and improvement of infrastructure,
ongoing biostability improvement as well as maintaining ongoing corrosion control.

7.7.2.2 Silicate-based inhibitors

Only limited data are available on the impact of sodium silicate on copper solubility. As
sodium silicate is a basic compound, it is always associated with an increase in pH, making it
difficult to attribute reductions in copper concentrations to sodium silicate alone when an
increase in pH may also result in a decrease in copper concentrations. A study conducted by
Schock (2005) in a medium-sized utility was able to solve problems from iron in source water as
well as lead and copper leaching in the plumbing system. The problems were solved
simultaneously through the addition of sodium silicate with chlorination. Sodium silicate was
added to the three wells that contained elevated levels of iron and manganese and that serviced
homes containing lead service lines. A fourth well required only chlorination and pH adjustment
with sodium hydroxide. At the three wells, an initial silicate dose of 25-30 mg/L increased the
pH from 6.3 to 7.5 and immediately resulted in 55% and 87% reductions in lead and copper
levels, respectively. An increase in the silicate dose to 45-55 mg/L increased the pH to 7.5 and
resulted in an even greater reduction in the lead and copper levels (0.002 mg/L and 0.27 mg/L,
respectively).

Lintereur et al. (2011) compared three different sodium silicate dosages (3 mg/L, 6 mg/L,
and 12 mg/L) and found that sodium silicate decreased copper release compared to the control
(i.e., no treatment) and pH increase control. The decrease appeared to be dose dependant, with
the lowest copper releases observed at the highest doses of sodium silicate. Additionally, scale
analysis revealed a silicate-copper scale on coupons retrieved from the silicate treated systems,
providing evidence that a silicate scale is at least partly responsible for the inhibitory action of
sodium silicates. Woszczynski et al. (2015) found that sodium silicates (18 mg-Si/L, pH 7.3 and
pH 6.3) did not control copper when compared to treatment by phosphate (0.8 mg-PO,/L, pH
7.3). The authors noted that silicate performance was affected by pH and suggested that water
quality conditions could affect sodium silicate performance

7.7.3 Mitigation of blue water events

Blue water remains a poorly understood phenomenon, and there is limited guidance on its
management. Short term management strategies include identified heat-shock (> 60°C) (Arens et
al., 1996) or a one-time super chlorination Edwards et al. (2000), although the blue water could
reoccur. Arnold et al. (2012) found that NOM removal through GAC provided a practical long-
term solution for a blue water issue.

Sequestering agents, such as polyphosphate, will mask the copper release, improving the
aesthetic quality without decreasing copper levels and may, in some cases, increase copper
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levels. Cantor et al. (2000) reported on an incident in Wisconsin, where polyphosphates were
used to sequester iron in one of three communities with a hard, high alkalinity groundwater.
Subsequent to this treatment, copper related illness were reported to and confirmed by the
Wisconsin Department of Health and Family Services (Knobeloch et al., 1994). The highest
copper levels (up to 5 mg/L) were found in new and newly remodeled homes and the levels
decreased over time once polyphosphate was no longer dosed (Cantor et al., 2000). Generally,
the use of sequestering agents is not recommended for mitigating copper release.

7.7.4 Mitigation of copper pitting and dezincification

Given the variety of water quality, microbiological and flow condition factors that can
affect the propensity towards copper pitting, utilities should consider using the tools such as
those found in Sarver et al. (2011). These tools help utilities avoid or mitigate copper pitting and
address key water quality changes including the removal of NOM, phosphate, silicate as well as
waters with chlorine, high pH or low alkalinity. In addition, utilities should conduct pilot-testing
to evaluate their particular water quality and any proposed or potential changes to water quality
to both diagnose a problem and to identify workable solutions (Lytle and Schock, 2008; Lytle et
al., 2012). A low-cost pipe-loop system is described in Lytle et al. (2012) and could serve as an
evaluative tool for utilities.

The water quality conditions associated with a tendency towards dezincification are not
as clearly characterized when compared to the copper pitting phenomenon. However, high
alkalinity low chloride water is associated with decreased dezincification (Sarver et al., 2011).
Lytle and Schock (1996) found that orthophosphate did not provide a clear benefit at pH 7 and
8.5 although they suggested that orthophosphate might be more effective for copper leaching
from brass at pH 6.5 (Lytle and Schock, 1996). Sarver et al. (2011) suggested that utilities
determine the aggressiveness of their particular water quality towards brass alloys and
communicate this information to stakeholders (consumers and developers), and encourage the
use of dezincification resistant brass alloys.

7.8 Impact of copper ions on lead release

Copper has also been observed to play a role in lead release in downstream plumbing.
Clark et al. (2015) observed copper deposition onto lead surfaces in certain water conditions
significantly increased lead release. The copper deposits were hypothesized to act as small
galvanic connections on the lead surface. The solubility of copper directly correlated to copper
deposition and release of lead. Based on bench-scale experiments, Hu et al. (2012) deduced that
between 37- 92% of the Cu®* in chloraminated water and 62-91% of Cu®" in chlorinated water
accumulated on new lead pipe under stagnation conditions. Copper deposition was also observed
to be affected by flow and stagnant conditions, as lead release was greatest from the chlorinated
system under flow-through conditions; whereas lead release was greatest from the chloraminated
system under stagnant conditions. Although, the specific water quality and flow conditions that
exacerbate the effects of copper deposition still require further investigation, the role of copper
deposition on lead release could be a significant consideration when upstream copper tubing is
followed by lead bearing materials, such as in the case of partial lead service line replacements.
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7.9  Residential scale

It is not generally recommended that drinking water treatment devices be used to provide
additional treatment to municipally treated water. However, as the primary source of copper in
drinking water is the leaching from plumbing and distribution system components, a private
residential drinking water treatment device is the best option for reducing copper concentrations
in drinking water at the tap. However, the use of such devices should not be considered to be a
permanent solution.

Before a treatment device is installed, the water should be tested to determine general
water chemistry and to verify the concentration of copper. Periodic testing by an accredited
laboratory should be conducted on both the water entering the treatment device and the finished
water to verify that the treatment device is effective. Products that use adsorption technology can
lose removal capacity through usage and time and need to be maintained and/or replaced.
Consumers should verify the expected longevity of the adsorption media in their treatment
device as per the manufacturer’s recommendations and service the device when required.

Health Canada does not recommend specific brands of drinking water treatment devices,
but it strongly recommends that consumers use devices that have been certified by an accredited
certification body as meeting the appropriate NSF/ANSI drinking water treatment unit
standard(s). These standards have been designed to safeguard drinking water by helping to
ensure the material safety and performance of products that come into contact with drinking
water. Certification organizations provide assurance that a product conforms to applicable
standards and must be accredited by the Standards Council of Canada (SCC). In Canada, the
following organizations have been accredited by the SCC to certify drinking water devices and
materials as meeting NSF/ANSI standards (SCC, 2018):

e CSA Group (www.csagroup.org);

e NSF International (www.nsf.org);

o Water Quality Association (www.wqa.org);

e UL LLC (www.ul.com);

o Bureau de normalisation du Québec (www.bng.qc.ca — available in French only);
e Truesdail Laboratories (www.truesdail.com); and

o International Association of Plumbing & Mechanical Officials (www.iapmo.org).

An up-to-date list of accredited certification organizations can be obtained directly from
the SCC (2016).

Drinking water treatment devices can be installed at the faucet (POU) or at the location
where water enters the home (point-of-entry or POE) in residential settings to reduce
contaminant concentrations. POU systems are preferred for the removal of copper, as copper
levels may increase in the plumbing system and because exposure to the contaminants from
drinking water is a concern only if the contaminants are ingested (i.e., inhalation and dermal
absorption are not significant routes of exposure). As such, POU treatment devices installed at
individual drinking water taps are considered to be the best approach to reduce concentrations to
safe levels immediately before consumption or for preparation of food or beverages.

A number of certified residential treatment devices are available that can remove copper
from drinking water to below the proposed MAC of 2 mg/L. Adsorption (i.e., carbon
block/resin), RO and distillation technologies are effective treatment technologies at the
residential scale for the removal of copper at the tap. Certified residential treatment devices using
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adsorption, RO and distillation are currently available for the reduction of copper in drinking
water.

For a drinking water treatment device to be certified to NSF/ANSI Standard 53 (Drinking
Water Treatment Units—Health Effects) for the removal of copper, the device must be capable
of reducing an influent copper concentration of 3 mg/L to a maximum final (effluent) copper
concentration of less than 1.3 mg/L (NSF/ANSI, 2017b). Treatment devices that are certified to
remove copper under NSF/ANSI Standard 53 are generally based on activated carbon adsorption
technology.

RO systems certified to NSF/ANSI Standard 58 (Reverse Osmosis Drinking Water
Treatment Systems) may also be certified for the reduction of copper to achieve a final
concentration below 1.3 mg/L (NSF/ANSI, 2017c). RO systems certified to this standard are
intended for POU installation only. This is because water treated by an RO system may be
corrosive to internal plumbing components. RO requires larger quantities of influent water to
obtain the required volume of drinking water, because these systems reject part of the influent
water. A consumer may need to pretreat the influent water to reduce fouling and extend the
service life of the membrane.

Distillation systems certified to NSF/ANSI Standard 62 (Drinking Water Distillation
Systems) can also be certified for the reduction of copper to achieve a final concentration
belowl.3 mg/L (NSF/ANSI, 2017d). Distillation systems that would be certified to this standard
are also intended for POU installation, for the same reasons described above. The distillation
process is effective for the reduction of copper, but requires an electrical energy input.

Health Canada strongly recommends that any components used in these treatment
systems be certified to NSF/ANSI Standard 61- Drinking Water System Components Health
Effects (NSF/ANSI, 2017e) and NSF/ANSI Standard 372 — Drinking Water Systems
Components Lead Content (NSF/ANSI, 2016).

8.0  Toxicokinetics
The toxicokinetics, storage and handling of copper are regulated by homeostatic
mechanisms (Petris et al., 1996; Pefia et al., 1999).

