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Abstract

A literature survey was carried out on the chemically
toxic effects of uranium and uranium compounds on
human heaith, aqustic life, plants and livestock. All the
information collected is summarized in this document and,
from it, maximum uranium concentrations in water at
which toxic effects will not appaar are racommendead,

Résumé

Uno étude bibliographique des effets chimiques
toxlques de F‘uranium et de ses composés sur Ja santé, la
vie aquatique, les plantes et le bétail a étd réalisée, Toute
Vinformation recugillie est résumée dans te présent docu-
ment et, & partir de celui-ci, des recommandations sont
faites concernant les concentrations maximasles d'uranium
dans I'eau pour éviter tout effet toxique.
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RECOMMENDED WATER QUALITY OBJECTIVES
FOR URANIUM

- d e

Recommanded objective

Uses (as total uranium)
Raw public water supplies 0,02 mg/L
Aguatic life and wiId.Iife' 0.30 mg/L
Watar supply for livestock 0.2 mg/L
Water for irrigation 0.2 mg/L

Recreation and acsthetics
Recreational wators 0.02 my/L

industrial water supplics
Foad processing 0.02 mg/L

*The International Commission on Radiation Pratection {iCHP)
has baged the uranium regommendation for humans on chomical
toxicity rather than on radiotoxicity (ICRP 1984}, This line of
thinking has also been followed in this documant in recornmending
the ohjective for squatic life, The effects of radiation are of less
itportance than the chemical toxicity of the uranyl lon, This
would have significantly affected fish populations bufore the level
of radioactivity, approximately 1 rad/day (0.01 Gy/day), shown
to hava significent detrimental effects on bony fish, would be
reached (IAEA 1979),
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Guldelines for Surface Water Quality
Vol. 1. Inorganic Chemical Substances. Uranium

SOURCES, OCCURRENCE AND FORM
Natural Distribution of Uranium

With an atomic number of 92 and atomic weight
of 238,03, uranium is the heaviest, naturally occurring
clemant on carth. It has 11 known isotopes, all of which
are radjoactive; only three isotopes with atomic weights
of 234, 235 and 238, howcver, occur naturally, Most
dranium occurring on carth s a mixtura of the three
commaon isotopes, with 38U, U and U contributing
£99,26%, £0.71% and 0.0075%, respectively, Discussion
of tha cnvironmental significance of uranium, for the
purposos of this review, will be rostricted to its chemical
propertios and toxicity, The aspeets of ity radioactive
nature are outsida the scope of this documant, .

The abuidance of uranivm on earth is refatively
low. It has been estimated to comprise from 2.7 x 104 to
4.0 x 10 percent of the earth’s crust {Berlin and Rudell
1979; Riley and Chester 1971). The total amount of
uranium in the crust to a depth of 20 km hag been esti-
mated 10 ba 1 x 10' tonnes (Health and Welfare Canada
1980).

The congentration of uranium in rocks other than
ore grade deposits has haen astimated as follows: igneous
rocks, 1-5 ma/kq; shales, 3-4 ma/kg: sandstones, 0.5-1.5
mg/kg; and limestones, 2-6 mg/kg. Phosphatic racks may
reach 120-300 mg/kg (Harmsen and de Haan 1980; Health
and Welfare Canada 1980; Taylor 1979; Keen 1968 cited
by Berlin and Rudell 1979}, Shales and other fine-grained
sedimentary rocks have higher levels of uranium than
coarser-grained rocks, due 1o their higher content of clays
and organic materials which attract and adsorb uranium
species out of solution (Harmsen and de Haan 1980).

Uranium in elemental form does not occur naturally,
since it is a very reactive reducing metal, It is commonly
found in association with oxygen in minerals in the tetra-
valent (4*) state in the uranous ion or in tha hexavalent
(6*) state in the uranyl ion. The main uranium minerals
are uraninite {pitchblende) and potassium uranyl vanadate
{carnatite). 1t is also found in phosphatic rocks and in
monzanite sands in commercially extractabla concentra-
tions. Uranium ores in Canada are found mainly in Ontario,

~AHYHEIT § D3Y Yd3 SN

northern Saskatchewan, Northwest Territories, Qucbec
and New Brunswick. Minor daposits ara located in British
Columbia and Labrader (Willlams 1979; Energy Mincs
and Resources Canada 1981). Ore bodies of commercial
significance in Canada are usually found associated with
quartz-pebble conglomerates, such as thouse located in the
Elliot Lake and Agnew Lako areas of Ontario, and in vein
and unconformity-related type deposits such as those
tocated in northorn Saskatchewan and the Northwest
Yerritorics, Uranium in the Bancroft area of Ontario
is associated with pegmatite ores (Energy, Mines and
Resourges Canada 1081). Major deposits are also found
in northern Australia, southern Africa, the United States,
Russia, China and Brazil (Energy Mines and Resources
Canada 1981),

As uranium is an cconomic mineral, exploration
surveys have provided a good understanding of background
concentrations of uranium in surface waters, In Canada,
the uranium concentrations in inland surface waters from
the Rocky Mountain cordillers streams range from 0.02 to
89.8 ug/L, with the median value of 22 580 samples being
0.1 ug/L (Garrett personal communication). Waters from
approximately 37 000 Canadian Shield lakes (Labrador,
Ontarig, Manitoba, Saskatchewan, the Northwest Territories
and Baffin Island, sampled between 1976 and 1978) ranged
in concentration from 0,001 to 170.0 ug/L with a median
value of 0.05 ug/L. Uranium levels were naturally high near
deposits, especially if the bicarbonate content of water was
high, as bicarbonate complexes are very stable (Garrett
persontal communication). Lake Michigan, one of the
Laurentian Great Lakes, has a water concentration of
0.2 pg/L (Wahlgren and Orlandini 1882). Lake Ontario
water near Port Hope, Ontario, which is taken for public
water supplies, has a uranium concentration of about
1.1 ug/L (Great Lakes Water Quality Board 1981},

Freshwater stream sediments of the Rocky Mountains
have uranium concentrations ranging from 0.1 to 430.0
ma/kg with a median value of 3.4 mg/kg out of 23 501
samples. Uranium levels in the Canadian Shield lake segi-
ments range from 0.1 to 733 mg/kg with a median value
of 4.6 mg/kg out of 41028 samples {Garrett personal
communication}. Whole lake mean concentrations of
uranium in the sedimants of the Laurentian Great Lakes
are presented in Table 1. The range is 0.23 10 2.19 mg/kg
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with Lake Ontario having the lowest value and Lake
Michigan, the highest (Thomas personal sommunication).

Table 1. Whole Lake Mean Concentrations of Uranium in Great

Lakes Sediments
T Mean Range - Manda_n_l
Lake (myg/ky) {(mg/kg) deviation
s_ul:é:i.:r 059  <0.2%-1.9 o4
Huron 0.41 KN2%-1.% 0.27
Gieurgian By 0.38 <0.2°-1.7 0,27
Michigan 219 0.5 -9.2 1.03
St Chair (1970) 1.16 w0.20-2.0 0.56
(1974) 1,22 0.4 -2.5 0.98
Erie 0.43 %{3*-2.8 0.33
Oncariv 0.23

w0.2¢-09 o.10

*Minimum detection limit
Soutce: R, Thamas, CCIW, Burlington, personal cammunication

Groundwaters have varying congentrations of uranium
according to the degree of contact substerrancan aquifers
have with uranium-bearing strata and the chemical compo-
sition of the groundwster, The average uranium concentra-
tlon for groundwater in Canada is 0.2 ug/L (Health and
Welfara Canada 1980); some specific areas, however, may
have much higher levels. For example, some isolated watar
wells in the Tweed area of southeastern Ontario have
uranium concentrations as high as 80 puy/t (Missingham
personal communication). Harmsen and de Maan (1980)
reported ranges of 0.1 to 16 870 ug/L for groundwaters
in the United States, Europe and Australia; most
concentrations, howsver, are less than 2.2 ug/L.

Production, Consumption and Uses of Uranium

Uranium s currently mined in 18 countries, The
estimated world uranium production for 1979, in countries
other than carnmunist affiliates, was 38 325 tonnas (Energy
Mines and Resources Canada 1881). Production data from
communist ¢euntries are unavailizhble, The major producers
outside the USSR and the Peoples Republic of China, in
order of production, are: the Upited States, Canada,
France, South Africa and Austratia. Canada’s production
of vranium (estimated as elemental U} In 1980 was 7145
tonnes, of which 67% was produced in Ontario and 33%, in
Saskatchewan, Canadian uranium preduction has In¢reascd
steadily since 1978 and is projected to increase in the
future as the world demand for uranjumy fuels increases,
Approximately 15% of Canzdian production remains in
Canada, while the rost is exported. Major axpart markets
for Canadian uranium include: Japan (33%), the Unitcd
States (20%), the United Kingdom (13%) and West
Germany (11%)} (Enorgy Mines and Resources Canada

~AYVHBIT § D3Y Yd3 Sn

AT

7335

1981). World demand for uranium by the- year 1995 is
estimated to be about 70 000 tonnes (Energy Minas and
Resources Canada 1981).

