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Abstract 

A literature survey was carried out on the chcmically 
toxic effects of uranium and uranium compounds on 
human health, aquatic life, plants and livestock. All tho 
information collected is summarized in thi$ document and, 
from it, maximum uranium concentrations In water at 
which toxic effects will not appear ara recommended. 

Uno kudo bibliographiquc dos effcts chimiqucs 
toxlques d e  I'uranlum et de ses composes sur la sant6, la 
vie aquatiquc, Ics plantcs ot  lo bStail D 6t6 rhalisde. Touto 
I'iiiformalion recueillie est resui)lh Jar,$ le present JOCU- 
ment et, a partir de celui-ci, des recornrnarrdations Sont 
faites cuncernant les concentrations maximales d'uranium 
dans I'eau pour k i ter  tout effet toxiclue. 
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RECOMMENDED WATER OUALITY OBJECTIVES 
FOR URANIUM 

...__.I.*--. .-- 
Rccommondecl objective 

0.32 mg/L 

Uses (as total uranium) --- c-.- .. 
Raw public water supplier 

Aquatic life and wildlife' 0.30 mg/L 

Water supply for livestock 6.2 mg/L 

Water for irrigation 0.2 mg/L 

Rccrcation and acrthetics 
Rccrcational watar) 0.02 rny/L 

Industrial water supplics 
Food processing 0.02 mg/L 

--. -.*_.._-- 
*Tho Intornational Commission on Radiation Protection {ICtfPI 
has bagad the uranlum remmmendetlon for humans 00 ch?micai 
toxicity rather than on radiotoxicity [ICAP lO$4), Thli llne pf 
thinking has EISO been followed in this document iri tawrnmcnding 
the ohjenive for squstlc life. The effect8 of radiation are of le$¶ 
iiriporteiicu than the churnical toxicity of the urgnyl Ion. This 
would have significantly rffec?ed fish pepulatione boforb tho level 
61 radioactivity, approximately 1 rd/day (0.01 Gylday), shown 
to have tlgnlflcent detrimental effects on berry fish, would bo 
r e i d r e d  ( IAEA 1979). 
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GuidelSnes for Swrface Water Quality 
V d .  1. Inorganlc Chemical Substances. Uranium 

SOURCES, OCCURRENCE AND FORM 

Natural Distribution of Uranium 

With a11 atomic nunibcr of 92 and atomic wcight 
of 238,03, uraniurn is tlic hcovicst, naturally occurring 
clcinont on earth. It has 11 known isotopes, all of which 
gro rodioactivo; only thrce isotopcs with atomic woights 
of 234, 235 and 238, howcvcr, occur naturqlly. Most 
uranium occurring on carth Is a niixturo of \lie thrco 
CISIIVW~\ isotcrpes, with "'jU illid Cuiittil)utirrg 
~!3!3,25%, 10.71% and 20.007646, rospcctivoly. Discussiott 
of tho cnvironnicntal siynificancc of uranium, for thc 
purpose$ of this rcvicw, will bc rcstrictcd to i t s  clicmical 
propertias and toxicity, Tho aspccts of its radioiictivo 
riature are outsirlo tho scow of i l l i s  documorit. 

T h e  aburl<lanco of uranium of1 earth is relatively 
low. It has b e r i  estiinated to comprise from 2.7 x 10 tu 
4.0 x IO'' percent o f  the earth's crust (8erlin wid Rudeti 
1979; Riley and Chester 1971). The total amount of 
uranium in the crust to a depth of 20 km has bcen asti- 
matod to  bo 1 x lOI4 tonnes (Health and Wclfare Canada 
1980). 

The concentration of uranium In rocks other than 
ore grade deposits has been estimated as follows: igneous 
rocks, 1 - 6 mg/kg; shales, 3-4 mg/kg: sandstones, 0.5- 1.6 
mg/kg; and limestones, 2-6 mg/kg. Phosphatic rocks may 
rcach 120-300 mdkq (Harmsen and de Haan 1980; Hcalth 
and Wclfarc Canada 1980; Taylor 1979; Kcan 1968 citcd 
t,y Berlin and R ~ ~ d o l l  19791, S h o l ~ ~  ard other f irre-gdir ied  
sedir:lentary rwks have hiyller levels of urdriiuiii tlldri 
coarser-grained rocks, d u ~  to their hiytler content of clays 
arid orgaiiic rnatcrials wlricli at t ract  arid adsorb trraniurrr 
species out of solution (Harlwcri a t ~ I  de Haan 1980). 

