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Uranium

Part I. Overview and Application

1.0 Guideline

A maximum acceptable concentration (MAC) of 0.02 mg/L (20 pg/L) is established for
total natural uranium in drinking water.

The guideline is based on the chemical toxicity of naturally-occurring uranium.

2.0 Executive summary

Uranium is widespread in nature and has been identified in many different minerals. It
exists in several chemical oxidation states. Although natural uranium is a weakly radioactive
substance, the principal health effects associated with natural uranium are due to its chemical
toxicity. The maximum acceptable concentration is established based on the chemical toxicity of
uranium, and the focus of this document is limited to uranium’s chemical properties.
Radiological forms and/or radioactive isotopes of uranium are addressed in a separate document
(Health Canada, 2009).

This guideline technical document reviews and assesses all identified health risks
associated with natural uranium in drinking water. It incorporates new studies and approaches
and takes into consideration the availability of appropriate treatment technology. Based on this
review, the drinking water guideline for total uranium re-establishes the maximum acceptable
concentration (MAC) of 0.02 mg/L (20 pg/L).

2.1  Health effects

With respect to chemical toxicity, international organizations agree that there is
insufficient evidence to conclude that oral exposure to natural uranium will cause cancer in
humans or animals. Studies in humans suggest that chronic exposure to uranium in drinking
water may affect the kidneys. Consequently, the MAC of 0.02 mg/L has been developed based
on studies of kidney effects in rats. Exposure through inhalation and skin contact is not
considered to be significant.

2.2 Exposure

Canadians are primarily exposed to uranium through drinking water and food. Uranium
may be found in water in the environment as a result of weathering and leaching from natural
deposits, fallout from volcanic eruptions, its release in mill tailings, emissions from the nuclear
industry, the use of phosphate fertilizers and the combustion of coal and other fuels. Levels of
uranium in drinking water vary greatly across Canada, depending mainly on geological
formations and to a lesser extent on human activities in the watershed.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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2.3 Analysis and treatment

There are several approved analytical methods available to measure total uranium in
drinking water at levels well below the MAC.

The concentration of naturally-occurring uranium in groundwater depends on factors
such as pH, redox potential and the presence of dissolved oxygen and complexing agents. The
chemical speciation of uranium in the water supply is important to ensure its successful removal
during treatment process. Most groundwaters contain soluble uranium complexes.

At the municipal level, the best available technologies for the treatment of total uranium
are coagulation/filtration, lime softening, ion exchange and reverse osmosis. In addition,
management strategies for uranium include practices such as switching to a new source, blending
and interconnecting with another water system.

At the residential level, there are no certified residential treatment devices for the
reduction of uranium from drinking water. However, drinking water treatment technologies able
to effectively remove uranium include ion exchange and reverse osmosis. It is important to note
that reverse osmosis systems should be installed only at the point of use, as the treated water may
be corrosive to internal plumbing components.

2.4  International Considerations

Drinking water quality guidelines, standards and/or guidance established by foreign
governments or international agencies may vary due to the science available at the time of
assessment, as well as the utilization of different policies and approaches, such as the choice of
key study, and the use of different consumption rates, body weights and allocation factors.

The maximum contaminant level of U.S. Environmental Protection Agency and the
provisional guideline value of World Health Organization are both 30 pg/L for uranium. The
Australian National Health and Medical Research Council has established a guideline 17 pg/L.
As of 2018, the European Union has not established a drinking water value for natural uranium.

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.

Although natural uranium is a weakly radioactive substance, the principal health effects
associated with natural uranium are due to its chemical toxicity. The focus of this document is
limited to uranium’s chemical properties and the MAC for natural uranium is based on chemical
uranium. Radiological forms and/or radioactive isotopes of uranium are addressed in a separate
document (Health Canada, 2009).

For drinking water supplies that occasionally experience short-term exceedances of
uranium above the guideline values, it is suggested that a plan be developed and implemented to
address these situations. For more significant, long-term exceedances that cannot be addressed
through treatment, it is suggested that alternative sources of drinking water be considered.

Since other radionuclides can co-occur with uranium, special precautions may be
required when waste streams (residuals) are treated, stored, disposed of or transported. The
appropriate authorities should be consulted to ensure that the disposal of liquid and solid waste
residuals from the treatment of drinking water meet applicable regulations. At the residential
level, devices are generally not expected to contain enough radioactivity to warrant special
precautions by homeowners.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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3.1 Monitoring
3.1.1 Source characterization

Source water should be characterised to determine whether uranium is present. Given the
ubiquitous nature of nitrate in groundwater and its strong correlation with uranium mobilization,
groundwater should be tested for both uranium and nitrate. For groundwaters with a nitrate
concentration above or near its MAC, more frequent monitoring of the source water for uranium
should be considered. Authorities may reduce monitoring when it has been demonstrated that
uranium is present at concentrations well below the MAC in the source water, that there is no
reason to expect that the uranium concentration will vary greatly with time or that appropriate
treatment is in place. Since radionuclides such as radium may co-occur with uranium, authorities
may want to consider gross alpha activity screening when uranium is present. The guideline
technical document on radiological parameters should be consulted for further information.

Utilities practicing control options for addressing uranium concentration in source water
used for drinking should assess the water quality of the new sources to ensure that it does not
interfere with the existing treatment processes, impact the distribution system, and cause other
water quality issues.

3.1.2 Treatment and processes monitoring

Utilities that treat their water to remove uranium need to conduct frequent monitoring of
treated water in order to make necessary process adjustments and to ensure that treatment
processes are effectively removing uranium and other co-contaminants below their respective
MACs.

Utilities using conventional coagulation/filtration and lime softening for uranium removal
should conduct operational monitoring of pH. Water treated by lime softening may require re-
carbonation to reduce pH, as well as the addition of corrosion-inhibiting chemicals to protect the
distribution system.

Utilities using ion exchange to remove uranium should monitor the pH of the treated
water, particularly at the beginning of an ion exchange treatment run. Freshly regenerated anion
exchange resins reduce the pH and total alkalinity, and the pH may need to be increased during
this period to control corrosion. Another operational consideration is the chromatographic
peaking of other anions such as arsenic. Since uranium complexes have a high affinity for the
anion exchange resins, less preferred anion may be released in the treated water.

Reverse osmosis and ion exchange are often operated with a bypass blending a portion of
the influent flow with the treated water to obtain desired water quality. In such cases, it is
important to monitor blended water quality to determine the final uranium concentration.

3.1.3 Compliance monitoring

When uranium is present in source water, it is recommended that compliance monitoring
be conducted annually, to confirm that the MAC is not exceeded. Samples should be collected
prior to distribution (typically at the entry point to the distribution system) and analysed by an
accredited laboratory.

3.1.4 Distribution system

As with other inorganics, uranium can be accumulated in distribution systems and later
released. Since the stability of metals accumulated in the scales is unpredictable, it is difficult to
establish a monitoring program for uranium in distribution systems. Factors that influence
uranium accumulation and release in distribution system (co-occurrence of iron and manganese

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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in the deposits, changes to pH conditions and hydraulic disturbances) could be used as indicators
of when and where to monitor for uranium releases in distribution systems. When water quality
or hydraulic disruptions occur in the system, the release of uranium and other contaminants may
be indicated by the presence of discoloured water or increased turbidity resulting from the
release of deposits or scales present on pipe wall. When this occurs, monitoring for uranium and
other constituents should be conducted. Monitoring for uranium should be done in conjunction
with other metals that can co-occur in the distribution system (e.g., iron, manganese, arsenic,
lead). However, the absence of discoloured water should not be interpreted as the absence of

metal release.

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

4.0 Identity, use and sources in the environment
4.1 Identity

Uranium (CAS Registry No. 7440-61-1) is a dense, silvery-white, weakly radioactive
metal that rapidly oxidizes when exposed to air (CCME, 2007; Haynes, 2014). Natural uranium
never occurs in its elemental state but is always combined with other elements (McDiarmid et
al., 2012). It has been identified in 150 different minerals and is widespread in nature, occurring
in granites, metamorphic rocks, lignite, monazite sands, phosphate and various other mineral
deposits (Cothern and Lappenbusch, 1983; McDiarmid et al., 2012; Haynes, 2014). Uranium
exists in the +2, +3, +4, +5 or +6 oxidation states although the tetravalent and hexavalent states
are the most common (CCME, 2007; Haynes, 2014). The hexavalent state is also the most stable
form in solution and the most biologically relevant form (Cothern and Lappenbusch, 1983;
LaTouche et al., 1987).

Natural uranium is a mixture of three radioisotopes U, *U and ***U, in concentrations
of 99.2745%, 0.720% and 0.0055%, respectively (Haynes, 2014). These three isotopes have the
same number of protons and exhibit the same chemical toxicity. Despite all naturally occurring
isotopes of uranium being considered weakly radioactive, the health effects of natural uranium
are due to its chemical toxicity (Kathren and Burklin, 2008; ATSDR, 2013).

4.2 Use

Uranium is mined primarily for use as fuel in nuclear power stations (WHO, 2011).
Canada is the second largest producer of uranium in the world, accounting for 15% of global
production in 2012. The Canadian uranium industry also mills, refines and converts uranium into
uranium dioxide and uranium hexafluoride, and produces fuel bundles. Canada’s only uranium
refinery is in Blind River, Ontario (Natural Resources Canada, 2014). Further processing takes
place at Port Hope, Ontario. Fuel pellets and/or bundles are manufactured in Port Hope,
Peterborough and Toronto (Canadian Nuclear Safety Commission, 2012). Canada has no
uranium enrichment plants and does not produce depleted uranium (DU)(Canadian Nuclear
Safety Commission, 2009).

4.3  Sources and fate

Depending on the underlying rock formation, some geographical areas naturally contain
high levels of uranium (CCME, 2011). Canada has large uranium deposits with known resources
of 490,000 tonnes and identified uranium ore bodies in: British Columbia (Blizzard and Prairie
Flats); Athabasca region of northern Saskatchewan (Midwest Deposit); Ontario (Bancroft and
South March); Labrador (Kaipokok); and in the Northwest Territories (Lineament Lake)
(CCME, 2007; Natural Resources Canada, 2014). Mill effluents, produced when uranium is
mined, can release selenium and molybdenum into the environment (CNSC, 2014).

Uranium is present in water supplies as a result of weathering and leaching from natural
deposits, fallout from volcanic eruptions, its release in mill tailings, emissions from the nuclear
industry and the combustion of coal and other fuels (Dreesen et al., 1982; Cothern and
Lappenbusch, 1983; Essein et al., 1985; Tadmor, 1986). Phosphate fertilizers, which may contain
uranium at concentrations as high as 150 mg/kg, may also contribute to the uranium content of

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
5



Uranium (May 2019)

groundwater while nitrate fertilizers may mobilize existing stores of uranium (Spalding and
Sackett, 1972; Jacques et al., 2008; Nolan and Weber, 2015).

The mobility of uranium in the environment is highly dependent on the chemical and
physical form of the uranium, its oxidation state, its pH, its solubility, the presence of
inorganic/organic ligands, and its adsorption and desorption on surface water sediments (EFSA,
2009; ATSDR, 2013). Oxidized forms of uranium are relatively soluble and can be leached from
the rocks to migrate in the environment (ATSDR, 2013). In oxic natural waters, uranium is
present mainly in the U(V1) state (oxidized) either as the free uranyl ion, UO,** or complexed to
a ligand to form soluble complexes with carbonate, bicarbonate, fluorides or sulphate ions,
enhancing its mobility. It also complexes with phosphates to form insoluble precipitates (Cothern
and Lappenbusch, 1983). Tetravalent uranium is present in strongly reducing environments (e.g.,
anoxic waters) where it interacts with hydroxides, hydrated fluorides and phosphates to form
insoluble compounds which precipitate out of solution (CCME, 2007; ATSDR, 2013). Under
oxidizing conditions, the tetravalent state is readily oxidized to the hexavalent state (EFSA,
2009).

Studies indicated that the presence of nitrate and ferrous iron [Fe (I1)] in groundwater
containing U(IV)sediments leads to the remobilization of U(IV) through various oxidation
reactions (Senko et al., 2002; Istok et al., 2002). The oxidation of Fe(ll) by microorganisms
(Straub et al. 2001; Lack et al. 2002) or by nitrite that accumulates under dissimilatory nitrate
reduction (i.e., denitrification) conditions (Senko et al. 2002, 2005) can lead to the presence of
Fe(I11). Nevin and Lovley (2000) and Senko et al. (2002) postulated that the nitrate-dependent
U(IV) oxidation actually proceeds via the oxidation of U(1V) to U(VI) by Fe(l1l). These
processes have been shown to occur at approximately neutral pH and the generated Fe(l11) was
found to be extremely reactive with U(1V) (Senko et al. 2005).

Nitrate is a common groundwater contaminant which is known to alter uranium solubility
by oxidation of the U(1V) to U(VI). Abiotic and biotic nitrate reduction reactions produce nitrite
and nitrous oxide which are also capable of oxidizing U(1V) to U(VI) (Senko et al., 2002, 2005).
Nolan and Weber (2015) investigated co-occurrence of nitrate and uranium in two major U.S.
aquifers (High Plains and Central Valley; n=53,352 wells) and established a link between
uranium and nitrate concentrations. The authors reported that areas with a nitrate concentration
of 7.0 mg/L or higher were strongly correlated with uranium concentrations equal or greater than
20 pg/L. The study indicated that the nitrate concentration was strongly correlated to the uranium
concentration and concluded that shallow groundwater wells were more susceptible to co-
contamination than deep wells.

The amount of uranium mobilized into ground and surface water can change over time,
increasing with changing oxidizing conditions or alkaline conditions (e.g., increased calcium
from the application of road salts), and from excessive drawdown caused by groundwater
pumping or seasonal fluctuations (Brown et al., 2007; Keith et al., 2007; Jurgens et al., 2010;
Drage and Kennedy, 2013; Bexfield and Jurgens, 2014). Changes in environmental conditions
(e.g., dry periods followed by rain) can also alter uranium concentrations in water bodies (Gilson
et al., 2015). In most waters, sediments act as a sink for uranium and the uranium concentrations
in sediments and suspended solids are several orders of magnitude higher than in surrounding
water (ATSDR, 2013). A strong correlation between uranium and bicarbonate concentrations
suggested that uranium is leached from shallow sediments by water containing bicarbonate ions
(Jurgens et al., 2010).

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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5.0 Exposure

Food and water represent the main sources of exposure to uranium but the contribution
from these sources can be highly variable. In the case of Canadian drinking water, uranium
content can vary greatly depending on geological formations and anthropogenic activities
surrounding the source water. Allocating 50% source contribution to drinking water is deemed
appropriate given only two major sources of exposure have been identified (Krishnan and
Carrier, 2013) and the data for these exposure sources is highly variable. It is also supported by
both the European Food Safety Authority (EFSA, 2009) and the National Council on Radiation
Protection and Measurements (NCRPM, 1984) who both have estimated that drinking water
accounts for 50% of uranium intake by humans. California EPA (OEHHA, 2001) and Anke et al.
(2009) attributed 40% and 41% of uranium intake to drinking water and drinking
water/beverages respectively.

5.1  Water

Uranium levels in drinking water can vary greatly depending on geological formations
surrounding the source water, on the presence of factors affecting uranium mobilization (Sec.
4.3) and on the proximity of source water to uranium facilities. In Canada, data indicate that
uranium is found across the country. Based on the original data provided by the provinces and
territories, the mean uranium content for drinking water was calculated as 4.35 pg/L across the
country with an adult drinking water intake value of 0.09 pg/kg bw per day.

The average uranium content for 3221 raw samples from both surface and groundwater
sources in Newfoundland was 1.5 pug/L. The range of values was 0.1 to 20 pg/L (Newfoundland
and Labrador Department of Environment and Conservation, 2015).

Samples collected over approximately 10 years in Nova Scotia gave an average of
2.27 pg/L of uranium in both raw and treated water from surface and groundwater sources.
Concentrations ranged from <0.1 to 19 pgL with 586 out of 1055 samples below the detection
limit of <0.1 pg L (Nova Scotia Environment, 2015).

In New Brunswick, 3745 samples of raw and treated water were tested over a 10 year
period and averaged 0.11 pg/L of uranium. Values ranged from <0.05 to165 pg/L. Only four
values exceeded 30 pg/L; these were all for raw water samples (New Brunswick Department of
Health, 2015).

Nine years of data from Quebec had an average uranium concentration of 6.7 pg/L. Of
the 28,214 samples tested, 3294 were above the detection limit of 1 pg/L. The maximum value
recorded was 360 pg/L. One hundred and twenty eight samples were above the provincial limit
of 20 pg/L for uranium (Ministére du Développement durable, de I’Environnement et de la Lutte
contre les changements climatiques du Québec, 2015).

For Ontario, a total of 11528 samples of raw and treated water, taken over an eleven year
period, were analyzed for uranium and averaged 0.6 pg/L. Values ranged from undetectable to
17.5 pg/L (Ontario Ministry of the Environment and Climate Change, 2015).

Concentrations of total uranium in Manitoba surface waters are naturally high. Between
2000 and 2016, approximately 8,315 surface water samples (e.g., lakes, rivers, streams, creeks,
wetlands) were collected and analyzed for total uranium by Manitoba Sustainable Development.
In total, 4,267 out of the 8,315 (51%) exceeded 1 pg/L. In addition, there were some rivers and
creeks that exceeded the 14 ug/L drinking water quality guideline (e.g., Sturgeon Creek, Boyne
River, Souris River, Wood Lake); although this was rare. Approximately 14% of observations
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(i.e. 1,215 out of 8,315 samples) were below a detection limit of 0.0001 mg/L (or 0.1 pg/L)
(Manitoba Sustainable Development, 2018).

Saskatchewan had an average uranium concentration of 5.5 pg/L, representing 10 years
of data consisting of 3910 of both treated and raw water samples. The values ranged from 0.0034
to 183 pg/L. Two hundred and fifty three samples were above 20 pg/L. These high samples had
an average uranium concentration of 36.9 pg/L (Saskatchewan Water Security Agency, 2015).

Data collected over the last 16 years in Alberta showed an average uranium concentration
of 0.8 pg/L and a maximum of 11 pg/L in raw water samples (n=461), while treated water
samples (n=1500) had an average concentration of 0.7 pg/L and a maximum of 34 ug/L (Alberta
Environment and Parks, 2015).

A combined average uranium concentration of 11.4 pg/L was calculated for British
Columbia based on 11 samples of raw and treated water. Values ranged from 0.035 to 29 pg/L
(British Columbia Ministry of Health, 2015). Uranium concentrations in groundwater in the
Lower Mainland and Okanagan/Kamloops areas are available for Osoyoos (83.6 ug/L), Kelowna
(33.6 pg/L and 193.8 ug/L), Surrey (35 pg/L), Kamloops (37 pg/L and 50 pg/L), Dawson Creek
(160.1 pg/L) (British Columbia Ministry of Environment and Climate Change Strategy, 2017).
An average uranium concentration of 13.32 pg/L for both raw and treated water was available
for the Yukon for 2011-2015. A total of 91 samples were collected from 26 locations with a
range of <0.1 to 246 ug/L. Eight values were greater than 20 pug/L and were all from the same
location for untreated water (Yukon Environmental Health Services, 2015).

Twenty samples (source: 1 glacier, 19 surface water) of raw water collected in Nunavut
had a concentration range of 0.010 to 2.19 pg/L of uranium with an average concentration of
0.29 pg/L (Nunavut Department of Health, 2015).

Data from the Canadian National Drinking Water Survey (Health Canada, 2015d)
averaged to 0.52 ug/L (n=646) and ranged from below the detection limit of 0.1 to 32 pg/L.

52  Food

The content of uranium in food is highly variable and dependent on the concentration of
uranium in agricultural soil, the preferential uptake of uranium by certain plants and plant parts,
and plant age. Leafy plants grown in uranium-rich soil accumulated more uranium than did
tubers, thick stalks, fruits or grains while uranium content decreased with increasing plant age
(Anke et al., 2009). Animal foodstuffs are generally poor in uranium except for marine fish and
shellfish which can contain high levels (Shiraishi et al., 2000). Depending on an individual’s diet
and the source of food items eaten (e.g., local), food can be a significant source of uranium
consumed accounting for an estimated 40 to 60% of daily uranium intake (OEHHA, 2001; Anke
et al., 2009; EFSA, 2009).

A Total Diet Study (TDS) was conducted by Health Canada from 1993 to 2012. It used
typical consumption rates for various foods (210 individual food items) to estimate a range of
average daily uranium intake in different age-sex groups of Canadians. The study was conducted
in Ottawa, St. John’s, Vancouver, Montreal, Winnipeg, Toronto and Halifax. Uranium
concentrations for food items sampled (n=1676) ranged from below detection limits
(<0.008 ng/g) to 314 ng/g, with an average concentration of 0.704 ng/g. Most foods (97% of
samples) had uranium concentrations of <10 ng/g (Health Canada, 2015a).

In the same TDS, concentrations of uranium in milk (including 1%, 2%, skim, and
whole) were all less than 0. 07 ng/g (average of 0.03 ng/g) while concentrations in reconstituted
baby formulae ranged from 0.39 to 4.3 ng/g for milk based formulae (average of 2.70 ng/g) and
from 3.9 to 8.2 ng/g for soy-based formulae (average of 6.30 ng/g). Fruits, most grains, nuts,
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sugar, honey, meats (except processed) and freshwater fish were low in uranium, with average
values below 0.40 ng/g. Marine fish (average of 1.46 ng/g), shellfish (average of 7.21 ng/qg),
most vegetables tested (average of 3.62 ng/g; range 0.12 to 8.17 ng/g), and herbs and spices
(average of 13.22 ng/g) had higher uranium contents. The products with the highest uranium
concentrations were baking powder (average of 184 ng/g) and chewing gum (average of 120
ng/g; maximum 314 ng/g) (Health Canada, 2015a).

The range of average dietary intakes of uranium across cities was 0.06 to 0.09 pg/kg bw
per day with an overall average of 0.07 pug/kg bw per day across sexes and age groups (Health
Canada, 2011). Some age differences were reported. Infants up to 6 months of age had intake
values of 0.22 pg /kg bw per day. Intake levels were 0.12, 0.09 and 0.06 pg/kg bw per day for
children 7 months to 4 years of age, 5 to 11 years of age and 12 to 19 years of age, respectively.
Adults (>20 years) had uranium intake levels of 0.08 pg/kg bw per day (Health Canada, 2011).

No Canadian data for uranium content in breast milk were located, although data from
European studies were available. A study conducted in Poland, Germany and the Czech Republic
found mean uranium concentrations of 0.03 pg/L in breast milk from samples taken daily over 2
to 8 weeks (n=19) (Wappelhorst et al., 2002). Maternal dietary uranium intake via food
consumption was also measured giving a mean of 0.03 pg/kg bw per day. A study conducted in
Sweden found a mean uranium content of 0.42 pg/L from breast milk sampled twice daily by
mothers (n=60) over one week. The samples for each mother were pooled. No data relating to
maternal dietary uranium intake were recorded (Ljung Bjorklund et al., 2012).

53 Air

Data for ambient atmospheric uranium concentrations in Canada were available from
Environment Canada. Close to ten thousand air samples (n=9703) were taken between 2010 and
2015, ranging in values from undetectable levels to 0.081 ng/m® with an overall average
concentration in air of 0.002 ng/m® across Canada. Seventeen of the 26 values above 0.020 ng/m*
were collected in Ontario. The average air concentrations of uranium by province/territory for
which data were available are: 0.001 ng/m? for British Columbia, New Brunswick and Nova
Scotia; 0.002 ng/m? for Alberta, Ontario and Quebec; and 0.03 ng/m® for Manitoba and the
Northwest Territories (Health Canada, 2015b).

Health Canada has been monitoring uranium exposure in and around Port Hope’s
(Ontario) two uranium facilities for more than 30 years (Canadian Nuclear Safety Commission,
2009). The most recent concentrations in ambient air taken in 2011 ranged from 0.28 to 5 ng/m*
(Canadian Nuclear Safety Commission, 2009; Lane et al., 2011) and show concentrations are
decreasing with time when compared to historical data (< 0.06 to 200 ng/m®) (Tracy and
Meyerhof, 1987; Ahier and Tracy, 1997). More recent data provided by Cameco in its 2014
annual report gave an annual average ambient air concentration of uranium in Port Hope of 2
ng/m* (Cameco, 2015).

Based on these low concentrations of uranium in ambient air, intake from air is negligible
compared to that from other media.

5.4 Consumer products

No specific, current consumer products were identified as a source of uranium exposure
for the general Canadian population. Historically, uranium was added as a colourant to glass and
ceramic glazes used for food and glassware items such as glazed ceramics and Vaseline glass.
Uranium can leach from such antiques in amounts ranging from 30 pg/L (Vaseline glass) to
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300,000 pg/L (glazed ceramics) following contact with foodstuff or beverages (Landa and
Councell, 1992; Sheets and Thompson, 1995).

55  Soil

Since uranium is naturally occurring, its distribution across the country can vary greatly
depending on rock type (CCME, 2007). In general, the uranium content of rock varies from 0.5
to 4.7 pg/g in igneous rocks like basalts and granites to 2.0 pg/g in carbonate rocks and up to
3.7 pg/g in sedimentary rocks such as shale (NCRPM, 1984). The average background level of
uranium in soil is around 2 pg/g (NCRPM, 1984; CCME, 2007).

Data specific to uranium concentrations in Canadian soils were identified for British
Columbia (BC), Saskatchewan, Manitoba, Ontario, New Brunswick and Quebec. These ranged
from 0.4 to 15 pg/g (van Netten and Morley, 1982; Gordon, 1992; OMEE, 1993; Gizyn, 1994,
Lin etal., 1996; Pilgrim and Schroeder, 1997; Thomas, 2000; Rasmussen et al., 2001; CCME,
2007; Canadian Nuclear Safety Commission, 2014).