Uranium oras containing as. little as 0.1% uranium
and up to 60% are mined commercially, Most exploited
ore deposits contain ahout 1% uranium or more (Berlin
and Rudell 1979), Recovery of uranium from orcs com-
monly excecds 90% and Is achieved by leaching ores and
extraction of the uranium from the leach solution by ion
exchange, solvent extraction, or direct precipitation,

Uraniurmn is important as a nuclear fuel and is mainly
used by nuglear powered elactrical genarating stations. This
is the largest single consuming Industry for uranium, and it
is expected 10 increase its demands In the future,

Other uses of uranium employ its high density and
qualities as a pigment, ‘Dcpleted” uranium, i.e,, a mixture
of the element with less than 0.2% of the fissile 'y
isotope, is usad for internal guidange devices for missiles,

radio emissions shiclding material, photographic emulsions, =

and as a catalyst in analytical chemistry, Porcelains used
in dentistry, optical lenses, and alloys may contain signif-
icant amounts of uranium, and cartain uranium compounds
are used 55 catalysts in the chemical industry {Harmsen
and de Haen 1980; Health snd Welfara Canada 1980).
Other uses of uranium invaoive its radiological nature,
whaerg it is used in minute guantitics as a radioactive tracer.

Pathways for Entoring the Eavironmant

Natural Pathways — Mobilization by Weathering and
Erosion

Geologically, uranium is a very mobila elament,
With tha excoptian of the ores in the Bancroft (Ontario}
area, the uranium in most deposits presently mined in
Canada Is in the form of secondary minerals. That is. the
uranium has baen derived from nearby geologically older
or younger rocks through dissolution, mabilization and
recrystallization/redaposition in receptor formations such
as the quartz.pabble conglomerates in the Elliot Lake
(Ontario) area.

Approximate amuunts of uranium mobilizad from
rock by weathering and natural erosion can be calculated
from the weathering rates of the various rock types and
their average uranium councentrations, The results, indicated
in Table 2, reveal that approximately 27 276 to 31 325
tonnas af uranium are moved each year. Goldberg (1976)
indicated that uranium additions to the world’s cceans
hy river flows and sediments are about 10 000 tonnes
annually,
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Table 2, Estimated Uranium Rcleaved to the Environment as a
Resule of Weathering and Brosion

..

Average
Weathering rate!  concentration®  t'oral U reicased

Type of tock  (10¢ tonnes/fyr) (mg/kg) (tonnes/yr}

lgneons 700- 1500 2.7 1890-4050

Shale 6500 3.7 24 950

Sandstone 1500 0.45 675

Limestone 3100 2.2 G660

Total 9000-9800 27 275-32 325

e st

' Erikgson 1960 cited by Taytor and Demoya 1980
NDowen 1966

Weathering, or more appropriately, natural leaching
of uranium, is a process wherein the element, mostly in
the mineral form of uraninite, undergoes oxidative dis-
solution to the soluble urany! ion by the action of surface
and groundwaters. Rates of dissolution of uranium are
dependont on the specific exposure of ore minerals and
various chemical aspects of the waters such as pH, Eh,
crganic content and concentrations of other dissolved
substanges {Taylor 1979). Ancther major factor is the
activity of certain bacterla on pyritic ores containing
uraninite, Oxidation of these ores under the Influence of
bactaria and moisture leads to the formation of sulphuric
acid, The resulting acidic conditions greatly enhance
uranium dissolution from the rocks.

Under natural conditions weathering of uranium
minerals in unbiroken rock at tha carth’s surface occurs
slawly, since rock permeabilities are low and bacteria {such
38 Thiobacillus ferreoxidans which requires oxygen 1o
oxidize sulphides to the acid, which then leaches uranium)
are unlikely to participate very actively in the process,
Broken rock, alternatively, affords a greater surfuce ares
for water and bacteria to work on in the presence of
oxygen and the rate of dissolution is increased markedly.

_ The uranyl tan in its saluble complexes is very mobile,

Councentrations of uranium in surface waters associated
with uranium-bearing rocks will vary from place to place due
to site-specific substrate, water quality and environmental
conditions, River water downstream fram the Jahiluka
uranium deposits in N,E, Australia contains uranium
in voncentrations ranging from G.62 to 0.6 ug/L (Morley
1979). Benson and Leach {1978} found that waters of the
Walker Basin, Nevada, which flow through arcas of known
uranium occurrences have uranium  ¢oncentrations of
1.3 to 1.9 ug/L, while the headwato: region waters of
the watershed have uranium concantrations typicslly less
than 1.0 wg/L. The data supplied by Garrett {porsonai
communication) indicate that tha range of values in Shield
takes and streams in Canada is <1 10 170 ug/L.,
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Other natural sources of uranium seleased to the
environment include volsanic agtivity and forest fires.

Anthropogenic Pathways

Jawarowski et g/, (1977) reported that uranium levels
in glacier ice in Norway and the Himalaya Mountains,
representing tha last 20 years, arc approximately one order
of maynitude highor thah concentrations in ice representing
earlics periods, The increased concentration is attributed
to anthropogenic activity in the use of uranium over the
last 20 vyears and its release to the eavironment, Strict
controls pertaining to mining and to the disposal of spent
uranium fucls are enforced by the Atomic Energy Control
Board (AECB) in Canada and similar agencies in othar coun-
tries. These controls have done a great deal to minimize
uranium entry into the environment. However, wide appli-
cation of uranium compounds in photographic toners, pig-
ments and glazes {Health and Welfare Canada 1980) and its
vse as a chemical catalyst in industrial processes under less
rigidly controlled disposal requirernents hava undoubtedly
facllitated its ontry to the environment. Qther scurces of
anthropogenically released uranium include: uranium
mining and refining procasses, combustion of uranium-
containing organic fueis (cos! and petroleum), roasting of
sedimentary rocks for cement production, 2nd the use of
phosphate fertilizers containing uraniurm complaxes. Testing
munitions containing depleted uranium Is responsible for
more localized releases of uranium to the envirgnment
(Hanson 1974). For example, Hanson has estimated that
the testing of munitions containing uranium has contributed
76 to 100 tennes of uranium to the environment over the
past 30 years.

The combustion of organic (wood, peat) and fossil
fuels and the roasting of rock minerals in the metal axtrac:
tion and refining, and cemert industries, as well as the
incineration of solid wastes, are the most significant anthro-
pogenic pathways for urgnium entry into the atmaospherle
environment. This is due simply to the very large masses
of material processed each year. Uranium from these
sources eventually finds its way to the hydrological cycle
and enters surface waters,

Coal has many trace metal contaminants which
escape in the post-precipitator ash (Schwitzgehet er s/,
1875), The uranium content of coal has been estimated
to be 0.005 to 200 ma/kg {Arganne National Laboratory
187?}. Van Hook [1970) estimated the average uranium
concentration in United States coal to ha 1.8 mg/kg.
Lower concentraticns are found in subbituminous c¢oals
and hiygher concentrations in lignite coals. Goidberg {1876
estimated a world average coal concentration of uranium
at 1.0 myg/kg and cited the global mobilization of uranium
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through coal combustion to be 140 tonnes per year,
Uranium volatilizes on combustion, with much of it con-
densing on the fly ash (Van Hook 1979). Fly ash resulting
from combustion of cea! with a uranium concentration
of 2.18 mg/kg typically has a uranium conceptration of
30.1 mg/kg. The slag component has 14.9 mg/kg (Klein
at al. 1979).

The cumbustion of petro-fuels contributas about
one tonne of uranium to the atmousphere per year. This
estimate is based upon an average petroleum cancentration
of 0.001 my/kg (Goldberg 1978). Aircraft fuels are
estimatad to contribute B x 107% ug/m* uranium yearly
to the atmosphere over the United States (Fordyce and
Sheihley 1975 cited by Health and Welfare Canada 1980).

The total contribution of uranium to the environment
through the combustion of fossil fuels |s estimated to be
141 tonnes per year (Goldberg 1976) with coal being the
major contributor,

Average uranlum lfevels of 4 x 107¢ pa/m? found in
air over the Narth Atlantic are probably reprasentative of
backyground non-polluted conditions (Hamilten 1972a
cited by Health and Welfare Canada 1880}, whereas air
over upper Naw York State ranged from 0,10 x 10 to
1.47 x 107 ug/m?. Near a coal-fired gencrating station
using coal containing 1.1 mg/kg uranium, the air levels
averaged 1.33 x 107 ug/in® {McEachern ot af. 1971 cited
by Health and Welfare Canada 1980).