8.1  Absorption

In humans, dietary Cu(ll) is mainly absorbed from the upper gastrointestinal (GI) tract
after oral exposure, with maximum absorption occurring within1-3 hours of exposure (Linder,
1991; Lonnerdal, 1996; Tapiero et al., 2003; Stern et al., 2007; Shike, 2009; Corkins, 2011).
Studies on copper absorption in humans are limited; mean absorption rates of 50-55% (range,
12-60%) have been reported for normal copper intakes (0.6-1.6 mg/day) from mixed diets, as
was a theoretical maximum absorptive capacity of 63—-75% (Turnlund et al., 1989; Wapnir, 1998;
NRC, 2000; Tapiero et al., 2003; Turnlund et al., 2005; Klevay, 2010; Collins and Klevay, 2011;
EFSA, 2015; Ellingsen et al., 2015). However, with typical diets in developed countries, copper
absorption is considered to average 30-40% (Wapnir, 1998). Dietary Cu(ll) absorption is
modulated by several factors, including an individual’s copper status and intake, age, the amount
of metal in the Gl tract, the valence state, and the presence of other dietary factors or (essential
and nonessential) competing metals (Turnlund et al., 1989; Wapnir, 1998; NRC, 2000; EFSA,
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2006; Stern et al., 2007; van den Berghe and Klomp, 2009; Stern, 2010; Collins and Klevay,
2011; de Romana et al., 2011; Gaetke et al., 2014). Although limited, human studies using
different methodologies (e.g., fecal copper excretion, ®Cu retention) have demonstrated that
absorption rates vary inversely with dietary copper intake. More specifically, absorption rates
higher than 50% have been reported with copper intakes below 1 mg/day whereas absorption
rates less than 20% have been reported with copper intakes above 5 mg/day (Turnlund et al.,
1989, 1998; Stern et al., 2007). In contrast, copper retention (or balance) increases with
increasing dietary intakes. For example, an increase in copper retention from 0.06 mg/day when
dietary intake was 1.6 mg/day to 0.67 mg/day with dietary intake of 7.8 mg/day was reported.
However, the amount retained decreases with time, suggesting restoration of normal balance
over time (Turnlund et al., 2005).

The solubility of Cu(Il) complexes influences their bioavailabilities (OEHHA, 2008;
Mauceri and Mishra, 2014; EFSA, 2015). This was observed in a study by Lind and Glynn
(1999) in which high levels of Cu(ll) were measured in the blood of rats given copper in
deionized water as compared to rats given a fulvic acid mixture in infant formula. Furthermore,
developmental stage has been reported to influence Cu(ll) absorption, with higher intestinal
absorption anticipated in neonates (Lonnerdal, 1998; Bauerly et al., 2005; Collins and Klevay,
2011). This may be explained by immature digestive and homeostatic copper mechanisms
(WHO, 2004; Araya et al., 2005a; Collins and Klevay, 2011). Finally, it has been suggested that
Cu(Il) absorption increases during pregnancy and with cancer (Tapiero et al., 2003).

8.2  Distribution

Upon release from the Gl tract, Cu(ll) is immediately bound to either albumin,
transcuprein, or low-molecular weight molecules (e.g., peptides and amino acids, especially
histidine) before it reaches the hepatic portal circulation (Linder, 1991; IPCS, 1998; Linder,
2002; Talcott, 2013; Ellingsen et al., 2015). During this first pass, around 40% of copper is taken
up by the liver (Gaetke et al., 2014; Pal, 2014; EFSA, 2015). Cu(ll) then reaches the post-hepatic
circulation bound to ceruloplasmin (Cp) for distribution throughout the body. Hence, under
human physiological conditions, plasma copper is usually viewed in two pools, one covalently
bound to Cp (about 75-98% of plasma copper) and the remainder (about 7% or less), also known
as ‘free copper’, which is loosely bound to albumin and low-molecular weight molecules (IPCS,
1998; Bradberry, 2007; Montes et al., 2014; Ellingsen et al., 2015). Cp is a ferroxidase
synthesized and bound to copper within the liver, for the delivery of the nutrient to peripheral
tissues (OEHHA, 2008; Shike, 2009; Montes et al., 2014). Consequently, increases in copper and
Cp parallel one another (Turnlund et al., 2004). Moreover, Cp is an acute phase protein that
levels and activity can be increased by hormone replacement therapy (e.g., oral contraceptives,
steroid hormones), response to several physiological alterations (e.g., inflammation, some non-
specific diseases, some cancers, pregnancy and other hormonal perturbations) and smoking
(Kehoe et al., 2000; Turnlund et al., 2004; Shike, 2009; Collins and Klevay, 2011). There is a
well-documented sex difference in Cp levels and activity with women exhibiting higher levels
(Kehoe et al., 2000).

“Free copper” mostly includes free Cu(l) and Cu(ll) and, to a lesser extent, complexes of
these ions with labile ligands, in body fluids (Donnelly et al., 2007). In addition, ‘free copper’
constitutes the bulk of the exchangeable copper pool in blood plasma and (presumably)
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interstitial fluid which levels have been estimated around 2x107'° M or 43+30 mg (Linder, 2001;
Harvey et al., 2005). Its levels are tightly controlled by homeostatic mechanisms (IOM, 2001;
Bertinato and L'Abbe, 2004; Cockell et al., 2008; Collins and Klevay, 2011) and very low within
cells (Rae et al., 1999; Rosenzweig, 2001; Prohaska, 2008; Boal and Rosenzweig, 2009; Kaplan
and Lutsenko, 2009; Brewer, 2010). Some of these mechanisms are materialized by: transporters
such as ATP7A, ATP7B(Kim et al., 2008; Qian et al., 2012; Montes et al., 2014), storage
proteins such as metallothionein (Tapia et al., 2004) and chaperones such as copper chaperone
for superoxide dismutase (SOD), cytochrome c oxidase copper chaperone (COX17) and ATOX1
(Shike, 2009; Bertinato et al., 2010; Boveris et al., 2012; Talcott, 2013).

Thus, copper is distributed to all tissues (including the liver) as Cu(I1)-Cp bound and a
volume of distribution of 1.95L/kg has been estimated in healthy individuals (OEHHA, 2008;
Shike, 2009; Montes et al., 2014). The average total body content of copper is about 110 mg
(range, 50-150 mq) (Turnlund et al., 2005), with approximately 50% being found in muscle and
bone; however, its highest concentrations are found in the liver (about 40ug/g dry weight or 8-
10% of the body’s total content) and the brain (about 5 pug/g) (Prohaska, 1990; Turnlund, 1998;
Gaggelli et al., 2006; Gurusamy and Davidson, 2007; Madsen and Gitlin, 2007; Collins and
Klevay, 2011; Kumar et al., 2015). It is noteworthy that in humans of all ages, there are
documented sex differences in plasma copper levels. Women, particularly those taking estrogens,
have higher plasma levels (Ellingsen et al., 2015). In humans, fetal copper levels increase during
gestation, reaching their maximum around the third trimester (13-1,218 pg/g wet weight), then
decline with age (Zlotkin et al., 1995; Lonnerdal, 1996; Bauerly et al., 2005; Michaluk and
Kochman, 2007). Quantitative estimates of copper in infant livers are quite variable. Hepatic
levels above 90% of the total body copper (4-5 mg/kg bw) have been reported for neonates
(WHO, 1996). In contrast, in one study, neonatal levels similar to adults were reported, while in
another, neonatal to adult ratios as high as 16:1were suggested (EFSA, 2015 and references
therein).

8.3  Metabolism

Copper metabolism involves all the processes implicated during its absorption,
distribution, biotransformation and utilization by cells within the body. The intestines and liver
are the key metabolic organs and steps within each of them could be considered as pre-systemic
and post-systemic metabolism, respectively.

8.3.1 Pre-systemic metabolism

In mammals, ingested Cu(ll)is first reduced to Cu(l) by enterocyte metalloreductases for
either storage by metallothionein (MT), use by intestinal enzymes or blood absorption (by the
transporter affected by Menkes disease). Upon leaving the gut, Cu(l) is reoxidized to Cu(ll),
bound to albumin, and then secreted into the portal circulation(Pefia et al., 1999; Shike, 2009;
Ellingsen et al., 2015).

8.3.2 Post-systemic metabolism

The liver plays a key role in storage, uptake regulation and biliary excretion (Talcott,
2013; Ellingsen et al., 2015). When Cu(Il)-albumin enters hepatocytes, it is first reduced to
Cu(l). The latter is further complexed by glutathione (GSH) before being incorporated as Cu(l)-
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GSH complex into either MT (for storage) or various copper chaperones. Later, these chaperones
transfer copper to Cp or the numerous copper-requiring nascent apo-proteins within the
hepatocytic cytoplasm and subcellular compartments. However, the most significant of these
hepatic copper metabolism pathways is the transfer of copper from a chaperone to ATPase7B
(the transporter affected in Wilson’s disease) with further coupling to Cp. The Cu(I1)-Cp
complex is then either excreted into the bile or secreted into systemic circulation (IPCS, 1998;
Roelofsen et al., 2000; Linder, 2002; Bradberry, 2007; de Romana et al., 2011; Boveris et al.,
2012; Gitlin, 2014).

8.4  Elimination

In humans, absorbed copper is primarily excreted from the body by feces (up to 98% or
~2,500 pg/day), and, to a lesser extent, through urine, sweat, menses, and hair (Turnlund et al.,
1990; Wijmenga and Klomp, 2004; Stern et al., 2007; Mauceri and Mishra, 2014). Biliary copper
excretion accounts for almost all of the fecal copper and is proportional to dietary copper to some
degree (Linder, 1991; Turnlund et al., 1998; Harvey et al., 2005; Stern et al., 2007). It represents
the main mechanism of regulating total body copper (Scott and Turnlund, 1994; Turnlund, 1998;
Miller et al., 2006; van den Berghe and Klomp, 2009). 12-days averaged daily fecal excretion of
100% (1.6 mg/day) and 91% (7.1 mg/day) have been reported in 9 men after 18-day exposure to
low (1.6 mg/day) and high (7.8 mg/day) dietary intakes, respectively (Turnlund et al., 2005). It is
noteworthy that, in contrast, intravenous infusion of 460 pg ®*Cu resulted in significantly higher
(p < 0.05) excretion (46%) during high intakes than during low intakes (27%; standard error =
2.3) (Turnlund et al., 2005).