5.6  Multi-route exposure through drinking water

Given the physicochemical properties of uranium, a multi-route exposure assessment, as
outlined by Krishnan and Carrier (2008), could not be performed. Exposure to uranium by
inhalation during showering is not expected to occur since uranium is not known to form any
volatile species under such conditions (Clark et al., 2006). Additionally, only small particles of
less than 2.5 microns are deposited in the lungs while large uranium particles (e.g., in water
droplets) are effectively cleared by mucocilliary action (Patocka, 2014).

Uranium penetration through intact skin in humans has not been well documented
(ATSDR, 2013). A single patch test study using up to 25% uranyl acetate in petrolatum applied
to the skin of veterans previously exposed to depleted uranium indicated that uranium could
potentially be absorbed across the skin although the high dose of uranium used and the presence
of imbedded depleted uranium make the findings difficult to apply to environmental exposure
(Shvartsbeyn et al., 2011). Limited animal data show dermal absorption can occur in animals
following application of high amounts of soluble uranium compounds (de Rey et al., 1983). LDsg
(dermal) values for uranyl nitrate hexahydrate, measured as uranium, ranged from 59 mg/kg bw
for rabbits to 7600 mg/kg bw for mice (Orcutt, 1949). Only animals that died showed renal
damage. The sites of application showed superficial coagulation necrosis, suggesting skin
damage caused by the chemical may have increased absorption. Additionally, animals were not
prevented from licking the site of application which may have contributed to the observed
toxicity. de Rey et al. (1983) suggested that the large amount of uranium absorbed as uranyl
nitrate might be caused by NO; anion interacting with membrane lipoprotein complexes. The
relevance of these findings in humans is unclear as the concentrations of uranium applied to
these animals were extremely high and it is unlikely that humans would be exposed to such high
levels from the environment.

Thus, at uranium levels typically reported in Canadian drinking water supplies, exposure
via the dermal and inhalation routes is not expected to be significant during showering and
bathing.

5.7  Blood and urine levels in the Canadian population

Urinary uranium concentrations are considered the best method for biological monitoring
of environmentally and occupationally exposed populations (McDiarmid et al., 2012; ATSDR,
2013) and have been used in a number of epidemiological studies (Harduin et al., 1994; Limson
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Zamora et al., 1998; Kurttio et al., 2002; Al-Jundi et al., 2004) however, background values for
unexposed populations are scant. Uranium levels in urine are sometimes normalized based on
urinary creatinine concentrations, although this practice has recently come under debate (Hoet et
al., 2015). Blood, hair and nails have also been used for biomonitoring. There is discussion as to
whether the use of hair (Karpas et al., 2005; Muikku et al., 2009; Israelsson and Pettersson,
2014; Joksi¢ and Katz, 2014) and nails (Karpas et al., 2005) is appropriate for long-term
monitoring.

National data on concentrations of environmental chemicals, including uranium, were
collected as part of the Canadian Health Measures Survey (CHMS), an ongoing national direct
health measures survey launched in 2007 by Statistics Canada, in partnership with Health
Canada and the Public Health Agency of Canada (Health Canada 2010, 2013 and 2015c).
Uranium data for cycle 1 of the CHMS were collected between March 2007 and February 2009
from approximately 5,600 Canadians aged 6 to 79 years at 15 sites across Canada while uranium
data for cycle 2 were collected between August 2009 and November 2011 from approximately
6,400 Canadians aged 3 to 79 years at18 sites across Canada. Geometric means could not be
calculated for either uranium concentration levels in whole blood or in urine for both Cycle 1 and
Cycle 2 since sample results were below the limits of detection (LOD for whole blood: Cycle 1 -
0.005 pg/L, Cycle 2- 0.007 pg/L, LOD for urine Cycles 1 and 2 — 0.01 pg/L) (Health Canada,
2010, 2013). Uranium was not included in Cycle 3’s 2012 — 2013 monitoring program (Health
Canada, 2015c).

6.0 Analytical methods
The United States Environmental Protection Agency (U.S. EPA) has approved several
methods for measuring total uranium in drinking water, including both mass based and
radiological (activity) methods. Mass based methods are exclusively recommended in this
document, as the health effects are based on the chemical properties of uranium and calculated
on a mass exposure basis. The radiological methods approved by the U.S. EPA are not
appropriate for use as they rely on conversion factors to estimate the mass of uranium based on
radioactivity which could lead to inaccuracies. The following approved mass based analytical
methods for uranium have detection limits that vary between 0.001 and 5 pg/L:
e EPA 200.8 Rev 5.4 uses an inductively coupled mass spectrometry (ICP-MS) method and
has a method detection limit (MDL) of 0.1 pg/L when the instrument is in scanning mode
or 0.01 pg/L when the instrument is in selection ion monitoring mode (U.S. EPA, 1994).
e EPA 908.1 uses a fluorometric method and is suitable for determining soluble
concentrations greater than 0.1 pg/L (U.S. EPA, 1980).
e SM 3125 uses an ICP-MS method and has an instrument detection limit of 0.032 pg/L for
U-235 or 0.001 pg/L for U-238 (APHA et al., 1998, 2005).
e SM 7500 U-C uses a fluorometric method. Samples containing more than 20 pg/L can be
determined directly, and samples with less than 20 pg/L can be pre-treated (APHA et al.,
1989).
e USGS R-1180-76 uses a direct fluorometric method, with minimum detection level of
0.3 pg/L (Thatcher et al., 1977a).
e USGS R-1181-76 uses a fluorometric method with extraction procedure, with a minimum
detection level of 0.01 pg/L (Thatcher et al., 1977D).
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e ASTM D2907-91 and ASTM D2907-97 (withdrawn by ASTM in 2003, no replacement)
use a direct fluorometric method, with a method range of 0.005 — 50 mg/L (ASTM,
19914, 1997a).

e ASTM D5174-91, ASTM D5174-97, ASTM D5174-02 and ASTM D5174-07 use a
pulsed laser phosphorimetry, with a method detection limit of 0.1 pg/L (ASTM, 1991b,
1997hb, 2002, 2007).

e ASTM D5673-10, ASTM D5673-05, and ASTM D5673-03 use an ICP-MS method, with
an estimated instrument detection limit of 0.02 pg/L (ASTM, 2003, 2005, 2010).

e USDOE U-04-RC is a preparation method for fluorometry (U.S. DOE, 1997a). U-04-RC
prescribes method U-01-E for the determination of uranium, and it has a method range of
1-10 000 pg/L (U.S. DOE, 1997b).

Although not currently approved for regulatory drinking water monitoring by the U.S.
EPA, additional analytical methods are available to reliably measure concentrations of uranium
in drinking water below the MAC. These methods include an updated version of ASTM D5673-
16 with and an estimated instrument detection limit of 0.02 pg/L (ASTM, 2016) and SM 3125
with an instrument detection limit of 0.032 pg/L for U-235 or 0.001 pg/L for U-238 (APHA et
al., 2017). In selecting an analytical method, consideration should be given to the water matrix to
minimize the effect of interfering agents. The use of the prescribed sample pre-treatment or
mitigation steps can help eliminate or decrease the effects of interfering agents. It is important
that analyses are undertaken by an accredited laboratory to ensure accurate results and
appropriate quality assurance and quality control.

Inductively coupled plasma mass spectrometry (ICP-MS) is a highly sensitive detection
technique. In ICP-MS an inductively coupled plasma source is used to ionize and atomize the
analyte, which is then separated by a mass spectrometer based on mass-to-charge (m/z) ratio.
The number of ions striking the detector can be translated from an electrical signal and related to
the number of atoms of the analyte (USGS, 2013). ICP-MS can be subject to a number of
sources of interferences from isobaric elemental interferences (where ions with the same nominal
m/z ratio cannot be distinguished from the analyte of interest), and isobaric polyatomic ion
interferences (where ions with more than one atom have the same m/z ratio as the analyte of
interest), although none are specifically noted for the measurement of uranium (U.S. EPA, 1994).
Generally, 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, 1994) and
0.5% (w/v) (APHA, 1998, 2005). Elsewhere, in the literature, it has also been noted that samples
with salts exceeding 0.1% should be diluted for ICP-MS (Pawlak and Rabiega, 2002).

For analysis using fluorometry, samples are fused with sodium fluoride (U.S. EPA, 1980;
U.S. DOE, 1997), or a mixture of sodium fluoride, sodium carbonate, potassium carbonate
(Thatcher et al., 1977a, 1977b) which are then excited with ultraviolet light and measured with a
fluorimeter. Fluorometric methods are subject to inference from cations and/or anions through
either quenching or enhancing the fluorescence (U.S. EPA, 1980; APHA et al., 1989; ASTM,
1997a). Quenching is also noted to occur in methods 1180-76 and 1181-76 as a result of
transition metals (e.g., chromium, copper, and manganese) (Thatcher et al., 1977a, 1977b). When
uranium is concentrated by precipitation with aluminum phosphate, as in SM 7500-U C (APHA
etal., 1989) or U.S. EPA 908.1, carbonate ions can prevent the co-precipitation of uranium with
aluminum phosphate (U.S. EPA, 1980). It is important to note that the U.S. EPA approved SM
7500 U-C method is a fluorometric method and is only found in the 17th edition of Standard
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Methods (APHA et al., 1989). In the 23" edition of Standard Methods, SM 7500 U-C is an
isotopic method that is meant to be used for the measurement of radiological activity.

Phosphorimetry relies on the long-lived luminescent quality of the uranyl ion, which can
be excited by ultraviolet or visible light. In pulsed laser phosphorimetry, a pulsed laser acts as the
excitation source and the luminescence intensity is measured (Brina and Miller, 1992).
Interference can come from a variety of sources including compounds that absorb ultraviolet
excitation light (e.g., ferric ion, oxy-anions) or visible excitation light (e.g., chromate),
luminescence from humic acids or organic degradation products, or quenching from reducing
agents such as silver, lead, iron (I11), manganese (1) and thallium. In addition, samples are initially
wet-ashed to remove organic impurities prior to measurement (ASTM, 2007).

The current practical quantitation limit (PQL) established by the U.S. EPA is 5 pCi/L (or
approximately 3.33 pg/L — 7.46 pg/L) (U.S. EPA, 1991). In the second-six year review of
existing National Primary Drinking Water Regulations, the U.S. EPA indicated that some
performance evaluation and proficiency testing data were available at or below the current PQL.
However, the U.S. EPA made no conclusions or changes regarding the PQL based on these data
(U.S. EPA, 2009).

7.0 Treatment technology

Management strategies for uranium at the municipal-scale may include source water
treatment or practices such as switching to a new source, blending and interconnecting with
and/or purchasing water from another water system. The best available technologies (BATSs) for
the removal of uranium in drinking water are coagulation/filtration, lime softening, ion exchange
(IX) and reverse osmosis (RO). In addition, activated alumina (AA) may be effective in small
systems. At the residential scale, there are currently no devices certified for removing uranium,
however IX and RO are expected to be effective.

7.1 Uranium occurrence as a function of water quality and chemistry

The occurrence and distribution of uranium and/or radionuclides in groundwater is
controlled by geology (i.e., uranium content of the aquifer rocks) and geochemistry. The rates of
leaching and dissolution processes depend on pH, partial pressure of carbon dioxide, the
presence of dissolved oxygen, redox potential and the presence of complexing agents (Hess et
al., 1985). In general, elevated levels of uranium will occur more frequently in waters under oxic
or mixed redox and high pH conditions. U.S. Geological Survey data (Ayotte et al., 2011),
indicated that uranium was also found in groundwater samples under anoxic and low pH
conditions. It is also important to note that the naturally occurring, long-lived uranium-238
isotope (99.3 wt %) is a parent of radionuclide progenies such as radium. Each progeny has
unique chemical chemistry, solubility, mobilization and half-life properties different than the
parent’s properties. Focazio et al. (2001) indicated that uranium tends to be the least mobile in
oxygen-poor groundwater and strongly adsorbed to humic substances; while radium tends to be
the most mobile in oxygen-poor groundwater. Therefore, occurrence of parent and daughter
radionuclides in groundwater may not be found together in similar concentrations (Gilkeson et
al., 1983; Zapecza and Szabo, 1986).

Uranium mobility in the environment is partially controlled by its oxidative states.
Although uranium occurs in several oxidation states, the most important in nature are U(IV) and
U(VI). In the U(1V) oxidation state, uranium occurs as uranous U*" ion; and in the U(VI)
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oxidation state — as a uranyl (UO,?") ion. The chemical speciation of uranium in the water supply
is important for the treatment processes and successful operation.

The U(IV) oxidation state is the major oxidation state in the most common uranium ore
minerals: uraninite (UO,) and coffinite (USiO,4). U(IV) species exist as relatively insoluble and
immobile precipitates under anoxic or reducing conditions. Due to the extreme insolubility of
uraninite, uranous hydroxyl complexes are usually below 0.05 pg/L and not detectable in natural
waters (Langmuir, 1978). However, the U(OH)s" complex may exceed this concentration under
reducing conditions and at a pH greater than 8.0. The uranous fluoride complexes may increase
uraninite solubility at a pH below 4.0 and under reducing conditions (Langmuir, 1978).

Thermodynamic data (Langmuir, 1978) indicate that the UO," ion forms weak complexes
which may be found in waters with at intermediate oxidation potential and pH levels below 7.0.
UO," ion forms less stable complexes than the complexes formed by the U** and UO,?* ions with
the same ligands (Langmuir, 1978; 1997).

In oxidized waters and pH levels below 5.0, uranium reacts with oxygen to form the
UO,?* ion, which has a high tendency to form complexes with other ions. At a typical
groundwater uranium concentration of 10 M, uranium in U(VI) oxidation state forms stepwise
aqueous monomeric hydroxyl complexes such as UO,OH"; UO,(OH),’ (aq) and UO,(OH)s3’,
which dominate at pH greater than 4.0. However, at a higher uranium concentration (greater than
10" M), polynuclear hydroxyl complexes such as (UO,)»(OH),*" and (UO,)3(OH)s" may form
(Langmuir, 1997). In most natural waters, the uranyl ion reacts easily with anionic ligands such
as sulphate, phosphate and carbonate to form complexes. Carbonate and phosphate are important
ligands that influence U(V1) adsorption and transport in groundwater. At a commonly seen
groundwater sulphate concentration of 100 mg/L and phosphate concentration of 0.1 mg/L,
U0,S0,%and sparingly soluble UO,(HPO,),* complexes may be formed at a pH up to 7.0 and in
the pH range 4.0-7.5, respectively. Silica may form a weak complex of UO,SiO(OH);" at
approximately of pH 6.0 (Langmuir, 1978).

In most natural waters, uranyl ion forms strong carbonate complexes, which replace the
U(V1) hydroxyl complexes above pH 6.0 and at atmospheric CO, pressure of 10° bar
(Langmuir, 1978). Carbonate complexes are significant uranyl compounds and play a significant
role in the removal of uranium from contaminated water. These complexes increase the solubility
and mobility of uranium in the water (Jurgens et al., 2010). For the common groundwater carbon
dioxide (CO,) pressure of 10 atm., temperature of 25°C and at mildly acidic pH levels (5.0 to
6.5), uranium carbonate (UO,CO5° @) 1S the predominant species. Under neutral and slightly
alkaline conditions (pH range of 6.5 t07.5), the principal species is the UO,(CO3),>” complex and
at pH greater than 7.5, the principle species is the UO,(COs)s* complex. Uranyl hydroxyl
complexes such as (UO,)3(OH)s" can also be found, but generally in small percentages unless the
temperature is high or if the water were depleted of carbonate and at alkaline pH (greater than
10.0) (Langmuir, 1997; Clifford, 1999).

Recent studies analyzed the chemical composition of groundwater samples and modeled
the uranium speciation (Bernhard et al., 2001; Dong and Brook, 2006; Fox et al., 2006;
Gustafsson et al., 2009; Prat et al., 2009; Norrstrom and Lov, 2014). Norrstrom and Lov (2014)
reported the presence of two calcium-uranyl-carbonate complexes (Ca,U0,CO5° (agy and
CaUO,(CO3)s* ) in private drilled wells and found that their formation was dependent on the
calcium (Ca) concentration in the water. Both complexes comprised 20-80% of the total uranium
complexes in water with a pH range from 7.2 to 7.4. Other complexes found in the same pH
range were neutrally charged complexes UO,CO3’ (aq) (Up t0 19%) and UO,(OH),’ (aq) (Up to
14%). A total dominance (80-100%) of both calcium-uranyl-carbonate complexes was observed
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at a pH greater than 7.4. The neutrally Ca,U0,CO3’ (aq) cOmprised 45-85%; while the negative
charged CaUO,(COs)s* made up 20-50% of the total complexes under these conditions. In
general, the uncharged uranium complexes constituted 50-80% of the total complexes the pH
range from 6.7 to 7.8 (Norrstrom and Lol, 2014). Prat et al., (2009) also reported that the
uranium speciation was mainly Ca,U0,CO5° (agy and CaUO,(CO3)35* complexes in a pH range
from 7.9 to 9.0 in drilled wells in Southern Finland. Other studies determined the formation
constants for other alkali earth metals and suggested that M,UO,(COs)s and MUQO,(CO3)s*
complexes (M=Mg?*, Sr** and Ba?*) could have a potentially important role in the speciation and
environmental behavior of uranium (Kalmykov and Choppin, 2000; Dong and Brooks, 2006).

Uranium is also readily adsorbed to dissolved organic carbon (DOC). Artinger et al.
(2002) suggested that uranyl is almost completely sorbed to DOC at pH below 6.0. A fraction of
uranyl-DOM complexes (0% - 60%) was observed at a pH range from 6.3 to 7.2 in groundwater
samples. The large variation in the uranium organic complex fraction was attributed to the
competition from other complex-forming ions with the large impact of the carbonate species.
Other uranium complexes observed in the same pH range were U02C03 (ag) (10- 36%) UO,0H"
(10-29%) and UO,H5Si04” (4-11%) and to lesser extent UO,(CO3)s* (aq)s UO,(S0,)° (aq) and
UO,HPO,’ g (Norrstrom and Lov, 2014).

7.2 Municipal scale

The U.S. EPA (2010) lists four main technologies as best available technologies (BATS)
for the removal of uranium in drinking water: coagulation/filtration, lime softening, ion exchange
(1X) and reverse osmosis (RO). In addition to these technologies, activated alumina (AA), point-
of-use (POU)-RO and POU-IX, are identified by the U.S. EPA (2010) as Small System
Compliance Technologies (SSCTs).

In order to select the appropriate treatment system for uranium removal or to optimize an
existing system, it is important for utilities to have a good understanding of the uranium species
present in the source water. Studies indicate that uranium complexes and their charges (negative,
neutral or positive) affect the efficiency of treatment techniques such as coagulation and
adsorption (Ankomah, 1991; Bang and Meng, 2004; Fox et al., 2006; Favre-Reguillon et al.,
2008; Norrstrom and Lov, 2014). Norrstrom and Lov (2014) noted that to be able to identify the
effective treatment techniques for uranium removal, it is important to measure the most crucial
parameters responsible for uranium complex formation. Water quality parameters such as pH,
alkalinity, calcium, and total organic carbon (TOC) concentrations may help to identify which
uranium species dominate in the water. For the most accurate results, pH should be measured in
the field at the same time that the sample is collected (Bachman, 1984).

A utility should determine if the existing treatment technology is capable of removing
uranium even though it was not originally designed for this purpose. Because disposal options
may be limited, systems need to be aware of the types of residuals (liquid and/or solid) that will
be generated by each treatment process in order to determine whether the treatment will be
practical and affordable.

In selecting a treatment technology, utilities should also consider the characteristics of the
waste residual, including uranium and co-contaminant concentrations, in order to assess disposal
options and regulatory requirements.

7.2.1 Control options
Control options for reducing excess uranium level in drinking water do not typically
produce wastes that may cause disposal problems, do not require any additional operator training
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and are less expensive (U.S. EPA, 2016). Typical control options include switching to a new
source, blending, and interconnecting with and/or purchasing water from another water system
(U.S. EPA, 2012). Switching to another source may involve drilling a new well in an aquifer
containing low uranium levels, sealing off water producing zones containing high uranium
levels, or finding an uncontaminated surface water source. Before switching, attention must be
given to water quality of the new source so that it does not interfere with the existing treatment
process(es). Significant changes in water quality may require new treatment processes, impact
the distribution system, and cause other compliance issues. Switching to another source also may
be limited by the availability of new sources, existing water rights, and/or costs for transporting
the new source water to the treatment plant.

Blending involves diluting uranium concentrations of a contaminated source with another
source containing low concentration or no uranium. To minimize piping required to carry the
sources to a common mixing point, it would be ideal for the sources to be close to each other.
Blending usually occurs in a storage tank or a common header with resulting uranium
concentrations below the MAC. Similar to switching to another source, care should be taken to
any changes in water quality. Characterization of water quality must be carried out to ensure that
changes in water quality resulting from blending are assessed and that potential impacts to the
existing treatment processes and distribution system are determined (U.S. EPA, 2012). Also any
change in water quality should not cause other compliance issues.

When interconnecting with another water system, the recipient system must consider a
number of factors including if there is a nearby water supply that meets the uranium MAC; , if
this other system is willing to interconnect or consolidate and; if the interconnecting system can
handle increased demand (and associated residuals management) resulting from additional
customers. The water quality from the interconnecting system should be evaluated to ensure that
the water characteristics will not impact the distribution system. If the purchased (interconnected
system) water is more corrosive, it may cause leaching of lead or copper in the distribution
system. The impact of interconnection on water quality and the distribution system and costs are
considerations in the decision-making process (U.S. EPA, 2016).

7.2.2 Conventional coagulation/filtration

Conventional coagulation/filtration is one of the most common water treatment processes
used by larger water systems for removing particulates and turbidity from water supplies. The
removal of uranium by a coagulation process most likely occurs through adsorption and co-
precipitation of the dissolved uranyl complexes by the coagulant precipitates. The literature
indicates that uranium removal efficiency is affected mainly by water pH and the coagulant dose.
The optimum coagulant dose is dependent on the type of coagulant and the concentration of
uranium in the raw water (Lee et al., 1982; Hansen et al., 1987; Grafvert et al., 2002; Baeza et
al., 2006). In general, the uranium removal rates exceed 85% when using either alum or ferric
sulphate at a pH of 6.0 and 10.0. Ferrous sulphate was not as effective at pH 6.0 (44%) but had a
greater than 85% removal efficiency at pH 10.0 (Lee et al., 1982; Sorg, 1988; CH2M Hill, 2006).

Lee et al. (1982) attributed the pH dependency of uranium removal to the stability and
charge characteristics of the uranyl species and the iron/aluminum hydroxide precipitates. At pH
6.0, the charge of the predominant uranyl complex (UO,CO3") and aluminum hydroxide solids
are neutral, thus allowing them to agglomerate. In contrast, at pH 4.0, the charges of the
predominant uranyl species (UO,?* and UO,OH") and the aluminum hydroxide solids are
positive. At pH 8.0, the charges of the predominant uranyl species (UO,[CO3],>” and
UO,[COs]5*) and the aluminum hydroxide solids are negative. Electrostatic repulsion keeps the
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respective uranyl complexes from being attached to the metal hydroxide solids, causing low
uranium removals at pH 4.0 and 8.0. However, the high removals at pH 10.0 were attributed to
the formation and attachment of the uranium complex (UO,)s(OH)s" to the negatively charged
metal hydroxide solids. Since calcium carbonate (CaCQOj3) precipitates at pH> 9.5, the depletion
of the carbonate from the water may destabilize the uranyl-carbonate complexes and force them
to hydrolyze as a positively charged complex (Lee et al., 1982; Lee and Bondietti, 1983).

Full-scale uranium removal data are limited. Uranium concentrations in the raw and
treated water were analyzed at 20 coagulation/filtration plants that used either surface (17) or
groundwater (3) as drinking water sources (White and Bondietti, 1983). Among these plants, one
(Moffat Treatment Plant in Denver, Colorado) had a feed water uranium concentration of
15.8 ug/L, achieved a concentration of 4.0 pug/L (75% removal) using alum coagulant at pH 7.5.
However, the remaining 19 plants had less than 10.0 pg/L of uranium in their source waters and
little or no uranium removal was seen with iron or aluminum coagulants. Despite the low levels
of uranium removal achieved by these water treatment plants, Lee et al. (1982) indicated that a
more appropriate coagulant dose, an adjustment of the water pH or both may improve the
removal of uranium from drinking water.

A pilot-scale study using a 1-gpm chemical clarification system and uranium-laden well
water, with concentrations ranging from180.0 pug/L to 450.0 pg/L reported greater than 99.0%
uranium removal by ferric chloride (Hanson et al., 1987). The study observed a difference in the
uranium removal when the pH of the water was adjusted from 4.0 to 10.0. The best removals
were achieved using a dose of 30.0 mg/L ferric chloride, with 99.0% removal at pH 10.0
(< 2 pg/L in the filtered water) and 81% removal at a pH of 5.8 being reported. Lower removals
were observed at pH 4.0 (31.0%) and pH 8.2 (18.0%) at this same dose of ferric chloride.
Increasing the ferric chloride dose from 30.0 to 90.0 mg/L only slightly increased the removal
from 81.0 to 87.0% at pH 6.0 but did not improve the removal at pH 10.0 (Hansen et al., 1987;
Sorg, 1988).