Uranlum in elemental form does not occur naturally, 
since it i s  a very reactlve reducing metal, It i s  conimonly 
found in association with oxygcn in mincrals in the tctra. 
valent (4') State in thc uranou~  ion or itr tho ijexilvglent 
(6') state in tho uranyl ion. The rnain uranium minerals 
are uraninite (pitchblende) and potassium uranyl vanadate 
(carnotite). i t  is also found in phosphatic rocks and in 
monrenite sands in commercially extractabla concentra- 
tions. Uranium ores in Canada are found mainly in Ontario, 

northern Saskatchewan, Northwest Torritorics, Qucbcc 
and New Brunswick. ,Minor doposi\$ are (ocatod in British 
Columbia and Labrador ( V J i l l i m S  1979; Energy Mino$ 
and Rcsourccr Canada 1981). Ore bodies of commercial 
significancc in Canada aro usually fuund essociatecl with 
quartzqxlcbblc conglomcratcs, such as thuse located in tho 
Elliot Lakc and Agncw Lako areas of Oiifario, ails irr  vein 
piid uri~oiiformity-rclatod type deposits such as those 
Incator1 in northorn Saskatchewan arid the Nurtliwpjt 
Tcrritgrioi. Uranium in the Baticroft area of Or,!ario 
i s  associated 4 t h  pcgrnalite ores (Energy, Mines wid 
RCSVUIURS Cariada 1081). Major deposits ace also fuurid 
in northcrn Australia, southcrn Africa, the UiiitQd Statcs, 
Russia, China and Brazil (Encfgy Mirics and RcSourms 
Canado $981). 

As uroniutn i s  an cconomic mineral, exploration 
surveys havQ pravidod 9 good undcr$tanding of background 
conceritratiocti of uranium i r l  wrfaco waters, In Canada, 
the uranium corrceritratiorrs irr inland surfaco W ~ ~ C I ' S  from 
the Rocky Mountain cordillertl streams ranye from 0.02 to 
89.8 p o l e ,  with the median value of 22 580 samples txiriy 
0.1 pg/L (Garrett personal communication). Waters from 
approximately 37 000 Canadian Shield lakes (Labrador, 
Ontario, Mgnitoba, Sarkatchcwan, tho Northwest Territories 
and Baffin Island, sampled bctwcen 1976 and 1978) ranged 
in concentration from 0.001 to 170.0 pg/L with a medisn 
value of 0,05 pg/L. Uranium levels were naturally high near 
deposits, esluclally if the hieartmate content of wator was 
high, as bicarbonate complexes are very stable (Garrett 
personal comrnut?lcation). Lake Michigan, one of the 
Laurentian Great Lakes, has a water concentration of 
0.2 gg/L (Wahlgren and Orlandini 1982). Lake Ontario 
water rrear Port Hope, Ontario, wliich Is taken for public 
water supplies, has a uranium concentration of about 
1.1 yg/L (Great Lakes Water Quallty Board 1981). 

Freshweter stream sediments of the Rocky Mountains 
have uranium concentrations ranging from 0.1 to 430.0 
mg/kg with a median value of 3.4 rng/kg out of 23501 
samptes. Uranium levels in the Canadian Shield lake sedi- 
ments range from 0.1 to 733 mg/kg with a median value 
of 4.6 nig/kg out of 41 028 samplcs (Garrett pcrsonal 
communication). Whole lake mean concenttations of 
uranium in tho scdiments of tho Laurcntian Great Lakes 
are presciitcd in Table 1. The range is  0.23 to 2.19 mg/kg 

8 #!O 



7 3 3 5  
with Lake Or\:ario having the lowest valua and Lake 
Michigan, the highcst (Thomas personal communication). 

'fablc 1. Whole Lake MCM Conccnhationi of UJeuiiutn in Crmt 
Lakes scdimmro --. .-. .-,- .--_ . . . . 