Uranium mining and refining activitias are asignificant
source of uranium to the environment, Treated effluent
water from a tallings pond at Eiliot Lake, Ontario, ranged
in uranium concentration throughout the year from 50 to
1030 wg/L with a maedian value of 180 pg/L (Mcintyre
1981). The highest concentrations vecur in summer manths.

Stegnar and Kobal (1982} reported that mine waters
from a uranium mine at Zirouski, Yugosiavia, contained
115 ug/L and were responsible for raising the concentration
in tho downstream waters of a nearby receiving river from
0.11 umg/L to 12,5 pg U/L. Sedimant loads in the same
lacations were increased from 2.80 mg Ufkyg to 9.83 mg
U/kg by tha mine water.,

A uranium refinery in southern Qntario is estimated
to have an average uranium air emission rate of about
0.097 kg/h or 850 kg per year {Eldorado Nugclear Limited
1980). Ambient air levels at a nuclear fuel processing

plant in Ohio attained 6900 ug/m® (McEachern ¢t al. .

1971 cited by Health and Welfare Canada 1080). Aside
from atmospheric and efflucnt emissions, dust emissions
from wuranium mining, ore crushing and tailings opera-
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tions mobitize uranium which may end up in aguatic
environments, Data on these sources are scarce,

Phosphate fertilizers and phosphori¢ acid production
are sources of uranium mobilization, Phosphatic rock, the
raw material for production of superphosphate fertilizers
and phosphoric acid, often has high uranium concentra-
tions, sometimes approaching 120 to 300 mg/kg. A phos:
phoric acid plant in Yugoslavia increased the lavels of both
radium and uranium in local stream sediments receiving
plant efftuents (Stegnar and Kobal 1982). In Australia,
superphosphate fartilizers were found to contain wranium
at concentrations of 40 to 50 mg/kg (Williams 1977), while
the Now Zaaland ctuperphosphate cancentrations ranged
from 26 to B0 mg/kg. Uranium concentrations in super-
phosphates made with North African rack ranged from
24 to 42 mg/kg (Rothbaum et al, 1979), Concern has
been expressed that superphosphate fertitizars may be a
source of uranium to the aquatic environment (Michi
1879). Phosphate fertilizer plants -influenca uranium
concentrations in soils through dust and other alr emissions.
Saverson and Gough {1976) raported that the procassing of
phosphatic shale ncar Pocatello, ldaho, raised the average
concentration of uranium In surface suils by 0.4 mg/kg
above background at a distance of 2-4 km from the plant,

The uranium levels quoted in the ahove section on
Pathways for Entering the Enviranment are summarized
in the Appendix,

Faorms of Uranium In the Environmant

Althodgh uranium may exist in several valence
states, letravalent (4*) and hexavalent (6%) uranjum are
the commenly accurring natural forms. Elemental uranium
combines readily with oxygen, forming the uranous (UO?*)
and urany) {U0;**) lons, respectively.

tn general, tetravalent uranium aoccurs in reducing
enviranments such as anoxic sedimants and waters and
in mineral formations. Hexavalent uranium  exists in
oxidizing environments such as aerated surface waters
and weathered rock (Sheppard 1980}, Most mobitization
of uranium occurs from the sffects of erosion during
which uranous compounds, generally as uraninite, are
freed fram rock and oxidized to the uranyl ion by surface
waters.

Tetrevalent urgnium is rare in aquatic environments,
since most natural waters carry oxygen, creating an
oxidizing environment. However, localized reducing aquatic
enviraniments occur and tetravalent uranjum species may
ba present. The reducing ¢environments are associated
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with groundwater, deep sca and lake basins, and sediment
situations in which anaerobic conditions exist.

The uranyl ion is the principal form of uranium
found in aquatic environments. It is a very farge, divalent
positively charged, ionic species similar in size to potassium,
calcium and cesium (Sheppard 1980; Tayior 1979), In
aqgueous solutions it is greenish yellow and readily forms
soluble sults with many commonly aecurring anions (Health
and Welfare Canada 1980), :

Natural watars are heterogeneous mixtures and dilute
solutions of atmospharic gases, various jons and minerals
and organic substances of colloidal to macroscopic size,
Many of these natural solution species strongly influence
uranium behaviour through their complexing and inter-
action with the urany! ion (Giblin o¢ &/, 1981).

The behaviour of different urantum species in solution
is also influenced by the pH. Giblin ¢¢ /. (1981) found
that uranium oxidaes and their hydrolysis products have
the highest solubility at pH 4 to 6; at higher pH values,
however, the uranyl ion forms soluble complexas with
carbonate jons (Harmsen and de Haan 1980), Uranium
carbonate complexes (uranyl carbonates) are very soluble,
especially at pH 6 and bigher and have an overall neyative
charge,

Carhon dioxide and carbonates are readily available
in natural waters, Therefore, urany! carbonatas commonly
contribute significantly to uranium c¢oncentrations in
water, Degreases in COs concentrations may result in
uranium pracipitation, while an incroase in alkalinity may
enhance its solubility (Taylor 1979). Sulphate comploxes
aro similarly solutie,

Phosphate uranium complexes are  exceedingly
insoluble and precipitate out of solution readily, as do
the patassium wranium complexes,

Organic matter strongly complexes uranyl ions and
also may serve as 2 reducing medium, Algal mats, humic
acids and other organic substances in natural waters,
whether dissolved or particulate, fix uranium and aventually
fall 1o the bottom to form sediments. Fixing of uranyl ions
to detrital organic matter in anuxic reducing conditions at
or near the sediment-water interface is probably one of the
major processes respansible for maintaining the uranium
cantent of sea water at (ow levels, while rivers continue to
add “new’” uranium to the oceans (Taylor 19.79),

The urany! jen is also attracted to and adsorbed, by

base cxchange, ontc clays and othar orystal layer-lattice
minerals, including skeletal bones, invertebrate shells

(periostracum) and teeth of living and dead organisms,
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RATIONALE
Raw Publie Water Supplies

The principal form of uranjum available to living
organisms from aquatic sources is tho uranyl ion and its
various complexes, Other forms ara relatively insignificant,
since the conditions required for their existenco and
mobility in water are specialized and somewhat limited
(see section on Forms of Uranium in the Environment),
In view of this phenomenon, discussions of uranium from
dquatic sources relative to man and other organisms will
be limited to the uranyl ion and uranyl complexes, Concen-
trations and amounts of uranium, wherever usad, witl be in
termns of elemantal uranium, unless otherwise spacified,

Uranjum in tha Human Body anid in Laboratory Animals

Uranium does not appear to be essential for growth
and metabolism in organisms, but it can be found in most
living tissues. Concentrations of uranium in various plant,
animal and human tissues are presented in Table 3,

Takle 3. Average Concentestions of Uranium in Various Plant,
Animal and Human Tissucs (mgrkg)

——— v ame

Tissuey Concentration

—_—

Plants, fish and mamnals

Gymnosperms <3.5X 10°!
Angiosperms 3.8 x 10
Whole fish 6.2 % 1072
Whole mammal 23 % 1077
Whole human 2.9 X 1074

1.4¢01.8 x 10"t

Mamma! tixsues

Bune 1% 107!
Muscle IX 10-?
Kidney 3 x107?
Liver 4% 10
Lung $x 107?
Human tissues
Bone 82X 104
IX 107+
Muscle 3.2x10'¢
1x10°%
Kidney 15X 107t
Live 9.1 %1073
1.3 x10%¢
Lung 67X 10t
7X10°*¢

Note: Concentrotion data fromy Bowen (1966) are in {eyms of dey
weight; human data, {a terms of wet weight,
Source: Plants, whole fisk, whale mammal and mummal tissucs from
Bowen 1966: human data:
® Belileg 1979
¢ Hamilton 1972b clted by Hegplth ond Welfare Canada 1980
L Rerdnikove 1970
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According to Beliles (1979), the average whale bocdy
load for a standard 70-kg man In a non-exposed environ-
ment is 0,02 mg {0.29 ug/kg). Heslth and Welfare Canada
{1980) estimated the average human -body load to be
0.1 t0 0,126 mg (1.4 to 1.7 pa/kg).

Pathways to the Body

Uranium may Lo ingested with drinking water and
contaminated food, inhalad during respiration, and
absorbed through contact with the skin.