Based on jar tests performed on pond water containing 83 pg/L uranium, removal
efficiencies in the ranges of 63 to 89% and 83 to 87% were observed at pH 6.0 and 10.0,
respectively, with ferric sulphate doses ranging from 10 to 25 mg/L (Lee et al., 1982; Lee and
Bondietti, 1983). Removal increased with increasing dose of ferric sulphate. However, at pH 4
and pH 8, the maximum removals observed were 18 and 43%, respectively, with a dose of
25 mg/L of ferric sulphate. Similar results were reported with ferrous sulphate coagulant in terms
of uranium removal being dependent on the pH of the water and the coagulant dose applied. The
range of removal efficiency achieved was 57 to 93% using a dose range of 10 to 25 mg/L ferrous
sulphate at pH 10.0. However, lower removals were observed at pH 8.0 (20%), pH 6.0 (44%)
and pH 4.0 (33%). With an alum dose of 10 mg/L, the removal efficiency was found to be 95%
at pH 10.0; at pH 6.0 the removal rate increased with increasing alum dose with an 88% removal
being observed with an alum dose of 25 mg/L. However, lower removal rates of 48% and 21%
were observed at pH 8.0 and pH 4.0, respectively, using this same dose. Although the study
obtained the best results for uranium removal at pH 10.0, the stability of the flocs should be
considered. In practice, alum is not used at pH values below 4 or greater 10 due to increased
solubility of the aluminum hydroxide solids (Lee et al., 1982).

Several limitations apply to the conventional coagulation process. The efficacy of
uranium removal by coagulation/filtration process depends on water quality parameters,
especially pH. While the efficiency of uranium removal increases at a higher pH, that of turbidity
removal does not under these conditions. For a hard groundwater system that uses coagulant in
addition to lime softening, it may be preferable to lower the water pH to 6.0 to address concerns
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over scaling caused by calcium and magnesium precipitating at pH 10.0. In this situation, the pH
of the water would subsequently need to be adjusted (increased) prior to entering the distribution
system.

The waste products from a coagulation/filtration facility include both liquid and solid
wastes. The liquid waste stream is consists of sedimentation waste and backwash water. The
solid waste comprises sludge (with radionuclide accumulation) and aged (spent) filtration media.
The filter media usually lasts several years before replacement is required and may contain
elevated levels of uranium. The uranium concentration of the media should be assessed to
determine if special precautions are necessary for waste disposal (CH2M Hill, 2005). Residuals
generated by conventional coagulation/filtration treatment should be assessed to determine if
they need to be disposed of in accordance with the Canadian Guidelines for the Management of
Naturally Occurring Radioactive Materials (NORM) (Health Canada, 2014). Clifford (2016a)
has estimated that for 50% removal of 40 pg/L uranium from the influent water, the resulting dry
sludge would contain 800 pCi/g Fe(OH)3(s).

7.2.3. Lime softening

Lime softening for calcium removal is typically accomplished at a pH range of 9.0-9.5,
while for magnesium removal, lime and soda ash and/or magnesium carbonate are added beyond
the point of calcium carbonate precipitation to form magnesium hydroxides precipitates (pH
greater than 10.5). Jar tests achieved 85-90% uranium removal in drinking water by lime
softening (Lee et al., 1982). Uranium removal of up to 99.0% was observed when magnesium
hydroxide precipitates are formed, either from natural magnesium in the source water or through
the addition of magnesium prior to the lime softening (Lee et al., 1982; Sorg, 1988).

Laboratory experiments (Lee et al., 1982; Lee and Bondietti, 1983) demonstrated that
with the addition of between 50 and 250 mg/L of lime alone and a pH in the range of 10.6-11.5,
the uranium removal from a pond water containing 83 ug/L could reach 85 to 90%. The
indigenous magnesium concentration in the pond water was 13 mg/L. With the addition of lime
doses greater than 100 mg/L and 120 mg/L magnesium carbonate, the uranium removals were
increased to 99% at pH levels in the range of 10.6 to 11.3 for this specific water. The authors
concluded that magnesium hydroxides precipitates play an essential role in uranium removal
from natural water by the lime treatment. It was suggested that due to the carbonate depletion of
the water at this high pH, the chemical state of the uranium species is converted to uranyl
hydroxide (UO2)s(OH)s", which would adsorb and/or co-precipitate with gelatinous magnesium
precipitates. The results also indicated that, at a pH between 8.5 and 10.6, lower uranium
removals (10 to 30%) would occur if only calcium carbonate or magnesium hydroxide
precipitates were formed during the lime softening process (Lee et al., 1982).

The lime softening process is relatively expensive and may be impractical to use for
uranium removal unless hardness reduction is a concurrent treatment goal. Lime softening
technology requires careful monitoring to ensure proper operation. The treated water may require
re-carbonation (to reduce pH) and the addition of corrosion-inhibiting chemicals to protect the
distribution system (to counter potentially altered corrosivity of the treated water due to the
removal of hardness and alkalinity) (U.S. EPA, 2012).

Treatment residuals generated by lime softening include sludge, backwash water and
spent media. The large quantity of uranium-laden residuals generated by the process may impact
disposal options and complicate the disposal process. Residuals generated by lime softening
should be assessed to determine if they need to be disposed of in accordance with the Canadian
Guidelines for the Management of Naturally Occurring Radioactive Materials (NORM) (Health
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Canada, 2014). Calculations indicated that for a 90% removal of 40 pg/L uranium, the typical
dry sludge can contain 135 pCi/g CaCOgz) (Clifford, 2016a).

7.2.4 lon exchange

lon exchange is a physicochemical process in which there is an exchange of ions in the
raw water with ions within the solid phase of a resin (cation or anion resin). Exchange resins
exhibit a degree of selectivity for various ions, depending on the concentration of ions in solution
and the type of resin selected. The ion exchange capacity and the selectivity of the resin are
important considerations when selecting a resin.

Both cation and anion resins have been evaluated and used for uranium removal. For
uranium removal, anion exchange resins would typically exchange chloride ions for negative
uranyl-carbonate complexes (UO,[COs],* and UO,[CO3]5"). Uranium anions are the ions most
preferred by SBA resins but their effectiveness may be limited when the sulphate concentration
in the source water is high. SBA resins can be operated at a wide pH range. As such, the benefit
of using SBA resin is the ability to operate without pH adjustment. Cation exchange resins
exchange the UO,** cation with hydrogen, sodium, or calcium ions at acidic pH (below 5.0).
Since the UO,** cation is significant only at low pH and the process would require adjustment of
the pH before and after the treatment, cation exchange is not a practical water treatment process
for removing uranium (Clifford and Zhang, 1995).

SBA resin in the chloride form is very effective and considered one of the most cost-
effective methods for removal of uranium especially for small community water systems
supplies (Sorg 1988; Clifford, 1999; Clifford et al., 2011). Factors affecting the anion exchange
process include water pH, influent uranium concentration, competing ion concentration
(especially sulphate), resin type, and alkalinity.

The effectiveness of the anion exchange process for uranium removal from drinking
water supplies have been studied using bench- and pilot-scale apparatus and at full-scale
treatment facilities (Lee et al., 1982; Lassovszky and Hathaway, 1983; Lee and Bondietti, 1983;
Hanson et al., 1987; Jelinek and Correll, 1987; Jelinek and Sorg, 1988; Sorg 1988; Zhang and
Clifford, 1994; Clifford and Zhang, 1995; Clifford, 1999; Gu et al., 2004; Phillips et al., 2008;
Malcom Pirnie, 2009).

Eleven small SBA systems installed in homes, schools, and community water systems at
several locations in Colorado and New Mexico, received different groundwater sources
containing from 22 to 104 pg/L of uranium, TDS concentrations from 166 to 1,200 mg/L and
sulphate concentrations from below 5 to 408 mg/L. After two years of continuous (360 gpd; 1.36
m?*/d) or intermittent (37 gpd; 0.14 m>/d) system operation, seven systems produced from 7,900
to 62,900 bed volumes (BVs) treated water with uranium concentrations below 1.0 pg/L and
reached uranium removals from 98.6 to >99.9%. The highest BVs were achieved by two of the
continuous systems: 62,000 BVs (99.6% removal) and 21,200 BVs (99.9% removal) after
treating influent uranium concentrations of 28 pg/L (3.0 mg/L sulphate) and 64 pg/L (124.0
mg/L sulphate), respectively. These studies demonstrated that the SBA resins had high
selectivity and capacity for uranium and treated various raw water qualities for long periods of
time (Fox and Sorg, 1987; Sorg, 1988). A small-scale anion exchange system consisting of two
parallel cartridge pre-filters and two pressure vessels filled with a SBA resin in series, was
installed at elementary school in Jefferson County, Colorado. The system was capable of treating
approximately 285,000 gallons of raw water with an influent uranium concentration in the range
from 40 t0o110 pg/L. The first vessel continuously produced treated water with uranium
concentrations below 1 pg/L during the six-month study period (Jelinek and Sorg, 1988).
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Another small-scale system effectively reduced uranium concentration of up to 200 pg/L in
groundwater to 2 pg/L with a run length of 85,000 BVs (Tamburini and Habenicht, 1992). Pilot-
scale studies, performed in New Mexico, using selected anion exchange resins consistently
removed 99.0% of the influent uranium levels (measured as 86 pCi/L-120 pCi gross alpha/L). A
treatment goal concentration of 1.0 pCi/L uranium (0.7-1.5 pg/L) was not observed at 64,000
BVs with a loading rate of 5 gpm/ft® (11.1 L/m/s) and at 33, 000 BVs with a loading rate of

2.5 gpm/ft® (5.6 L/m/s). The results from another pilot-scale study conducted in Arizona were
consistent with above results. An influent uranium activity of 13 pCi/L (8.7-19.4 ug/L) to

38 pCi/L (25.3-56.7 pg/L) was reduced to below 1pCi/L (0.7-1.5 pg/L) while treating greater
than 60,000 BVs at both flow rates (Jelinek and Correll, 1987).

Work performed by Zhang and Clifford (1994) confirmed that SBA resins in the
chloride-form possessed exceptionally high capacities for UO,(COs),> and UO,(CO3)s*
complexes. A macroporous polystyearene quaternary-amine SBA resin exhibited high capacity
for removing uranium from groundwater with a total hardness of 150.0 mg/L as CaCOg, chloride
concentration of 47 mg/L and a sulphate concentration below 1.0 mg/L at temperatures ranging
from 20-24°C. A pilot-scale column with an EBCT of 3.0 minutes received feed water with
110.0-125.0 pg/L of uranium concentrations at pH 7.6 to 8.2. The ion exchange unit treated
water to uranium levels below 6.0 pug/L with run length of 302,000 BVs (478 days). Uranium
concentrations below 1.0 pg/L were observed with run lengths of 260,000 BVs (99.2% removal)
and beyond this run length, the uranium leakage in the treated water slowly increased at a rate of
1.0 pg/L per 10,000 BVs. The total uranium loading on the column was 30 g/L resin,
corresponding to 7.8 x10* pCi/g dry resin (equivalent to 2.21 Ib U;Og/ft anion resin). Generally,
such long runs would not be used in water treatment practice due to the fouling and waste
disposal problems (Zhang and Clifford, 1994).

Uranium and radium are often found in close proximity due to the same natural
radioactive decay chain. Scott and Barker, (1969) revealed numerous cases of the simultaneous
presence of uranium and radium in the water supplies. In a pilot-scale study, a combined ion
exchange process was evaluated for a simultaneously removal of radium and uranium from
groundwater (Clifford and Zhang, 1995). The process used was a modified ion exchange
softening, in which an appropriate amount of SBA resin was added to a water softener to reduce
25.0 pCi/L radium and 120.0 pg/L uranium in groundwater. The tests were conducted with
mixed (mix of strong acid cation resin [SAC] and SBA resin) and stratified (layer of lighter
anion resin over cation resin) beds. The beds were tested either in single-use and cyclic modes. A
virgin mixed bed (25% SBA/75% SAC), was run to exhaustion with radium breakthrough (5
pCi/L) occurring at about 2,100 BVs, which correspond to 2,830 BVs for the SAC bed alone;
while the uranium breakthrough (20 pg/L) was not reached until 65,000 BVs, corresponding to
260,000BVs based on SBA resin. The mixed bed operated for 309 days with a total BVs
throughput of 135,000 BVs, corresponding to 540,000BVs for the SBA resin and total uranium
loading of 40 g/L anion resin. Tests conducted with different mixed depth beds (2.5, 5.0 and 10%
of SBA resin) showed that 5-10% anion resin in a mixed bed would be adequate for combined
uranium and radium removal by water softening treatment. In general, the mixed bed produced
less uranium and radium leakage in the treated water than the stratified bed when both beds were
tested in cyclic down- flow regeneration mode (Clifford and Zhang, 1995).

A predictive computer model showed that a decrease of the influent uranium
concentration from 120 pg/L to 20 pg/L would increase the run lengths from 300,000 BVs to
815,000 BVs. This high sensitivity of the run lengths to the uranium concentration was explained
by the fact that uranium is a highly preferred species and occupies a significant fraction of the
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resin sites at exhaustion (Zhang and Clifford, 1994). Significant water pH changes can greatly
affect uranium removal due to the changes of the uranium carbonate complexes and the available
carbonate concentration in the feed water. Zhang and Clifford, (1994) reported that uranium
removal was not impaired when the pH was lowered from a range of 7.6-8.2 t0 5.8. The
researchers attributed the unexpectedly good performance at this lower pH to conversion within
the resin of UO,CO3" (dominant species at 5.8) to UO,(COs),>~ and UO,(CO3)s* using the
HCOj3 ions present in the feed water. However, when the pH was further reduced to 4.3,
uranium leakage occurred immediately after system startup and a virgin column was completely
exhausted at 6,000 BVs, presumably caused by the formation of UO,** (Zhang and Clifford,
1994).

Traditional SBA resins are impacted by sulphate ions. The computer simulation model
predicted that the run length would be significantly reduced from 300,000 BVs to 135,000 BVs
if sulphate concentrations were increased from 0 to 64 mg/L (Zhang and Clifford, 1994).
Another factor that would be of concern when using ion exchange process is chromatographic
peaking, which causes the less preferred ion to exit the resin bed at a higher concentration than
their influent concentration. Because uranyl-carbonate complexes possess high affinity to SBA
resins, chromatographic peaking should not be a major concern, relative to other anionic
contaminants, such as arsenic. No uranium chromatographic peaking has been reported in the
literature.

Typically, when a resin bed is exhausted, it is regenerated with a concentrated solution of
ions initially exchanged from the resin. In spite of the high affinity for uranyl-carbonate
complexes, regeneration of ion exchange resins can be easily accomplished with saturated
sodium chloride (NaCl) solution. The uranium recovery efficiency from the exhausted SBA resin
is strongly dependent on the NaCl concentration. In general, increasing the NaCl concentration
results in increased uranium recovery at a fixed regeneration level (i.e., the mass of the NaCl
used). Further increasing the regeneration level beyond 4 eq Cl/eq resin (423 g NaCl/L resin)
would not improve the recovery. Zhang and Clifford, (1994) observed that the addition of NaOH
to the NaCl regenerant solution greatly reduced recovery of the uranium. This was attributed to
the formation of uranium precipitates at high pH levels. The precipitates that were formed (i.e.,
sodium pyearouranate and uranium oxides) were retained in the resin pores or stuck to the resin
structure and not eluted by the regenerant. A reduction in regeneration efficiency was also
observed when Na,CO3; and NaHCO; were added to NaCl solution (Zhang and Clifford, 1994).

Treatment residuals generated by ion exchange may include brine, backwash water, rinse
water, and spent resins. The quantity and the concentration of uranium in the waste streams are
site specific and depend on the method of plant operation and the type of regeneration used (U.S.
EPA, 1996). Most conventional SBA resins have a high uranium removal capacity and treatment
runs can last as long as year or more. Utilities may decide to regenerate the resin bed more
frequently to produce regenerants containing lower levels of uranium in order to meet applicable
disposal requirements. Clifford (1999) indicated that a cyclic run length ranging from 30,000 to
50,000 BVs would be appropriate for uranium removal in drinking water. Calculation indicated
that if the feed water contains 40 pg/L the waste brine will contain approximately 80,000 pCi/L
for a 30,000 BVs run length (Clifford, D.A., 2016a). However, frequent regeneration of the
exhausted SBA resin can result in more chemical consumption and more liquid waste (such as
spent regenerant and rinse water) and, perhaps, a shorter resin life (due to attrition and/or loss).

Since long runs with SBA resin may produce a liquid waste stream containing high levels
of uranium, utilities may choose to regenerate more frequently than needed for uranium removal
(i.e., after only a few hundred BVs). However, this has been shown to cause corrosion issues
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(i.e., leaching of copper and lead) (Lowry, 2009, 2010) because ion exchange reduces alkalinity
and causes the treated water pH to be lowered during short runs (Clifford, 1999; Wang et al.,
2010Db).

To avoid waste streams containing high levels of uranium, which are not suitable for
disposal to a sanitary sewer system, utilities may prefer not to regenerate the exhausted resin.
The ion exchange process using a single-use resin is less expensive, easier to operate and
maintain than a process that includes regenerating the resin. Single-use SBA resin does not
require equipment and chemicals necessary for resin regeneration and it does not generate any
liquid waste. The only waste product from this process is the exhausted media. These
considerations make single-use ion exchange process a more viable option for uranium removal.

A few limitations exist when using anion exchange technology. Freshly regenerated IX
resin removes bicarbonate ions, causing reduction in pH and total alkalinity during the initial 100
BVs of a run. The process will typically reduce alkalinity and lower the treated water pH to less
than 6.5 during the first 100 BVs and the treated water pH will reach the same level as the pH of
the feed water after approximately 400 BVs. Raising the pH of the treated water may be required
at the beginning of the run (100-400 BVs) to avoid corrosion and resulting lead and copper
problems in the distribution system (Clifford, 1999; Wang et al., 2010b; Clifford et al., 2011).
Anion exchange resins can be damaged by oxidants such as chlorine. If pre-chlorination cannot
be avoided, the chlorine dose rate must be carefully controlled and monitored so that the chlorine
concentration entering the ion exchange system is low. Resin fouling also may be a concern if
the source water contains elevated levels of particulates, metals (such as iron and manganese),
and/or dissolved organic matter (DOM). To preserve the bed life, pretreatment may be needed to
remove these organic and inorganic foulants. The use of pretreatment will add complexity to the
system, increase costs, and, perhaps, complicate residual disposal.

7.2.5 Membrane filtration

Reverse osmosis is a process that moves treated water (or permeate) across a semi-
permeable membrane against the concentration gradient, when a pressure higher than the
osmotic pressure is exerted on the side with the concentrated solution. The remainder of the feed
water along with rejected contaminants is discharged as a concentrated waste stream. The
effectiveness of the process and the amount of reject water produced are heavily dependent on
the water quality, membrane properties, and size and charge of contaminant ions. Because the
presence of chlorine residuals, particulates, and scale-forming ions (i.e., calcium, barium, iron,
and silica), in the feed water can adversely affect RO performance, pretreatment is often required
to preserve membrane life.

Information on the effectiveness of RO technology to remove uranium in drinking water
is limited at the municipal scale. However, studies involving pilot- and full-scale evaluations of
the effectiveness of commercially available POU-RO units for uranium removal at the
residential-scale are discussed in Section 7.5.

A pilot-scale study (Huxstep and Sorg, 1988) evaluated the performance of four RO
membranes for uranium removal in groundwater with average concentrations in the range 277 to
682 ug/L. The membranes operated under different operating conditions (pressure and water
recovery) according to the manufacturers’ specifications. All four membranes achieved greater
than 99.0% removals of uranium for up to 74 days of intermittent system operation. Uranium
concentrations were reduced to 2.8-6.8 ug/L, on average.

Nanofiltration (NF) membranes have been tested for their efficiency to remove uranium
from drinking water. Studies indicated that the NF membranes effectively rejected (95-98%)
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uranyl-carbonate complexes UO,(COs),*" and UO,(CO3);* which most commonly occur in
natural waters (Raff and Wilken, 1999; Favre-Reguillon et al., 2008; Malcolm Pirnie, 2009). A
pilot-scale study evaluated two commercially available flat sheet NF membranes to remove
uranium and gross alpha activity in groundwater. The membranes reduced a feed uranium
concentration of 44 pg/L to a range of 1.0 to 2.0 pg/L (95% to > 98% rejection) when they were
operated at both 30% and 80 % recovery. As expected ion rejection was higher when the
membranes operated at 30% recovery (Malcolm Pirnie, 2009). Laboratory tests conducted with
an NF flat, thin film composite membrane (MWCO 150-300 Da) achieved 95% rejection of
uranium from a spiked feed concentration of 20.0 pg/L with a permeate (i.e., treated water)
uranium concentration below 1.0 pg/L. The rejection was due to the charge effects between the
uranyl-carbonate complexes and the charged surface of the membrane (both negatively charged)
and dependent on the ionic strength (Favre-Reguillon et al., 2008).

Despite limited information, both RO and NF membrane processes have been shown to
be effective for the removal of uranium in drinking water. However, disadvantages of RO
include higher costs due to the energy needed for achieving the high pressure required and the
extensive pre-treatment to preserve the membrane’s life. Another disadvantage is the production
of a large amount of reject water (ranging from 10% to 70%) (U.S. EPA, 2012). NF membranes
can remove uranium with lower energy requirements and with higher water recovery (less reject
water) as compared to RO membranes. Site-specific testing is recommended to determine the
design criteria, potential fouling and pre- and post-treatment needs when utilities consider NF
treatment.

Limitations of the RO process include possible membrane scaling, fouling, and failure as
well as higher energy and capital costs. Calcium, barium, and silica can cause scaling and
decrease membrane efficiency. Colloids and bacteria can cause fouling. Both scaling and fouling
will increase pressure drop, thus decreasing membrane life and increasing energy costs. Pre-
treatments such as softening and cartridge filtration and/or membrane cleaning can help obtain
acceptable membrane run times. Chlorine can damage RO membranes and should be quenched
using de-chlorination chemicals or GAC. Since RO continually and completely removes
alkalinity in water, it will continually lower product water pH 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).

The waste products from the membrane processes include both liquid and solid residual.
The liquid residual streams are comprised of backwash wastewater from the pre-treatment
membranes, brine from the RO membranes as well as waste from clean-in-place chemicals. The
solid residual consists of spent membranes with a potential of radionuclides contamination (U.S.
EPA, 1996; 2004). The quantity and concentrations of uranium in rejected water depend on the
concentration of the contaminant in the source water, the removal rate and the fraction of the
water rejected. A pilot plant RO study reported uranium concentrations ranging from 301 pg/L to
1,125 pg/L in rejected water from three different RO membranes. The broad range was a result
of the wide range of uranium concentration in the feed water (154-682 ug/L) and recovery rates
from 10.4% to 50% of the individual membrane tested (U.S. EPA, 1996).

7.2.6 Activated alumina and other adsorptive media technology

Although listed as SSCT, activated alumina (AA) is not very effective in removing
uranium from water supplies, based on results of a bench-scale study performed by the U.S.
EPA. The results indicated that the run lengths were not as high as with anion exchange resins.
During a six-cycle test run, only 1,600 to 2,000 BVs were achieved before reaching initial
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breakthrough at around 1 pg/L (the feed water contained 273-432 ug/L of uranium) (Clifford
and Zhang, 1995).

Studies investigating granular activated carbon (GAC) for uranium removal found that
GAC had only limited capacity for uranium removal and that adsorption efficiency strongly
depended on water pH (Lee et at., 1982; Clifford and Zhang, 1995). In a field test, four different
types of GAC were tested at various water pH levels. At pH in the range 7.8-8.2, all types of
GAC achieved less than 5.0% removal of uranium from a feed concentration in the range 67.0-
90.0 pg/L. Improved uranium removal was observed at pH 5.8, where the predominant
uncharged uranium carbonate complex UO,CO3 was readily removed by adsorption onto GAC.
The effluent concentrations reached 10.0 pg/L at 800-5,000 BVs and 20.0 pg/L at 2,500-8,500
BVs depending on the type of GAC tested (Clifford and Zhang, 1995). Lee et al., (1982) reported
similar results in terms of the dependency of GAC removal efficiency on the water pH. A 95.0%
removal was achieved at pH below 6.4, while the lowest removal of 1% was reported for pH
greater than 9.1.

In recent years, a number of single-use absorptive media (AM) products, such as iron-
based media (granular ferric oxide [GFO] and granular ferric hydroxide [GFH]), hybrid ion
exchange resin (HIX), titanium-based media (Metsorb G and Adsorbsia GTO) have been
developed for arsenic removal and have demonstrated an ability to remove uranium in drinking
water (Katsoyiannis, 2006; Westerhoff et al., 2008; Yusan and Akyil, 2008;Coonfare et al.,
2010; Wang et al., 2010a; Chen et al., 2011a). ArsenX"™, a macro-porous
polystyrene/divinylbenzene media, utilized hydrous iron oxide nanoparticles (for arsenic
removal) impregnated into a SBA resin (for uranium removal). A full-scale ArsenX" system was
found to remove an average of 33.2 pug/L uranium from a California groundwater to below 0.1
ug/L at pH 6.9. The system consisted of two bag-filters for sediments/particles removal,
followed by two parallel HIX media vessels. The single-use vessels treated 32,000 BVs with
average flow rate 23 gpm (1.45 L/s) and an average EBCT of 8.8 minutes each (Wang et al.,
2010a).

A longer run length was achieved during a Rapid Small-Scale Column Test which also
used ArsenX"” media to reduce a uranium concentration of 56.0 pg/L in groundwater
(Westerhoff et al., 2008). Uranium concentrations of greater than 1.0 pg/L were not observed
even in the samples collected when complete arsenic breakthrough occurred at 50, 000 BVs.
However, ArsenX™ is no longer available on the market. Similar hybrid SBA iron oxide media
are available from other suppliers for the removal of arsenic from drinking water (e.g.,
ResinTech, LayneRT, LeWatit). However, no specific data on uranium removal was provided for
these AM.

At another U.S. EPA arsenic demonstration site in New Mexico, two vessels in a parallel
configuration loaded with the iron-based AM AD-33 removed an average uranium concentration
0f 39.3 ug/L in groundwater to below 20.0 ng/L. During the evaluation period, the average flow-
rate was 114 gpm (7.2 L/s), corresponding to an EBCT of 4.7 min. To enhance arsenic removal,
the feed water pH of 8.5-8.8 was adjusted to 7.0-8.0 using carbon dioxide. However, the
treatment system experienced periodic losses of pH control due to the lack of a constant CO,
supply, resulting in real-time pH values cycling between 7.0 and 8.0 and over 9.0. Elevated
uranium concentrations, often higher than the corresponding source water concentrations, were
measured in the treated water during a number of sampling events, presumably due to the loss of
pH control during system operation (Coonfare et al., 2010).