Quantitative estimates of urinary excretion are scarce. However, excretion increases with
increasing intakes (Turnlund et al., 2004, 2005) and average levels lower than 3% are generally
reported (WHO, 1996; Turnlund et al., 2004, 2005). Turnlund et al. (2004, 2005) reported
average urinary excretion for 9 men of 26 pg/day and 20 pg/day (range, 18.5-30.9; standard
error on the means = 3.3) during high (7.8 mg/day) and low (1.6 mg/day) intake period,
respectively. Even if the authors didn’t estimate daily losses in hair, they found significantly
increased hair concentrations (mean = standard deviation [SD]) during periods of higher copper
dietary intakes as compared to lower intakes: from 9.2 + 3.1 to 21.1 £ 5.9 ug/g hair (range, 3-40
Hg/g hair), as measured on the 15" day of a 18-day exposure period (Turnlund et al., 2004,
2005). These levels were not significantly different between subjects (Turnlund et al., 2004).
Linder (1991) has estimated a total daily excretion from hair, nails, skin, and sweat of 200 pg in
adults. A half-life of 2-5 weeks was estimated for copper in healthy adults following oral
administration (Ellingsen et al., 2007). Biliary excretion is limited in early life due to a poorly
developed biliary transport system at the time of birth. Excretory losses of 50 pug/kg bw per day
have been estimated for infants (Aggett, 1999).
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9.0 Health effects

9.1 Effects in humans

9.1.1 Essentiality

Copper is an essential element. Its ability to cycle between the oxidized (Cu(ll)) and
reduced (Cu(l)) forms provides the catalytic properties of various metalloenzymes that are
necessary for metabolism (e.g., of glucose) and cellular respiration (e.g., SOD, cytochrome ¢
oxidase) (IOM, 2001; Bertinato and L'Abbe, 2004; Gitlin, 2014). Moreover, copper plays a role
in many physiological processes including neurological, immunological, connective tissues
formation, thermal regulation and erythropoiesis (Tapiero et al., 2003; Stern et al., 2007;
Gambling et al., 2011).

Copper deficiency can lead to abnormalities of these systems; cases of copper deficiency
have been reported in premature infants fed unfortified milk formulas, in severely malnourished
infants with chronic diarrhea, and in patients receiving chronic parenteral nutrition without
copper supplementation (IOM, 2001). Copper deficiency is characterized by anemia, leukopenia,
neutropenia, neurological and bone abnormalities, among other symptoms. Deficiency is not
expected in the Canadian population, as food is the main source of intake, and the Canadian TDS
(Health Canada, 2011) shows that the population is meeting the recommended daily allowances
(RDASs) established by the Institute of Medicine (IOM, 2001) and Health Canada (2010). The
RDA is “the average daily intake level sufficient to meet the nutrient requirements of 97.5% of
the apparently healthy population of a given sex and age” (de Romana et al., 2011). RDAs for
copper have been established at 900 pg/day for adults (19-70+ year-old) of both genders and
340-890 pg/day for children (1 to < 18 years old) (I0OM, 2001; Health Canada, 2010). No RDA
was established for infants, but adequate intakes of 200 pg/day for 0-6 month-olds and 220 g
per/day for 7-12 month-olds were established based on copper levels in human milk (200-

250 pg/L).

Due to the potential for adverse health effects from ingestion of high amounts of copper,
tolerable upper intake levels (ULs) have been estimated at 1,000 pg/day for 1-3 year-olds,

3,000 pg/day for 4-8 year-olds, 5,000 pg/day for 9-13 year-olds, 8,000 pg/day for 14-18 year-
olds, 10,000 pg/day for those >19 year-olds, and 8,000-10,000 pg/day for pregnant and lactating
women (IOM, 2001). The ULs were based on absence of liver or Gl effects in a small and poorly
detailed 12-week double-blind study of back-pain management in seven human adults (Pratt et
al., 1985), indicating no adverse effects of diets contributing 10 mg/day of copper, as the
gluconate salt.

9.1.2 Copper toxicity syndromes

Copper dyshomeostasis can cause adverse health effects including conditions resulting
from inherited metabolic disorders such as Menkes’ disease (MKD) and Wilson’s disease (WD)
(Cockell et al., 2008; Govindaraju et al., 2013; Gaetke et al., 2014; Jazvinscak Jembrek et al.,
2014).

MKD, a rare X-linked recessive disorder, results from a mutation on the gene encoding
ATP7A translocase. Symptoms in patients with MKD are consistent with those of a severe
copper deficiency. Thus, MKD (and its milder variant occipital horn syndrome [OHS]) is
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characterized by reduced systemic Cu(ll) absorption from the gut and blood-brain barrier,
excessive copper accumulation in gut mucosa, low serum copper and Cp levels and low copper
levels in liver and brain (NRC, 2000; Shike, 2009; Montes et al., 2014; Ellingsen et al., 2015).
Most MKD patients die during early childhood (within their first 10 years, usually before three
years of age) while OHS patients may live longer (Kaler, 1998; Camakaris et al., 1999; Schaefer
and Gitlin, 1999).

WD (an hepatolenticular degeneration) is a monogenic autosomal recessive disorder that
results from one mutation, among over 500 identified, in the gene encoding ATP7B translocase
(Harris and Gitlin, 1996; Schilsky, 1996; Shike, 2009; Boveris et al., 2012; Bandmann et al.,
2015; Ellingsen et al., 2015; Kumar et al., 2015). WD is characterized by impaired biliary
excretion of excess copper, deficient efflux of copper from cells, impaired ceruloplasmin
synthesis, which results in copper accumulation in certain tissues (particularly the liver, brain
and kidneys). Consequently, WD patients frequently experience liver failure (e.g., disease,
cirrhosis) and a variety of neuropsychiatric/behavioral symptoms (Das and Ray, 2006; Machado
et al., 2008; Shike, 2009; Montes et al., 2014).Usually, liver dysfunction occurs in the first
decade of life and neurological dysfunction in the second (Ala et al., 2007). WD patients are
normally under medical supervision. Heterozygous carriers of the defective WD gene have been
speculated to be sensitive populations, but evidence for this, other than increased hepatic copper
levels, is lacking(IPCS, 1998; NRC, 2000; WHO, 2004).

Other extremely rare but well documented childhood copper toxicosis conditions are:
Indian childhood cirrhosis (ICC, a condition primarily affecting children under 5 years old),
endemic Tyrolean infantile cirrhosis (TIC), and idiopathic copper toxicosis (ICT) (Madsen and
Gitlin, 2007; Pal, 2014). These diseases are characterized by extremely high copper
concentrations in the liver during early childhood, leading to liver enlargement, pericellular
fibrosis, necrosis, and even death (Muller et al., 1996; Tanner, 1998; Johncilla and Mitchell,
2011). However, the etiology of these syndromes seems more complex, potentially involving, in
addition to genetic components, environmental factors (e.g., very high copper intakes) (Olivares
and Uauy, 1996; Scheinberg and Sternlieb, 1996; ATSDR, 2004; OEHHA, 2008; Shike, 2009;
Ellingsen et al., 2007, 2015). Finally, individuals with glucose-6-phosphate dehydrogenase
deficiencies may be sensitive to haemolytic anemia in response to copper
overexposure(OEHHA, 2008).

9.1.3 Case reports

There are several reports of ingested copper poisoning with the main targets including the
Gl tract, liver, kidneys and haematopoietic/central nervous systems (IPCS, 1998; NRC, 2000).

During 1992 and 1993, the Wisconsin Division of Health investigated cases of
gastrointestinal upsets thought to be related to copper in drinking water. They concluded that the
symptoms occurred most frequently in infants and children and among residents of newly
constructed or renovated homes (Knobeloch et al., 1994). In adults, anecdotal reports suggest
that the immediate symptoms following the consumption of contaminated beverages or drinking
water include a metallic taste and Gl disruption (e.g., nausea and epigastric pain and vomiting
combined, diarrhea), usually occurring like symptoms of food poisoning, within 15-60 minutes,
and at concentrations as low as 3—4 mg Cu(I1)/L drinking water. Nausea and vomiting (generally
not persistent) are usually more common than diarrhea. Anorexia, headache, dizziness,
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hypotension and shock have also been reported. Delayed symptoms, at higher doses, include
anemia, hemoglobinuria, jaundice, liver and renal failure, and even death. Histological findings
upon autopsy include kidney lesions (e.g., glomeruli congestion, necrosis) and gastric mucosa
erosions (Wyllie, 1957; Spitalny et al., 1984; Mehta et al., 1985; Gulliver, 1991; Araya et al.,
2001). Rhabdomyolysis (muscle injury) has also been reported (Jantsch et al., 1984; Takeda et
al., 2000).

In children, limited data indicate similar effects. Indeed, case reports have attributed
adverse effects (e.g., diarrhea and weight loss) to levels ranging from 0.22 to 1.0 mg Cu(Il)/L
drinking water (Stenhammar, 1999) or 1.0 to 6.5 mg Cu(ll)/L drinking water (Berg et al., 1981).
Also, neonates and infants appear to be more sensitive due to their enhanced intestinal absorption
and immature hepatobiliary system (Collins and Klevay, 2011).

Finally, there are few case reports of chronic exposure. According to the available data,
chronic ingestion of excessive copper may cause Gl effects in infants, and liver and renal failure
in adults (O'Donohue et al., 1993, 1999; Stenhammar, 1999; Cech et al., 2006; Stern et al.,
2007).

9.1.4 Short-term exposure

Gastrointestinal symptoms, usually defined in most studies as the occurrence of one or
more outcome symptoms of nausea, epigastric pain, vomiting, or diarrhea, have been identified
as primary effects from short-term exposure to ingested Cu(ll). Nausea is the earliest (occurring
within 15 minutes to one hour) and most frequent symptom and is transient (Pizarro et al., 1999a;
Pizarro et al., 1999b; Araya et al., 2001; Olivares et al., 1998; 2001).

In a double-blind randomized prospective study consisting of sixty healthy Chilean
women (15/group), acute Gl effects from ingested copper were identified by (Pizarro et al.,
1999b) following a two-week-exposure to drinking water with at least 3 mg Cu(l1)/L (as copper
sulphate). In this study, Gl effects (nausea, abdominal pain, or vomiting) were significantly
increased (overall Xz = 11.3, p<0.01) but not diarrhea. Although thresholds for specific symptoms
could not be derived, nausea was identified as a good indicator for the effects evaluation. Also,
there was a range of sensitivity among subjects and most symptoms disappeared when the
exposure ceased. Therefore, a lowest observed adverse effect level (LOAEL) of 3 mg Cu(ll)/L
based on nausea, abdominal pain, and vomiting combined can be identified from this study.