Hesith and Wslfarea Canada (1980) estimated the
North American daily avorage cunsumptian of uranium
from city drinking water to be less than 4 pg/day. This
estimate is based on a mean background uranium concen-
tration in city drinking water of less than 2 pg/L and an
average water intake of about 2 L per day. For other areas,
such as southeastern Ontario, which have anomalously
high uranium concentrations tn domestic water supplies,
the consumption will ba much higher, Convarsely, the
intake will be much lowar in areas with minimal uranium
concentrations in the public drinking water supplies,

Uranium is present in a wide variety of foad. In
a survay of the abundance of a number of elements in
typical human diets, Hamilton (1979) found that tha
diotary uranlum intake ranged from 0.99 to 1.9 pg/day.
These data coincide with congentrations of uranium in
United States diets, which indicate a dietary intake of
about 1.356 ug/day (Welford and Baird 1967). No data are
available for uranium in Canadian diets, but they are
expacted to be similar to the Unjted States values,

The respiratory pathway is a rare and unusual route
for uranjum from aquatic sources to reach absorption
sites in the body, yet inhalstion of contaminated dust can
be a route for significant amounts of uranjum to gain
entty 10 humans. Health and Wojfare Canada (1980)
gstimated the average daily respiratory dose of uranium
from unpoliuted southern Ontario air to be 0.0 ug/day.

Venugopal and Luckey {1975) stated that uranlum
salts can be absurbed through the skin,

Absorption into the Body

The amount of uranium absorbed from the gastroin.
testinal tract into the blood stream is low relalive to the
total amount of uranium ingested. In addition, the propor-
tion of uranium absorbed appears to be dose dependent,
Chronic low-level doses are absorbed in proportionally
larger amounts than higher level acute daoses, In a clinical
expariment, Hursh et a/. {1969) indicated that only 0.5% Lo
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5.0% of an orally administered acute dose, 11 mg uranium
as uranium nitrate hexahydrate, was sbsorbed, From the
data of Hamilton {(1872h) and Welford and Baird {1867),
Berlin and Rudell {1977} using dally intake combined with
daily urinary excretion calculatad that 12% to 31% of the
daily average uranium intake Js absorbed, These diffaring
absorption ratios suggest that either a dose dependent
mechanism governs uranium absorption in the gut or
uranium compounds avaitable in the average diet are
highly absorbabla {Berlin and Rudell 1977, 1979},

Fate and Distribution in the Body

Uranium absorption into hurnans and other organisms
is almost always in the uranyl lon form. Other soluble
forms are readily converted to uranyl forms by biological
conditions aither at the point of entry, or near entry.

Uranyl absorbed from the gut enters the blood stream
where it forms complexes with blood fractions such as
plasma bicarbounates, plasma proteins and erythrocytes.
Beliles {19/5) indicated that abaut 60% of the absorbed
uranyl is carried as a soluble bicarbonate complex, while
the rest is bound to plasma erotains, Friberg (1977 cited
by Health and We!fare Canada 1980) indicated that 47% is
bound to plasma bicarbonates; 32%, to plasma proteins;
and 20%, to arythrocytes,

Uranium s rapidly distributed to all tissues of the
body by the blood stream. Table 3 documents various
tissue concontrations. The main target tissue typas and
organs for uranyl {on daposition in mammalian bodies are
tha kidneys, bones and, to a lasser extent, the liver.

Ahaut 20% of the tatal uranium content af the blood
is initially deposited in the kidney and a similar amount
replaces caleium in the surface of bone crystals {Fribery
1977; Novikov and Abramova 1969; Adams and Spoor
1974; ali cited by Health and Welfare Canada 1980). Much
of the kidney uranium is excreted rapidly, but amounts
deposited in the paripheral part of the renal cortex and
bonoes are eliminated very slowly (Kassakhian 1977),

Mode of Toxicity

Foulkes and Hammond (1976) discussed a possible
mechanism for the toxic action of the uranyl ion in the
kidney. Urany! fon circulates in the blood plasma as a
relatively inort but acld Jabile bicarbonateuranyl complex;
this could be filtered into the kidney tubules and the
uranyl ion set free by the action of hydrogen ions, The
uranyi ion is thuught 1o be libarsted and concentrated in
the tubular lumen as a result of normal tubular action, The
lans, however, cause damage to kidney structures which, if
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severe enough, results in kidney failuro, Renal toxicity, with
the classjc signs of Impairment such as albuminuria and
elavated blood urea nitrogen as well as loss of weight, is
brought about by necrosis of the kidney tubules, The renal
site most diractly affectad is the proximal convoluted
tubule of the nephron. Its tubular epithalium undergoes
massive cellular necrosis resulting in cell wall rupture and
discharge of cellular contents into the urine, Dysfunction of
the nephron, the basic renal unit, ensues. Cellular necrosis
appears to be brought about by alterations in the transport
of organic compounds and fons across tubule ¢ell mem-
branes along with changes in intracellular protein binding
(Beliles 1976; Health and Welfare Canada 1980), Severe
impairment of kidney function may result in daath,

Sublethal damage is generally rapairable and normat
function is usually re-established with time. Damaged
tubule epitholium repair begins two to three days after
oxposure and is complete within two to three weeks,
Replacement tissues, however, are functionally slightly
different from original tissues. Researchers have postulated
that these differences may be responsible for the slight
tolerance to uranium observed in some animals after
initial  exposure, Aberrant regenerated epithelium is
gradually transformed into normal tubular epithelium,
thus allowing complete recovery after exposure to uranium
has ceased (Berlin and Rudell 1979),

Elimination from the Body

Elimination of absorbod uranium from the body is
primarily via kidney excretion. More than 90% is excreted
into urine and less than 1% into fecus. Based on data of
Welford and Baird {1987 cited by Berlin and Rudell 1979)
and Hamilton {1972b}, daily urinary excretion of uranium
trom the body is approximately 0.15 to 0,38 ug, Excretion
via the kidney ocours in two phases: an initjal very rapid
phase during which the majority of an administered dose
is excreted within 24 h, and & second very slow phase with
a half-time in the order of months (Berlin and Rudell
1979). Clinical studies involving humans indicated that
80% of a dose is excreted in the first 3 to 10 h, and 70% to
86% within 24 h. The remaining 14% to 30% is excreted
very stowly and has a biological half-time in the order of
six months to one yoar {Berlin and Rudoll 1979),

Chronic doses, such as those expericnced in daily
intake through diet or low occupational exposure, are
eliminated simllarly to single doses.

Other Organs Affected

Uranium also appears to affect the brain, Neurological
signs and pathological changes in the cerebellar and cerebral
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cortices have been ohserved in rabbits exposed to soluble
uranium salts {Berlin and Rudell 1979},

Carcinogenic effects have been observed in lungs of
dogs exposed to uranium dioxide dust for over five years.
These effects, however, were probably due to radiation
injury, as no evidence of uranium toxicity was found in
records of hady welghts, mortality, various hamatological
paramaters or during histological examination of the
kidneys (Leach ar a/, 1973},

According to Berlin and Rudell {(1979), only kidney
effacts have been documented in humans exposed to
uranium compounds.

Dose and Toxicity Relationships in Humens and
Labaratory Animals

Human

The ingestion of 1.0 g of urany! nitrata hoxahydrate
{0.47 g uranjum) in 200 mL of water by a human volunteer
produced vomiting, diarrhea and slight albuminuria, It
was assumed by the researchers that about 1% of the
ingested dose was absorbed into the hody {Eve 1964).
Hursh ot af, (1869) reported that individuals ingesting
10.8 mg of uranyl nitrate showed no subjective symptoms
of sickness or renal damagae, Tho absorption rates in these
studies were estimated to be 0,5% to 6.0% of the ingested
dose. Symptoms of typical renal damage by uranium
have been observed in terminslly ill human subjects who
valuntatily Ingested dosas of uranyl nitrate equivalent to
70 to 100 pg/kg body weight (Friberg 1977 cited by
Health and Welfare Capada 1980). Other data on human
ingestion dose relatlonships and toxicity levels aro lacking.