Single-use AM generally achieve lower BVs compared to conventional SBA resin (Wang
et al., 2010a). This may be a consideration when assessing overall cost and operational
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requirements. The effectiveness of AM products is affected primarily by factors such as uranium
concentration, pH, competing anions in the source water and the type of the AM product. Each
AM type has unique service characteristics, such as zeta potential and point of zero charge (PZC)
that are related to the base material. Measured in millivolts (mV), zeta potential is the charge that
develops at the interface between a solid surface and its liquid medium. PZC is the pH value at
which a solid in a liquid medium exhibits zero net electrical charge on the surface. Therefore,
when the liquid medium pH is lower than the PZC, the solid surface is positively charged.
Conversely, when the liquid medium pH is higher than the PZC, the solid surface is negatively
charged. For example, the PZC is approximately 8.0 for iron oxides/hydroxides (Bang and
Meng, 2004; Ankomah, 1991), 5.8 for titanium dioxide (Wazne et al., 2006), and 3.0 for
amorphous silica (Persello, 2000). Therefore, at pH values typically encountered in water
treatment plants (between 7.0 and 8.0), where uranium exists predominantly as UO,(CO3),*
and/or UO,(COs)s*", substantial removals are expected only when using iron oxides/hydroxides.

One key limitation of the AM technology is media integrity. Some media can disintegrate
and produce fines and if significant fines are produced, the media beds must be backwashed
periodically to remove them. Frequent backwashing, however, can adversely affect the media
due to attrition (Westerhoff et al., 2008; Coonfare et al., 2010). For some media, adjusting
influent pH using an acid or a base can increase media capacity and prolong media life.
However, adjusting pH adds a complexity to system’s operations and maintenance. The pH of
the treated water may also need to be adjusted to avoid corrosion in the distribution system.
Additionally, some media may dissolve if the pH is too acidic or basic. Similarly to IX resins,
some media can be regenerated, but the regeneration also adds complexity to a system’s
operations and maintenance, including liquid waste disposal. As a result, single-use media are
generally preferred by water utilities (Wang et al., 2010a). When using a media to remove
multiple contaminants, issues with optimizing removals for all contaminants can be complex. For
example, arsenic removal by activated alumina is optimum at a pH between 5.5 and 6.0. At this
pH, however, uranium exists as a neutral molecule and may not be removed as effectively.

7.2.7 Other technologies

Other water treatment technologies for uranium are being studied but are still primarily in
the experimental stage and/or have no published information on the effectiveness of full-scale
application.

7.2.7.1 Other membrane technologies

A ligand-modified, polyelectrolyte-enhanced ultrafiltration (LM-PEUF) process uses
organic ligands that selectively complex the target ions and electrostatically bind them to
cationic polymer, producing a filtrate with a low concentration of the target ion. Many inorganic
ligands form complexes with metals in agueous solution. Of particular interest for inorganic-
ligand modified (ILM-PEUF) studies for uranium removal, are multivalent anionic U(V1)
carbonate complexes such as UO,(COs)s*. In laboratory experiments, ILM-PEUF membranes
showed potential for uranium removals (e.g., >99.6% removal from 0.1 mM to below the
detection limit of 0.355 uM uranium) using polyelectrolyte and carbonate (Roach and Zapien,
2009).

In the direct contact membrane distillation (DCMD) process, another type of membrane
process, the saline water, containing the contaminants of interest, is passed on one side of a
hydrophobic, porous membrane while a colder water stream flows on the other side to directly
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condense the permeate water (Yarlagadda et al., 2011). A study investigating DCMD reported
greater than 99% rejection of uranium from10 to 400 pg/L from synthetic brackish water.

7.2.7.2 Titanium dioxide adsorption

A novel nanocrystalline titanium dioxide was used to treat uranium contaminated
groundwater. The adsorbent was capable of reducing both uranium concentrations of 5.2 and
0.7 mg/L to below 10 pg/L achieving approximately 8,000 BVs and 11,000 BVs, respectively.
The study reported a reduced capacity of titanium dioxide to remove uranium from water in the
presence of inorganic carbonate at pH greater than 6.0. The authors concluded that the reduced
uranium removal in the presence of carbonate was not the result of competition for adsorption
site by carbonate and uranium, but rather from the aqueous complexation of U(V1) with
inorganic carbonate. The nanocrystalline titanium dioxide exhibited adsorption capacity 4 times
greater than the capacity of the commercially available titanium dioxide (Wazne et al., 2006).

7.2.7.3 Clinoptilolite adsorption

Several authors evaluated the feasibility of natural clinoptilolite for uranium removal
from drinking water (Akyil et al., 2003; Aytas et al., 2004; Camacho et al., 2010). Camacho et al.
(2010) found that the silica to alumina ratio for the specific clinoptilolite tested in their study
(Si/Al = 5.0) had relatively high negative charges thus, attracting the positively charged
hydroxide uranium (V1) species in water. The study showed that the natural clinoptilolite can
effectively absorb uranium from water at different pH levels and different uranium
concentrations. The maximum uranium removal of 95.6% was achieved at an initial uranium
concentration of 5mg/L and pH of 6.0. The minimum adsorption (not reported) was observed at
pH 9.0 (Camacho et al., 2010). A study reported that manganese oxide coated zeolite effectively
adsorbed U(V1) from aqueous solution (Han et al., 2007). The adsorption capacity was strongly
dependent on the initial pH, feed uranium concentration and the presence of competing ions such
as Cu(I) and Zn(I1).

7.3  Residuals management

To assess disposal options and regulatory requirements, systems need to characterize the
waste stream (residuals) generated by taking into consideration the treatment technology used,
the characteristics of the source water including the influent uranium concentration, the presence
of co-occurring radioactive isotopes and the concentrations of other contaminants in the waste
residual. Treatment technologies produce a variety of solid waste residuals (e.g., spent resin,
spent filter media, spent membranes, sludge) and liquid waste residuals (e.g., brine, backwash
water, rinse water, acid neutralization streams, concentrate). The characteristics and the uranium
concentration in the residuals will vary with the treatment technology used and its efficiency
(e.g., frequency associated with media replacement, regeneration, and filter backwash). Utilities
should conduct pilot tests of the treatment technologies to determine, for example, the
regeneration schedule when using 1X and associated waste residuals. Despite the fact that
uranium naturally emits low levels of radiation, radioactivity can vary in the residuals generated,
depending on the factors listed above, and special precautions may be required when this waste
stream is treated, stored, disposed of or transported. Operators may need special training to deal
with these residuals.

Residuals generated by drinking water treatment facilities should be assessed to
determine if they need to be disposed of in accordance with the Canadian Guidelines for the
Management of Naturally Occurring Radioactive Materials (NORM) (Health Canada, 2014). The
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appropriate authorities should be consulted for the disposal of liquid and solid waste residuals
from the treatment of drinking water containing radionuclides. A list of provincial and territorial
radiation protection regulatory authorities can be found at: www.hc-sc.gc.ca/ewh-
semt/radiation/fpt-radprotect/index-eng.php.

A web-based tool can also be used to estimate the removal efficiency of radionuclides
and co-contaminants from drinking water and estimate the radioactive concentration in the waste
residual (U.S. EPA, 2005). Residential-scale POU devices are generally not expected to contain
enough radioactivity to warrant special precautions by homeowners.

7.4 Uranium in the distribution system

Accumulation of uranium in distribution system piping may occur and is influenced by a
variety of factors, including uranium concentration, pipe material, co-occurrence of iron and
manganese in the pipe scale deposits, pH and redox conditions in the distribution system.

Studies assessed the accumulation of several inorganic contaminants and radioactive
isotopes in drinking water distribution systems (Friedman et al., 2010; Lytle et al., 2014). Lytle
et al. (2014) found that total uranium levels in the solids samples (pipe scale deposits and
hydrant flush solids) collected from 12 different water utilities ranged between 0.9 pCi/g and
17.0 pCi/g (estimated concentration ranged from 0.6 to 25.3 pg/g). The authors indicated that
uranium was the smallest contributing element for the total sum of radioactivity (sum of gross
alpha, gross beta, radium, thorium and uranium) in any individual solid sample. Z*%**U isotopes
were the dominant fraction of total uranium with levels ranging between 0.4 and 9.0 pCi/g
(average 3.8 pCi/g [2.5-5.7 pg/g]). The 28U isotope was the second most abundant isotope with
a concentration ranging between 0.3 and 5.5 pCi/g (average 1.9 pCi/g [1.3-2.8 pg/g]). The third
most abundant uranium isotope was **U with concentrations ranging between 0.0 and 3.0 pCi/g
(average 0.6 pCi/g [0.4-0.9 pg/g]). In most samples the 2*°U isotope was measured at the
detection limit (not reported). The distribution of 2*¥?**U, 28U, **U, and %*U to total uranium
was 60%, 30%, 9%, and 1%, respectively.

Uranium can enter the drinking water distribution systems in soluble or insoluble form.
Friedman et al. (2010) and Lytle et al. (2014) reported that the factors most strongly influencing
uranium accumulation in the distribution system appear to be uranium concentration in the water
and the co-occurrence of iron and manganese solids in scale deposits on distribution system pipe
walls. Of the 12 inorganic constituents studied by Freidman et al. (2010), uranium was the eighth
most concentrated trace element found in scale deposit samples, with a median concentration of
0.95 pg/g (0.0001 wt %). Uranium concentrations greater than 15.5 pg/g (approximately 0.002
wt %) were measured in scale deposit samples from pipes such as unlined cast iron, steel and
galvanized pipes which were exposed to uranium concentrations of 0.4—110.0 pg/L in the treated
waters and had a predominance of iron and/or manganese in the scale matrices. The highest
accumulated uranium concentration of 113.0 pg/g (0.01 wt %) was measured in scale deposit
formed on a high-density polyethylene (HDPE) pipe. The pipe specimen was exposed to water
with an average uranium concentration of 110.0 pg/L for a period of eight years and had a thick
layer of manganese-rich deposit (Friedman et al., 2010). Similarly, Friedman et al., (2016)
reported a low level of uranium present in solids collected from hydrant flushing. The mass of
solids collected ranged between 4.36 g and 21.6 g. The total mass of uranium measured in the
solids ranged from 1.0 ug to 14.0 pg (0.00001 to 0.0001 wt%). Based on these results, the
accumulation of uranium in distribution systems is not considered significant relative to other
common matrix elements such as iron, manganese, calcium and aluminum.
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Uranium in the U(V1) oxidation state (prevalent in chlorinated water) (Friedman et al.,
2010) can precipitate, and adsorb to the solids (i.e., corrosion by-products) or sediments or can
accumulate in biofilm (Dodge et al., 2002; O’Loughlin et al., 2003; Shuibo et al., 2009; Peng and
Korshin, 2011; Lytle et al., 2014, Stewart et al., 2015). Iron minerals, including those associated
with corroding iron from drinking water mains, exhibit a strong tendency to adsorb and
accumulate uranium (Schock et al., 2005; Lytle et al., 2014). In laboratory experiments, Dodge et
al. (2002) investigated the association of uranium with the amorphous and crystalline forms of
iron oxide compounds commonly formed on corroded steel surfaces. The authors reported that
U(VI) adsorbed and co-precipitated with the iron oxides at concentrations ranging from
4.8 pg/mg (0.5 wt%) green rust (mixed ferric/ferrous hydroxides) to 6.8 pg/mg (0.7 wt%)
lepidocrocite mineral [y-FeO(OH)] (Dodge et al., 2002). However, O’Loughlin et al. (2003)
observed that a green rust might reduce U(V1) to U(IV) and immobilize uranium as enmeshed
nanoparticles (UO,).

An ineffective removal of iron from raw water containing uranium could result in the
passage of radionuclide-containing particles directly into the distribution system (Shock et al.,
2005). Uranium has been reported to migrate in groundwater as extremely small colloids or
nanoparticles of varying composition such as phosphates, iron oxyhydroxides, clays, and/or iron-
coated clays (De Putter et al., 2002; Painter et al., 2002; Wieland et al., 2004). These small
particles are of potential concern in drinking water since they can pass through the treatment
processes, and accumulate in the distribution system (Schock et al., 2005).

Since phosphates can form chemical precipitates with a variety of oxidized metals
(Friedman et al., 2010), the formation of uranyl-phosphate crystalline phases is also a potential
accumulation mechanism for uranium in the distribution system (Arey et al., 1999; Dodge et al.,
2002; Fuller et al., 2002). Hydroxyapatite, a common phosphate mineral deposit formed in
drinking water systems, has been shown to adsorb uranyl complexes, resulting in formation of
several insoluble compounds such as autunite, meta-autunite, and phosphuranylite (Fuller et al.,
2002). Peng and Korshin (2011) found that uranium was associated with the mobile (31.2%),
organic (22.6%) and carbonate (16.2%) fractions of corrosion scale, and that approximately 50%
of the uranium was found to be in the dissolved fraction. The notable contributions of organic-
bound fractions (22.6%) of uranium may indicate that biofilms and natural organic matter in the
distribution system play an important role in the accumulation of uranium (Peng and Korshin,
2011). A previous study found that calcite (CaCO3) and other solid carbonate minerals strongly
sorb uranium. Such minerals are common in corrosion scales and especially in the hydrant flush
solids (Rihs et al., 2004).

Mobilization of uranium from the pipe scales could be initiated by several factors
including water quality parameters such as pH changes (sorbed uranium), change of the
oxidation conditions that could oxidize an immobilized U(IV) to a soluble U(VI) species,
microbial transformation of the iron oxide or oxyhydroxide substrate (Schock et al., 2005). The
presence of phosphate in the water may compete with U(V1) for surface sites on iron oxides or
compete with the iron surface sites for coordination of U(VI) by forming aqueous U(VI)-
phosphate complexes. These effects decrease U(VI) adsorption on iron oxyhydroxides and can
cause its mobilization (Cheng et al., 2004; Schock, 2005; Friedman et al., 2010).

Friedman et al., (2010) reported an estimated uranium mass of 0.56 Ib accumulated on a
100 mile pipe length (based on a 12 inch diameter pipe). The authors noted that theoretically
60% to 85% of the scale deposit would need to be released to exceed the U.S. EPA’s drinking
water standard for uranium of 30.0 pg/L.
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7.5  Residential scale

In cases where uranium removal is desired at the household level, for example when a
household obtains its drinking water from a private well, a residential drinking water treatment
device may be an option for reducing uranium concentrations in drinking water.

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 International (NSF)/American National
Standards Institute (ANSI) drinking water treatment unit standards. 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);

e Bureau de normalisation du Québec (www.bng.qc.ca); and

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

An up-to-date list of accredited certification organizations can be obtained from the SCC
(2018).

Although there are no certified residential treatment devices for the reduction of uranium
from drinking water, there are several treatment technologies that can be effective for uranium
removal at the residential-scale. Available data discussed under Sections 7.2.4 and 7.2.5 suggests
that ion exchange and RO are effective and can achieve treated uranium concentrations below
the MAC in the home’s drinking water.

Selection of the most effective treatment system for a household will depend on a variety
of factors including the concentration of uranium and other parameters such as hardness, iron,
alkalinity and sulphide present in the source water.

A technology demonstration project (Lewis et al., 2007) evaluated the effectiveness of a
POU-RO in removing arsenic, nitrate, and uranium at nine participating residences. The
treatment process consisted of POE water softeners and POU-RO unit. Softening of the source
water was performed as a pre-treatment to meet the feed water quality requirements for the RO
unit. The POU-RO unit consisted of a pre-filter and an RO module with a thin film composite,
semi-permeable membrane element. The POU-RO units were capable of producing up to 35.5
gpd (0.13 m®/d) of permeate water and operated at 37.0% recovery. Uranium was removed from
23.4 to 31.0 pg/L in raw water to below 0.1 pg/L in the treated water.

Huikuri et al. (1998) evaluated a small commercial POE-RO system for simultaneous
removal of uranium and salinity from bedrock water supplying a private home. During an eight-
month period, the spiral wound thin film composite RO membrane (100Da) removed greater
than 99.0% of the uranium feed concentrations of 90.0 pg/L.

RO systems are intended for POU installation, as larger quantities of influent (incoming)
water are needed to obtain the required volume of treated water, which is generally not practical
for residential-scale point-of-entry systems. RO systems should only be installed at POU as the
water they have treated may be corrosive to internal plumbing components. A consumer may
need to pre-treat the influent water to reduce fouling and extend the service life of the membrane.
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lon exchange treatment systems for residential use are typically designed and constructed
for POE installation by drinking water treatment system providers or dealer. Health Canada
strongly recommends that any chemicals and components used in these treatment systems be
certified to NSF/ANSI Standard 60 (NSF/ANSI, 2017a), 61 (NSF/ANSI, 2017b) and 372 —
(NSF/ANSI, 2016). Reverse osmosis systems are covered in NSF/ANSI Standard 58
(NSF/ANSI, 2017c).

Before a treatment device is installed, the water should be tested to determine general
water chemistry and verify the presence and concentration of uranium. 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. Treatment devices lose their
removal capacity through usage and time and need to be maintained and/or replaced. Consumers
should verify the expected longevity of the components in their treatment device according to the
manufacturer’s recommendations and service it when required.

8.0 Kinetics and metabolism

The majority of uranium (>95%) that enters the body leaves via the feces rather than
being absorbed (ATSDR, 2013). Uranium absorbed from the intestines, the lungs or skin enters
the bloodstream and is then rapidly deposited in the tissues (mostly kidneys and bone), or
excreted in the urine (Priest, 2001; Dublineau et al., 2005).

8.1  Absorption

Human and animal studies show that absorption of uranium via all routes is generally
quite low (Arzuaga et al., 2015). Based on animal studies, the small intestine is the site of
absorption following oral exposure, with little to no absorption occurring in the buccal cavity,
stomach and large intestine (LaTouche et al., 1987; Dublineau et al. 2005; Konietzka, 2015).

In human studies, values for gastrointestinal (GI) absorption of uranium by adults
calculated based on uranium excretion in urine and feces, varied from <0.1 to 6.5% (central
estimate of 1 to 1.5%) (Hursh et al., 1969; Wrenn et al., 1989; Harduin et al., 1994; Leggett and
Harrison, 1995; Karpas et al., 1998; Limson Zamora et al., 2003; Anke et al., 2009; Konietzka,
2015). Absorption showed a high inter- and intra-individual variation and was influenced by
compound solubility with estimated GI absorption values of 0.2% for insoluble compounds and
2% for soluble hexavalent compounds (Hursh et al. 1969; Wrenn et al., 1985, 1989;
Bhattacharya et al., 1989; Harduin et al., 1994; Leggett and Harrison, 1995; Karpas et al., 1998;
Limson Zamora et al., 2003; Anke et al., 2009; ICRP, 2012; Konietzka, 2015). Fasting status
also impacted absorption in adults. Overnight fasting in human subjects (2 fed and 4 fasted
volunteers; not the same individuals who were tested fed then fasted) prior to uranium intake
increased Gl absorption from 0.5% (non-fasting) to approximately 2% (range of 0.5 to 5%)
(Bhattacharyya et al., 1989).

Similarly, GI absorption in animals increased with the solubility of the uranium
compound used, with the readily soluble uranium nitrate being the most easily absorbed
compound (Sullivan, 1980b; Leggett and Harrison, 1995; Konietzka, 2015). The amount of
uranium absorbed from the Gl tract of animals ranged from 0.06 to 4.5% and was dependent on
the species tested, increasing from rabbit (0.06%) to rat/mouse (<0.1%) to hamster (0.8%), to
dog (1.5%), and to baboon (4.5%) (Sullivan, 1980a; Harrison and Stather, 1981; Larsen et al.,
1984; Wrenn et al., 1985; La Touche et al., 1987). Fasting increased absorption values for
baboons and mice from 0.51% and 0.069% (non-fasting) to 4.5% and 0.8% (fasted), respectively
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while fasting more than doubled GI absorption in Sprague-Dawley rats (fed 0.07% vs fasted
0.17%) (Sullivan et al., 1986; La Touche et al., 1987; Bhattacharyya et al., 1989; Konietzka,
2015). LaTouche et al. (1987) determined that Wistar rats also had higher uranium uptake via
gavage following a 12 hour fast, but that feeding 2 hours after gavage also reduced Gl
absorption. The effect of iron and fasting on absorption was also studied. When fasted rats were
gavaged with uranium nitrate alone or in combination with either ferric iron (oxidizing agent) or
ferrous iron (reducing agent), absorption was significantly increased for fasted only and for
fasted with ferric iron (100-fold increase) animals. This observed difference may be related to
the oxidation state of uranium since the soluble U(V1) is more readily absorbed when compared
to the insoluble U(1V) (Sullivan et al., 1986).

Human studies by Limson Zamora (2002a, 2002b, 2003) showed age had no effect on
absorption via drinking water for adults (21 to 87 years of age) or teenagers (13 to 17 years)
while Leggett and Harrison (1995) found age had no effect on absorption in subjects > 5 years of
age via the diet and/or drinking water. Both studies used urinary uranium content to calculate
absorption. Data for absorption in infants and young children are sparse. Chen et al. (2010,
2011b), using bone ash samples, determined that the absorption value for infants was
approximately 4 times higher than that of adults (9.3% compared to 2.1%) based on uranium
while young children (1 to 7 years), and children (7 to 18 years) had absorption values of 5.0 and
3.0%, respectively. The Internal Commission on Radiological Protection (ICRP, 2012) estimated
oral absorption values of 4% for infants and 2% for children >1 year of age based on adult
human data and animal studies. ICRP’s children’s estimate is comparable to its adult absorption
value of 2% for soluble uranium compounds (ICRP, 2012). Lower Gl absorption related to aging
is supported by animal studies that showed uptake from the gut progressively decreased with
increasing age, approaching adult values by weaning and that neonatal rats gavaged with 2*U-
uranyl nitrate hexahydrate had increased absorption of uranium when compared to adult animals
(Sullivan 1980a, 1980b, Sullivan et al., 1986; ICRP, 1995).

Human absorption values were independent of the atomic mass of uranium (23U vs 22U),
exposure duration, total uranium intake and allocation of intake between food and water
(National Research Council, 1999; Limson Zamora et al., 2002a, 2002b, 2003). However, a
recent study (Lariviere et al., 2013) using bone ash samples from seven regions in Western
Canada suggested that the GI absorption value is higher when uranium intake is primarily via
drinking water (3%) rather than via food consumption alone (0.9%). Limson Zamora et al.
(2002a, 2002b and 2003) found that the sex of exposed individuals had no effect on absorption
(with medians of 1.0% for females and 0.7% for males; p=0.13 in Kruskal-Wallis test) while
Anke et al. (2009) saw minor sex differences in uranium absorption, with absorption values of
6.5% and 5.6% reported for females and males respectively. In animal studies, uranium
absorption was independent of the atomic mass of uranium used, of the uranium’s chemical
speciation when ingested with water, of the animal’s sex, and of the concentration of uranium in
the diet (Sullivan, 1980a; Wrenn et al., 1985; Frelon et al., 2005; Konietzka, 2015). For rats, the
rate of uranium absorption was also independent of the strain tested (Konietzka, 2015).

8.2  Distribution

Regardless of the route of entry, absorbed uranium can be found in all human tissues but
is preferentially deposited in the kidneys and especially the bone within a few days after
absorption (ATSDR, 2013). The amount of uranium deposited in tissues is proportional to the
level of uranium intake and is strongly correlated with the uranium concentration in drinking
water for bone, kidney and liver (Wrenn et al., 1985; Lariviere et al., 2007, 2013; Dublineau et
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al., 2014; Poisson et al., 2014b). Bone is also the site of long-term uranium storage (Wrenn et al.,
1985) and uranium is preferentially deposited on growing bone (Austin et al., 2000; Bourgeois et
al., 2015) with bone growth resulting in the burial of uranium surface deposits (Austin et al.,
2000). Animal studies indicate that the dose and length of exposure are important considerations
for bone retention. Uranium from pellets chronically implanted in rats at high doses (up to 18
months) is continuously deposited in bone (skull and tibia) while uranium from pellets

implanted at low doses reach a steady state similar to deposition in the kidneys (Pellmar et al.,
1999). Subchronic studies in rabbits given uranium in drinking water for shorter durations of 28
or 91 d showed constant uranium retention that was independent of dose level (Tracy et al.,
1992).Uranium is expected to have a slow-turnorver time in bone while uranium stored in soft
tissues likely has a fairly rapid turnover time (Wrenn et al., 1985). Once uranium exposure has
ceased, uranium is slowly released from bone and soft tissues (Orloff et al., 2004). Based on
ICRP models, kidney burdens per unit intake were calculated for four age groups, ranging from
infants to adults (Chen et al., 2004). Acute ingestion would result in an initial increase in
uranium content in the kidney followed by a continuous decrease for all age groups. Chronic
ingestion would initially cause a rapid increase in uranium kidney burden for all age groups that
would gradually reach a steady level of 6.6% of daily uranium intake (Chen et al., 2004).

Based on ICRP’s Reference Man, about 66% of the retained uranium is found in the
bone, another 16% in the liver, 8% in the kidneys, and 10% in other tissues resulting in an
estimated normal adult body burden of uranium of 90 pg (ATSDR, 2013). This model may
overestimate uranium levels since experimental results have consistently reported lower values
that ranged from 2 to 62 pg (Wrenn et al., 1985; Fisenne and Welford, 1986; National Research
Council, 1999; Lariviéere et al., 2013). For example, Fisenne and Welford (1986) estimated that
the human body contained 8 pg of uranium with mean values of 6.6 pg (86%) in the skeleton,
0.13 pg (2%) in kidneys, 0.36 pg (5%) in liver, and 0.50 pg (7%) in lung tissue. These variations
have been attributed to individual dietary consumption patterns and uptake, local geology
(Lariviére et al., 2013), to the population being exposed (Dang 1995) and to subject age (Fisenne
and Welford, 1986; Lariviere et al., 2007).