With nausea identified as the earliest symptom of Gl effects, several efforts were
conducted to estimate a dose threshold. Olivares et al. (2001) used a randomized, Latin square
design to administer 0, 2, 4, 6, 8, 10, or 12 mg Cu(Il)/L purified water or orange-flavored drink,
as copper sulphate, to apparently healthy Chilean adults. In this study, the subjects (47-61/group)
received, after an overnight fast, a fixed volume of 200 mL of the solution, during a 1-hour
session, once per week, for a theoretical maximum of 12 weeks. This resulted in exposure dose
0f0,0.4,0.8, 1.2, 1.6, 2 and 2.4 mg Cu(ll), respectively. There were no age- or gender-related
differences between the groups and no observed response up to 0.4 mg (= no observed adverse
effect level [NOAEL] based on nausea). However, mild nausea shortly after ingestion was most
frequently reported, starting at 0.8 mg Cu(ll), then plateauing at 1.6—-2.4 mg. The vomiting
incidence, which first appeared at 1.2 mg, was low (11.5%), with a two-fold increase between 2
and 2.4 mg. The concomitant occurrence of nausea and vomiting was less frequent, with the
highest incidence at 2.4 mg (12% of subjects). Diarrhea and abdominal cramps were rare within
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the range of concentrations studied. Because a range of sensitivity had been reported earlier
(Pizarro et al., 1999b), the authors used a benchmark dose (BMD) approach to derive the lower
bound on the 95% confidence interval (Cl) on the drinking water concentration that would
produce a response in 5% of the population (BMDLgs). The resulting BMDLgs were 0.4 mg
Cu(ll) (2 mg/L) and 0.84 mg Cu(ll) (4.2 mg/L) for apparent and confirmed cases of nausea,
respectively. The BMDLs for apparent cases of nausea is very close to the NOAEL of 0.4 mg
Cu(Il) based on nausea; the LOAEL based on nausea was 0.8 mg Cu(ll), which was also the
NOAEL for vomiting.

The same group of investigators reported on a prospective, double-blind controlled multi-
site (Chile, Northern Ireland and United States) phase | study in apparently healthy adult
volunteers, also designed to determine the nausea threshold (Araya et al., 2001). After an
overnight fast, subjects (179/group) were randomly given 0, 0.4, 0.8, 1.2, or 1.6 mg Cu(ll) (as
copper sulphate salt) in a bolus of 200 mL distilled-deionized water (equivalent to 0, 2, 4, 6, or 8
mg Cu(ll)/L) once per week over five consecutive weeks. The results also suggested that women
may be more sensitive. As copper dose increased, female subjects reported significantly more
occurrences of nausea and GI symptoms than male subjects (odds relative to males, 2.66, p <
0.004; and 1.68, p< 0.05, respectively). Nausea, which was transient, was the most prevalent
symptom (average prevalence = 27.3% among all subjects) and was frequently reported within
the first fifteen minutes. Also, there was a clear dose-response to (1) combined positive Gl
symptoms (nausea, vomiting, diarrhea or abdominal pain) and (2) nausea alone. Statistically
significant greater reporting of effects occurred at 1.2 and 1.6 mg Cu(ll). Unlike abdominal pain
and diarrhea, nausea and GI symptoms as a whole were strongly predicted by Cu(ll)
concentrations, with incidences significantly increasing (P < 0.0001) with increasing
concentrations (odds of 0.66; 3.53, 7.67, and 17.15 for nausea and 0.87, 1.83, 3.54, and 7.29 for
Gl symptoms, for 2, 4, 6, and 8 mg/L, respectively; p < 0.0001). Both nausea and other Gl
symptoms were significantly increased (p < 0.002) at 1.2 mg Cu(ll) but not at 0.8 mg Cu(ll)
(LOAEL and NOAEL, respectively). The performed dose-response modeling determined that the
BMDLs for nausea alone was 0.7-0.8 mg Cu(ll) (3.5-4 mg/L). The upper bound of this latter
range is similar to the NOAEL of 0.8 mg based on nausea and other Gl symptoms. Overall, the
findings (nausea occurrence, no correlation with diarrhea and a LOAEL > 3 mg Cu(ll)/L) were
consistent with that from Olivares et al. (2001) and Pizarro et al. (1999b).

The above phase | results from Araya et al. (2001), in which copper was delivered in
distilled-deionized water, were confirmed in the phase 11 of this study (Araya et al., 2003a) in
another multi-sites double-blind study in 269 adult women receiving Cu(ll) sulphate in 200 mL
bottled natural spring water, once per week, for 11consecutive weeks. In this study, a 3 x 3 two-
way factorial design was used to administered to the subjects (58 to 73/site) 0.4, 0.8, 1.2 mg
Cu(ll) as the sulphate salt in 100, 150 and 200 mL of water. The 0 and 1.6 mg Cu(ll) doses were
added at the 200 mL level. It is worth noting here that, all the other short-term studies used a
constant dosing volume of 200 mL The results from (Araya et al., 2003a) showed that both the
copper dose (p = 0.0001) and the volume of water (p = 0.032) significantly contribute to the
nausea incidence. The latter increased with increase in copper dose, and decrease in water
volume. In addition, a benchmark dose (BMD) analysis was performed for nausea incidence for
the 200 mL bolus dose. The calculated BMD for a 10% response was 0.94 mg Cu(ll) (4.8 mg/L;
p = 0.94) and the corresponding BMDL;owas 0.84 mg Cu(ll) (4.2 mg/L). The BMDL,y is very
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close to the NOAEL of 0.8 mg Cu (1) (4 mg/L); this NOAEL identified for women is also the
same as the NOAEL based on nausea and other GI symptoms identified for both men and
women in the phase | of the study by Araya et al. (2001).

Overall, from the above short-term studies, the lowest effect level identified is a BMDLs
of 0.7 mg (or 3.5 mg/L) based on nausea alone and non-continuous exposure (Araya et al.,
2001).

9.1.5 Long-term exposure

The long term toxicity of copper has not been well studied in humans. Chronic copper
toxicity is usually observed in patients with Wilson’s disease, hemochromatosis and infantile
cirrhosis (Olivares et al., 1998; Mauceri and Mishra, 2014). While WD involves more than
simple accumulation of copper, it is likely that some of the typical WD symptoms are related to
long-term exposure to excessive copper (see section 9.1.2). In terms of the general population,
the current evidence, mostly from mechanistic data as well as limited case and clinical studies,
indicates that chronic exposure to very high levels, above those associated with Gl illnesses, may
lead to liver and renal damage (O'Donohue et al., 1993; IPCS, 1998; O'Donohue et al., 1999;
Pizarro et al., 1999b; Stenhammar, 1999; Stern et al., 2007).

9.1.5.1 Gastrointestinal effects

Araya et al. (2004) conducted a randomized, double-blind, two-month-community-based
study on 1365 apparently healthy adults (327 to 355/test group) receiving up to 6 mg Cu(ll)/L.
Copper-containing water was used for drinking and the preparation of other beverages (e.g., tea,
coffee, infusions, and soups) and mean fluid consumption was 1.5 L/day. Unlike the previous
findings from short-term exposure (Pizarro et al., 1999b; Araya et al., 2001, 2003a; Olivares et
al., 2001), abdominal pain and nausea were most prevalent and symptoms reporting significantly
decreased over time for both sexes, suggesting an adaptive response. However, more
importantly, a LOAEL of 6 mg Cu(ll) (4 mg/L) was identified in women, the most sensitive
population. This LOAEL which was no longer valid by week 4, is similar to the BMDL s of 4
mg/L, based on nausea, identified previously for short-term exposure (Araya et al., 2001, 2003a;
Olivares et al., 2001). Also, as with the short-term studies, the symptom risks were positively
associated with copper concentration and the female sex, and negatively related to time. In fact,
the risk of Gl effects was significantly higher in female during the first week, but this was no
longer the case by week 4. Overall, the authors found that Cu(ll) concentration and dosing
volume were the main determinants of the response, the applied dose and vehicle being less
important.

A prospective study by Olivares et al. (1998) showed that infants who continuously
received up to 31.48 umol Cu(Il)/L drinking water as copper sulphate (i.e., 2 mg/L) during the
last nine months of their first year of life remained asymptomatic, grew normally, and did not
present with significant increased risk of diarrhea when compared to those receiving less than
1.57 umol Cu(IT)/L (i.e., less than 0.1 mg/L). The main goal of this study was to verify the
tolerance and safety of chronic exposure of infants to the previous provisional guideline value
(WHO, 1993) for the general population. This placebo-controlled study randomly assigned 128
apparently healthy Chilean infants (3 months of age), from the same socioeconomic level and
weighing more than 2 kg at birth, to receive, drinking water with either 1.57 pmol Cu(II)/L or
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31.48 umol Cu(Il)/L, daily for 9 months. Breast-fed infants were exclusively breast-fed until at
least 6 months of age and those given formula were partially or totally weaned from the breast by
3 months of age. More specifically, the 3-month olds infants were divided into four groups at the
beginning of the study as follows: 1) group 1: formula-fed infants receiving 31.48 umol Cu(ll)/L
(n =56); 2) group 2: formula-fed infants receiving 1.57 pmol Cu(Il)/L (n = 27); 3) group 3:
breast-fed infants receiving 31.48 umol Cu(II)/L (n = 24); and 4) group 4: breast-fed infants
receiving 1.57 umol Cu(Il)/L water (n = 21). Mothers of breast-fed infants (groups 3 and 4) also
received water with the corresponding Cu(ll) levels. Thus, two litres of drinking water were
prepared for consumption daily, by the mothers, either from a fresh copper sulphate-containing
standard solution (0.8 g Cu (I1)/L) for the exposed groups (1 and 3), or from an equivalent
volume of placebo for the non-exposed groups (2 and 4). This placebo was not clearly defined
except that it was organoleptically identical to the copper-based solution. The water for daily
consumption was used for drinking, in preparation of meals, and in preparations (by dilution) of
the powdered cow’s milk and the powdered cow’s milk-based formula. The latter was fortified
with 7.87 umol copper/L. Any additional water needed was prepared as per the same approach.
Formula-fed infants started receiving solid food at 3 months of age whilst breast-fed infants
began weaning and receiving unfortified cow’s milk formula and solid food at 6 months of age.
Although breast milk Cu(Il) was not considered when calculating total intake, dietary copper
from foods, milk formula and water used for meals and formula preparation was. During the
study, a field worker visited each home weekly, recording water intake, Gl, respiratory, and
other illnesses, as recalled by mothers. Each infant also underwent monthly clinical and
anthropometric evaluations. Overall, chronic ingestion of up to 31.48 umol Cu/L by infants (in
their formula [F], foods and drinking water), from three months to one year old, did not result in
any acute or chronic effects. Specifically, there were no differences in morbidity episodes (i.e.,
diarrhea and respiratory infections) among the four studied groups, as indicated by the performed
analyses. At 9 months, there was a significant difference in Cp activity between the Cu(ll)
exposed subjects (groups 1 and 3) as compared to the unexposed (groups 2 and 4) (350 + 85
mg/L vs. 322 = 75 mg/L; F = 5.42; p = 0.02), which was more pronounced in the breast-fed
groups (groups 3 and 4). However, the overall copper status (based on serum copper levels, Cp
protein levels or activity, erythrocyte Cu/Zn-SOD, erythrocyte metallothionein) of the infants did
not significantly change at 6, 9, and 12 months of age. Also, no significant differences were
found in the liver function (based on bilirubin, SGOT, serum glutamic pyruvic transaminase, and
gamma glutamyl transferase [GGT]) among the infants at 6, 9, and 12 months of age. The
authors reported the results for 3 time points (4 to 6 months, 6 to 9 months and 9 to 12 months).
But as discussed earlier (section 9.1.3), infants are at increased risk of copper exposure during
their first 6 months of life, when their hepatobiliary system is still immature. Since no toxic
effect was reported for the entire studied period, results from the highest exposure window,
months 4 to 6 (equivalent to a 4-month exposure), will be considered. According to the authors,
for this exposure window, the corresponding figures for total daily intakes (mean + SD) were:
318.7 = 107.3 pg/kg bw per day (group 1); 122.7 + 107.4 pg/kg bw per day (group 2); 52.2 +
48.5 ug/kg bw per day (group 3); 37.8 £ 36.7 pug/kg bw per day (group 4).
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9.1.5.2 Liver and renal effects