Mcan R*ngt Standarrl 
clcviarion 

. .- .. .- Lake (ntgfig) ( m n k d  . . . . . .- -- -.- .-. 
Superior 0.59 c0.2'- 1.9 0.4 

Huron 0.41 cn.2.- 1.5 0.27 

(isurgixii Bay 0.3% <0.2*- 1.7 0.2  7 

hllchigan 2.1Y 0.5 -9.1 1,os 

SL Clair (1970) 1.16 € 0 .2  - 2'1) 0.56 
(11174) 1,22 0.4 -2.5 0.38 

Erie 0.43 CCJ. 2 * - 2,8 1). 3 3 

Oncariu (I. 23 6 0.2' - c,.Y 0.10 

*Miriiritirru Jctectlon l imit  
Swtrcc: R. ' V l l o t n w ,  CCW. BurIir?gc,ii, pctsrltwl cotnmunlcaticrn 

- i ..- -. - . . .-.- 

Groundwatcrs have varying co~cer~ trat.ions of uranium 
accordiny to tha dcgree of contact subterrancan aquifers 
have with urariiurr)-bcaring strata and the chernical cornpo- 
sitioii of the grourr&vGtcr, Thc werage uranium coticcntra- 
tlun for groundwater i r i  Canada i s  0.2 og/L (tlealth and 
Welfare Canada 1980); some spccific areas, however, may 
have much higher levels. For exdmp)c, sotno Iso!ated wdtar 
wells in ;he fwced area uf soutlreastc?m Ontario have 
uranium concentrations as high as 80 pgIL (Missingharn 
personal communication). Harrnsen ar id  de Haari ( 1980) 
rcportcd ranges of 0.1 to 14 8'10 pg/L for grouridwatcrs 
i r i  thc United States, Europe and Australia; rtinst 
concentrations, however, ara lesa than 2.2 blc'~/L. 

Production, Consumption and Uses of Uranium 

Uraiiioni i 5  currcntly mined in 18 countries. The 
estimated world uranium production fOr 1079, in countries 
other tlrar> cnriimunist affiliates, VJW 38 325 totinos (Energy 
Mines arid Rosourws Canada 1981). Productlori data !rom 
commanist duuritrios arc unavoilehle. The major produccrs 
outside the USSR and the Peoples Republic of China, in 
order of production, are: the Uniter! Stabs, Canada, 
f rarico, South Africa and Australia. Canada's production 
of urariiutrb (ostitnated as eiementa! 9) ! t i  1900 was 7145 
torirres, of which 67% was produced in Ontario arid 33'36, in 
Saskatchewan. Canadian uranium production has Increarcd 
steadily since 1976 and is projcctccl to increase in the 
futurc 8s the world dernarid fur urarliuirl fucls increases. 
Approximately 15% of Canedian prorluctiur\ rcrtiiains in 
Canada, while tho last i s  exported. Major erfrvrt rnisrkcts 

, for Canadian uranium include: Japan 
States (20%), tho United Kingdom 
Germany (11%) (Enorgy Mincs and 

2 

6 #!O 

(33%), the UllitCci 

(13%) arid Wcst 
Resources Cariado 

1991). World dsmand for vrarliub by the year 1995 is  
estitnatcd to be about 70000 tonncs (Energy Mines and 
Rcsouices Canada 1981 1. 

Uranium oras containiny as l itrlo os 0.1% uranlum 
arid up to 60% are mlnad commercially. Most exploited 
uic; deposits contain ahout 1% uranium or rnorc (Berlin 
and Rtrdoll 1979). Recovery of uranium frorn orcs com- 
monly exceeds 90% and i s  achieved by leachirrg o m  and 
extractioii of thc uranium from tho leach solution by ion 
exchange, so!vcnt extraction, or dirGct precipitation. 

Urariiurn i s  important as a nuclear fuel and is rnainly 
used by riuc'lear powcred electrical gonorating stetioris. This 
is the h r y c s t  single consuming Industry for urariiuijI, and it 
is  expectud 10 itiorease i t 5  demands In the future. 

Other ~ I S Q S  of uranium employ i t s  high derisity atid 
qualities as a piymwrit. "Ocpleted" uranlum, i.e., a misturo 
of the element wit!) lcss than 0.296, of tho fissile '"U 
isotope, i s  u ~ a d  fur internal guidarice dovices for rnissilos, 
radio ernissiont shiclding material, photographic emulsions, 
and as a cataly$t in analytical chemistry, Porcdairrs u:cd 
in dentistry, optical Icnses, and alloys may cantain siyrlif. 
icarit ariivurits of uranium, and certain uranium corrij~r)urids 
are used 7is catalysts in the chemical industry (Harrrjsen 
and de Haw 1980; Hcalth snd Welfaro Canada 1980). 
Othor uses of urariiurri involvc i t 5  radlolngical nature, 
where i t  is used in rniriute rlunntitics as a radioactive tracer. 