Lahoratary Animals

Venugopal and Luckey {1975} reported widely
different lethal doses for dogs depanding on the route of
administration. The oral lethal dose was reported to bhe
1400 mg wuranium nitrate/kg body weight, but the doses
for the other two routes were closer to the range for
other mammals, Subcutaneous injection gave an LDy of
14 mg/kg and an intravenous injection an LD of 6.75 mp/kg,
{ethal doses by l.v. for the rat, guinca pig and rabbit were
2.11, 0.63 and 0.21 mg uranium nitrate/kg, respectively,
Eve (1864) estimated tha lethat dose in terms of natural
uranium to be 0.1, 0.3, 1.0 and 10 to 20 mg/kg for rabbits,
guinea pigs, rats and mice, respectively. Eve’s lethal oral
dose for dogs was 2 mg U/kg. Christensen et /. {1976 cited
in Kassakhian 1977) estimated the LDy for the same
substance, administered similarly, to be 12 mg/kq for dags
and 238 mg/kg for cats, Dounce (1849 cited by Kassakhian
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1977) roported uranyl nitrate LDy, values for male and
femmale rats to ba 135 to 204 mg/kg over 24 h and 1 to
2 my/kg over 14 to 21 days. Mice fed a daily 1% (10 mg/g)
uranyl nitrate food ration were reported by Kassakhian
{1977) to undergo gradual necrotizing nephritis resulting in
death, Mortality in lethal dose exposures Is attributed to
acute renal failure clinically characterized by increases in
watar consumption which guickly fall below normal levels,
Yoss In woight, irritable behaviour, coma, and finally death,

The clinical and biochemical symptoms of sub-acute
and long-term chronic dietary exposure to uranium in
laboratory animals which occur slong with the classie
sians of renal damage include: a slowing of the reproductive

¢ycle, increased activity of blood serumn alkaline phos- .

phatase, in the spleen a decrease in the activity of acid
phosphatase, and a decrease in the nuclei¢ acid content
of the kidney and liver tissues {Kassakhian 1977, Health
and Waelfare Canada 1980}, For mammalian luboratory
spegigs in general, chroni¢ enteral intake of uranium in
concentrations of 0.6 t0 1 mg/L caused essentially no
visible accumulation in the kidneys and bone tissue, Pro.
langed exposure to 60 mg/L uranium results in & decline
in the amino acid and chiaride content of urine, This is
indicative of impairment of the renal tubular reabsorption
mechanism  (Kassakhian 1977}, Novikov amd  Yudina
{1970) and Navikov (1875) (aleo cited in translation
by Kassakhian 1877} reported that uranyl fluaride at
0.06% {0.5 mg/g) in the diet of rats had no toxic 2ffeets,
However, at 0.16% (1.5 mg/q), it interfered with growth,
deprossod body weight, and definitely caused renal tubular
damage. The minimum oral dosa, given for one year,
that provided unmistakahle renal damage in dogs was
25 my/kg/day for uranyl fluoride {McKae and Wolf 1963).

Novikav {1970 in Russian} reported no effect on
groups of € tu 8 femala rabbits given uranyl nitrate daily
in drinking water for 12 months at doses of 0.02 mg/kg
{0.6 mg/L in the drinking water) and 0.2 mg/kg {6 mg/L).
Ingestion of 1 mg/kg (30 mg/L) per day for 12 months
caused a decrease in agid phosphatage activity in the spleen
and inhibition of nuclelc acid metabolism in the kidnoys
and liver., The doses and respective water goncentrations
given above are specified by Novikov to be in terms of
uranium., Novikov's original paper did nat indicate whether
the doses to tha rabbits were messured directly or were
calculated from the daily cansumption of water containing
known concentrations of urany! nitrate. No data ‘were
pravided with respect to the weights of the rabbits or the
amounts of water consumed daily,

In the same study, Novikov rapcrted that no effects

were found in groups of 6 to B mala rats following 11
months of daily ingestion of watar containing hexavalent
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uranlum In concentrations of 0,05 mg/L or 0.6 ma/L. An
increase was noted in serum alkaline phosphatase in rats
raceiving 8 mg/L. Rats receiving 60 mg/L showed inhibition
of nucleic scid metabolism in kidneys and tivar as wel! as
an increase in serum alkalina phosphatase, No data were
given in the Novikov raport on the amount of water
consumed ar an the weight of the rats,

The same Novikov paper quoted studics done on
dogs by other Russian authors whose original reports in
Russian were not available for direct review. Novikov
stated that dogs fed urany! nitrate for 21 months at a
dose Jevel of 1 mg/kKg exhibited changes in blood cell
morphology and disturbances In hepatic and thyroid
function and in basal metabolism, Doge fed 0.1 mg/kg for
12 months showed only minor changes in the hematopoietic
system. The dose levols as given by Novikov apparently
refer to uranium content, The numbers of dogs used in
the Russian experiments were not mentionad in Novikov's
papar,

Health and Welfare Canada (1980) has reviewad
various labaratory chronic dose studies and has concluded
that no significant effects were seen in rats fed 0.1
mg/ka/day for 11 months, Only minor hematopoietic
deficiency was observad in dogs at dose levels of 0.21
ma/kg/day for 21 months,

Health and Welfare Canada is currently undertaking
experimental resaarch into the effects on laboratory animals
of orally administered chronic sublethai cancentrations of
uranium compounds {Gilman personal communication).

Other Congsiderations

The uranyl ion imparts an objectionable taste to
water at a threshold level of 10 ma/L,

Recomnended Limits for Raw Public Watar Supplies

In the Guidelines for Canadian Drinking Water’

Quality 1978, the maximum acccptabte concentration
of uranium (as uranyl ion) in drinking water was estahlishad
as 0.02 my/L and the objective tevel, as 0.001 my/L. Thase
recommended limits @re supportod by a criteria review
published in Guidelines for Canadian Drinking Water
Quality 13/8 — Supporting Documentation {Health and
Welfara Canada 1980). The recommendations are presontly
undsr raview,

The United States Federal Watar Pollution Control
Agency established surface water criteria for the uranyl
ion in public water supplics in 1968. The parameters were
established with 5,0 my/L uranyl ion being the permissible
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limit and the absence of the urany! jon being the dasired
limit. The 6.0 mg/lL permissible limijt was selected, sinca
it is below the objectionable taste and appearance levels
in water {(EPA 1973).

In 1973, the USSR published new potable water
standards in GOST (All-Union State Standard) 2874-73
in which the maximum permissible concentration for
uranium was raised to 1.7 mg/L (Novikov 19/5).

Aquatic Life and Wildlifa

Concentrations of urapium in surface and marina
waters ara commonly a few micrograms per iitea and
rarely axceed 10 pg/L (see sectlon on Sources and Oceur-
rence in Naturg), yet there are instances where uranium
concentrations in water exceed the average range. This
is due to natural and/or anthropogenic loadings, Since
uranium is nonessential for biological processes and s
generatly quite toxic at elevaled ¢uncentrations, concerns
for the protection of aquatic life and wildlife utilizing
contaminated waters must be considered.

Microbes, Algae and Macrophy tes

Uranium, {ike many other metals, is accumulated by
various aquatic plants and lower animals, it is concentrated
from water by the alga Ochromaonas sp. by a factor of 330
in 48 h (Morgan 1961). Steynar and Kobal {1982) reported
that the green alga Spirogyra sp. in a stream receiving
uranium mine water had 3 uranium load of 262 mag/kg dry
weight (26.2 ma/kg wet weight}, while the water load was
12,8 pg/L. The measured concentration factor s 2096
{using wet weight),

Strandberg at a/. (1981) found that uranium from a
100 mg/L uranyl nitrate haxahydrate solution was concen-
trated extracallularly on tha yaast Saccharomyces cerevisiae
and intracellufarly in the bacterium Psevdontcnas aerugin-
0sa. 1t was darermined that the accumulation was not
associatad with mataholic processes, and the rate and
axtent of accumulation appeared to he determined by
environmantal parameters such as pH, temperature, and
interference by certain anions and cations in the aquatic
medium. Cell bound uranium reached concentrations
of about 10% to 15% of the dry cell weight. Similar
accumulations have been reported for other microorganisms
extracting uranium and other heavy metals out of
contaminated water (Strandberg et a/. 1981),

The accurmulation of uranjum from water by algae
appears ta be strictly a physico-chemical process and not
by cell metabolism, Exparimants by Horikoshi et a/, (1979)
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and Nakajima at a/. {1979) indicated that bath living and
non-living Chlorella regularis accumulated uranium from
wator, Unlike yeasts, the uranium penctrated algal cell
walls and membrannes and bacame associated with organciies
and cytoplasm with relatively tittla being associated with
the cell wall {Nakajima at 4/, 1981). De Filippis (1979)
indicated that uranium and other heavy metals increased
the permeability of Chlorella cell membranes, which may
hetp to explain the high intraceltular uranium content
found by the authors above, In addition, uranium was
shown to have a high affinity for protains and lipids at the
pH's found intracellularly, and it bscame complexed with
them, thus preventing desorption back through the cell
memnrane and cell wall to the water. According to Pribil
and Marvan (1978), uptake occurred in two phases in the
chlorococcal alga Scenedesmus quadricaurda, Sixty percent
of the uranium load was removed from solution In the first
minute. This was followed by a less active uptake during
which the balance was accumulated over 6 h, Tha rate and
amount of uptake by algae from natural waters appeared
to be governed by environmental conditions, the types of
uranyl species present in the water and the algal biomass,
Below pH 5.8 the most common uranium spacies is the pos:
itively charged uranyl ion which js adsorbed and desorbed
in a dynamic proces: to negativaly charged sites on the algat
cells, Optimum accumulation occurred at pH 6.9 to 6.8,
At this pH range, uranyl ions exist as hydrolysis products
which aré¢ more stably bound to cell absorption sites.
This results in increased accumulation, Above pH 7, uranyl
carbonate complexes exist, These nogatively charged
and extremely soluble ioni¢ complexes experience charga
conflicts at ccll adsorption sites, which generally resuits
in deercased uranium accumutation,

Pribil and Marvan (1978) reported that the highest
uranium accumulation appesred to take placa at tempera-
tures batween 20°C and 30°C, However, Nakajima et o/,
(1979) indicated that temperature had no effect on uptake,
The authors also reported that light levels (hence, photo-
synthasis) also had no effect on uranium accumdtation, The
prasence of cations (sodium, potassium, ammonium,
magnesium, manganese, cobalt, nickel and zinc), nitrate,
sulphate and thigsulphate fens did not influence uranium
uptake by the alga Chiorella regularis. Uptake was hindered,
however, by the presence of phosphate and carbonate
ions in the water., Nakajima et o/. (1979) postuiated that
algal cells {Chlorelfa) took up uranium in the cation form
U0,;** or UQ,0H".