Populations from different countries showed wide variations in uranium concentrations in
similar organs, despite living in environments with comparable natural background levels and
with no known additional exposure to uranium (Fisenne and Welford, 1986; Dang et al., 1995).
Using tissue samples (lung, liver, kidney, skeleton, heart, muscle) collected from adult male
traffic accident victims (aged 30-55 years, mean 42), Dang et al. (1995) reported that the
uranium burden in an urban Indian (Bombay) population living in a normal background
environment was greatest in the skeleton (2.80 ug), followed by muscle (1.2 pg), soft tissue
(1.04 pg), lungs (0.98 pg), kidney (0.13 pg), liver (0.09 pg), and then the heart (0.04 pg). The
geometric means for uranium concentrations (as fresh weight) in liver (0.08 ng/g) and muscle
(0.058 ng/g) were much lower than those reported by other workers (0.19 to 0.25 ng/g and 0.19
to 0.47 ng/g respectively) studying American, British and Japanese populations, whereas
concentrations in the heart and kidney tissues were comparable with other reports (Dang et al.,
1995). Fisenne and Welford (1986) found that uranium concentrations in human bone varied by
a factor of 10 for residents from the United Kingdom, Japan and New York City (3, 2, 0.3 pug/kg
wet bone, respectively) although their daily dietary intake of uranium (1.0, 1.3, 1.5 ug per day
respectively) differed only by a factor of 1.5. Sampling tissues (lung, liver, kidney and thoracic
vertebrae and blood) from New York City accident victims (aged 14 to 73 year), also revealed
that the tissue concentration of uranium increased with increasing age in the vertebrae and lung
but not in the kidney or liver. For vertebrae, increases in uranium content were more significant
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above 50 years of age. No difference could be attributed to sex for any of the samples. Mean
skeletal burden was estimated at 6.6 g of uranium while the total body burden based on the
tissues sampled was 8 g (Fisenne and Welford, 1986).

Lariviere et al. (2007) showed that uranium content of vertebrae varied both by location
and age group (0-1 year, 1-10 year, 11-20 year, 21-30 year, 31-40 year, 41-50 year, 51-60
year and >61 year) using Canadian bone samples from two different locations in Canada
(Winnipeg, MB and Regina, SK). Significantly higher uranium concentrations were seen in bone
samples from Regina, particularly for the 0-1 year, 11-20 year and 21-30 year age groups, and
were attributed to differences in the uranium content of the drinking water between the two
locations (Lariviére et al., 2007). Unlike the Fisenne and Welford (1986) study, the association
of age with uranium concentration in the bones was not linear but linked to the calcium turn-over
rate (Lariviére et al., 2007). Uranium accumulation was highest in young individuals (<21 year)
and represented periods of bone growth from child to adult. It decreased and levelled off for the
middle age groups (21-60 year) and then increased in the >61 year group, representing bone
decalcification related to osteoporosis (Lariviére et al., 2007).

There is some evidence that accumulation of uranium in the bone may occur before birth
in animals and humans with maternal uranium transferred through the placenta to the foetus
resulting in an infant’s initial body burden at birth being dependent on the mother’s uptake
(Wrenn et al., 1985; Chen et al., 2010). However, some studies did not report this finding.
Experimental studies performed in pregnant rats did not show elevated uranium concentration in
the foetus or embryo of dams exposed to 40 or 120 mg /L via drinking water (Legrand et al.,
2015) although a significant dose- and time-dependent accumulation of uranium in pups was
observed at postnatal days 0 to 21, suggesting pups were exposed via mother’s milk (Legrand et
al., 2015). Human studies have also indicated that exposure to maternal uranium levels for
infants fed breast milk is possible (Wappelhorst et al., 2002; Ljung Bjorklund et al., 2012).

Tracy et al. (1992) reported that the fraction of uranium absorbed (administered via
drinking water as uranyl nitrate hexahydrate) and deposited in the skeleton and kidney of rats
was proportionally similar to humans with values for bone of 20 to 32 % (rat) vs 20 % (human)
and for kidney of 7.2 to 45% (rat) vs 12 % (human). Retention half-times in the kidney were
similar in rats (5-9 d) and humans (6 d). Retention half-times in bone of rats ranged from 40 to
180 d, as reported by Tracy et al., 1992 and would be equivalent to 1100 to 4980 d in human
years (13.2 d rat = 365 d human (Sengupta, 2013)). Most organs of fasting animals contained
substantially higher uranium than those found in animals fed normally, which is consistent with
the higher absorption of uranium after fasting described previously. The most pronounced
difference was in the kidneys of fasted animals, which contained approximately 8 times more
uranium than the kidneys of non-fasted animals (Konietzka, 2015).

The accumulation and micro-distribution of uranium within the body and body tissues
has been shown to change with time with chronic exposure or after exposure has ceased (Tracy
et al., 1992; Paquet et al., 2006; Tessier et al., 2012). Male Sprague-Dawley rats given 40 mg
uranyl nitrate/L of drinking water for 9 months showed 3 distinct peaks of whole-body uranium
accumulation (equivalent to 182, 134 and 200 ng uranium/g respectively) at 95, 312 and 570
days. Other fluctuations in uranium content were seen in the femur and the kidneys with peaks at
95 and 570 days and, 220 and 311 days respectively (Paquet et al., 2006). Duration of exposure
also influenced uranium distribution within organs, like the kidney. Male Sprague-Dawley were
given 40 mg/L of uranyl nitrate (about 1 mg uranium per rat per day) in drinking water for 6, 9,
12 or 18 months (Tessier et al., 2012). An additional group of rats were dosed for 6 months and
then allowed to recover for 3 months. Treatment for 12 months or less resulted in localized
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accumulation of uranium in the proximal tubules while distribution at 18 months was
homogenously throughout the nephron. Distribution was attributed to long-term exposure and
possibly to rat aging. Uranium was not detected in the renal cortex, in the proximal tubules or in
the cortical collecting duct structures in the recovery group rats, suggesting the capacity to
eliminate uranium once exposure had ceased (i.e., bioaccumulation may not be permanent)
(Tessier et al., 2012). In a subchronic rabbit study, Tracy et al. (1992) gave 24 or 600 mg of
uranyl nitrate hexahydrate/L (calculated as 1.24 to 1.33 mg uranium/kg bw per day or 36.7 to
41.7 mg uranium/kg bw per day) in drinking water to male rabbits for 91 days followed by a
recovery period of 7 to 91 days. After 91 days of exposure, the mean uranium concentrations in
the femur and kidney of the high dose group were 2.89 and 3.48 mg/kg respectively which
decreased to 2.28 (femur) and 0.016 (kidney) mg/kg following a 91 recovery period.

The accumulation of uranium in the brain remains controversial, depending on the studies
and the administration mode. After ingestion via drinking water, accumulation of uranium in
whole brain was not clearly demonstrated (Houpert et al., 2005; Lestaevel et al., 2005) although
some cerebral structures, such as striatum, cortex or hippocampus, preferentially accumulated
more uranium (Dinocourt et al., 2015).

The results of uranium accumulation in gonads were contradictory depending on the
species, the administration route, the uranium concentrations and duration of exposure. No
accumulation of uranium was measured in ovaries of mice exposed to contaminated drinking
water (Raymond-Wish et al., 2007; Arnault et al., 2008; Feugier et al., 2008). By contrast, a
dose-dependence of uranium levels was observed in the offspring of rats exposed to uranium in
their diet (Hao et al., 2012). Some animal studies observed an accumulation of uranium in testes
(Paternain et al., 1989; Hao et al., 2012). Paternain et al. (1989) observed an accumulation of
uranium in testes of Swiss mice which were administered 5, 10, and 25 mg/kg bw per day of
uranyl acetate dehydrate before mating and up to 21 days post birth. The uranium content in
testes of Wistar rats increased with the uranium concentration in food (Hao et al., 2012).

8.3  Metabolism

Regardless of the route of entry, once in the blood, uranium is predominantly present as
the uranyl ion which mostly complexes with bicarbonate anions and with plasma proteins such as
transferrin (Butterworth 1955; Adams and Spoor, 1974; Durbin and Wrenn, 1976; Ballou et al.,
1986; Leggett, 1989; National Research Council, 1999; Keith et al., 2007; Basset et al., 2013;
Arzuaga et al., 2015). It is not metabolized by the liver (Butterworth, 1955; Adams and Spoor,
1974; Durbin and Wrenn, 1976; Ballou et al., 1986; Leggett, 1989). The stability of the
carbonate complex depends on the pH of the solution, which will differ in different parts of the
body (National Research Council, 1988). The remaining uranyl ions may bind with smaller
organic ions like citrate and maleate (Durbin and Wrenn, 1976) or become associated with
erythrocytes (Wrenn et al., 1985; McDiarmid et al., 2012).

8.4  Excretion

In humans, over 95% of the uranium ingested via the diet or in drinking water passes
through the digestive tract without being absorbed and is eliminated in the feces within 2 days
(Hursh et al., 1969; Wrenn et al.,1988, 1989; Spencer et al.,1990).” Absorbed uranium is excreted
via a two-phase model with half times in the kidney between 1 to 6 days for 99% of uranium and
around 1500 days for the remainder (Keith et al., 2007). Once in the blood, the initial elimination
of absorbed uranium is rapid, with most uranium being excreted in the urine within the first week
following intake while less than 1% is excreted in the feces (Bleise et al., 2003; Keith et al.,
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2007; ATSDR, 2013). The highest uranium content in urine occurs 2 to 6 hours following acute
ingestion (Karpas et al., 1998). The retention time in bone is around 11 days for the rapid phase
and >70 days for the slow phase (Keith et al., 2007; ATSDR, 2013). An equilibrium between the
amount of uranium excreted in the urine and the amount retained in the bone is reached within 1
to 40 days of continuous chronic uranium intake (Wrenn et al., 1985). In a population exposed to
high uranium levels in drinking water (mean = 620 pg/L), uranium could still be detected in
urine at levels exceeding the 95" percentile of the reference population up to 10 months after
exposure ceased, although these were substantially lower (78%) than the levels seen at 2 to 4
months post-exposure. These elevated levels were attributed to uranium’s slow release from
bone and soft tissues and were expected to continue to decrease until a new equilibrium was
reached (Orloff et al., 2004).

Excretion of uranium via the urine is independent of sex but dependent on age, increasing
with increasing age (from 6 years) until age 60 when levels decline, although high levels seen
following environmental exposure are still quite low when compared to occupationally exposed
individuals (Werner et al., 1998; Al-Jundi et al., 2004; Tolmachev et al., 2006). Similar trends
were seen in Poland with the highest excretion in adults (21-60 years) then declining after 60
years, with the lowest excretion in ages 3 to 20 years (Starosckiak and Rosiak, 2015). This trend
was also seen in Eastern Europe (Priest and Thirlwall, 2001) and Bangladesh (population ranging
from 8 to 88 years) (Berglund et al., 2011). Orloff et al. (2004) did not see a correlation between
age and urine uranium content or between length of water consumption and urine uranium
content in residents using a high uranium source for drinking water but a positive correlation was
made between the uranium content of water and the uranium excreted. Conversely, Hollreigl et
al. (2011) studying a Nigerian population exposed to low environmental levels of uranium found
children (3 to < 15 years) excreted more uranium than adults (15 — 78 years).

Individual humans and animals were shown to have a high day-to-day variation in
uranium excretion (Eidson et al., 1989; Werner et al., 1998). Uranium excretion was also
influenced by fluctuations in acid-base balance of the urine, with increased alkalinity increasing
urinary excretion while increasing acidity decreased it (McDiarmid et al., 2012).

Limited data indicate that uranium, like other heavy metals, can also be excreted through
hair (0.37%) and nail growth (0.005%), although large variations in uranium concentrations in
hair and nails were seen among individuals studied (Karpas et al., 2005).

9.0 Health effects

Although uranium is ubiquitous in the environment, it has no known essential metabolic
function in humans or animals and is currently regarded as non-essential (Berlin and Rudell,
1986). Based on animal studies, the kidney is the major target organ for toxicity (see Sec.
9.2.2.1) although other target organs are possible (e.g., bone). Health effects from radiological
forms and/or radioactive isotopes of uranium are addressed in a separate document (Health
Canada, 2009).

9.1 Effects in humans
The epidemiological database is limited by meagre exposure estimates and inability to
demonstrate causality (poor temporality and covariate assessments).
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9.1.1 Acute toxicity

Available data on human health effects following acute oral exposure to uranium are
limited. The observed outcomes vary, reflecting differences in doses, routes and concomitant
exposures to other substances. For example, nausea, vomiting and diarrhea have been observed
after ingestion of a single dose of 1 g of uranyl nitrate in drinking water by one individual (sex
not specified) (Butterworth, 1955).

9.1.2 Chronic toxicity
In epidemiological studies, only kidney effects have been consistently found in humans,
although recent studies have also shown effects in bone.

9.1.2.1 Kidney

In humans, chronic exposure to uranium via drinking water has been associated with
elevated biomarkers of proximal tubule damage (i.e., increased urinary excretion of glucose, ions
and low molecular weight proteins), and to a lesser extent, glomerular dysfunction (i.e.,
albuminuria). Although significant relationships between uranium exposure and biomarkers of
kidney function have been observed, the clinical significance of the results remains unclear as
most values were within normal levels. Moreover, many studies had poor exposure estimates, as
they relied on urine samples and self-reported food and drink consumption, which can be
severely biased and not representative of long-term levels.

In Nova Scotia, cross-sectional studies in two municipalities with a total of 324 residents
exposed to drinking water containing variable amounts of naturally occurring uranium (up to
700 pg/L) from private wells exhibited no proteinuria or any symptoms or complaints (Moss et
al., 1983; Moss, 1985). Individuals were stratified into exposure groups; however, there was no
clear relationship between drinking water exposure and urinary concentration. A non-significant
trend towards increasing excretion of urinary 32-microglobulin with increasing concentration of
uranium in well water was observed, but the group with the highest uranium concentration failed
to follow this trend (Moss et al., 1983; Moss, 1985). The raw data were not presented, selection
bias was estimated to be high and there was no adjustment for confounders.

A cross-sectional study compared kidney outcomes between a high-exposure group —
consuming drinking water with uranium concentrations of 1-781 pg/L (n = 30) and a low-
exposure group (<1 pg/L, n = 20) (Limson Zamora et al., 1998). Most individuals with high
uranium exposure through the drinking water came from Nova Scotia and had private wells,
while most low exposure individuals were Ottawa residents supplied through the municipal
distribution system. Individuals from the two cities were matched on sex and age, but pooled and
divided between high and low exposure from the drinking water for the analysis. Total uranium
intake from both water and food over a 3-day period was estimated. Glucose excretion and
lactate dehydrogenase activity in female were significantly different between the two exposure
groups (covariate adjustment was not specified). Some markers of tubular damage, such as
glucose and p2-microglobulin excretion were positively correlated with uranium intake while
others (alkaline phosphatase) were negatively correlated with uranium intake. Markers for
glomerular functions (creatinine and protein) were not associated with uranium. The conclusions
are limited by the study design which did not allow determination of temporality and the authors
did not provide details on the adjustment for confounders. Also, there were large variations in the
biomarker levels within each of the exposure groups, and no clear pattern was distinguishable by
visually inspecting the plots showing biomarker levels in function of total uranium intake.
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Another cross-sectional study was conducted to determine the association between
uranium in the urine and effects on kidney functions of 54 Algonquin First Nations people of
Kitigan Zibi in Quebec with different levels of uranium in their drinking water (Health Canada,
1998; Limson Zamora et al., 2009). There were 8 residents that had been exposed to levels
between 111 and 178 pg/L; however, the installation of treatment devices had reduced these to
0.03-0.8 pg/L months before the study. Uranium excretion in the urine was positively correlated
with urine volume, specific gravity, y-glutamyl transferase (GGT) and 2-microglobulin (BMG)
(weak to moderate correlations). The authors indicated these could reflect effects on renal
proximal tubules; however, all BMG values were within normal range. Conversely, the authors
found that the levels of alkaline phosphatase (ALP) and glucose excretion were not associated
with increased uranium exposure. Moreover, the reliability of using uranium excreted in the
urine as an indicator of past exposure based on its weak-to-moderate correlation (0.41) with a 15-
year exposure estimate is questionable. The authors indicated that individuals moving and
changing levels of uranium in the drinking water sources were very common. The risk of
spurious associations was considered to be high.

A pilot cross-sectional study on urine albumin was conducted in three communities in
Saskatchewan (n = 100) with mean uranium levels in the drinking water ranging from 0.71 to
19.6 ng/L (Mao et al., 1995). The cumulative index was calculated for each study participant as
the product of the uranium concentration in drinking water, the number of cups of water
consumed per day and the number of years lived at the current residence. A statistically
significant association (p = 0.03) was observed between increased but normal levels of urine
albumin and the uranium cumulative index, after adjusting for diabetic status, known risk factors
for renal dysfunction, and age. However, the nature of the observed association is not clear as the
participation rate was low (35.1%), exposure estimates did not consider previous places of
residence or variations in concentration over time, and temporality cannot be established.

In Europe, Kurttio et al. (2002) conducted a cross-sectional study of 325 Finnish adults
consuming drinking water with uranium concentration grouped as low (<10 pg/L), medium (10-
100 pg/L) or high (>100 pg/L). Uranium in drinking water was significantly associated with
increased calcium excretion while uranium in urine was associated with excretion of calcium and
phosphate after adjusting for age, sex and body mass index (BMI); however, the values remained
within normal levels and there was no observed dose-response. No association was observed
with glucose, B2-microglobulin, creatinine, or albumin. Cumulative exposure was not associated
with any outcomes, leading the authors to conclude that the observed changes in excretion are
reversible. The relevance of the findings is unclear since no clear threshold was identified,
important covariates were not adjusted for, and variations in the results were high. Kurttio et al.
(2006a) further investigated uranium cytotoxic effects among a sample (n = 193) of the same
cross-sectional study participants. The median exposure through drinking water was 25 pg/L,
with a range of 0.001 to 1,500 pg/L, and an average duration of 16 years. No statistically
significant associations were found between ten kidney biomarkers (e.g., urine ions, glucose, and
creatinine) and uranium concentrations in the drinking water, urine, hair, toenails, or cumulative
uranium intake, except between cumulative uranium intake and glucose clearance. A significant
association was found between systolic and diastolic blood pressure after adjusting for smoking,
age, BMI, and analgesics. However, the uranium exposure estimate was based on one water
sample and no diet measurement was done.

A cross-sectional study comparing 301 adults with uranium drinking water concentration
of 6.7 pg/L (<0.2 to 470 pg/L) with 153 controls (<0.2 pg/L) in Sweden found a small increase
in tubular damage (i.e., B2-microglobulin, protein HC and kappa immunoglobulin chain), but not
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with female, or with cumulative uranium exposure, after adjusting for sex, age and smoking
(Seldén et al., 2009). The authors indicated that there were no clear signs of nephrotoxicity from
uranium in drinking water at levels recorded in this study and that the clinical relevance of these
findings remains unclear. In Ireland, another cross-sectional study found no association between
clearance of 2-microglobulin, retinol binding protein, aloumin/creatinine ratio, and exposure to
120 to 142ug/L in drinking water (McDermott et al., 2005).

Magdo et al. (2007) reported a case of nephrotoxicity in a three-year-old girl consuming
drinking water containing uranium in the range of 866 to 1,170 pg/L in rural Connecticut. The
urine levels of f2-microglobulin were elevated in the youngest child of a family of seven (2
adults and 5 children) which might suggest a higher sensitivity to uranium for this young
individual. No phosphate wasting or glycosuria was observed. The causative agent remains
unclear since levels of arsenic, radon and radium were also elevated.

Studies conducted on children (6 — 12 years; n=100) from two Indian villages, one
control and one near uranium mining (uranium concentrations/intakes were not measured) found
a significant increase in the mean total protein: creatinine ratio (marker of renal disease) in urine
(0.216 g/mg creatinine) compared to the normal (<0.2 g/mg creatinine) reference range (Hedge
et al., 2016) along with tooth effects (Kar et al., 2016; Shetty et al., 2016 — see section 9.1.2.2).

A case study from India reported a 12 year old boy with renal dysfunction (oliguria,
uranium in urine 785.9 ng/d) related to ingestion of drinking water containing up to 224 pg/L of
uranium (Chamberlain, 2009; Pannu et al., 2015).

War veterans with depleted uranium fragments have generally shown no associations
with kidney outcomes (McDiarmid et al., 2004, 2007; Squibb and McDiarmid, 2006). For
example, no clear signs of nephrotoxicity (urine biomarkers) or other health effects have been
found between those with high versus those with low uranium concentration in the urine (>0.1
vs. <0.1 ug/g creatinine) in a cohort of Gulf war veterans (n = 74) exposed to depleted uranium
through retained fragments followed since 1993 (McDiarmid et al., 2009).

In conclusion, acute and chronic exposures to uranium species have been historically
associated with renal damage, an endpoint that has generally been the focus of epidemiological
studies on uranium. The most common associations observed between uranium exposures
(measured in drinking water and urine) and human health were increased excretion of
biomarkers of renal tubular dysfunction, such as f2-microglobulin and ions. A minority of
studies have also shown associations with glomerulus bio-indicators with increased excretion of
larger molecules (e.g., albumin). However, key endpoints need to be confirmed in more robust
studies. In fact, considerable variability exists across the results and most observed associations
were mild; some studies even reporting no associations with biomarkers such as glucose and 2-
microglobulin. Moreover, the epidemiological literature is largely composed of studies observing
correlations without considering covariates or reporting associations at a point in time. These do
not allow reducing the risk of spurious relationships, determining whether the cause precedes the
effect, or reliably quantifying exposures. Indeed, no studies identified a clear exposure threshold,
and all have estimates that do not account for individual water consumption, changes in
concentration with seasons, and cumulative dose over multiple years. Hence, there is a need to
better the understanding of the nature of the relationship, and it would be premature to
characterize a dose-response based on the present database.

9.1.2.2 Bone
Using the same study population as their 2002 study (described in section 9.1.2.1),
Kurttio et al. (2005) conducted a study looking at bone biomarkers in adults (26 — 83 years)
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ingesting uranium via drinking water (median 27 pg/L; range 6—116 pg/L) for an average of 13
years. The results did not demonstrate a clear relationship between bone biomarkers and uranium
exposure. Serum type | collagen carboxy-terminal telopeptide levels (marker for bone resorption)
were the only biomarker associated with uranium exposure and this result was significant with a
p-value of 0.05 in men only.

Two recent studies showed effects on tooth eruption and enamel defects (indicative
disruption in bone deposition and resorption) related to uranium exposure. The first study
comparing permanent tooth eruption in children (6 — 12 years; n=100) from two Indian villages,
one control and one near a uranium mine (uranium concentrations/intakes were not measured)
found a significant delay in tooth eruption (which involves bone remodeling — selective
deposition and resorption of bone around the dental follicle) in the uranium exposed group
(Shetty et al., 2016). A further study (Kar et al., 2016) found a significant proportion (82%) of
children from villages near uranium mines (6 — 12 years; n=100) had enamel defects (which
occur during tooth development) that were possibly linked to uranium exposure when compared
with a control group from the same area but who were older than 20 years (i.e., not exposed
during tooth development due to the timing of the mine opening). Neither study measured
uranium exposure levels. Concurrent exposure to other chemicals (e.g., fluoride) likely occurred
but was not measured.

The Pannu et al. (2015) case study cited in the previous section also reported
chondroblastic type osteosarcoma in a 12 year old boy with renal dysfunction related to ingestion
of drinking water containing up to 224 pg/L of uranium (Chamberlain, 2009; Pannu et al., 2015).

9.1.2.3 Other effects

In Kurttio et al. (2006a), previously described in Section 9.1.2.1, supine blood pressure
was measured in men (n=95) and women (n=98) aged 18 to 85 years who drank water containing
a median uranium concentration of 25 ug/L, with a range of 0.001 to 1,500 pg/L, and an average
duration of 16 years. After adjusting for smoking, age, BMI, and analgesics, uranium exposure
was associated with greater diastolic and systolic blood pressures but the effect was small and no
clear hypertension was observed.

9.1.3 Carcinogenicity

The epidemiological evidence does not convincingly demonstrate an increased risk of
cancer following uranium exposure (IARC, 1999, Lane et al., 2011). Small increases in cancer
risk of lymphatic and hematopoietic tissues, bladder, stomach, lung, and brain have been
reported in people working in the uranium enrichment and reprocessing facilities, millers and
miners in France and the U.S. (Frome et al., 1990; Loomis and Wolf, 1996; McGeoghegan and
Binks, 2000; Ritz et al., 2000; Boice et al., 2008; Vacquier, 2008; Guseva Canu et al., 2011).
Other studies of uranium workers have reported no increase in cancer risk (Polednak and Frome,
1981; Waxweiler et al., 1983; Acquavella et al., 1985). All studies were retrospective,
exploratory and hypothesis-generating in nature, not allowing causal determination. Although
inhalation of a wide range of contaminants (e.g., vanadium, thorium, radium, lead, solvents) was
common is these industries, co-exposures were not randomly distributed between groups and
rarely adequately adjusted in the post-hoc statistical analysis. Uranium exposure was mostly
estimated by modelling external radiation and through the inhalation route (oral exposure was
never quantified and considered of lower magnitude), limiting the relevance of the results to the
drinking water context. Individually, these studies had other limitations such as the absence of a
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dose-response relationship, the fact that workers exposed to the soluble species of uranium had
no increase in cancer risk, the number of cases was low, many risk estimates were calculated,
and the significance of the cancer effects was lost when compared with the general population.