Liver toxicity from copper overexposure has mostly been studied and reported in
sensitive populations (e.g., WD, childhood cirrhosis syndromes); however, there have been a few
reports studying individuals from the general population. Indeed, a significant transient increase
in liver enzyme activities (glutamic-oxaloacetic aminotransferase (GOT), glutamic-pyruvic
transaminase (GPT) and gamma glutamyl transferase (GGT); ANOVA p-value < 0.01) was
observed in a prospective controlled trial in apparently healthy Chilean adults (n = 87, with
serum Cp levels below the 0.05 and above the 0.95 quantiles of the distribution curve) receiving
10 mg Cu(Il)/day(0.17 mg/kg bw per day assuming an average 60-kg adult) (as sulphate salt) in
capsules for 60 days (Araya et al., 2005b). However, not only were the results within normal
clinical ranges, but the participants remained asymptomatic and the increased liver enzyme
activities ceased one year after the termination of the study.

In a double-blind study by Pratt et al. (1985), there was no evidence of liver or Gl effects
in seven adult humans supplemented with 10 mg Cu/day (0.08 mg/kg bw twice a day) as
gluconate salt in capsules for 12 weeks. Furthermore, no significant changes were reported in:(1)
hair, serum and urine copper levels; (2) hematocrit, serum triglycerides and cholesterol; and (3)
serum enzymes such as alkaline phosphatase (AP), GGT, GOT and lactate dehydrogenase
(LDH).

A European multi-sites, double-blind, placebo-controlled, food-trial also found no
association between liver function and copper supplementation (in sequence: 0.05 mg/kg bw per
day as copper sulfate salt, and 0.12 mg/kg bw per day as copper amino acid chelates) for 6 weeks
(O'Connor et al., 2003).

No significant changes in indicators of liver function (aspartate aminotransferase (AST),
alanine aminotransferase (ALT), GGT) were observed in adults who ingested up to 6 mg
Cu(1D/L (0.10 mg/kg bw per day for an average 60-kg adult) as the sulphate salt for two months
(Araya et al., 2003b).

Long-term exposure of infants and young children to drinking water containing copper
was investigated in several studies. No significant increases in liver disease were found
following exposure to <0.1 mg/L or 2 mg/L of copper (Olivares et al., 1998). In addition, no
indication of liver disease was found in children exposed to copper in public water supplies
(Zietz et al. 2003a: mean values = 0.436 and 0.561 mg/L; Fewtrell et al. 1996: values generally
below 3 mg/L) .

9.1.5.3 Biochemical effects

In general, the results of studies that lasted less than 3 months showed that copper
supplementation did not alter the indexes of its status. Thus, no significant changes in markers of
copper status (serum, erythrocyte, and mononuclear cell copper concentrations; serum Cp; non-
Cp-bound copper pool; SOD activity) were detected in healthy adults given either up to 6 mg
Cu(I/L as the sulphate (~ 0.20 mg/kg bw per day for 2 L water/day) (Araya et al., 2003b, 2004;
Mendez et al., 2004), tablets of 10 mg/day (0.17 mg/kg bw per day) copper sulphate for two
months (Mendez et al., 2004), or diet supplemented with up to 6 mg Cu(ll)/day (0.09 mg/kg bw
per day) as the sulphate salt or amino acid chelates (Kehoe et al., 2000; Turnlund et al., 2004).
However, some changes observed after supplementation for a longer period of time may suggest
an adverse effect of higher copper intake. Thus, a study was conducted in 9 men to determine the
long-term effects of higher copper intake (Turnlund et al., 2004). After a 5-month

Guideline for Canadian Drinking Water Quality: Guideline Technical Document

43



Copper (June, 2019)

supplementation with up to 7.8 mg Cu(ll)/day (0.11 mg/kg bw per day for an average 70-kg
adult), changes were observed in several function markers. Indeed, for the immune function,
there were significant decreases (p < 0.05) in the percentage of circulating neutrophils, serum
interleukin 2R, and the antibody titer against the Beijing strain of influenza. For the antioxidant
defense, the urinary thiobarbituric acid reactive substances (TBARS), an indirect measure of
oxidative damage, was significantly higher (p < 0.05). Additionally, small but significant
changes were observed in some indexes of copper status (e.g., Cp activity and SOD activity),
although concentrations of plasma copper and Cp did not change (Turnlund et al., 2004).

In conclusion, for exposure less than 3 months, the results were negative. Indeed, adults
supplementation with up to 0.17 mg/kg bw per day did not significantly alter the indices of liver
damage (O'Connor et al., 2003; Araya et al., 2005b) or copper status (Kehoe et al., 2000;
Mendez et al., 2004; Turnlund et al., 2004); the same picture was observed after long-term
exposure to drinking water with up to 0.2 mg/kg bw per day (Araya et al., 2003b; Araya et al.,
2004; Mendez et al., 2004). However, for exposure above 5 months, the results suggest adverse
effect of higher copper intake over longer period of time (Turnlund et al., 2004). Therefore,
given the paucity of chronic exposure studies, perhaps such data (Turnlund et al., 2004) and the
symptoms experienced by WD patients could shed light on the types of adverse effects that
might be expected from chronic copper overexposure.

9.1.5.4 Neurotoxicity

Copper-enzymes play an essential role in neurological functions. Multiple reviews have
reported conflicting results on the association between copper exposure and neurodegenerative
conditions such as Alzheimer’s disease (AD) and Parkinson’s disease (Bush et al., 2003; Squitti
et al., 2006; Rivera-Mancia et al., 2010; Tiffany-Castiglioni et al., 2011; Loef and Walach, 2012;
Montes et al., 2014; Pal et al., 2014; Cheng et al., 2015). For example, a case-control study in
Italy has found that serum copper levels were significantly higher in AD patients compared to
age or sex-matched controls (P-value < 0.001) and correlated with lower neuropsychological
scores; however, the copper serum levels reported were within normal range (Squitti et al., 2002;
Brenner, 2003). Also, senile plaques and neuropils of the amygdala of 9 AD patients were found
to contain significantly higher levels of copper compared with neuropils of the amygdala of 5
control subjects (P-value < 0.05) (Lovell et al., 1998) and compared with non-plaque regions of 2
AD patients, However, copper levels also correlated with those of zinc (Miller et al., 2006).

Other studies have not supported the above results. For example, copper levels in
cerebrospinal fluid and serum were not significantly different between Alzheimer’s disease
patients (n = 26) and matched controls (n = 28) (Molina et al., 1998). In another study, patients
with lower plasma copper had a significantly poorer performance on the AD’s Assessment
Scale-cognitive subscale compared with patients with higher plasma copper(ANOVA p-value <
0.001; all patients (n = 32) had normal plasma copper levels) (Pajonk et al., 2005). Finally,
higher levels of AD biomarkers were correlated with lower plasma copper levels among AD
patients (Mann-Whitney p-value = 0.03, total n = 29) (Kessler et al., 2006).

In conclusion, from the above results, it appears that the specific role of copper in
neurodegenerative diseases, which are multifactorial, remains unclear.
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9.1.6 Carcinogenicity

Numerous epidemiological studies have investigated the association between copper
status or intake, serum copper and various types of cancers. In general, the evidence of the
carcinogenicity of copper is inconclusive and there is no clear or substantiated evidence of an
aetiological role of the nutrient in the cancer development in humans.

A case-control study in France (Senesse et al., 2004) found an increase in the odds of
colorectal cancer in the highest quartile of copper intake compared to the lowest quartile (odds
ration [OR] = 2.4, 95% CI 1.3-4.6, p-value <0.01). Another case-control study nested within a
large Dutch chronic diseases cohort (n > 10,000) found an increased risk of death from cancer
(OR =3.7,95% CI 1.5-9.1) in participants with serum copper > 1.4 mg/L compared to 1.1-

1.4 mg/L after adjusting for BMI, cholesterol, education and blood pressure; however, important
cofactors were not adjusted for (Kok et al., 1988). Furthermore, a nested case-control study (n =
133 cases, 241 controls) of a worker cohort (n = 5,000) in Washington also found an increased
risk of cancer in subjects with serum copper at 126-276 ug/dL compared with those having 43—
92 pg/dL (OR = 2.4, 95% CI 1.1-5.1). However, according to the authors, the findings rather
suggested that increased serum copper was a consequence of the disease state, i.e., cancer
(Coates et al., 1989). Finally, a nested case-cohort study from a random sample of cases (n = 46)
from a cohort of English women found an increased odds of breast cancer (OR 3.2, 95% CI 1.1-
9.4) for women with plasma copper above 1.3 mg/L compared to 1.0-1.2 mg/L after adjusting
for age, weight, and family history; however, there was no dose-response and other factors could
explain the association (Overvad et al., 1993). Moreover, many case-control studies have not
supported associations between copper intake or serum levels and the risk of breast or
oesophageal cancers (Cavallo et al., 1991; Dabek et al., 1992; Prasad et al., 1992). Furthermore,
no association between copper intake and lung cancer was observed in a retrospective cohort
study (Mahabir et al., 2010). In a cohort study of associations between multiple antioxidants and
cancers in women, the risks of non-Hodgkin’s lymphoma, diffuse large B-cell lymphoma or
follicular lymphoma were not increased in participants with higher copper intake(Thompson et
al., 2010).