Wells er o/, (1980) surveyed heavy metal concentra-
tions in aquatic macrophyiss and algee from industrially
poltuted sections of Saginaw Bay (Lake Huron} and some
non-polluted  Upper Michigan Peninsula Lakes, Theay
found tho uranium concentrations to be 0.4 to 1,1 mg/kg
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for Saginaw Bay samples and 0.5 to 1,1 ing/ky for samples
from the Upper Peninsula Lakes. Thompson at a/. (1972)
reported a measured uranium concentration factor of
0.55% for plants in contaminsted freshwater environments,
Chapman et a/. (1968) gave an average background uranfum
concentration for freshwater aquatic plants of 1.0 mg/kg.

Bringman and Kuhn (1959) determined the threshold
affect of uranyl acetate expressed os uranium to be 28 mg/L.
for the protozoan Microregma (inhibition of food intaks),
22 myg/L. for the alga Scenedesmus (inhibition of cell
division), and 13 mg/L for the cladoceran Daphnia sp,
(Inhibition of movement). Gus'kova et &f. (1966 cited by
HManson 1974} abserved that uranyl nitrate added to a
Russian freshwater reservoir at @ uranium congentration
aquivalent to 1.0 mg/L inhibited the growth of migroflora
and hindered the self-purification process. At a concentra-
tion of 100 mg/L, a bactericidal offoct was noted. The
effect was attributed to the chemical toxicity of the uranyl
ion, Similarly, Gross and Kociy (1946 cited by Hanson
19/4) indicated from experimental data that uranium at
concentrations greater than 1.0 mg/L severely affected
diatom survival,

in recent studigs, diatom populations have heen
observed in abandoned uraniurm mill tailings ponds, whare
dranium concentrations can reach 17 mg/L in the surface
water {Kalin 1982; Rugglas et af, 1979). The effect of
uranium on diatom populations in water on inactive tailings
sites has not been studied in detail, Given their abundance
on most uranium mill tallings {Hellebust personal communi-
cation), it appears unlikely that diatom survival is severely
affected by uranium under these conditions.

Invertebrates

Thompson et al, {1972) suggested an average
concentration of uranium in the tissues of freshwater
benthic invertcbrates, in gencral, to be 0.1 mg/kg. Stegnar
and Kobal (1982) found very high concentrations of
uranium in the benthic invertebrates Trichoptera {caddis-
flies) snd Gammarus fossarum {watir louse) taken from a
Yugosiavian stream polluted with uranium mine watar,
The averaye values wero 2.88 mg/kg dry weight (0.288
mg/ky wot waight) for the caddistly larvae and 0.06 mg/kq
dry weight (0.006 mg/kg wet weight) for Gammarus,
Tho researchers suggested that uranium adsorption to
arganic receptor sites on invertehrate exoskeletons iz the
mechanism responsible for high uranium loading to the
organisms,

Zooplankton from the Laurentian Great Lakes
{Superior, Michigan and Erie} have uranium concentrations
of ahout 18 ug/kg, which are considerably ahove Great
Lakes fish concentrations (3 ug/kg) (Lucas et a/. 1970) and
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the concentration in Lake Michigan water is <2 ug/L
{Wahlgren and Orlandini 1982}, The mechanism responsible

“for the anomaly is probably similar to the esoskeleton

uranium adsorption mechanism suggested for benthic
macro-invartebrates by Stegnar and Kobal (1982).

Fish

Thompson et af. (1972) estimated the average
concentration of uranlum In whole freshwater fish to be
about 10.0 ug/kg. This is In agreement with 680.0 na/kg,
thg estimate of Beliles {1979). Fish from the luwer Great
Lakes basin and nonindustrialized areas of Manitoba,
represented by dressed whitefish (Coraganus clupeafurmis),
rainbow smelt {Osmerus mordax), northern pike {Esox
fucius} and yellow perch (Parca flavescens), were reported
to contain uranium ranging in concantration from <1000
to <3000 ug/kg wet weight (Uthe and Bligh 1971). Lucas
et al. {1970) found that the avarage uranium concentration
of small whale body forage fish [Alosa pseudoharengus,
Notropis hudsonius, Percopsis omiscomaycus) from the
Laurentian Great Lakes was 3 ug/kg (dry weight). The
gverage concentration of uranium found in the livers of
fish  representing  Salmonidae, Coregonidae, Percidae,
Cvorinidae, OQOsmeridae * and  Perciformes from Lakes
Superior, Michigan and Erie was about 2 pg/kg (dry weight).
The authors also observed a farge difference hetween
uraniom concentrations in 2ooplankton {18 pa/kg) and the
fish {3 uo/kg), which suggested that uranium does not
increase with higher trophic levels. Falk et af. (1973)
reported  that laka trout (Sslvelinus namaycush) and
eisco {Coragonus artadii) from waters in the Northwest
Territories collantad during a study on mine wastes and
recelving waters had uranium burdens In muscle of 190 to
290 pa/kg and 110 ug/kg, respectively. Livers contained
180 to 120 ug/kg and 120 ug/kg respectively, These levols
are not considarad axcaptional, as levels were lower than
those from an uncontaminated rafarence area.

Absorption of uranium may take place at any of the
absorption sites: the gut, the epidermis and the gill surfaces.
Data are not available on absorption or elimination rates
of uranium in fish, However, absorption of the urany! ion
as well as its behaviour in the fish body is expected to be
similar to that of other vertebrate species as described
proviously {see section on Fate and Distribution in the
B8ody). Furthermore, as the renal tubular excretion system
in fish is similar to that of all vertebrates {(Hoar 1966),
the mode and site of uranium toxicity to the renal tissue
in fish is probably very similar to that of humans and
other mammals.

Undoubtadly, gill physiology and function are

affected by urany! ¢omplexes, but data relatad to this

topic are lacking.
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Tarzwell and Henderson (1960} using the fathoad
minnow {Pimephsles promelas) calculated the 96-h
LC¢y for uranyl ion intradiuced as uranyl sulphate tc be
136 mg/L in hard water (pH 8,2, alkalinity = 360 mg/L as
CaCO3, hardness 400 mg/L as CaCO,) and 2.8 mg/L
in soft water {pH 7.4, alkalinity = 18 mg/L as CaCO,,
hardness 20 my/L as CaCOy). The 96-h LCg, values using
the same fish species and the uranyl ion introduced us
uranyl nitrate and uranyl acaetate in soft water were 3,1
ang 3.7 my/L, respectively.

Davies {1980) obtuined 96-h LCsy's for brook and
rainbow trout of 8.0 mg/L and 6.2 mg/L, respectively.
The 120-h LCgp for brook truut was given as 7.2 mg/L.
Nominal uranium concentrativns af 10,0, 5.0, 2.6, 1.25
and 0.62 my/L were used. Mortality only occurred in
tha highest concentration, so that 95% confidence intervals
could not he determined, The water hardness was 30.8
my/L as CaCO,; the alkalinity, 28 mg/L; and the pH,
8.8 to 7.0. The water hardness and alkalinity valucs wore
slightly greater than those of the dilution water used by
Tarewell and Handarson (1960). The fish species were
also different, Davias {1980) uscd an arbitrary application
factor of 0.05 to estimate a safe concentration of between
0.36 and 0.40 mg/L to protect aguatic life,

Very few data cxist on threshold effect levels reiative
to fish. Till et a/. (1976} found that 60 mg/L uranium did
not significantly affect the hatvhability of eyed carp egys
{Cyprinus carpio), The uranjum was distributed mostly in
the yolk material, and the concentration factor from the
water was calculated to b 3.3,

Wildlife

Plants grown In moist soils were shown to have
concentration factors of 1074 to 107}, Aquatic plants
may concentrata a similar amount of uranium from water
{Lopatkina et af. 1970 quoted in Hanson 1974}, However,
uranium is decreasingly concentrated in the food web as
evidanced by accumulation ditferences among algae,”
rooplankton and fish. Therefore, it should pose minimal
risk of concentration in aquatic and semi-aquatic wildlife,
such as amphibians, waterfow! and mammals.