Some environmental studies have observed an increase in cancer risk associated with the
exposure to uranium in the drinking water. In Saskatchewan, a case-control study involving 88
cases of non-Hodgkin lymphoma found that cases had higher drinking water concentrations of
uranium (mean = 10 pg/L) than controls (mean = 1.6 pg/L); however, this was an exploratory
study in which cases were co-exposed to high levels of many contaminants of the drinking water
(Witmans et al., 2008). Ecological studies in Germany and South Carolina have also found an
association between leukemia, lung, colorectal, breast, kidney, prostate, and total cancers and
higher levels of uranium in the drinking water (Wagner et al., 2011; Radespiel-Troger and
Meyer, 2013). The possibility to conclude on any effect based on these two studies is very
limited since the results can only be applied to large geographical areas (inference to individual
risk is not possible) and the exposure estimates were highly susceptible to bias.

In a cross-sectional study originally designed to address concerns over the incidence of
cancer in the aboriginal community of Kitigan Zibi in Quebec (n = 54), which has had high
levels of uranium in the drinking water, no increase in cancer risk was found in association with
the levels in the urine (Limson Zamora et al., 2009). The residents had historically been exposed
to a wide range of uranium in the drinking water (up to 1418 pg/L). In two case-cohort studies
and one cross-sectional study in Finland (Auvinen et al., 2002, Auvinen et al., 2005; Kurttio et
al., 2006b), leukemia, stomach, bladder, and kidney cancers were not associated with uranium in
the drinking water (median = 10 pg/L). A case-control study in Nevada of 16 cases of leukemia
and 100 controls found no significant differences in uranium concentration in wells between
cases versus controls (i.e., uranium drinking concentrations in families with a child who had
leukemia did not differ significantly from non-case families) (Seiler, 2004).

In conclusion, although some studies have found an association with cancer of different
tissues, the epidemiological database on the cancer risk of uranium is weak and equivocal, and
does not enable any conclusions with regard to carcinogenicity.

9.14 Developmental and reproductive toxicity

Studies in uranium miners have failed to find any consistent developmental or
reproductive effects of uranium exposure (Muller and Ruzicka-Jaroslav Bakstein, 1967;
Waxweiler et al., 1981b; Wiese and Skipper, 1986).

9.2  Effects on experimental animals

Based on animal experiments, uranium toxicity varies greatly with route and duration of
exposure, species tested, animal age and sex, dose and the uranium compound used, with the
more soluble compounds exhibiting greater toxicity (Maynard and Hodge, 1949; Orcutt, 1949;
de Rey et al., 1983; Pelayo et al., 1983; Kathren and Burklin, 2008; Hamid, 2012). The main
target organ for toxicity in animals exposed to high concentrations of uranium is the kidneys
(Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951). Other effects have been seen
in bone (Arzuaga et al., 2015), liver (Goel et al., 1979), brain (Bellés et al., 2005; Briner and
Murray, 2005; Lestaevel et al., 2005) and the reproductive system (Feugier et al., 2008; Arnault
et al., 2008; Kundt et al., 2009).
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9.2.1 Acute toxicity

Animals exposed to acute, high doses of uranium exhibited increased urinary output,
proteinuria, kidney damage, mild liver injury and death (Orcutt, 1949; Domingo et al., 1987).
Oral LDsg values of 204 and 242 mg uranyl acetate/kg bw (calculated as114 and 136 mg of
uranium/kg bw) are available for gavaged male Sprague-Dawley rats and male Swiss mice,
respectively (Domingo et al., 1987).

Statistically significant changes were seen in endochondrial ossification (decreased
cartilage growth and metaphyseal bone volume; increased resorption of metaphyseal bone with
decreased formation and rest areas in metaphyseal bone) in the femurs of mice given a single
gavage lethal dose of 350 mg uranyl nitrate/kg bw (Bozal et al., 2005).

9.2.2 Short-term and subchronic exposure

In animal studies, effects following short-term oral exposure varied with the species,
strain and sex of the animals tested and the solubility and dose of the uranium compound used as
well as the length of exposure (Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951;
Hamid, 2012). Uranium was shown to preferentially target the kidneys and nervous system in a
number of studies (Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951; Ortega et al.,
1989; Gilman et al., 1998a, 1998b; Bellés et al., 2005; Lestaevel et al., 2005). Hepatic effects,
hematological effects, alterations of the immune system, changes to gene and protein expression
and bone growth effects were also seen (Tannenbaum and Silverstone, 1951; Goel et al., 1979;
Ortega et al., 1989; Gilman et al., 1998a; Pujadas Biji et al., 2003; Pujadas Biji and Ubios, 2007;
Hao et al., 2013). No signs of overt clinical toxicity were reported in the majority of studies
(Ortega et al., 1989; Gilman et al., 1998a). In studies reporting clinical toxicity, the effects
included decreased body weight gain or increased weight loss in rats, rabbits and mice (Maynard
and Hodge, 1949; Tannenbaum and Silverstone, 1951; Gilman et al., 1998b). In both rats and
rabbits, males were the more sensitive sex (Maynard et al., 1953; Gilman et al., 1998a, 1998b)
while adult rats and mice were more sensitive than weanling animals (Maynard and Hodge,
1949; Tannenbaum and Silverstone, 1951).

9.2.2.1 Kidney

A number of drinking water studies in animals have identified the kidney as the primary
target for uranium toxicity (Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951;
Ortega et al., 1989; Gilman et al., 1998a,1998b). Reported effects varied in intensity, ranging
from microscopic lesions to necrosis and included changes in blood chemistry, urinary markers
and gene expression relating to kidney function, red blood cell counts, and iron metabolism,
although some studies found no marked kidney effects even at doses of 600 mg/L of uranyl
nitrate (equivalent to 40 mg uranium /kg bw per day) given for up to 9 months (Maynard and
Hodge, 1949; Tannenbaum and Silverstone, 1951; Goel et al., 1979; Ortega et al., 1989; Gilman
et al., 1998a, 1998b; Taulan, 2004; Donnadieu-Claraz et al., 2007; Berradi et al., 2008; Poisson
et al., 2014b). Changing the length of exposure also had inconsistent results on histopathological
effects in the kidney. Comparing 3 month and 9 month exposures in rats, Poisson et al. (2014b)
did not observe differences in kidney histopathology related to exposure time or dose while
Hamid (2012) observed more pronounced renal histopathological findings in rats gavaged daily
with 75 mg/kg bw of uranyl nitrate (35 mg uranium /kg bw per day) following 60 days of dosing
compared to 30 days. Although gene expression (Kim-1, Timp-1, lipocalin-2, OPN, clusterin and
vimentin) changes in kidneys were not associated with histopathological changes in the kidney,
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Rached et al. (2008) demonstrated that these changes precede alterations in clinical indicators of
impaired kidney function and were correlated with progressive histopathological changes.

Gilman et al. (1998a, 1998b) reported a lowest-observed-adverse-effect-level (LOAEL)
of 0.96 mg/L of uranyl nitrate hexahydrate in rats (equivalent to 0.09 mg uranium/kg bw per day
in females and 0.06 mg uranium/kg bw per day in males) and male rabbits (equivalent to 0.05
mg uranium/kg bw per day) based on kidney effects following 91 days of exposure to 0 to 600
mg/L of uranyl nitrate hexahydrate in drinking water. Male rabbits were not pathogen-free which
may explain the higher LOAEL of 4.8 mg uranyl nitrate hexahydrate/L (equivalent to 0.49 mg
uranium/kg bw per day) reported for female rabbits (Gilman et al., 1998b). An additional rabbit
study (Gilman et al., 1998c) using pathogen-free males showed less severe kidney effects, with a
LOAEL estimated at <24 mg/L of uranyl nitrate hexahydrate (1.36 mg uranium/kg bw per day).
Ortega et al. (1989) reported a no-observed-adverse-effect-level (NOAEL) of 2 mg uranyl
acetate dihydrate kg bw per day (equivalent to 1 mg uranium/kg bw per day) for male Sprague-
Dawley rats based on an increase in total plasma protein levels although changes in kidney
histopathology were only seen at the highest dose used (16 mg uranyl acetate dihydrate/kg bw
per day; equivalent to 9 mg uranium/kg bw per day).

In a study by Gilman et al. (1998a), weanling Sprague-Dawley rats (15/sex/group) drank
water containing uranyl nitrate hexahydrate at <0.001 (control), 0.96, 4.8, 24, 120 or 600 mg/L
(equivalent to <0.0001, 0.06, 0.31, 1.52, 7.54 and 36.73 mg uranium/kg bw per day in males and
<0.0001, 0.09, 0.42, 2.01, 9.98 and 53.56 mg uranium/kg bw per day in females) for 91 days. No
clinical effects or differences in intake of food and water were observed. Histopathological
changes were seen in both sexes in the thyroid, spleen, kidney and liver, although liver effects
were considered adaptive. Thyroid lesions were statistically significant at > 4.8 and > 24 mg
uranyl nitrate hexahydrate/L in males and females respectively but were not considered specific
to uranium treatment by the authors. Sinus hyperplasia of the spleen was seen in both sexes in a
dose-dependent manner but was only significant at the highest dose. Statistically significant
treatment-related kidney lesions were seen at all doses and in both sexes but were generally less
severe in females. In males, significant renal effects were observed in tubules (dilation, apical
displacement, and vesiculation of tubular nuclei and cytoplasmic vacuolation and degranulation)
at the lowest exposure level. Other lesions, including glomerular adhesions and focal tubular
degranulation, became significantly different above 4.8 mg uranyl nitrate hexahydrate/L. In
females, the most important kidney changes were sclerosis of glomerular capsules and reticulin
sclerosis of tubular basement membranes and interstitial scarring, both of which are unrepairable
lesions that occurred at the lowest exposure level. Based on kidney effects, the LOAEL was 0.96
mg uranyl nitrate hexahydrate/L (equivalent to 0.09 mg uranium/kg bw per day in females and
0.06 mg uranium/kg bw per day in males)(Gilman et al., 1998a).

Similar results were seen in another drinking water study conducted by Gilman et al.
(1998b) using weanling New Zealand white rabbits given the same doses of uranyl nitrate
hexahydrate in drinking water (males given <0.001 (controls), 0.96, 4.8, 24, 120 or 600 mg/L
and equivalent to 0, 0.05, 0.20, 0.88, 4.82 and 28.7 mg uranium/kg bw per day; females given
<0.001 (controls), 4.8, 24 or 600 mg uranyl nitrate hexahydrate/L and equivalent to 0, 0.49, 1.32
and 43.02 mg uranium/kg bw per day) for 91 days. Histopathological changes were observed in
the kidney (primarily the proximal tubules), liver, thyroid and aorta (not dose-dependent) in both
males and females in all doses tested but were less severe in females than in males despite
females consuming on average 65% more water than the males. Males were not free of infection
which may have affected the severity of effects seen. Based on kidney effects (foci of
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cytoplasmic vacuolation in proximal renal tubular epithelium, vesiculation and pyknosis of
tubular nuclei), the LOAEL was the lowest dose tested for each sex - 0.96 mg uranyl nitrate
hexahydrate/L (equivalent to 0.05 mg uranium/kg bw per day) for males and 4.8 mg uranyl
nitrate hexahydrate/L (equivalent to 0.49 mg uranium/kg bw per day) for females.

In a follow-up study (Gilman et al., 1998c) to assess the reversibility of the kidney effects
previously observed (Gilman et al., 1998b), groups of 5 to 8 pathogen-free male New Zealand
white rabbits were given <0.001 (control), 24 or 600 mg uranyl nitrate hexahydrate/L (equivalent
to 0, 1.36 and 40.98 mg uranium/kg bw per day) in drinking water for 91 days, with a recovery
period of up to 91 days. Minor histopathological lesions were seen in the liver, thyroid and aorta.
In the kidney, focal dilation of the renal proximal tubules was observed at both doses. Tubular
injury with degenerative nuclear changes, cytoplasmic vacuolation and tubular dilation was
observed in the high-dose group and was still present after a 91-day recovery period. The
presence of sclerotic changes in the tubular basement membranes and renal interstitium persisted
during the recovery period and most likely represents a permanent injury (McDonald-Taylor et
al., 1992, 1997; Gilman et al., 1998c). Although the histopathological changes observed in this
study were similar to those noted in the female rabbits of the previous study, males in the present
study did not respond as dramatically as in the earlier study (Gilman et al., 1998b) potentially
indicating that pathogen-free rabbits may be less sensitive than infected animals to the effects of
the uranyl ion in drinking water. Based on the histopathological data in the kidney, a LOAEL for
the male New Zealand rabbits in this study is estimated at < 1.36 mg uranium/kg bw per day
(Gilman et al., 1998c).

Using a similar dose range as the Gilman et al. (1998a) rat study, Poisson et al. (2014b)
gave male Sprague-Dawley rats (age not specified) drinking water containing 0, 1, 40, 120, or
400 mg/L of uranyl nitrate for 3 months or 0, 1, 40, 120, or 600 mg/L of uranyl nitrate for 9
months. The uranium content in renal tissue of treated animals was proportional to its
concentration in the drinking water. Changes to kidney histopathology (glomerular lesions,
tubular regeneration, tubular dilation, interstitial inflammation and fibrosis) were comparable in
intensity and incidence across all groups, including the control, and were not dose- or time-
dependent. However, both duration of and exposure to uranium affected the antioxidant system
in the renal cortex. In the kidney, lipid peroxidation levels (measured by thiobarbituric acid-
reactive substances - TBARS) statistically decreased after 9 months at >120 mg/L while
alterations in glutathione metabolism were seen at 3 months in reduced glutathione (GSH),
glutathione peroxidase (GPx) and glutathione-S-transferase (GST) levels but did not persist to 9
months except for a dose-dependent increase in GSH levels at >40 mg/L. Proteinuria increased
significantly (p<0.05) from baseline after 3 and 9 months for the control groups and the 40 and
120 mg/L groups but not in the lowest and highest dose groups. The authors attributed these
changes in protein levels to animal aging as no difference was seen among groups at either time
point. A LOEL of 40 mg/L of uranyl nitrate, based on increased GSH levels, could be estimated.
(Poisson et al., 2014b).

Taulan et al. (2004) also showed oxidative stress in the kidneys as well as changes in
gene expression in male C57BL/6J mice given 0, 80, or 160 mg uranyl nitrate/L in drinking
water for 4 months. No gross pathology was found in the kidneys although their uranium content
increased in a dose-dependent manner. Alterations in expression were seen in over 200 genes
(mostly up-regulation) that were responsible for oxidative response, encoding ribosomal
proteins, cellular metabolism, signal transduction and solute transport. There was a significant,
dose-dependent increase in hydrogen peroxide production in the kidney that was accompanied by
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an increase in mMRNA levels for copper-zinc superoxide dismutase (SOD) and GPx. Berradi et al.
(2008) administered 40 mg/L as uranyl nitrate hexahydrate (2.4 mgU/kg/d as calculated by
ATSDR, 2013) in drinking water to 3-month old male Sprague-Dawley rats for 9 months and
observed an increase in the severity of tubule-interstitial lesions but not in their frequency. This
observation was accompanied by a 90% decrease in mMRNA levels of the renoprotective gene
erythropoietin receptor (EPOR) and a 12-fold increase in ceruloplasmin (CP) mRNA which is
also renoprotective.

Induced oxidative stress and depletion of the antioxidant defense system was seen in a
study by Linares et al. (2006) in which sexually mature male Sprague-Dawley rats given 0, 10,
20 and 40 mg uranyl acetate dihydrate/kg bw per day in drinking water for 3 months showed a
statistically significant, dose-dependent increase in SOD activity in kidneys at all doses. TBARS
and oxidized glutathione (GSSG) levels increased with increasing renal uranium concentration.
Histopathology of the kidney included dilated capillaries with prominent endothelium in all
treated groups. No correlation between uranium concentration and GSH levels was seen in the
kidneys. A LOAEL of 10 mg uranyl acetate dihydrate/kg bw per day (calculated as 5.6 mg
uranium/kg bw per day) was estimated based on kidney histopathology.

No overt nephrotoxicity was reported in a comprehensive 9 month drinking water study
(Dublineau et al., 2014) that dosed 8-week old male Sprague-Dawley rats (10/group) with 0.2, 2,
5, 10, 20, 40, or 120 mg/L depleted uranyl nitrate hexahydrate (0.009, 0.09, 0.23, 0.45, 0.9, 1.8,
or 5.4 mg uranium/kg bw per day). No changes in plasma parameters, including renal function
and iron metabolism were observed. Histopathological examination of the kidney did not reveal
any tubular necrosis regardless of dose. Glomerular lesions, scattered cysts and limited
tubulointerstitial lesions (mostly consisting of multifocal inflammatory cell infiltrates) were
limited and seen in all rats, including controls. Tubular regeneration and tubular inflammation
were both slightly, but not statistically significantly, increased at 10 and 40 mg/L (0.45 and 1.8
mg uranium/kg bw per day), and 0.2, 10 and 40 mg/L (0.009, 0.45 and 1.8 mg uranium/kg bw
per day) respectively. These increases were very limited and were not observed at the 120 mg/L
dose. Xenobiotic metabolism in the kidney was assessed using major enzymes (XME) and
proteins related to its three phases. Only a dose-dependent increase in ST1AL gene expression
that was statistically significant at all doses was observed. The authors proposed a no-observed-
adverse-effect level (NOAEL) of >120 mg uranyl nitrate hexahydrate/L (>5.4 mg uranium/kg bw
per day) since alterations in XME were seen as low as 10 mg/L (0.45 mg uranium/kg bw per
day) in the kidney and were not accompanied by signs of tubular regeneration and inflammation.

Gueguen et al. (2014) provided 3-month old male Sprague-Dawley rats (n=12/group)
with either 40 mg/L of uranyl nitrate (1.8 mg uranium/kg bw per day) in drinking water for 0, 1,
3, 6, 9 or 18 months (experiment 1) or with 0, 10, 40 and 120 mg uranyl nitrate/L (equivalent to
0.45, 1.8 5.4 mg uranium/kg bw per day) for 9 months (experiment 2) in drinking water. No
effect was seen on food or water intake, final body weight or on kidney or liver weights in either
study. As well, no changes were seen in plasma biomarkers for kidney (creatinine, urea) or for
liver (transaminase, alkaline phosphatase) function or in kidney and liver histopathology. In
experiment 1, changes were noted in gene expression of XME in the liver and kidney, including
CYP3A enzymes, and were significant at 6 and 9 months but not at 1, 3 or 18 months. The lack
of response at 18 months was attributed to aging. In experiment 2, uranium accumulated in the
kidneys and liver in a dose-dependent way. The most significant changes occurred: in the liver at
120 mg/L consisting of decreased CYP3A enzyme activity correlated with decreases in its gene
and protein expression; and in the kidneys at >10 mg/L consisting of an increase in gene
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expression of STLAL. An LOEL of <10 mg/L (<0.45 mg uranium/kg bw per day) could be
determined based on minor changes in gene expression.

Changes in plasma parameters relating to kidney function, including total protein were
seen in male Sprague-Dawley rats (8/dose; age not provided) given 0, 2, 4, 8, or 16 mg/kg bw
per day of uranyl acetate dihydrate (equivalent to 0, 1, 2, 4 or 9 mg uranium/kg bw per day) in
drinking water sweetened with sugar (amount not specified) for 4 weeks. Controls were given
sweetened water only. Kidneys, thyroid, bone and muscle tissues accumulated uranium in a
dose-dependent way but comparison with the control animals was not done (control rats not
tested). Histopathological effects (congestion of liver, spleen, kidney and moderate increase in
proximal tubule epithelial cell lysosomal content) were seen only at the 16 mg/kg bw per day
group. In plasma, increases in hematological parameters were seen at 8 mg/kg bw per day
(MCHC — mean corpuscular hemoglobin concentration) and 16 mg/kg bw per day (hematocrit,
erythrocytes, hemoglobin, MCHC). Clinical chemistry parameters showed both increases at >2
mg/kg bw per day (total protein) and at 4 mg/kg bw per day (glucose) and decreases at mg/kg bw
per day (GOT — glutamic oxaloacetic transaminase, GPT — glutamic pyearuvic transaminase).
The authors considered 2 mg/kg bw per day of uranyl acetate dihydrate (1 mg uranium/kg bw per
day) to be the NOAEL based on an increase in plasma total protein levels (Ortega et al., 1989)
although a statistically significant increase in total protein was seen at this dose.

Renal anemia is an early symptom of chronic kidney disease (Berradi et al., 2008) and
uranium may affect iron homeostasis within the kidney (Donnadieu-Claraz et al., 2007). In
contrast to the findings in Ortega et al. (1989), Berradi et al. (2008) and Donnadieu-Claraz et al.
(2007) observed iron disorders in rats following chronic exposure to uranium.

Three-month old male Sprague-Dawley rats were given 0 mg/L (n=7) or 40 mg/L (n=8)
of depleted uranium (DU as uranyl nitrate hexahydrate) (2.4 mg uranium/kg bw per day
calculated by ATSDR, 2013) in drinking water for 9 months. A 20% decrease in red blood cell
(RBC) counts, hematocrit and hemoglobin levels was seen in the dosed group although treatment
had no effect on iron levels and iron total and unsaturated binding capacities. No change in the
total iron content of the kidney was observed but its distribution was modified. There was no
change in blood cytokine levels. Uranium did not have a significant effect on general
hematopoiesis or erythropoiesis. Treatment did not affect the frequency of tubule-interstitial
lesions but it did increase their severity although no functional changes, as measured by
creatinine and urea blood levels, were observed. Gene expression of CP, a superoxide scavenger,
was 12 times higher in treated rats while splenic mRNA levels of DMT1 (divalent metal
transporter 1) were increased threefold. DU induced renal deterioration that in turn decreased
RBC count (Berradi et al., 2008).

Donnadieu-Claraz et al. (2007) reported iron accumulation in kidneys of male Sprague-
Dawley rats (10 weeks old) given 40 mg/L of uranyl nitrate (2.7 mg uranium/kg bw per day) in
drinking water for 6, 9, 12 or 18 months. No difference in food or water consumption or in body
weights was seen between the control and treated groups. Accumulation of uranium in the
kidneys was highest at 32 days (220 ng/g) and at 570 days (300 ng/g) and ranged from 70 to
100 ng/g between these two peaks. A large variation in urinary uranium excretion was seen
among exposed rats, although average excretion values peaked at 0.38 pg/mL of urine around
200 days. Significant changes in proximal tubular cells appeared at 6 to 9 months of exposure.
By 12 to 18 months, normalization of the epithelia could be seen although debris was still
present in the tubule lumen. Increases in both the number of intracellular vesicles and the
presence of clusters of small iron oxide granules within vesicles could be seen starting at 6
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months and increased in number with exposure length. The authors suggested that uranium
exposure may affect iron homeostasis in the kidneys. Although iron is an important component
of cytochromes, certain enzymes and oxygen-binding molecules, it can generate reactive oxygen
species via the Fenton reaction and damage tissue (Ray et al., 2012).

Other studies (Rouas et al., 2011; Grison et al., 2013; Poisson et al., 2014a) using only 40
mg/L of uranyl nitrate hexahydrate (average dose of approximately 2.7 mg uranium/kg bw per
day) administered in drinking water for 9 months to male Sprague-Dawley rats did not show any
effects on kidney function (diuresis, creatinine clearance, creatinine, urea, total protein),
histology or novel markers of kidney toxicity (such as KIM-1, osteopontin and kallikrein), with
the exception of a decrease in creatinine clearance reported by Poisson et al. (2014a) and
increases in plasma AST and creatinine and in urine potassium and sodium levels (Grison et al.,
2013). Using metabolomics, Grison et al. (2013) was able to differentiate between treated and
untreated animals, particularly using N1-methylnicotinamide which is a potential early indicator
of nephrotoxicity, and concluded that the absence of overt toxicity does not necessarily imply a
lack of biological effects since changes in metabolite levels, such as N1-methylnicotinamide,
were noted. According to Devarajan (2010), functional changes are inherently delayed due to
“renal reserve” or the ability of the kidney to maintain its glomerular filtration rate (GFR) via
hyperfiltration and compensatory hypertrophy of the remaining healthy nephrons despite
progressive destruction of nephrons. This renal reserve allows for continued clearance of plasma
solutes, so that the plasma markers (creatinine and urea) show significant increases only after
about 50% of the GFR has been lost. In addition, the enhanced tubular secretion of creatinine
that is characteristically encountered at lower rates of GFR results in an overestimation of renal
function (Devarajen, 2010).

No reports are available of studies where toxic responses of young animals to uranium
were directly compared to those of adults. Three studies by Maynard et al. (1953) evaluated age-
related differences in uranyl nitrate toxicity in rats aged 17 days to 6 months exposed to 2%
uranyl nitrate in the diet for 30 days; in rats aged 1, 2, 3, or 6 months exposed to 2% uranyl
nitrate in the diet for 24 hours followed by a 30-day observation period; and in rats aged 21 days
to 6 months receiving a single intraperitoneal (i.p.) injection of 128 (males) or 200 (females)
mg/kg uranyl nitrate hexahydrate. Two of the three studies found age-related increases in
mortality. In the 30-day dietary exposure study, >75% of the 17- and 21-day-old animals died
during the study, <10% of the 28-day-old animals died, and >50% of the 2-, 3-, 4-, 5-, and 6-
month-old animals died. Data provided on body weight and food intake were insufficient to
calculate daily doses. The 1-day dietary study found a similar pattern of mortality. Mortality
increased with age; 1% (males) and 3% (females) of the 1-month-old rats died compared to 8%
(males) and 16% (females) of the 6-month-old rats. Following a single intraperitoneal dose, the
mortality rates were 36, 11, 8, 18, 24, and 19% males and 24, 18, 8, 23.5, 41, 22, and 52% of the
females aged 21 days, 1 month, 2 months, 3 months, 4 months, 5 months, and 6 months,
respectively. The differences in mortality may be due to age-related toxicokinetic differences,
such as changes in absorption efficiency, skeletal development, or kidney development (ATSDR,
2013).