In conclusion, the results from the above studies are equivocal since (1) individual
exposure was poorly characterized and (2) increased serum copper concentrations might be
related to alterations in copper handling as a result of disease state (cancer in this case). In
addition, as has been mentioned earlier, more than 90% of serum copper is normally bound to
Cp. The latter is an acute phase protein whose levels increase during stress (see section 8.2).

9.1.7 Genotoxicity

In general, copper is not expected to be genotoxic with normal intakes. However,
increases in genotoxicity and oxidative damage have been shown in patients suffering from
copper dyshomeostasis conditions (NRC, 2000). For example, DNA damage was observed in
hepatocytes from patients with Indian Childhood Cirrhosis, and this was postulated to result from
excessive accumulation of copper in the nucleus, leading to the production of free radicals
(Prasad et al., 1996). Also, bulky DNA adducts (vs. 8-hydroxydeoxyguanosine adducts) were
observed in the livers of Wilson’s disease patients (Carmichael et al., 1995). Moreover, a 6-
week-double-blind crossover trial (n = 15-17) found no significant differences in leucocyte DNA
damage (Comet assay) in participants supplemented with 3 mg/day copper sulphate or 3 or
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6 mg/day copper glycine chelates compared with the placebos (t-test p-value > 0.05) (O'Connor
et al., 2003).

9.1.8 Developmental and reproductive toxicity

There is no convincing evidence of reproductive or developmental toxicity in humans
related to oral copper intake (IPCS, 1998; NRC, 2000; EFSA, 2006; Heinemann et al., 2015) .
However, it should be noted that women with untreated WD frequently experience spontaneous
abortions (NRC, 2000).

9.2  Effects on experimental animals

Copper toxicity varies between animal and chemical species, and target organs are
primarily those involved in the absorption and excretion of the metal (i.e., liver, kidneys,
forestomach). Liver and kidney toxicities were the main endpoints reported in young rodents
exposed to high copper doses for short/sub-chronic durations, and recoveries suggestive of
physiological adaptations to high copper intake have been observed in rats (Haywood, 1980,
1985; Haywood and Loughran, 1985; Haywood et al., 1985a, 1985b; Fuentealba and Haywood,
1988; Fuentealba et al., 1989a, 1989h). Effects on the central nervous system have also been
observed; however, the body of evidence for these effects is weak and inconclusive. Exposure to
high levels of copper via drinking water appears to be more toxic than via the diet, and rats were
generally more sensitive than mice. Copper salts, and particularly Cu(Il) sulphate, were
commonly used and the toxicity is attributed to the ionic form. No quality study of chronic
duration was found.

9.2.1 Acute toxicity

Oral lethal doses (LDsp) of 15-1600 mg Cu/kg bw have been reported for different forms
of copper across different species; for example, in rats, the LDsg is 120-300 mg/kg bw for Cu(Il)
sulphate and 15-90 mg/kg bw for Cu(ll) chloride (Stern et al., 2007; OEHHA, 2008; Ellingsen et
al., 2015) . Death is usually preceded by bleeding of the stomach, cardiovascular dysfunctions,
and paralysis (IPCS, 1998). The stomach being the primary site for the emetic response,
vomiting is induced within a few minutes in Beagle and Mongrel dogs and ferrets exposed to
aqueous solution of Cu(ll) sulphate (WHO, 2004). Most studies using vomiting as an indicator
may not have observed a response in mouse and rat at levels that might be comparable to those
eliciting a response in other species; it is important to note, however, that rats and mice do not
vomit (Horn et al., 2013). Soluble salts (e.g., Cu(ll) sulphate) generally elicit greater responses
than insoluble forms, and rodents were reported to be more sensitive than ferrets, sheep, dogs
and cats (IPCS, 1998; WHO, 2004).

9.2.2 Short-term and sub-chronic toxicity

9.2.2.1 Liver effects

Liver inflammation (i.e., multifocal hepatitis, accumulation of macrophages, increased
liver enzyme activity in the serum) and necrosis of hepatocytes have been observed in young
(~6-10 weeks of age) and adults F344 rats of both sexes ingesting 1,500-16,000 ppm Cu(ll)
sulphate in feed for 2-18 weeks (Hebert et al., 1993; NTP, 1993; Fuentealba et al., 2000; Aburto
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et al., 2001). Effects were more pronounced in both male and young rats. Moreover, alterations
in the integrity and size of lysosomes, endoplasmic reticulum, mitochondria, and nucleus have
been observed in rats fed 1,500 mg Cu/kg feed for 16 weeks (Fuentealba and Haywood, 1988).

No evidence of copper toxicity or liver damage was observed in infant rhesus monkeys
administered 6.6 mg Cu(ll) sulphate/L (900 ug/kg bw per day, n = 5) until 5 months of age;
however, increased number of Kiipffer cells were observed in the liver, suggestive of
inflammation (Araya et al., 2005a). Moreover, no clinical, biochemical, or histological evidence
of liver damage were observed in newborn or adults capuchin monkeys (2 females, 2 males each)
exposed for 36 months to, 5.5 mg and 7.5 mg Cu(Il) gluconate/kg per day, respectively;
however, an increase in inflammatory genes (e.g., HGF, TGFf and NF«B) was found (Araya et
al., 2012). Finally, no adverse effects were noted in Beagle dogs fed with Cu(ll) gluconate at
levels up to 8.4 mg/kg bw per day for 6 to 12 months, and the slight liver function changes
observed at the highest dose were reversed after stopping the exposure (NRC, 2000).

9.2.2.2 Kidney effects

Increases in cytoplasmic protein droplets were observed in the renal convoluted tubules
of male rats given water containing 300 ppm Cu(ll) sulphate for 2 weeks (Hebert et al., 1993;
NTP, 1993). Similar effects were observed in rats receiving feed with 2,000 ppm Cu(ll) sulphate
and more for 2-15 weeks (Haywood, 1980; Hebert et al., 1993; NTP, 1993). The effects were
more pronounced in males.

9.2.2.3 Other effects

Hyperplasia and hyperkeratosis of the forestomach’s limiting ridge mucosa were
observed in both sexes of rats and mice at doses of 2,000 ppm Cu(ll) sulphate and more in food
for 2-13 weeks, with rats being more sensitive (Hebert et al., 1993; NTP, 1993).Symptoms
varied from oedema and inflammation in the stroma to papilliferous ridge with expansions of the
stromal core and the squamous mucosa in severely affected rats.

Bone marrow cell depletion, decreased spleen and bone marrow hematopoiesis, transient
changes in haematological parameters, organ damages, and death have been observed in rats
consuming high doses of copper (over 2,000 ppm) (NTP, 1993; Bertinato et al., 2010).

9.2.3 Carcinogenicity

Copper has not been shown to be carcinogenic in animals. Indeed, the limited available
data does not suggest that copper or its salts are carcinogenic in animals with normal copper
homeostasis. Specifically, the available data have several weaknesses that hinder any adequate
assessment such as: “‘dated studies, small group sizes, single oral-dose tested; limited extent of
histopathological examination, inadequate reports’ (NRC, 2000; EFSA, 2006; Abe et al., 2008;
OEHHA, 2008). No chronic/cancer inhalation studies in animals were identified. However, the
data for the Long-Evans cinnamon (LEC) rat, a model for Wilson disease, support the hypothesis
that copper-induced cirrhosis can be an aetiological factor in hepatic cancer (NRC, 2000).

9.2.4 Genotoxicity

Although some positive responses have been observed in the Mutatox and SOS
Chromotest assays (Codina et al., 1995), copper is generally not genotoxic. Moreover, microbial
mutation assays with different copper salts were negative. Indeed, no mutations were induced by
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Cu(ll) sulphate in the TA98, TA 100, TA102, TA1535 or TA1537 strains of S. Typhimurium
(Moriya et al., 1983). Also, no mutations were induced by Cu(ll) gluconate in the Ames test or
by Cu(ll) chloride in E. coli WP2 with or without microsomal activation (Wong, 1988; Hujita et
al., 1998).

9.2.5 Neurotoxicity

There is some evidence for a relationship between copper exposure and neurotoxicity.
For example, lower anti-oxidative activity and alterations in dopamine kinetics were observed in
the brains of rats exposed to high levels of copper (1 g Cu/L, or 46 mg Cu/kg bw) via drinking
water for 1-11 months (De Vries et al., 1986; Ozcelik and Uzun, 2009) and both alterations in
amyloid-beta protein processing and learning impairment were observed in mouse and rabbit
models of AD chronically exposed to copper (Sparks and Schreurs, 2003; Kitazawa et al., 2009).
However, no increased neurological sensitivities were identified in LEC rats and in Bedlington
terriers, genetic animal models for copper toxicosis (NRC, 2000; Pal et al., 2013), and no
neurobehavioral manifestations were observed in rats exposed to 1 ppm Cu(ll) sulphate in their
drinking water for 6 weeks (Fujiwara et al., 2006). Hence, the results for neurotoxicity are
equivocal and adverse effects were only observed following exposure to very high doses and/or
with the use of animals with genetic anomalies.

9.2.6 Reproductive and developmental toxicity

Some studies have reported changes in testes, seminal vesicles, uteri and ovaries in rats,
mice, and bank voles after exposure to high levels of copper (27-200 mg/kg bw per day) (EFSA,
2006; Roychoudhury et al., 2015). Despite that there were some reports of teratogenicity and
feto-lethality following ingestion of copper at high doses (above 80-390 mg/kg bw), these
outcomes were attributed to dam toxicity (IPCS, 1998; NRC, 2000; EFSA, 2006). Moreover, no
adverse effects were reported for any of the reproductive parameters studied in rats and mice of
either sex exposed to Cu(ll) sulphate (up to 8,000 mg/kg of feed or 140 mg/kg bw) for 13 weeks
(NTP, 1993).

9.3  Mode of action

Copper exerts its toxicity via two main pathways: The neuronal pathway in the case of Gl
effects, and the cellular toxicity pathway (especially oxidative stress) for the other adverse
effects. In order to manifest toxic effects, copper must be in its free ionic form or free copper.
The following sections briefly describe the proposed mode of action for copper-induced toxicity.