Racommaended | im]t for Aquatic Life and Wildlife

Since thare are inadequate sublethal data to determine
a safe level for urenium, an application factor has been
used. As uranium has not twen shown to biomagnity
through the food web, the application factor of 0,08
{Reacder 1979) will be used with the available toxicity
data,

«ANYMEIT G D3Y Vd3 SN:

The 96-h LCsy of 2.8 mg/L {in soft water} for fathead
minnows would give an estimated safe level of 0.14 mg
U/L. Using the more recent data of Davies (1980} with
trout, an estimatad safe leve! of 0,31 mg U/L is obtained.
The concentration of uranlum observed to affect inicroflora
in a Russian reservair was 1.0 mg/L (Gus’kova ot a/. 18686),
Uranium concentrations in Canadian inland surface waters
have been-shown to range from 0.001 to 170.0 ug/L
(0.17 mg/L.), with median valuos from two areas in Canada
baing 0.1 and 0.06 ug/L (scc section on Natural Distribu-
tion of Uranium) {Garrett personal communication),

The recommended acceplable level for the protection
of aquatic life is 0.30 mg U/L. The levels suggested for
protection of aquatic tifc should be sufficient to safeguard
wildlite,

Water Supply for Livestock

Uranium is not 2an essential clement to animal
metabolism, A wealth of data exists on metabolic, biolog-
ical and clinical effects on small lsboratory animals (mica,
rabbits, guinea pigs, rats, cats, dogs) but data for larger
animals are uncommon, While the behaviour, fata and
toxicity of uranium in larger animals are expected to
be generally similar to what would be observed for
laboratory speciecs, specific farge animal dose-toxicity and
clinical symptoms relationships have not been extensively
documented,

Uranium in Livestock Animals

Grazing livestock may be axposed to a regular uranium
intake from field forage plants which accumulate uranium
from soils, This is particularly the case in arcas where
uranium gre bodies or scile are located {Hanson 1874).
Garner {1963) estimated that sheep grazing in a uranjum
mineralized zone on the Colorado Plateau in the United
States ingested 0.54 to 1.86 mg uranium per day which
represented only 0.1% to 0.3% of the daily dose required
to manifest a slight malaise. Uranium toxicity in animals
foraging in arcas of high soil uranium ¢ontent has ot
been documented {Gough 1979),

Uranium is not accumulated in livestock tissues or
secreted to milk to a significant dagree. Reid et o/, (1977),
trom results of Chapman and Hammons {1963}, ostimated
that lactating cows secreted less than 0.2% of absorbed
body uranium to milk,

Phosphorus supplements are commonly fed to

lactating dairy herds to maintain milk production. These
suppiements may c¢ontain uranium, sometimes as high

oogor? "
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as 160 mg/kg, since the phosphorus is generated from
geologlcal sources, The daily uranium load to each animal
from this sourca could be as high as 16 mq uranium per
day {Reid et a/. 1977).

Dase and Toxicity Relationships

The estimated threshold effeet dosa for slight malaise
in sheep is 50 mg U/day and 400 mg U/day in dairy cattle
(Garner 1963). An application factor of 0.1 should place
the estimated no-effect daily dose at 40 mg/day, Assuming
the maximum daily uranium loading from phosphorus
supplements is 18 mg/day {Reid et af. 1877) and the
loading from forage on uraniferous soils is 3 mg/day
(Hanson 1974; Garner 1983}, the average daily intake
of uranium from food by dairy cettle would be about
20 mg/day. This Is halt of the estimated na effect daily
dase, If the remainder of the safe dose could be attributed
to water, the average lactating dairy cow consuming 38 to
110 L/day {NAS 1974), the maximum water concentration
should not be greater than 0.2 mg/L.,

Recommended Limit for Uranfum in Livestack
Drinking Water

Based upon the data of Garner {1983), it is recom-
mended that the guideline for the maximum aceeptable
concentration of uranium in water for livestock be 0,2
ma/L. This fevel is adequate to protect the lactating dairy
cow, a sensitive livestock animal, and is sufficiently broad
to cover the normal range of uranium concentrations
commeonly encountered in surface waters,

Water Supply far Irrigation
Yranium In Soils

The normal occurrence of uranium in mineratized
soils is about 1 to 4 mg/kg with most soils having 1 to 2
my/kyg {Harmscn and de Haan 1980). in ganeral, uranium
levels in. sQils increase with increasing clay and organic
content. This is a resutt of the high affinity that uranium
has for these substances, Coarser sandy soils which have
fittle clay or organic mattar ara relatively fow in uranium,

In the soil profile, the surfaca or A horizon usually
has the highest uranium concentration, whercas the lower
horizons, B and C, have less, Of the latter two, the C
horizon {parent material 2one) has the second highest
uranjum concentration, and the B horizon {(middic zone)
has the least. This distribution is ihe result of leaching
and gravity settling of suluble and ultra fine particulate
materials from the middle Zounes to tho towest horizon, and

12
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retention of organically bound uranium complexes in the
surface humus (Sheppard 1980).

Mobility of uranium In soils is a function of soil
conditions, types of soil and types of uranium specles
available, For example, in the absence of carbonates and
in oxidizing conditions in aerobic soils, uranium will exist
in sail waters as the uranyl jon or as a uranyl hydrolysis
oroduct. The uranyl ion, which is common at pH B.B and
below, has a positive charge, whereas the uranyl hydrolysls
praducts existing above pH 5.5 have either a positive or
nautral charge. In the presence of carbonates and at pH
conditions near ncutral and abova, negatively charged
uranty! carbonates are the comman uranium species,
Anaerobic soils and muds have reducing environments
which favour the existence of positively charged uranous
1oNs.

Soil particles and associated organic matter carry’

negatively charged absorption sites which tend to trap and
immabilize positively charged metal ions and complexes.
For this reason, positively charged uranous lons, and
urany! lons and uranyl hydrolysis products are refatively
immobila in soils, while the negatively charged uranyl
carbonatas are highly mobile {Harmsen and da Haan 1980),
Alluvial soils which have much clay and organic matter
tend to adsorb and immobilize significantly mora uranium
than coarse sandy soils. In addition, uranium species are
not as tightly bound to sandy soils relative to alluvial
soils. Kovalskii et af. {1967 cited by Sheppard 1980)
estimated that 2% to 19% of soil uranium is desorbahis,

Superphasphate fertilizars derived from uranium
bearing and phosphatic rocks have been pointed out hy
Michi {1879) 10 be 8 potential source aof uranium contami-
nation o rivers, as they may b easily leached out of the

soils, Mangini {1878} and Rothbaum et a/. {1979), however, -

suggested that much of the fertilizer uranium is baund in
insofubie  uranium-phosphate compiexes &snd remains
within the top few centimetres of soil. Williams (1977)
commented that uranium loadings from faertilizers are
deemed to be insignificant relative to tota! sail concentra-
tions and an increase of only 1 ma/kg uranium in the top
15 em of sail would result from a fertilizer apylication of
45 tonnes of superphosphate per hectare.

Uraniur in Plants

The uranium content in plants Is derived mostly
from soil water. The content of some species may be as
high as 0.8% dry weight (Whitehead et a/. 1971 citad hy
Kassakhian 1977). Some of the species which accumulate
uranium to higher levels are used by prospecting geologists
as indicators of uranium deposits (Dean 1966 cited by
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Kassakhian 1977}, The pine, Pinus sylvestris. a species
which is known to concentrate uranium, was found by
Dean {1966} to have a median uranium concentration
of 048 ug/g ash, and Nilabin and Rencz (1980) found
the bog blusbarry Vaccinium uliginosum to accumulate
uranium up to 1000 times higker than background concen-
trations, Hamilton (1972b) surveyed the uranium content
in a number of plants in human diet and found that starchy
roots contain 1 ug/ka; cereals, 0.5 pa/kg; and fruit and
vegetables, 0.8 pg/kg. Morishima et a/, (1977) found the
uranium content of Japancse vegetables to range from 2 to
880 ug/kg ash (0.02 to 8.80 py/kg wet weight), which is
similar to Hamilton’s estimates,

Plants appear to obtain more uranium from irrigation
waters than the soils proper. The concontration ratios

from soils to plants (vegetables) and those from irrigating -

water 10 plants have been estimated by Morishima et a/,
{(1977) to be 10 % to 102 and 1 to 100, respectivaly,

In genersl, high soil-uranium concentrations Impart
high ptant-uranium concentrations {Yamamato and Masuda
1974). This general trend, however, doas not hold true
for marsh areas where tho organle muds Guite often have
much higher uranium concontrations, This is the result
of the sink effact which anaerobi¢ organic muds have for
uranium species (Shappard 1980}, The pH of the soil
system and the various ioni¢ species In soil solution also
affect the accumulation of uranium by plants, At neutral
to alkaline pH regimas in aerobic soils, the soluhble and
mobile uranyl carbonates will bo available for uptake by
plants. Yamamoto and Masuda {1974) observed that as
concentrations of uranyl carbonate or the uranyl jon
incressed, and as the pH of the cuiture madium increased,

“there was an increase in uranium transfer to the leaves.