From early studies, it appears that tolerance may develop in the kidney following repeat
dosing, so that much larger doses may be needed to produce the same effect seen with the initial
small dose (Yuile, 1973; Durbin and Wrenn, 1976; Campbell, 1985). Rats exposed to chronic
low doses of uranium for 1 or 2 years exhibited mild renal injury accompanied by transient
changes in urinary and plasma biochemical markers suggesting that at low exposures the renal
tubular epithelium is regenerated and continued exposure does not result in more severe effects
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(Maynard and Hodge, 1949; Maynard et al., 1953). In a serial study, rats exposed to 170 mg
uranium/kg bw per day as uranyl nitrate in the diet had regeneration of the renal tubular
epithelium after 2 weeks of exposure (Maynard et al. 1953). Continued exposure did not result in
progression of renal damage so that the renal tubules in rats exposed for 2 weeks were similar to
those exposed for 1 year (Maynard et al. 1953). Additionally, a 2 year exposure to 170 mg
uranium/kg bw per day did not result in any further damage to the kidneys (Maynard and Hodge,
1949; Maynard et al., 1953). In contrast, regeneration was observed in the first month of the
exposure to 660 mg uranium/kg bw per day, however, with continued exposure, tubular atrophy
was observed at 6-8 weeks. The severity of the atrophy and the areas of the kidney affected by
uranium increased with duration. However, at higher doses, the capacity to regenerate the renal
tubular epithelium is exceeded and tubular atrophy is observed (Maynard et al., 1953). The
return to normal values for the biochemical parameters during chronic exposure may reflect a
kind of acquired tolerance to uranium associated with structural changes in the luminal surfaces
of regenerated kidney tubule cells. This tolerance does not, however, prevent chronic damage to
the kidney, as the regenerated cells are quite different; although histopathologically it may
appear that the repair process is well advanced, the urinary biochemical changes return to normal
only slowly (Leggett, 1989).

Uranium tolerant animals have been shown to have diminished urinary alkaline
phosphatase (Yuile, 1973) and decreased glomerular filtrate rate (Morrow et al., 1982). Proximal
tubule cells were particularly affected by uranium toxicity. Alterations causing thickening of the
glomerular basement membrane of the kidney, which results from the storage of uranium in the
kidney, can be prolonged and severe enough to cause permanent damage (McDonald-Taylor et
al., 1992). Persistent ultrastructural changes in the proximal tubules of rabbits have also been
reported to be associated with the kidney’s ability to store uranium (McDonald-Taylor et al.,
1997). Cell damage in the proximal tubules was significantly more severe in animals allowed up
to a 91-day recovery period than in animals killed at the end of the exposure period (Gilman et
al., 1998c). Acquired tolerance should therefore not be considered as a practical method of
protection against uranium intoxication.

9.2.2.2 Central nervous system

Once in the bloodstream, uranium can cross the blood-brain barrier, preferentially
accumulating in the frontal and temporal cerebral cortex, and the hippocampus regions of the
brain although not all studies have shown dose-dependent accumulation (Lemercier et al., 2003;
Bussy et al., 2006; Paquet et al., 2006; Bensoussan et al., 2009; Dublineau et al., 2014; Ibanez et
al., 2014). Linares et al. (2007) reported a dose-dependent increase in uranium content in brains
of male Sprague-Dawley rats given 10, 20 or 40 mg uranyl nitrate dihydrate/kg bw per day
(calculated as 6, 11, or 22 mg uranium/kg bw per day) in drinking water for 3 months, while
Belles et al. (2005), using a similar protocol, found that uranium accumulation in the brains of
male Sprague-Dawley rats was not dose-dependent since the lowest level was seen in the middle
dose group (11 mg uranium/kg bw per day). Paquet et al. (2006) found that the uranium content
in the brains of adult male Sprague-Dawley rats given 40 mg uranium/L fluctuated over time,
with the uranium in whole brain decreasing over 32 to 186 d from 3 to 0.07 ng uranium/g brain
tissue, then increasing gradually until 570 d to about 1 ng uranium/g brain tissue.

Most studies involving ingestion via drinking water showed no overt signs of toxicity
(Briner and Murray, 2005) and in those that did, the effects were mild (e.g., decreased body
weight gain; Bussy et al., 2006). Neurological effects were minor, inconsistent, and sometimes
contradictory, often lacking a dose-response relationship. They included: behavioural changes in
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the open field test in male rats dosed for 3 months with 10 and 20 mg uranyl nitrate dihydrate/kg
bw per day in drinking water but not with 40 mg uranyl nitrate dihydrate/kg bw per day (Bellés
et al., 2005) and in male (75 and 150 uranyl nitrate dihydrate/kg bw per day) and female (150
uranyl nitrate dihydrate/kg bw per day) rats dosed for 6 months and in males (150 uranyl nitrate
dihydrate/kg bw per day) dosed for 2 weeks (Briner and Murray, 2005); and disruptions to the
sleep-wake cycle in male rats given 40 mg U/L in drinking water for 90 days (Lestaevel et al.,
2005). Changes in the monoaminergic systems were seen when a dose of 40 mg/L of uranyl
nitrate hexahydrate (equivalent to 4 to 1.5 mg/kg bw per day) in drinking water was given to rats.
These changes were more pronounced at 9 months when compared to 6 and 1.5 months and were
accompanied by significant uranium accumulation in the striatum (at 1.5 and 9 months), the
hippocampus and frontal cortex (at 9 months) (Bussy et al., 2006). Changes were also seen in
lipid oxidation levels in the brain (Briner and Murray, 2005) and in the cholinergic system
(Bensoussan et al., 2009) as well as increased oxidative stress (Linares et al., 2007). Most studies
did not report histological changes in the brain, although Kelada et al. (2008) did report focal
degenerative changes and ultrastructural alterations in the cerebral cortex and increased staining
of neuroglial cells in rats gavaged with 60 ug/kg bw of Uranyl acetate dihydrate for 90 days. In
vitro studies did not find any significant cytotoxicity in either rat brain endothelial cells (Dobson
et al., 2006) or primary rat cortical neurons and only minimal effects on thiol metabolite levels,
redox potential and lipid peroxidation (Jiang et al., 2007).

9.2.2.3 Immune system

Alterations in immune function have been studied in 3-week old Kunming mice fed diets
containing 0, 3, 30, or 300 mg uranyl nitrate hexahydrate/kg of feed (equivalent to 0, 0.4, 4, 40
mg uranium/kg bw per day) for 4 months (Hao et al., 2013a). Concentration dependent increases
in the proliferation of splenic B lymphocytes and in the levels of splenic cell interleukins IL-4
and IL-10 were seen at > 3 mg/kg. The proliferation of splenic T-lymphocytes was decreased at
>30 mg/kg while splenic levels of the cytokines IFNy and TNFa were decreased at > 3 mg/kg.
Uranyl nitrate hexahydrate decreased the cytotoxicity of splenic natural killer cells at all dose
levels. The most pronounced changes were seen at the highest dose. No effect was seen on
behaviour, body weight, organ weight or blood-biochemical parameters used to assess hepatic
and renal functions. Uranium accumulated in the kidney, sternum, spleen and thymus and was
correlated with dose. A LOAEL level of 3 mg/kg of feed (equivalent to 0.4 mg uranium/kg bw
per day) based on minor changes to the immune system (Hao et al., 2013a).

A similar study was conducted on 3 week-old Sprague-Dawley rats given feed containing
0, 1.3, 13 or 130 mg uranium/kg (equivalent to 0, 0.065, 0.65 or 6.5 mg uranium/kg bw per day)
for 4 months. A significant, dose-dependent increase in uranium content was seen in the kidney,
liver and spleen at all treated doses. Effects on immune function included delayed
hypersensitivity induction at all doses and decreased lymphocyte count at 130 mg uranium/kg
only. Histopathological changes were seen in the bone marrow (hyperplasia) and the spleen
(decreased splenic white pulp, decreased number/volume of splenic corpuscles) and were most
significant in the high dose group (Hao et al., 2013b).

9.2.2.4 Bone
Bones have a high affinity for uranium and are another target organ of uranium toxicity.
Uranium exposure may interfere with normal bone formation functions (Arzuaga et al., 2015).
Male rats postnatally exposed for 9 months to drinking water containing 40 mg/L of
uranyl nitrate had altered bone parameters (decreased cortical bone diameter, increased osteoid
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thickness, decreased mMRNA expression of genes for normal bone structure and function) and
altered renal function (significant decreased plasma creatinine, although within normal range for
rats) while no effect was seen in rats when exposure began as adults (Wade-Gueye et al., 2012).
Domingo et al. (1989a) found doses of >14 mg uranium/kg bw per day caused bipartite
sternebrae, and developmental variations such as reduced ossification and unossified skeletal
variations in offspring of 20 pregnant Swiss mice gavaged with 0, 5, 10, 25 or 50 mg uranyl
acetate dihydrate/kg bw per day (equivalent to 0, 2.8, 5.6, 14 and 28 mg uranium/kg bw per day)
on days 6-15 of gestation (see Section 9.2.5).

Adverse bone growth and formation were also seen in studies using other routes of
exposure. Male Wistar rats (11/group) given a single i.p. injection of 2 mg uranyl nitrate/kg bw
had altered architecture of the metaphyseal zone of the tibiae, shorter and wider trabeculae and
less frequent osteoblastic areas. Bone formation surfaces were also significantly reduced
(Guglielmotti et al., 1984). In another study, depressed bone formation (reduced bone growth in
both tibiae and mandibles) was seen in rats (strain unspecified) given a single i.p. injection of 2
mg uranyl nitrate/kg bw or 30 dermal applications of 2.88 or 5.76 g U308 yellowcake/kg bw per
day in petrolatum. High mortality was seen in all treatments (50%, 30% and 60% deaths,
respectively by day 30) (Ubios et al., 1994-1995). Decreased bone formation and inhibition of
endochondrial ossification in the tibia (shorter, and thinner, alterations of epiphyseal zone, less
active osteoblasts) and mandible (marked by depletion of active osteoblasts and increased
number of bone-lining cells on trabecular surface) were reported in rats subcutaneous implanted
with insoluble uranium dioxide powder (0.125 g/kg bw) for 30 days (Diaz et al., 2002).

Despite a significant decrease in active vitamin D, in vitamin D receptor expression and
MRNA levels of vitamin D target genes involved in renal calcium transport in rats given drinking
water containing 40 mg/L of depleted uranium for 9 months, no effect in calcium or phosphate
levels (i.e., mineral homoeostasis — important in bone formation) was observed (Tissandie et al.,
2007). The activity and expression of CYP enzymes involved in vitamin D metabolism (crucial
in the regulation of calcium-phosphate homeostasis) were altered in 10 week old Sprague-
Dawley male rats given a single gavage dose of depleted uranium (204 mg uranyl nitrate/kg)
(Tissandie et al., 2006). Decreased total bone mineral density in the proximal metaphysis of the
tibia was observed at the highest dose in male Wistar rats given a single intramuscular dose of
0.2, 1.0 and 2.0 mg/kg bw mg depleted uranyl nitrate/kg bw and then sacrificed at 28 d. Bone
biochemical markers were statistically significantly increased at all doses for osteocalcin, at 0.2
mg/kg bw for tartrate-resistant acid phosphatase and at 2.0 mg/kg bw for pyearidinodine and
parathyroid hormone (Fukuda et al., 2006).

A single oral dose of 90 mg/kg bw of uranyl nitrate was enough to delay tooth eruption
and tooth formation (indicators of bone formation/remodeling) in suckling Wistar rats exposed at
postnatal day 1 or 7 during alveolar bone development when assessed 1 week post-exposure
(Pujadas Biji et al., 2003). A follow-up study (Pujadas Biji and Ubios, 2007) showed that the
initial impairment in tooth eruption and formation did not persist at 27 days post-exposure and
that catch-up growth had occurred indicating reversibility. Tooth eruption was unaffected in
Swiss mice pups whose mothers were dosed with 0.05, 0.5, 5 or 50 mg uranyl acetate
dihydrate/kg per day starting at gestation day 13 (Domingo et al., 1989b; see Section 9.2.5).
Decreased bone formation and increased bone resorption and resting bone in the periodontal
bone of rats were seen following i.p. injections of 0.8 or 2 mg uranyl nitrate/kg bw (Ubios et al.,
1991). Similarly, a significant decrease in bone formation (alveolar bone volume, total bone
formation and volume density of bone) was observed in male Wistar rats (11/group) given a
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single i.p. injection of 2 mg uranyl nitrate/kg bw following extraction of 3 mandibular molars
(Guglielmotti et al., 1984, 1985).

In vitro studies show that uranium interacts with proteins and genes involved in bone
development, and also affect crystallinity and mineralization. The bovine serum protein fetuin-A
(homologue of human a2-HS-glycoprotein) was found to have a high affinity for hexavalent
uranium (U(VI) (the species of uranium present in aqueous solutions including blood) binding 3
U(VI) per protein and modifying the secondary structure of the protein, and possibly disrupting
bone mineralization and bone metabolism regulation (Basset et al., 2013). Phosphorylated
osteopontin (OPN), which is involved in bone mineralization, forms stable complexes with
uranyl ions (9 equivalents of uranium/mole of protein) inducing conformational changes in the
protein (Qi et al., 2014). Using DNA microarrays, Prat et al. (2010) showed that uranyl ions
affected the transcriptional levels of SPP1 (secreted phosphoprotein 1 - a gene that codes for
OPN) in human kidney cell lines thereby impacting the excretion of OPN in a time- and dose-
dependent way. Using synthetic biomimetic apatites to model bone in vitro, Chatelain et al.
(2015) found that uranium induced a loss of crystallinity and lowered the mineralization rate. An
in vitro study using osteoblast-like ROS 17/2.8 rat-derived cells found uranium accumulated in
cells and exerted cytotoxic effects after reaching a concentration threshold (>75 uM) that varied
with speciation of uranium in solution although alkaline phosphatase activity was not affected. In
this study, two markers of bone formation and mineralization (bone sialoprotein and osteocalcin)
were activated at low, non-toxic doses but inhibited at toxic doses (Milgram et al., 2008).

9.2.3 Long-term exposure and carcinogenicity

Earlier, lifetime feeding studies using diets containing up to 20% uranium reported
decreased longevity in laboratory animals associated with exposure (Maynard and Hodge, 1949).
A no-observed-effect-level (NOEL) (for the longevity) was reported to be 81 mg uranium/kg bw
per day for rats exposed to uranyl fluoride. For other uranium compounds, NOELs of 1,130 mg
uranium/kg bw per day (as uranyl nitrate), 1,390 mg uranium/kg bw per day (as uranium
tetrafluoride) and 1,630 mg uranium/kg bw per day (as uranium dioxide) were reported for
decreased longevity. Most deaths were associated with chemically-induced renal damage. Renal
effects in rats included tubular necrosis, tubular lesion, and mild tubular degeneration following
from chronic oral exposure to uranium. Hematological effects included anemia, and increased
white blood cell count (Maynard and Hodge, 1949; Maynard et al., 1953). Other chronic effects
included decreased body weight gain in rats. No histological effects were found in the spleen,
lymph nodes, or bone marrow of various animals orally exposed (Maynard and Hodge, 1949;
Tannenbaum and Silverstone, 1951; Maynard et al., 1953). The lowest NOEL value reported is
24 mg/kg bw per day for chronic renal effects in rats orally exposed to uranyl nitrate hexahydrate
for one year (Maynard et al., 1953). The lowest reported NOEL and lowest-observed-effect-level
(LOEL) values for haematological and renal effects were 19 and 39 mg/kg bw per day,
respectively, in rats exposed to uranyl nitrate hexahydrate for two years (Maynard et al., 1953).

There are limited data on the carcinogenicity of uranium compounds in animals. Chronic
oral exposure studies in rats and dogs have not reported neoplasms following ingestion of several
uranium compounds at doses up to 12,341 mg uranium/kg per day for rats and 8,815 mg
uranium/kg per day for dogs (Maynard and Hodge, 1949; Maynard et al., 1953).

9.2.4 Genotoxicity
Uranium’s potential to induce genotoxicity has been shown in vivo following oral
ingestion and in in vitro studies.
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Weanling Wistar rats (50/sex/dose) were fed diets containing 0, 4, 40 mg uranium/kg bw
per day as depleted uranyl nitrate for 4 months and then mated (F1). Offspring were exposed to
the same doses as their parents for 4 months. The Comet assay and the bone marrow
micronucleus test detected dose-dependent DNA damage that was more severe in the F1 groups.
Changes in the histopathology of the testicles and the ovaries were also noted and were more
pronounced in the F1 groups (Hao et al., 2009). A significant increase in bone marrow mutation
frequency was also seen in the offspring of transgenic male mice given 50 mg uranium/L
(equivalent to 1 mg per day) as depleted uranyl nitrate in drinking water for 2 months (Miller et
al., 2010).

Positive results, including dose-dependent increases in uranium-DNA adduct formation
and DNA damage, have been shown in in vitro studies including the chromosomal aberration
assay, the HPRT assay, the micronucleus test, the sister chromatid exchange assay, the Comet
assay and the cytokinesis-block-micronucleus centromere (CBMN) assay paired with the
fluorescence in situ hybridization (FISH) assay (Lin et al., 1993; Stearns et al., 2005; Thiébault
et al., 2007; Darolles et al., 2010). Negative findings for the Comet assay (Stearns et al., 2005)
have also been observed.

9.2.5 Reproductive and developmental toxicity

Reproductive and developmental effects seen in animals following ingestion of soluble
uranium compounds included: impaired female and male fertility, alterations in parental
reproductive structures, fetotoxicity, and increased developmental variations. Effects on female
fertility included oocyte damage (Feugier et al., 2008; Kundt et al., 2009), delayed
folliculogenesis (Arnault et al., 2008), changes in the number of follicles, decreased pregnancy
rate (LIobet et al., 1991; Radulescu et al., 2009) and number of pups per litter (Maynard and
Hodge, 1949) with the lowest available NOAEL value being 10 mg uranyl nitrate hexahydrate/L
(1.9 mg uranium/kg bw per day) based on oocyte quality (Feugier et al., 2008). A LOAEL of 5.6
mg uranium/kg bw per day for male fertility was available for Swiss mice, based on a decreased
pregnancy rate in untreated females (Llobet et al., 1991). Maternal and fetotoxic effects showed
a LOAEL of 2.8 mg uranium/kg bw per day in treated female Swiss mice (Domingo et al.,
1989a).

Delayed folliculaogenesis was seen in two separate series of studies on ovarian function
(Raymond-Whish et al., 2007; Arnault et al., 2008). Arnault et al. (2008) reported that uranium
delayed folliculogenesis in vivo in mice at >5 mg uranyl nitrate/L (>1.25 mg uranium/kg bw per
day) and oocyte meiosis in vitro at 1 mM of uranyl acetate. In the first experiment, female mice
(n =5-10) were exposed for 15 weeks to drinking water containing 0, 5, 50 or 400 mg/L of
uranyl nitrate (equivalent to 1.25, 12.5, 100 mg uranium/kg bw per day) and then either
euthanized or mated (Experiment 2) with untreated males. Dams (Experiment 2) and their female
pups (Experiment 3) were then followed for 3 months. Overall, treatment had no effect on body
weight, general health, behaviour or kidney weights. Uranium did not accumulate in the ovaries.
After 15 weeks of exposure, unmated females had fewer large antral follicles at all doses when
compared to controls. These effects were also noted in the female pups. In experiment 2,
increased secondary and early prenatal follicles were noted in all treated dams. A LOEL of 5 mg
uranyl nitrate/L (1.25 mg uranium/kg bw per day) could be estimated. In the in vitro evaluation,
mouse oocyte maturation was slowed down when cultured in the presence of 1 mM uranyl
acetate (equivalent to 424 mg/L of uranyl nitrate).

A similar decrease in large primary follicles was seen at 0.5 mg uranyl nitrate
hexahydrate/L (0.04 mg uranium/kg bw per day) only in immature B6C3F;mice (n=9-10/group)
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dosed with 0.5, 2.5, 12.5 and 60.0 mg urany! nitrate hexahydrate /L (0, 0.04, 0.18, 0.89, 4.44 mg
uranium/kg bw per day) for 30 days. Kidney weights were decreased in the mid (0.18 mg
uranium/kg bw per day) and high (4.44 mg uranium/kg bw per day) dose groups. In a second
experiment to assess effects of in utero exposure, B6C3F; dams treated with 0.5, 0.25, 12.5 or 60
pg uranyl nitrate hexahydrate /L (0, 0.00004, 0.00018, 0.00089, 0.00444 mg uranium/kg bw per
day) for 30 days prior to mating and then throughout gestation had a significant dose-dependent
decrease in small primary follicles at >2.5 pg uranyl nitrate hexahydrate /L (0.00018 mg
uranium/kg bw per day) while their female offspring showed a statistically significant decrease
in primordial follicle numbers at 0.5 and 2.5 pg uranyl nitrate hexahydrate /L (0.00004 and
0.00444 mg uranium/kg bw per day) only. No gross anomalies were noted in any major organ
examined. Ovariectomized C57B1/6J mice were also exposed to uranyl nitrate hexahydrate and
exhibited changes in uterine morphology and histology, including significantly increased uterine
weight. Overall, the findings suggest an estrogenic response to uranium (Raymond-Whish et al.,
2007).

Fertility effects have been seen in early studies in which male and female rats were fed
diets containing 2% uranyl nitrate hexahydrate for seven months, followed by normal diets for
five months. Treated rats produced fewer litters, and fewer pups per litter (Maynard and Hodge,
1949). In follow-up studies, rats fed diets containing 2% uranyl nitrate hexahydrate for a single
24 hour period after weaning also produced fewer litters with fewer pups per litter than control
rats, with no signs of maternal toxicity (Maynard et al., 1953). In a more recent study, no effects
were observed in testicular function or spermatogenesis in male Swiss mice exposed for 64 days
to uranyl acetate dihydrate in drinking water at doses of 0, 10, 20, 40 or 80 mg/kg bw/day
(equivalent to 0, 5.6, 11.2, 22.4 and 44.8 mg uranium/kg bw per day) prior to mating with
untreated females for 4 days (Llobet et al., 1991). Interstitial alterations and vacuolization of
Leydig cells were observed at the highest dose while decreases in total epididymis weight and
epididymis weight to body weight were seen at >11.2 mg uranium/kg bw per day. Pregnancy rate
was significantly decreased at >5.6 mg uranium/kg bw per day although no differences in the
number of live and dead foetuses were seen when compared with females mated with control
males. A LOAEL of 5.6 mg uranium/kg bw per day for male fertility, based on decreased
pregnancy rate, was determined (Llobet et al., 1991).

The combined action of stress and uranium was evaluated on a variety of outcomes
including male reproduction (Linares et al., 2005). In this study, adult male rats (n=8) were
exposed to 0, 10, 20 or 40 mg uranyl acetate dihydrate/kg bw/day (0, 5.6 11.2, 22.4 mg
uranium/kg bw per day) in drinking water for 3 months. Half of the animals were exposed to 2
hours per day of restraint stress. Although histopathology revealed little effect, fertility
reductions at 11.2 mg uranium/kg bw per day (non-dose dependent) only and spermatid numbers
per testis at all doses were noted. Restraint did not enhance the uranium-induced effects. In
subsequent analyses of the data, Linares et al. (2006 and 2007) reported evidence of pro-oxidant
activity of uranium in the testis, kidney and brain of rats. In the testes, glutathione reductase and
glutathione were decreased while superoxide dismutase was increased. Evidence of pro-oxidant
activity in the kidney and brain included increased thiobarbituric acid-reactive substances and
oxidized glutathione and superoxide dismutase activity.

Decreased fertility was also seen in uranium-treated pregnant Sprague-Dawley rats
gavaged with either 0.830 or 1 mg uranyl acetate dehydrate/kg/d from gestation day 5 to 16.
Decreased maternal body weight gain and terminal body weight was seen in treated rats and was
accompanied by a decrease in food intake. A significant decrease in fertility (expressed as
decreased foetal viability and litter size and increased spontaneous abortions) was also noted. No
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gross foetal external abnormalities or histological effects in bone were noted, although pup size
and weight were both significantly decreased at 0.830 mg uranyl acetate dehydrate/kg/d
(Radulescu et al., 2009).

Fetotoxic and developmental effects were seen in several studies. Domingo et al. (1989a)
evaluated the developmental toxicity of uranium by treating groups of 20 pregnant Swiss mice
by gavage to doses of 0, 5, 10, 25 or 50 mg uranyl acetate dihydrate/kg bw/day (equivalent to 0,
2.8, 5.6, 14 and 28 mg uranium/kg bw per day) on days 6-15 of gestation; the animals were
sacrificed on day 18. Dose-dependent maternal toxicity was seen starting at the lowest dose (2.8
mg uranium/kg bw per day). Exposure-related fetotoxicity consisting of reduced foetal body
weights and an increase in total external defects was seen starting at 2.8 mg uranium/kg bw per
day while reduced foetal body length, and increased incidence of both stunted fetuses per litter
and developmental variations were seen starting at 5.6 mg uranium/kg. At doses of >14 mg
uranium/kg bw per day, specific malformations included cleft palate and bipartite sternebrae, and
developmental variations such as reduced ossification and unossified skeletal variations were
observed. Delayed development of renal papillae was observed at 2.8 and 14 mg uranium/kg bw
per day but was not statistically significant. There was no evidence of embryolethality at any
dose. A LOAEL of 2.8 mg uranium/kg bw per day could be determined based on both the
maternal and fetotoxic effects in mice (Domingo et al., 1989a).