9.3.1 Gastrointestinal effects

Copper exerts its Gl tract toxicity by direct irritation of the stomach, activating the release
of serotonin by enterochromaffin cells (NRC, 2000; Bradberry, 2007; OEHHA, 2008). The mode
of action of this neuromuscular response is a reflex mechanism mediated by the central nervous
system. As part of a study involving several emetic agents, Bhandari and Andrews (1991)
concluded that copper sulfate causes emesis through GI chemoreceptors in the vagal nerve
afferents and that this process most likely involves activation of 5-hydroxytryptamine-4
receptors in some manner. These receptors are receptor subtypes that respond to serotonin.
Serotonin can sensitize gastric mucosa parasympathetic nerve endings, activating the vomit
centre in the brain. The latter mediates efferent signaling messages to the Gl tract, initiating a
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response (OEHHA, 2008). Stomach infusion with copper sulphate solution resulted in vomiting
in 7/9 ferrets as compared to 1/9 animals with duodenum infusion with similar solution (Makale
and King, 1992). Dogs with severed vagus and sympathetic gastric nerves showed impaired
emetic response (Fukui et al., 1994). The latter is modulated by many factors such as: individual
sensitivity, copper form, and the nature of gastric content. Adaptation in the response has also
been demonstrated (NRC, 2000). Since the Gl responses of copper are related to portal of entry
effects, the appropriate metric for risk assessment is the concentration.

9.3.2 Other adverse effects

Cellular toxicity is the main and most studied mode of action by which copper exerts its
other adverse effects (Gaetke and Chow, 2003; Gaetke et al., 2014). Several mechanisms have
been proposed to explain copper-induced cellular toxicity. However, oxidative damage to
membranes and biological macromolecules is the most studied and consistent of them (Bremner,
1998; Gaetke and Chow, 2003; Jomova and Valko, 2011; Mauceri and Mishra, 2014). Free
copper has been identified as the toxic moiety leading to oxidative stress (EFSA, 2006; Bertinato
et al., 2010; Stern, 2010; Montes et al., 2014). Both Cu(l) and Cu(ll) ions possess redox potential
and can catalyze the production of reactive oxygen species (ROS), especially the hydroxyl
radical (OH"). However, in order to exert its cytotoxicity, the Cu(ll) ion must be reduced (e.g., by
GSH or ascorbate) to the Cu(l) ion (EFSA, 2006; Bertinato et al., 2010; Stern, 2010; Formigari et
al., 2013; Montes et al., 2014) which can catalyze the formation of OH" from hydrogen peroxide
(H20,) via a Haber-Weiss driven Fenton reaction (Bremner, 1998; Bradberry, 2007; Bertinato et
al., 2010; Stern, 2010; Formigari et al., 2013; Gaetke et al., 2014; Jazvinscak Jembrek et al.,
2014; Montes et al., 2014). Indeed, copper-induced oxidative stress involves the formation of the
extremely reactive hydroxyl radical (OH") which is capable of initiating one of the three main
cellular events most frequently reported (Gaetke et al., 2014; Jazvinscak Jembrek et al., 2014).
The first event, the peroxidation of membrane lipids, is the consequence of a hydrogen
abstraction from an unsaturated fatty acid by the hydroxyl radical, leading to a lipid radical. One
consequence of this process is the breakdown of hepatic lysosome membranes (Burkitt, 2001;
Letelier et al., 2010; Gaetke et al., 2014). The second key event, the oxidation of proteins, results
from a hydrogen abstraction from an amino-bearing carbon by OH’, to form a carbon-centered
protein radical. This leads to, for example, the deactivation of enzymes. The third key event,
DNA damage, is the consequence of the DNA strands breaks and oxidation of bases by OH’,
leading for example to mutations (Gaetke and Chow, 2003; Jomova and Valko, 2011; Gaetke et
al., 2014). These key oxidation events can lead to inflammation and cell death (Yoshida et al.,
1993; NRC, 2000; Jomova and Valko, 2011; Formigari et al., 2013; Gaetke et al., 2014) which
potentially explain copper’s toxic effects as well as the molecular and morphological alterations
observed in the liver, kidney, brain, and red blood cells at high doses in animal studies(Eskici
and Axelsen, 2012; Shaligram and Campbell, 2013; Jazvinscak Jembrek et al., 2014). Also, since
copper-induced ROS is time and dose-dependent, this mode of action has long been proposed to
explain the liver toxicity induced by the metal (Formigari et al., 2013). In addition, the current
evidence suggests that the hepatic mitochondrion is an important target in copper-induced liver
oxidative damage (Jiménez Del Rio and Vélez-Pardo, 2004; EFSA, 2006; Kawakami et al.,
2008; Paris et al., 2009; Tardito et al., 2011; Formigari et al., 2013; Gaetke et al., 2014).

Thus, data from experimental studies support the ROS-induced oxidative damage as the
mode of action of copper toxicity. For example, lipid peroxidation, protein oxidation, decline in
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the mitochondrial membrane potential, and mitochondrial expulsion of cytochrome c, all
preceding cell death, were reported following exposure to excess copper (Kumar et al., 2015).
Also, rats fed high levels of dietary copper exhibited increased peroxidation of the mitochondrial
membrane lipids as measured by increased levels of conjugated dienes and TBARS (Sokol et al.,
1990). In addition, the formation of hydroxyl radical has been measured in bile of rats dosed with
copper and ascorbic acid (Kadiiska et al., 1992).

Furthermore, neurotoxic endpoints observed at high doses could be explained by the
production of ROS, such as release of a hydroxyl radical, a by-product of the monoamine
oxidase metabolism (Eskici and Axelsen, 2012; Formigari et al., 2013; Govindaraju et al., 2013;
Shaligram and Campbell, 2013; Zhao et al., 2013; Gaetke et al., 2014; Jazvinscak Jembrek et al.,
2014; Montes et al., 2014). Also, the depletion of GSH reductase (which also depends on
NADPH) and generation of hydroxyl radicals could also lead to haemolytic effects (IPCS, 1998;
Grass et al., 2011). Furthermore, the methaemoglobinemia often observed in cases of acute
copper poisoning may be a consequence of the direct oxidization of the haem iron from the
ferrous (Fe*) to the ferric (Fe*") form by copper (IPCS, 1998; Bradberry, 2007).

Other modes of action such as the direct interaction of copper with essential
macromolecules and the displacement of cofactors from metalloenzymes have also been
proposed. Thus, being a component of many metalloenzymes, it is also likely that high
concentrations of copper can affect proteins containing sulfhydryl groups by directly interacting
with macromolecules (e.g., DNA, biological membranes, proteins, etc.). The irreversible and
non-specific binding of copper to sulfhydryl groups can alter the structure of macromolecules
(e.g., GSH, monooxygenases, etc.) and inactivate them. This mode of action has been proposed
to explain the haemolytic anemia and methaemoglobinemia observed following acute copper
sulphate poisoning. Copper can enter red blood cells, where it can bind to sulfhydryl groups and
inactivate glucose-6-phosphate dehydrogenase, which is essential for generating NADPH, an
intermediate in the electron transfer chain (Pamp et al., 2005).

10.0 Classification and assessment

The current data are insufficient to classify copper with respect to carcinogenicity. The
U.S. EPA (1988) has classified copper in Group D, not classifiable with respect to its
carcinogenic risk to humans. The International Agency for Research on Cancer has not classified
copper and its soluble salt (e.g., sulphate, chloride) with respect to carcinogenicity.

10.1 Non-cancer risk assessment

Copper is an essential element involved in many biological processes (e.g., as a
component of metalloenzymes), however, both copper deficiency and overexposure can result in
adverse effects. As discussed in section 9.1.1, copper deficiency and overexposure are rare in
healthy Canadians consuming a balanced diet since homeostatic mechanisms regulate nutrient
levels (Health Canada, 2011).

The health effects from copper exposure may be influenced by the medium of exposure.
Copper in food is subject to liver’s first-pass effect which can potentially reduce the systemic
dose; free copper, the toxic moiety of concern in drinking water, may not be subject to such an
effect which may significantly increase the internal dose (Brewer, 2009, 2014).
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The database of human studies on health effects associated with ingested copper is large
and contains adequate data for determining an acceptable concentration in drinking water. In
general, short-term exposures results in Gl tract effects, usually observed at copper levels greater
than 3 mg/L water (see sections 9.1.3 and 9.1.4). Also, when considering the current evidence
(mainly from animal and mechanistic studies) it appears that the primary effect from chronic
overexposure is metal accumulation in the liver and kidneys, potentially leading to structural and
biochemical damage (Linder and Hazegh-Azam, 1996; IPCS, 1998; Tapiero et al., 2003; Cockell
et al., 2008).

Several randomized controlled studies have investigated the adverse health effects of
copper exposure, although mostly in adults; the results from these studies indicate that short-term
oral exposure to copper in drinking water while in a fasted state leads to Gl effects (usually
nausea, epigastric pain and vomiting combined, and diarrhea), which although transient, are the
most sensitive clinical endpoints (Pizarro et al., 1999b; Araya et al., 2001, 2003a; Olivares et al.,
2001). Nausea was the most frequently reported symptom generally occurring within 15 minutes
following exposure; diarrhea was less frequently reported within the range of studied doses and
women appeared to be more sensitive. In addition, the observed Gl effects were found to
disappear when exposure ceased suggesting an adaptive response with time (Araya et al., 2004).
Furthermore, the results indicate that the concentration of copper (i.e., the bolus dose in water on
an empty stomach divided by the dosing volume) is the primary determinant of the incidence of
nausea (Araya et al., 2001, 2003a) and thus, with support from the data on the mode of action, is
considered as the most appropriate dose metric for risk assessment. It is noteworthy, however,
that although the above studies (except Araya et al., 2004) were conducted for up to 12 weeks,
the exposure was not continuous and copper was consistently administered via single bolus
dosing (using tap or distilled-deionized water) for short time periods (i.e., once/week) which may
not accurately reflect the typical chronic low-dose drinking water exposure.

Although the long-term exposure to copper has not been extensively studied, limited
results suggest an effect of time. Indeed, available data from drinking water exposure of adults
for less than 3 months confirmed the results from short-term exposure studies (Araya et al.,
2004). However, the results from adult supplementation studies suggest adverse health effects
following exposure over longer periods of time (over 5 months; Turnlund et al., 2004).