The ratio of uranium in a plant to uranium in soil or
growth medium is known as the plant transfer coefficient,
The transfar coaefficient is a useful way to express the
accumulation of uranium in plants relative to sails, The
transfer coafficients for herbs, shrubs and trees range
from 0.000% to 0.02. whereas those for mosses and peat
ranga from 0.8 to 352 (Lopatkina at a/, 1970 vited by
Sheppard 1980). Yamamoto and Masuda (1974) reported a
concentration factor from a growing medium of 0.0028 to
0.0124 at § mg/L uranium, The factor becsme smaller as
the congentration of uranium incressed. Wilting occurred
on the Sth day in @ medium containing 50 mg/L uranfum,

Uranium is absorbed into the plant with soil water
at the root. It easily penetrates the root epidermis but
Arantinitatand

recip

H
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region with rclatively little uranium entering the root

35 2 yellowish deposit in the marittam
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sap syster (Robards and Robb 1972; Acqua 1912; Acqua
1913 citad by Sheppasrd 10680). The highest uranium
concentration in plants is in the roots, followed by fruits
(seeds), branches and leaves {naesdles), Root vegetables
and tubers have significantly higher uranium concentrations
than leafy plants.

Uranium deposition within plant ceils is mostly
associated with cellular wal! proteins, Whitehead et af.
(1971} observed that in Comprosma asustralis, a shrub
which grows on uraniferous soils, at least 60% of the
uranium Jjn vive is bound to cell wall proteins in the form
of a wuranium-protein complex, The balance forms a
uranium-nucleic acid complex,

Uranyl ions and othar positively charged uranium
complexes are bound firmly to cell walls and membranes.
The attraction is much stronger than that of calcium and
some jon exchange processes probably occur, Uranyl ions
and uranium complexes also become bound to carboxyl
groups of proteing, Binding to cell surfaces and its prataing
may cestrict transport mechanisms rasponsible for move-
ment and deposition of sugars and other metabolic products
in plant cefls (Humphreys and Garrard 19870). Similar
membrane transport effects have been reported in animal
tissues, The action of uranium in plant tissues appears to
atfoct mainly the cell surface,

Toxicity/Dose Effects Relationships

Although uranium is known to be toxic to many
plants, it is beneficial for sorne species. Experiments with
uranium nitrate on plants by Stoklasa and Perkava {1928
cited by Hanson 1974) showed that plant growth is stimu-
lated by additions of uranium equivalent to soil concentra-
tions of 2 my/ky. Bowever, symptoms of poisaning occurred
at 47.6 mg/kg and acute toxicity occurred at 476 mag/kg.
Germination of seeds is arrasted at 10 000 mg/kg. Similarly,
Zhukov and Zuditkin {1971} added uranyl nitrate solutions
to soils growing spring wheat and observed that concentra-
tions equivalent to 50 mag/kg soll raduced the wheat yicld
by 50%, while 100 mg/L reduced it by 11,4 times. Concen-
trations of uranium at 10 mg/L had no offact onthe ¢rops,
It was alsa noted that addition of phosphorus fertilizers
diminished the growth-suppressing effect of uranium owing
to the formation of insoluble uranyl phosphates, The
authors suggested that urany! phosphate comploxes are
insoluble and unavailable for uptake by the plants,

Studies indicated that root damage occurred upon
addition of nutrient sojutions with uranium congentrations
of 50 mg/L {Acqua 1912; Acaua 1913; Bambacioni-Mezzeti

1834 cited by Hanson 1974),
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Recommandad Limit for Irrigation VWater

The threshold concentration for uranium in soils
and nutriant growth solutions having deletcrious effects
on spring wheat and other plants is somewhere butween
10 and 50 mg/kg {my/L). Assuming that 1 m® of water
is used to irrigate 1 m? of land per year (Chanoy 1973
cited by Demayo ¢t a/, 1980Q) and that the uranium goncen:
tration in the irrigation water is 0.2 mg/L {very high relative
o the normal cange of naturally occurring concentrations
in surface watars), it can be calculated that 0.8 mg
uranium/kg of 501l will bo added each year, If the soils to be
irrigated carried an average uranjum concentration of
2 mgfkg (Harmsen and de Haan 1980} and assuming that
all of the uranium from both soit and irrigation water was
available for plant uptake, it would take 10 to 60 years for
uranium in the irrigated soils to reach levels that would be
potentially toxic to the crops, Since only a portion of the
soil uranium is available far plant uptake, the time period
for concentrations to achieve toxic proportions is probably
considerably longar. This shauid provide an adequate
safaty margin,

It is racommendad that for continuous or intermittant
irrigation on all soils tha maximum total uranium concen-
tration in the irrigation water should not exceed 0.2 mg/L.
This limit represents a concentration of uranium well in
excess of those found in natural surface waters ncrmally
used for irrigation,

Racreation and Aesthetics

Drinking water for cottages and camping areag will
probably not bhe treated or wiil undergo a minimum of
treatment, To ensure that the lovel of uranium will not
exceed that recommended for public water supplies, the
maximum acceptable concentration of 0,02 mg/L (Health
and Welfare Canada 1980Q) is recammended,

Uranium has not been shown to accumulate in
biological tissue {Lucas et 2/. 1970}, Thaerefore fish caught
during sport fishing will not be a hazard to humans in
relation to uranium content,

Recommended Limit for Racraationa! Waters

The concentration of uranium in watar should not
exceed 0.02 mg/L. uranjum,

Industrial Water Supplies

The only industry in which the concentration of
uranium in process water is of Importance is the food

14
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industry, The general principle applies that the wataer incor-

porated in alt processed food must meet the requiramants
for drinking water,

Racormupended Limit for Industrial Water Supplies

A maximum uranium level of 0,02 mg/L is recom-
mended for wator that is incorporated in the final product
in the food industry, This includes the water used for
washing, cosling and ¢ooking,
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APPENDIX

Table A-1a. Some Uranium Levels in the Environment from Natural Sources and (ndustry in
Parcs Per Million Gugrkg)

Source Level
Rocks
Igneous 1-3
Shales 3-4
Sandstones 05-1.5%
Limestones 2-5
’ Phosphate rocks up to 300
Scdimenty in tivers and steeums in Cunada (averages)
Rocky Mountain streams ‘ 0.1-430 (snean 3,9)
Canadian-Shield 0.1-733 (mean 4.6)
Laurentian Cireat Lakes 0,23-2,19
Coal
Lumps 0.005-200 (av, 1.0)
Fly ush from coul with 2,18 mg U/kg 30.1
Slag from cual with 2.18 mg U/kg 14,9
Petraleum 0.001

Superphasphate fertilizers manufactured from rock

Auseralia . 40=50
New Zealand 25-50
North Africa 24-42
Table A-1b. Some Urauium Levels In the Envirooment from Natural Sourecs and Indusary In .

Pasey Per Million (mg/1.)

. o e r—— e vram 1 wwes st e

Source Level

Treated uraniunt mine effluent

Canada : 0,05 -1.03 (median 0.18)
Yugoslavia 0.115

River upstream from Yugoshaviun riine 0.001t

Raised river below mine 0,0128

Surface watcrs draining uranium ores

N.E, Austealin 0.00002~0.0006
Nevada 0,0013-0,0019
(Nevada headwazer ahove ore) <£0.001
Csnadian Shielkl £0,001-0,17
Groundwaters in Canada (average) 0.0002
Croundwaters in United Suuies, Edrope, Australia 0.6001~ 14,87 most e <0.0022

Rivers and lakes In Canada (averages)

Rocky Mountsin strcams ©.00002-0.0898 (inean 0.0001)
Crnadian Shield 0,000001-0,17 {mean 0.00005)
Lake Ontarin ncar Port Hope . 0.001!

Lske Michigan 0,002

Drinking water in Canada urually <0004

Drinking water in United States usually <0.002 .
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