A second study by Domingo et al. (1998b) evaluated the effect of uranium on late foetal
development, parturition, lactation and postnatal viability. Groups of 20 female mice were
treated by gavage from day 13 of pregnancy until day 21 of lactation to doses of 0, 0.05, 0.5, 5 or
50 mg uranyl acetate dihydrate/kg bw per day (equivalent to 0, 0.028, 0.28, 2.8 and 28 mg
uranium/kg bw per day). Maternal deaths (2/20 and 3/20 at the two highest doses, respectively)
were attributed to the treatment; however, maternal toxicity was not evident from changes in
body weight or food consumption, although relative liver weight was significantly reduced in all
treatment groups. No effect on incisor eruption (indicative of bone formation remodeling) was
seen at any dose. Decreases in pup viability, as indicated by significant decreases in litter size on
day 21 of lactation, and significant decreases in the viability and lactation indexes were observed
in the highest dose group. Based on developmental effects in pups, the NOAEL is 2.8 mg
uranium/kg bw per day.

A significant decrease in fetal body weight (at 1 and 2 mg uranyl acetate dihydrate/kg bw
per day) and a significant increase in total skeletal effects (decreased ossification or no
ossification in a number of bones in all doses) were observed in fetuses of Swiss mice dams
(25/dose) given subcutaneous injections of 0.5, 1, 2 mg uranyl acetate dihydrate/kg bw per day
from gestation day 6 to 15 (period of organogenesis). High maternal toxicity, including death
(30% mortality in high dose group) was also observed which may have contributed to the
fetotoxicity observed. Other maternal and embryo/fetotox effects were also noted (Bosque et al.,
1993).

Paternain et al. (1989) studied the effects of uranium on reproduction, gestation and
postnatal survival. Swiss mice (25/sex/group) were gavaged with 0, 5, 10 or 25 mg uranyl acetate
dihydrate/kg bw per day (equivalent to 0, 2.8, 5.6 or 14.0 mg uranium/kg bw per day). Males
were dosed for 60 days prior to mating while females were dosed starting at 14 days prior to
mating and continuing until day 21 of lactation, unless sacrificed at day 13 of gestation.
Significant reproductive effects were seen at 14 mg uranium/kg bw per day and consisted of an
increased number of total and late resorptions, increased number of dead foetuses and a decrease
in both the number of live foetuses and in the viability indices. There was a significant decrease
in the number of litters over time (measured at PND 0, 4 and 21) starting at 5.6 mg uranium/kg
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bw per day). Pup growth was supressed at 2.8 mg uranium/kg bw per day for body weight and
5.6 mg uranium/kg bw per day) for body length. The authors gave a NOEL of 5 mg uranyl
acetate dihydrate/kg bw/day, equivalent to 2.8 mg uranium/kg bw per day.

Eight groups (2 groups/dose) of male Sprague-Dawley rats (16/group) were given
drinking water containing 0, 10, 20 or 40 mg uranyl acetate dihydrate/kg bw per day (0, 5.3,
11.2, 22.4 mg uranium/kg bw per day) for 3 months. One group per dose was exposed to 2 hrs of
restraint stress per day. At the end of 3 months, males were mated with untreated females. At 20
mg/kg bw per day only pregnancy rate was significantly decreased (not dose-dependent). No
significant effect was seen on the physical maturation of offspring (as measured by number of
implants/litter, the number of dead/resorbed foetuses, viability index, lactation index or the
number of days to pinna detachment or eye opening, body weight), neuromotor maturation (as
measured by surface righting and forelimb grip strength) or behaviour (as measured by passive
avoidance acquisition and mean distance traveled on trial probe). Slight differences were seen in
the negative geotaxis test in female offspring only. These differences were transient and not
dose-dependent. Isolated differences were also seen in the water maze test but these were
independent of dose used. The NOAEL was 10 mg/kg bw per day of uranyl acetate dehydrate
(calculated as 5.6 mg uranium/kg bw per day) (Albina et al., 2005).

A single oral dose of 90 mg/kg bw of uranyl nitrate was enough to delay tooth eruption
and tooth formation in suckling Wistar rats exposed at postnatal day 1 or 7 during alveolar bone
development when assessed 1 week post-exposure. Histopathological changes (hyaline casts and
cell vacuolization were also seen in the kidneys (Pujadas Biji et al., 2003). A follow-up study
(Pujadas Biji and Ubios, 2007) showed that the initial impairment in tooth eruption and
formation did not persist at 27 days post-exposure and that catch-up growth had occurred.

9.3  Mode of action

Uranium appears to cause nephrotoxicity through its interaction with the proximal
tubules. In humans, chronic exposure to uranium via drinking water was associated with elevated
biomarkers of proximal tubule damage (i.e., increased urinary excretion of glucose, ions and low
molecular weight proteins), and to a lesser extent, glomerular dysfunction (i.e., albuminuria)
(Kurttio et al., 2002, 2006a; Mao et al., 1995; Zamora et al., 1998). In animal studies,
histological analysis has indicated damage to both the glomerulus and tubules (Ortega et al.,
1989; Gilman et al., 1998a, 1998b, 1998c; Donnadieu-Clarez et al., 2007; Berradi et al., 2008).

The proposed mode of action for nephrotoxicity relating to uranium exposure appears to
involve three steps: uranyl ion forms complexes with bicarbonate ions and proteins in the blood,
these complexes are taken up by the kidneys leading to impaired kidney function. Once in the
blood (Adams and Spoor, 1974; Osman et al., 2015), uranium is predominantly present as the
uranyl ion (Durbin and Wrenn, 1976; Keith et al., 2007) which mostly complexes with
bicarbonate anions and with plasma proteins such as transferrin and albumin (Butterworth, 1955;
Ballou et al., 1986; Diamond et al., 1989; Kocher, 1989; Leggett, 1989; National Research
Council, 1999). The bicarbonate complex is readily filtered through the glomerulus and enters
the proximal tubular fluid where, under the reduced pH of the tubules, it dissociates. As
bicarbonate, citrate, and water are reabsorbed in the proximal tubules, the concentration of uranyl
ions in the tubular fluid increases (Durbin and Wrenn, 1976; National Research Council, 1988;
Beckett et al., 2007; ATSDR, 2013). The freed uranyl ions can then complex with phosphate
ligands on the luminal surface of the tubule cells, impairing kidney function (Beckett et al.,
2007). Uranium can also specifically bind to a small number of proteins in the kidney involved
in iron homeostasis and gene expression (Frelon et al., 2009). The undissociated bicarbonate
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complex is not absorbed and passes directly into the urine. As with other weak acids, the pH in
the lumen and the presence of bicarbonate influence the rate of uranium elimination in the urine.
Little dissociation of the bicarbonate complex occurs when alkalinity is increased, resulting in
increased urinary excretion of uranium while acidification of the urine results in almost complete
dissociation of the complex, leading to a large renal uptake of bicarbonate and a small excretion
of uranium (Beckett et al., 2007; McDiarmid et al., 2012).

In general, the stage of renal development, especially the maturity of the renal tubular
transport process, impacts the severity of the toxic effects seen in the kidneys. Increased tubular
transport generally means increased tubular toxicity. Human renal development involves two
basic processes — morphological formation (completed in utero) and acquisition of function
(begins with earliest formation of foetal nephrons and accelerates after birth to reach adult
levels). In humans, nephrogenesis occurs between the 6™ and the 36™ week of gestation, after
which time the anatomic formation of the kidney is complete with a full complement of
nephrons. The primary functions of the kidney (glomerular filtration, tubular secretion and
tubular reabsorption) are dependent on renal blood and renal plasma flow which increase with
age as a result of an increase in cardiac output and a reduction in peripheral vascular resistance
(Fernandez et al., 2011). At birth, these primary kidney functions are all decreased (Lee, 2009;
Fernandez et al., 2011). Newborns also have a limited ability to concentrate urine and have
lower urinary pH values (Lee, 2009). Accelerated kidney growth and physiological changes
occur postnatally, with kidney function reaching adult levels at 1 to 2 years of age. Prior to this,
the low renal blood flow and decreased tubular transport seen in infants may serve to protect the
kidneys from toxic effects (Solhaug, 2004). As nephron formation continues after birth in
animals, the results of studies on renal function in rodents and other experimental models need to
be interpreted carefully (Solhaug, 2004).

Other proposed mechanisms include the interference by uranium of ATP utilization and
mitochondrial oxidative phosphorylation in the renal proximal tubule leading to disruption of
active transport in the cells of the renal proximal tubules and associated structures (Brady et al.,
1989; SCAHT, 2015). Formation of reactive oxygen species, possibly related to disruption of
iron homeostasis (Donnadieu-Clarez et al., 2007) and leading to altered gene, protein and
enzyme expression in the kidneys, testes and brain has also been proposed (Taulan, et al., 2004;
Linares et al., 2006, 2007; Donnadieu-Clarez et al., 2007).

Uranium may also cause bone effects by decreasing cell proliferation in areas of
endochondral ossification, altering the cytoplasm and nuclei of active and inactive osteoblasts,
decreasing the number of active osteoblasts, and inhibiting the expression of genes associated
with normal bone development and mineralization (Wade-Gueye et al., 2012; Arzuaga et al.,
2015). It has also been reported that uranium can alter mineral homeostasis by binding to
osteoponin, a protein expressed in mineralized tissues (Arzuaga et al., 2015).

10.0 Classification and assessment

With respect to chemical toxicity, there is insufficient evidence to conclude that oral
exposure to natural uranium will cause cancer in humans or animals (National Research Council,
1988; U.S. EPA, 1989; EFSA, 2009; ATSDR, 2013). No major health agency has provided a
cancer slope factor for uranium. Natural uranium has not been classified as a carcinogen by the
National Toxicology Program (NTP), the International Agency for Research on Cancer (IARC)
or by the U.S. EPA. The National Research Council (1988) looked at the carcinogenic effects of
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internally deposited uranium in an attempt to provide a quantitative risk estimate on cancer
induction. It determined that the most likely cancer resulting from uranium exposure, specifically
from highly enriched uranium, would be bone sarcomas. No epidemiological studies have shown
an increase in such cancers and the National Research Council (1988) concluded that natural
uranium may have no measurable carcinogenic effects.

Only a few exploratory epidemiological studies relating to drinking water as a route of
exposure were available and their results are equivocal (see Sec. 9.1.3). Despite genotoxicity
being reported in in vitro studies (see Sec. 9.2.4) and in a limited number of in vivo studies (Hao
et al., 2009; Miller et al., 2010), no specific cancer studies in animals using oral exposure were
located. In the few long-term oral studies available (Maynard and Hodge, 1949; Maynard et al.,
1953; Donnadieu-Clarez et al., 2007; Gueguen et al., 2014) no neoplasms were noted in either
dogs or rats following ingestion of several uranium compounds. Therefore, the available human
and animal data are inadequate to perform a quantitative cancer risk assessment.

10.1 Non-cancer risk assessment

In epidemiological studies, only kidney effects have been consistently found in humans
following natural uranium exposure while the main target organ for animals is the kidneys
(Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951; Goel et al., 1979; Ortega et al.,
1989; Mao et al., 1995; Gilman et al., 1998a, 1998b; Zamora et al., 1998; Kurttio et al., 2002,
2006a). The lowest available point of departure found in animal studies is based on kidney
effects and is a LOAEL of 0.06 mg/kg bw per day (Gilman et al., 1998a). Uranium accumulates
mainly in bone and to a lesser extent in the kidneys, with toxic effects seen in both organs. The
evidence for bone effects suggests a hazard associated with uranium exposure but the available
studies are inadequate for risk assessment due to their study designs (only single and mostly high
or lethal doses used), routes of exposure (mostly injection studies) and inconsistent results
(genes/protein expression altered but overall process unaffected). Overall, the literature shows
uranium does have an effect on bone development and maintenance but studies are insufficient to
provide a NOAEL/LOAEL with the exception of Domingo et al. (1989a) which showed fetal
skeletal effects at >14 mg uranium/kg bw per day in the presence of high maternal toxicity. This
LOAEL for bone effects is much higher than the lowest available LOAEL of 0.06 mg/kg bw per
day for kidney effects from Gilman et al. (1998a).

As such, the kidney is likely the main target organ of uranium toxicity and the best-
characterized based on current available literature. There is no indication that infants or children
would be more sensitive to kidney effects. In fact limited animal studies in adult rats and mice
suggest adults may be more sensitive to kidney effects than weanling animals to uranium
(Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951; Homma-Takeda et al., 2013).

In epidemiological studies, chronic exposure to uranium via drinking water has been
associated with elevated biomarkers of proximal tubule damage (i.e., increased urinary excretion
of glucose, ions and low molecular weight proteins), and to a lesser extent, glomerular
dysfunction (i.e., albuminuria) (Mao et al., 1995; Zamora et al., 1998; Kurttio et al., 2002,
2006a) although biomarker values were often inconsistent among studies and within normal
clinical ranges. Additionally, most of the study populations were quite small (i.e., n=50-300) and
had poor exposure estimates that relied on a minimal number of urine samples and on self-
reported food and drink consumption, factors which are not representative of long-term uranium
exposure and can induce bias into the results. Other studies showed no evidence of effects on
renal proximal tubule function and no clear signs of renal damage (Selden et al., 2009), although
a weak association was seen between cumulative uranium intake and glucose levels in the urine
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as well as in increased blood pressure (Kurttio et al., 2006a). Little information is available
relating to exposure of children. The one available study showed elevated f2-microglobulin in a
3 year old child but not in her 4 older siblings (Magdo et al., 2007). A no-effect concentration
could not be derived from the human studies available to date. Overall, the epidemiological
evidence does not provide a reliable dose-response characterization as noted by ATSDR (2013).
However, the mild kidney effects seen in the epidemiological studies, most notably in the Kurttio
et al. (2002) study, are consistent with the kidney effects found in animals.

Renal damage was reported in a number of studies in several species (rats, dogs, rabbits)
of animals (Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951; Ortega et al., 1989;
Gilman et al., 1998a and1998b; Craft et al., 2004; Brugge and Buchner, 2011; ATSDR, 2013).
Reported kidney effects varied in intensity, ranging from microscopic lesions to necrosis and
included changes in blood chemistry, urinary markers and gene expression relating to kidney
function, red blood cell counts, and iron metabolism, although some studies found no marked
kidney effects even at doses of 40 mg uranium /kg bw per day given for up to 9 months
(Maynard and Hodge, 1949; Tannenbaum and Silverstone, 1951; Goel et al., 1979; Ortega et al.,
1989; Gilman et al., 1998a, 1998b; Taulan, 2004; Donnadieu-Claraz et al., 2007; Berradi et al.,
2008; Rouas et al., 2011; Grison et al., 2013; Poisson et al., 2014a and 2014b). Other studies
showed that once exposure ceased, uranium was efficiently removed from the body and the
observed kidney effects were reversible (Maynard and Hodge, 1949; Morrow et al., 1982;
Bentley et al., 1985; Diamond et al., 1989; Leggett, 1989; Orloff et al., 2004; Tessier et al.,
2012).

Rats were considered the most sensitive species to uranium toxicity following chronic
exposure (Vicente-Vicente et al., 2010). LOAEL values for kidney effects ranged from 0.06 to
5.6 mg uranium/kg bw per day in rats and often represented the lowest dose tested (Ortega et al.,
1989; Gilman et al., 1998a, 1998b, 1998c; Linares et al., 2006). The most severe kidney effects
were reported in a 3 month study by Gilman et al., (1998a) with a LOAEL of 0.06 mg
uranium/kg bw per day for male rats. More recent studies using methodologies similar to Gilman
et al. (1998a) but with an extended dosing period of up to 9 months did not report significant
changes in kidney pathology and determined a NOAEL of 5.4 mg/kg bw per day (the highest
dose tested) (Dublineau et al., 2014; Gueguen et al., 2014; Poisson et al., 2014a, 2014b). Studies
showed that although the amount of uranium absorbed from the GI tract was lower in rats than in
humans (see Sec. 8.1), the proportion of absorbed uranium distributed and retained in the
skeleton and kidneys was similar in rats and humans (see Sec. 8.2) making the rat an appropriate
surrogate for uranium toxicity in humans.

As a conservative approach, the Gilman et al. (1998a) study was selected as the point of
departure for this risk assessment as it was the lowest available LOAEL for kidney effects. As
the kidney data did not show a strong correlation between dose and response, Benchmark Dose
Modeling could not be used (ATSDR, 2013). Gilman et al. (1998a) reported statistically
significant changes in the kidney for all doses tested and established a LOAEL of 0.96 mg uranyl
nitrate hexahydrate/L (corresponding to 0.06 mg uranium/kg bw per day for males and 0.09 mg
uranium/kg bw per day for females). Despite study shortcomings, such as the lack of an
identified NOAEL, no reported clinical chemistry, and a poor dose-response relationship, the
histopathological changes seen in the kidney, although more severe, were consistent with other
studies and were supported by a plausible mode of action (Maynard and Hodge, 1949;
Tannenbaum and Silverstone, 1951; Goel et al., 1979; Ortega et al., 1989; Gilman et al., 1998b,
1998c¢). Although the Gilman et al. (1998b) rabbit study had a slightly lower LOAEL of 0.05 mg
uranium/kg bw per day (0.96 mg uranyl nitrate hexahydrate/L) for renal toxicity, it was not used
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to estimate a tolerable daily intake (TDI) since male rabbits were infected with Pasturella
multocida (an infection that may develop into septicemia leading to acute death in the absence of
any clinical signs; Aiello et al., 2012), potentially confounding the results. Other possible points
of departure based on kidney effects (a NOAEL of 1 mg/kg bw per day (Ortega et al., 1989) and
a LOAEL of 5.6 mg uranium/kg bw per day (Linares et al., 2006)) are 16 and 93 times higher
than that based on Gilman et al. (1998a). Based on the above considerations, adding an
uncertainty factor to account for using a LOAEL instead of a NOAEL was not considered
necessary.

Changing the length of exposure had inconsistent results on histopathological effects in
the kidney. Comparing 3 month and 9 month exposures in rats, Poisson et al. (2014b) did not
observe differences in kidney histopathology related to exposure time or dose, while Hamid
(2012) observed more pronounced renal histopathological findings in rats gavaged with 35 mg
uranium /kg bw per day for 60 days compared to those gavaged for 30 days. Sprague-Dawley
rats given 2.7 mg uranium/kg bw per day in drinking water for 6, 9, 12 or 18 months had
significant changes in proximal tubular cells at 6 and 9 months of exposure but by 12 and 18
months, normalization of the epithelia could be seen although debris was still present in the
tubule lumen (Donnadieu-Claraz et al., 2007). Berradi et al. (2008) noted an increase in the
severity of tubule-interstitial lesions but not in their frequency in Sprague-Dawley rats given 2.4
mg uranium/kg bw per day in drinking water for 9 months. Studies dosing rats for up to 9
months did not report significant changes in kidney pathology and determined a NOAEL of 5.4
mg/kg bw per day or 90 times higher than the LOAEL of Gilman et al. (1998a) (Dublineau et al.,
2014; Gueguen et al., 2014; Poisson et al., 20144, 2014b). In addition, the use of a subchronic
study for estimation of a TDI was adequately sensitive and did not require an additional
uncertainty factor since the observed kidney effects were similar to the minimal effects seen in a
number of longer-term studies and since human absorption values were found to be independent
of exposure duration (Limson Zamora et al. 2002a, 2002b and 2003).

An uncertainty factor of 100 (x10 for interspecies variability, x10 for intraspecies
variability) was applied to the LOAEL.

A TDI of 0.0006 mg uranium/kg bw per day, therefore can be derived as follows:

DI = 0.06 ma/kg bw per day
100

0.0006 mg/kg bw per day

where:
e 0.06 mg/kg bw per day is the LOAEL from the Gilman et al. (1998a) rat study, based
on an increase in renal lesions in male rats; and
e 100 is the uncertainty factor (x10 for interspecies variability, x10 for intraspecies
variability).

Using the TDI derived above, a health-based value (HBV) for total natural uranium in
drinking water can be calculated as follows:

HBV = 0.0006 ma/kag bw per day x 70 kg x 0.50
15L/Md
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0.014 mg/L

where:
e 0.0006 mg/kg bw per day is the TDI derived above;
70 kg is the average body weight of an adult (Health Canada, 1994);
0.5 is the allocation factor estimated for drinking water (see Sec. 5.0); and
1.5 L/day is the daily average volume of drinking water ingested by an adult (Health
Canada, 1994).

10.2 International considerations

Other organizations have set guidelines or regulations pertaining to the concentration of
uranium in drinking water. WHO (2011) provides a provisional guideline value of 30 pg/L based
on an epidemiological study by Kurttio et al. (2006a). This value is considered to be provisional
since there is uncertainty regarding the toxicological and epidemiological dataset and concern
over the technical achievability of the guideline value (particularly in smaller communities).
Frisbie et al. (2013, 2015) points out that the Kurttio et al. (2006a) study is actually a subset of a
larger study (Kurttio et al., 2002) and that the “no effect” group is actually associated with
increased systolic blood pressure and urinary glucose levels. The U.S. EPA (2009) established a
regulatory maximum contaminant level (MCL) of 30 ug/L, Australia adopted a guideline of 17
Mo/l (NHMRC, 2011) and California established a non-regulatory public health goal of 0.5 pg/L
(OEHHA, 2001). Both the U.S. EPA MCL and the Australian guideline were established using
the TDI based on the Gilman et al. (1998a) rat study. As of 2018, the European Union has not
established a drinking water value for uranium.

11.0 Rationale

Uranium is widespread in nature; it exists in combination with other elements and has
been identified in up to 150 different minerals. Uranium exists in several chemical oxidation
states. The principal health effects associated with natural uranium are due to its chemical
toxicity. Uranium can enter drinking water sources through weathering and leaching from natural
deposits, fallout from volcanic eruptions, mill tailings releases, emissions from the nuclear
industry and the combustion of coal and other fuels, as well as phosphate/nitrate fertilizer use.

Insufficient evidence exists to conclude that oral exposure to natural uranium will cause
cancer in humans or animals. Despite genotoxicity being reported in in vitro and in vivo studies,
no specific cancer studies in animals using oral exposure are available.

The kidney is generally considered as the major target for uranium toxicity in both
humans and animals. Epidemiological studies provide some evidence of an association between
chronic exposure to uranium via drinking water and elevated biomarkers of kidney effects,
however, study weaknesses and a lack of reliable dose-response characterization prevent these
studies from being used for risk assessment. Kidney damage has been reported in a number of
animal species with rats appearing to be the most sensitive following chronic exposure. Given
that the distribution and retention of absorbed uranium in the kidneys (and bone) in rats is similar
to that in humans, data from rats is deemed as most appropriate for the basis of a MAC.

Uranium is naturally found in groundwater in many regions of the country. Exposure to
uranium is primarily from natural sources and is related to local and regional geology. The
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calculation of the HBV is based on a conservative estimate of the effects of natural uranium on
the kidney. However, based on its low absorption and limited evidence that effects on the kidney
do not increase with increasing exposure, it was determined that the difference in health
protection between the calculated HBV and the current MAC is not expected to be significant.
In addition, there are anticipated challenges and operational cost impacts, particularly for private
wells and in small communities, to meet the HBV of 0.014 mg/L (14 pg/L) when, based on the
available science, no appreciable health benefits would be expected when compared to the
current MAC. As such, the maximum acceptable concentration of 0.02 mg/L (20 pg/L) is
maintained for total natural uranium in drinking water. 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 is deemed necessary.
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Appendix A: List of acronyms

AA activated alumina

ALP alkaline phosphatase

AM adsorptive media

ANSI American National Standards Institute

AST aspartate aminotransferase

ATP adenosine triphosphate

ATSDR Agency for Toxic Substances and Disease Registry
BAT best available technology

BMG B2-microglobulin

BMI body mass index

BV bed volume

bw body weight

CAS chemical abstracts service

CBMN cytokinesis-block-micronucleus centromere
CCME Canadian Council of Ministers of the Environment
CHMS Canadian Health Measures Survey

CP ceruloplasmin

CYP3A cytochrome P450, family 3, subfamily A
DMT1 divalent metal transporter 1

DOC dissolved organic carbon

DOM dissolved organic matter

DU depleted uranium

EBCT empty bed contact time

F first filial generation

FISH fluorescence in situ hybridization

GAC granular activated carbon

GFR glomerular filtration rate

Gl gastrointestinal

GGT v-glutamyl transferase

GOT glutamic oxaloacetic transaminase

gpm gallons per minute

GPT glutamic pyearuvic transaminase

GPx glutathione peroxidase

GR glutathione reductase

GSH reduced glutathione

GSSG oxidized glutathione

GST glutathione-S-transferase

HIX hybrid ion exchange

IARC International Agency for Research on Cancer
ICP-MS inductively coupled plasma mass spectrometry
ICRP Internal Commission on Radiological Protection
IFN-y interferon gamma

IX ion exchange

HBV health-based value
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Kim-1 kidney injury molecule-1

LDsg lethal dose that causes 50% mortality
LOAEL lowest-observed-adverse-effect-level
LOD limit of detection

LOEL lowest-observed-effect-level

MCHC mean corpusclar hemoglobin concentration
MAC maximum acceptable concentration
MCL maximum contaminant level (United States)
MRNA messenger ribonucleic acid

m/z ratio mass to charge ratio

NCRPM National Council on Radiation Protection and Measurements
NF nanofiltration

NO; nitrogen dioxide

NOAEL no-observed-adverse-effect-level

NOEL no-observed-effect-level

NORM naturally occurring radioactive materials
OPN osteopontin

PEUF polyelectrolyte-enhanced ultrafiltration
PHG public health guideline

POE point-of-entry

POU point-of-use

PQL practical quantitation limit

protein HC  alpha-1-microglobulin

PZC point of zero charge

RBC red blood cell

RO reverse 0Smosis

SBA strong-base anion exchange

SCC Standards Council of Canada

SOD superoxide dismutase

SSCT small system compliance technologies
ST1Al sulfotransferase 1Al

TBARS thiobarbituric acid-reactive substances
TDI tolerable daily intake

TDS Total Diet Study

Timp-1 tissue inhibitor of metalloproteinases-1
TNF-a tumor necrosis factor alpha

TOC total organic carbon

WHO World Health Organization

XME xenobiotic metabolizing enzymes
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