Infants are considered to be the most sensitive subgroup of the healthy Canadian
population since they are likely to have the highest exposure due to the immaturity of their
hepatobiliary system, their higher rates of copper absorption and their greater consumption of
water per kilogram body weight as compared to adults. A randomized prospective study by
Olivares et al. (1998) investigated the effects of copper exposure in breast- and formula-fed
infants (3 to 12 months old) who ingested drinking water with high (31.48 umol Cu(ll)/L or 2
mg/L) or low (less than 1.57 pmol Cu(I1)/L or 0.1 mg/L) copper levels (as Cu (1) sulphate) for
nine months via different means of consumption (e.g., food, formula, drinking water). Clinical
and biochemical findings were recorded at six, nine and twelve months of age. Both over the
course of the study and upon study termination, the subjects presented no acute (i.e., cases of
diarrhea or respiratory symptom) or chronic (i.e., differences in markers of liver function)
clinical effects following exposure to drinking water containing 2 mg/L of copper (corresponding
to a mean = SD daily intake of 318.7 + 107.3ug/kg bw per day) when compared to controls.
Limitations to the study included a high rate of withdrawal from the study at follow up (primarily
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due to blood sampling refusal) and a lack of observed effects between the two dose groups
(possibly due to the use of indices not sensitive enough to detect changes in infants with normal
copper nutrition, or due to the body’s strong homeostatic regulation of copper and consequent
adaptation to a high or low copper intake, or due to the higher withdrawal rate in the 2 mg/L
copper group and the consequent inability to track effects in that group),

The Olivares et al. (1998) study has been chosen as the critical study for derivinga MAC
since it was conducted in infants (the most sensitive subgroup of the healthy Canadian
population), involved continuous exposure to Cu(ll) via drinking water for a longer period than
studies in adults (usually up to three months), and took into account several temporal windows,
including infants 4-6 months when the hepatobiliary system is still immature and gut absorption
is greatest. Since formula-fed infants are expected to have the highest exposure to copper, the
upper bound of the NOAEL, based on Gl effects and liver function, for the formula-fed exposure
subgroup (mean £ SD = 318.7 + 107.3 pg/kg bw per day, experienced by 56 infants aged 4-6
months) was chosen as the point of departure; this upper bound dose (i.e., 426 pg/kg bw per day)
represents the highest dose administered where no adverse effects were observed.

Although there are some uncertainties in the database for copper toxicity (including
limited data on copper exposure in infants aged less than 6 months, limited data on the degree of
variability in copper absorption among early age groups, as well as a lack of chronic exposure
studies), the point of departure identified from Olivares et al. (1998) is considered conservative
since no symptoms of copper toxicity were observed at this dose over the entire duration of the
study (9 months); furthermore, due to the homeostatic regulation of copper absorption and
excretion, the absorption of copper has been shown to decline as exposure to dietary copper
increases (see section 8.1). In addition, the point of departure was based on studies in the most
susceptible subgroup in the human population. As a result, uncertainty factors accounting for
database deficiencies and intra-individual variation are not warranted and thus 426 pg/kg bw per
day is identified as the tolerable daily intake (TDI) for free copper.

A MAC for total copper can be calculated as follows:

MAC = 426 pg/kg bw per day x 7 kg x 0.5
0.75 L/day
= 1988 ug/L
= 2000 pg/L (2 mg/L) [rounded]
where:

e 426 pg/kg bw per day is the TDI based on gastro-intestinal effects and liver function in
formula-fed infants in the 9-month study by Olivares et al. (1998);

e 7Kg is the average body weight of an infant (0—6 months) (Health Canada, 1994);

e 0.5is the allocation factor estimated for drinking water. Given that formula represents the
total diet in non-breast fed infants for the first few months of life, both drinking water and
formula represent the main sources of exposure and contributions from other sources are
not expected to be significant for this age group (WHO, 1996). Thus allocating 50%
source contribution to drinking water is deemed appropriate since only two principal
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sources of exposure have been identified (Krishnan and Carrier, 2013) and the data for
these exposure sources is highly variable; and

e 0.75 L/day is the estimated daily volume of tap water consumed by a bottle-fed infant in
the 0-6 month age group (Health Canada, 1994).

The MAC is considered to be protective of both short-term effects (i.e., Gl effects) as
well as longer-term effects (including potential effects in the liver and kidneys).

10.2 International considerations

This section presents drinking water guidelines and standards from other national and
international organizations. Variations in these limits 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 an allocation factors.

The U.S. Environmental Protection Agency (U.S. EPA, 1991) has set the maximum
contaminant level goal (MCLG) and maximum contaminant level (MCL) for copper in drinking
water at 1.3 mg/L. The U.S. EPA’s MCLG for copper was based on adverse gastrointestinal tract
effects following acute exposure and was derived from a case study of nurses who consumed an
alcoholic beverage that was stored in copper containers (Wyllie, 1957). A secondary Maximum
Contaminant Level (SMCL) for copper has been established at 1 mg/L based on aesthetic
considerations (taste and blue/green staining). However, the U.S. EPA regulates levels of copper
through the Lead and Copper Rule (U.S. EPA, 1991, 2000), a treatment based rule, which
established an action level of 1.3 mg/L for copper in drinking water. Large water systems (with
more than 50,000 connections), unless determined to be non-corrosive, are required to install
“optimal corrosion control treatment” and meet specified water quality operating limits
requirements. If the 90th percentile of copper concentrations in samples taken at customer taps at
sites distributed with a specified prioritization (first-draw samples that have stagnated for at least
6 hours) exceeds the action level of 1.3 mg/L, the system must undertake a number of additional
actions to control corrosion and provide public education. The number of sites, frequency of
monitoring and scope of required actions vary with system size. Currently, a major revision of
the Lead and Copper Rule is under way, but is not expected to be finalized until after 2019.

The WHO (1993) set a provisional health-based guideline value of 2 mg/L for copper in
drinking water from a provisional maximum tolerable daily intake (PMTDI) of 0.5 mg/kg
proposed by JECFA in 1982 and an allocation factor of 10% of the PMTDI to drinking water.
The PMTDI was based on liver toxicity, observed in an industry-funded study in dog (Shanaman
et al., 1972) and the guideline was deemed provisional due to the uncertainties related to copper
toxicity in humans (WHO, 1996). However, from an assessment conducted in 2003, the WHO
maintained the value of 2 mg/L stated that is was based ‘to be protective against acute Gl effects
of copper and provide an adequate margin of safety in population with normal copper
homeostasis’ (WHO, 2011). In 2004, the guideline value of 2 mg/L was confirmed, but was no
longer considered as provisional (Olivares et al., 1998, 2001; Pizarro et al., 1999b, 2001; Araya
et al., 20012003a; Zietz et al., 2003Db).
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The European Union (EU) established a parametric value of 2 mg/L for copper under the
1998 EU Drinking Water Directive and revised the directive in 2015 to specify that sampling
should be conducted at the tap (European Commission, 1998, 2018).

The Australian Drinking Water Guidelines has set two levels for copper: 1 mg/L for
aesthetics to prevent taste and staining problems; and 2 mg/L to prevent health issues (NHMRC,
2011).The California EPA (OEHHA, 2008) has developed a non-regulatory public health goal of
0.3 mg/L for copper in drinking water, based on infants as a sensitive population and is “believed
adequate to protect against any adverse acute or chronic effects” from copper exposure. This
goal was based on the absence of an adverse effect in the Olivares et al. (1998) clinical study of
infants exposed to copper in drinking water, and took into consideration “data from other studies
on Gl effects as the key endpoint”.

11.0 Rationale

Copper is an essential nutrient that occurs naturally in the Earth’s crust, either in mineral
deposits or, less frequently, in its metallic form. The U.S National Academy of Medicine
(formerly called the Institute of Medicine) has established both recommended daily intakes and
tolerable upper intake levels for copper.

Copper is used in a wide range of products, including as a result of it being a component
of bronze and brass, and is considered by the National Plumbing Code of Canada to be an
acceptable material for service lines and plumbing systems. The main anthropogenic sources of
copper in the environment include mining, agricultural run-off, waste management and water
treatment.

Canadians are mainly exposed to copper through the ingestion of food, drinking water
and nutritional supplements. International agencies have determined that the data available on
copper are not sufficient to classify it with respect to carcinogenicity. Health effects can be
associated with both copper deficiency, and to exposure to copper at levels much higher than the
recommended daily intake. Copper deficiency is not considered to be a concern in Canada.

The maximum acceptable concentration (MAC) of total copper in drinking water
is 2 mg/L. This value is considered to be protective of both short-term effects (i.e., Gl effects) as
well as longer-term effects (including potential effects in the liver and kidneys). The MAC is
developed based on the most sensitive subpopulation, bottle-fed infants (aged 0 to 6 months),
and is intended to protect all Canadians. The MAC is achievable by available treatment
technology and measurable by available analytical methods. However, because copper is
generally found in drinking water as a result of leaching in the distribution and plumbing
systems, strategies for reducing exposure to copper from drinking water should focus on
corrosion control through approaches such as water quality adjustments and the use of corrosion
inhibitors. The aesthetic objective (AO) for total copper in drinking water is 1 mg/L. At this
level, it can cause the staining of laundry and plumbing fixtures. The majority of the population
will also be able to detect a metallic, bitter taste from copper in their water at this level. The
value for the AO is below the MAC, indicating that copper will generally be tasted in drinking
water at levels below which it may cause adverse health impacts. As part of its ongoing guideline
review process, Health Canada will continue to monitor new research in this area and
recommend any change to the guideline that it deems necessary.
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Appendix A: List of Acronyms

AD
ANSI
AO
BMD
BMDLgs
BMDL
bw
CAS
Cp

Cu
CSMR
Cu(l)
Cu(ln
DIC
DNA
DO
EPA
EPS
GAC
GGT
Gl
GM
GOT
ICT
IUDs
LOAEL
MAC
MT
MDL
MIC
MKD
NOAEL
NOM
NPC
NSF
NTU
OHS
ORP
PEX
POU
PQL
RDA

Alzheimer’s disease

American National Standards Institute
aesthetic objective

benchmark dose

95% lower confidence limit on the benchmark dose for a 5% change in effect
95% lower confidence limit on the benchmark dose for a 10% change in effect
body weight

Chemical Abstracts Service
caeruloplasmin

copper

chloride to sulphate mass ratio
cuprous ion

cupric ion

dissolved inorganic carbonate
deoxyribonucleic acid

dissolved oxygen

Environmental Protection Agency (U.S.)
exopolymeric substances

granular activated carbon

gamma glutamyl transferase
gastrointestinal

geometric mean

glutamic-oxaloacetic aminotransferase
idiopathic copper toxicosis
intrauterine devices

lowest observed adverse effect level
maximum acceptable concentration
metallothionein

method detection limit
microbiologically influenced corrosion
Menkes’ disease

no observed adverse effect level
natural organic matter

National Plumbing Code of Canada
NSF International

nephelometric turbidity unit

occipital horn syndrome

redox potential

cross-linked polyethylene

point of use (device)

practical quantitation limit
recommended daily allowance
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RO

SD
SOD
TBARS
TDS
TIC
WD
WHO

reverse 0smosis

standard deviation

superoxide dismutase

thiobarbituric acid reactive substances
total diet study

Tyrolean infantile cirrhosis

Wilson’s disease

World Health Organization
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