Pathways fur Etrtoring the Envirenmrnt 

Natural Path ways - Mcd>il/zorion by Weathering and 
Erosion 

Gcologically, uranium is a vcry rnoblla elcrncnt. 
Wi th  the excoption of the ores hi tha Bancroft (Ontarin) 
3rei4,' the uranium in most deposits prcscntly mined In 
Canada Is In the form of secorirlary rninorals. That is. the 
uraniunr has Lmen dorivcd from nearby yologically older 
or younger rocks through dissolutiorr, mobilization and 
recrystallizatloti/re~~position in receptor formations such 
as tho qwrtz.pobble conglomerates in thc Elliot Lake 
(Ontario) area. 

Approximate amourib of uranium mobilized from 
rock by weatlteriiry and riaturol crosion can be caicrrlatstl 
from the westhyririy rates of tho various rock types and 
their average irraniurn cuncentfatiot\s. The rcsults, indicated 
in Table 2, reveal that approxirriately 27 275 to 31 329 
tonnns nf uranium are moved each year. Gvldberg (1976) 
inliicgtori rnar urarhn i  additions t~ the ii.c;;ld's CCKK: 

by iiver flows and sedimants are about 19 000 tonnen 
annually. 
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lyllrulls 700- I so0 2.7 1&90- 4050 

Shale 6500 3.7 '24 1JSO 

Smtistonc I500 0.45 675 

Limcstunc 3 00 2.3. 6f>O 

fvtal 9000-980D 27  2 7 5 . 3 2  325 

Weathering, or inore appropriately, natural loacliing 
of uroniurn, is a proccss wherein the element, niostly in 
tho miiietal form of uraninite, undernoes oxidative dis. 
sdt1tiOrj to tho solublc uranyl ion by the action of surrace 
arrd ymundwntcre. Ratcs of dissolution of uranium are 
dcpcndont on the specific exposirre of ore minerals and 
various chcrnical aspects of the waters such as pli, Eh, 
organic content and concentrations of other Qirsolved 
Substances {Taylor 1979). Another major factor i s  tho 
activity of certain bacteria on pyritic ore$ cantJining 
uranipitc. OxidJtion of  these Ores under tile Influence of 
lmctoria gnd rnoisture lcads to  the formation of sulphuric 
a;iJ. t h e  resulfiny acidic conditions greatly enhance 
ttreriiuin dissolution from the rocks. 

Under natural condition$ wcathcring of uranium 
minerals in upbroken rock at tho  aarth's surface occurs 
slowly, since ruck porrrwnbilitias aro low and tsoctcria (such 
as I'hiobacillus ferruoxiclar#s which retiuires oxygon to 
oxidize sulphides to the acid, which then leadies uranium) 
are unlikely to participate very actively in tlie poco$$. 
Broken rock, alternatively, affords a greater surface area 
for water and bactoria to work OR in the presence of 
oxygen and the !ate of dissolution i s  increased markedly. 
Thc uranyl ion in i t s  soluble complexes i s  very mobile. 

Curiceritratiotis of urairiuiri in surface watcrs associated 
with uranium.bcaring rocks will vary from place to place due 
to sitcdspccific substrate, water quality and environirrental 
conditions. River watar downstrcain froin the Jabiluka 
uranium deirvsits in N.E. Australia contains uranium 
it) cwicenfratioris ranging from 0.02 to 0.6 pg/L (Morley 
10791. Bartsofi m d  Lcach (1379) found that wmrs of the 
Walker R s i r r ,  Nevada, htr ich flow through arcas of known 
urarliurn occurrericos Iiavu yrariiurn CqriccntrationS of 
1.3 to  1.9 pg/L, while the hoatlwala: rcyioii wators of 
the watershed have uranium c~riceiitrations typicdly lcsr 
then 1.0 c(y/L. The data tupplied Iry Garrett (prronai 
communication) irldicato that tho rariya of valuo~ in Stiicld 
lakes and streams in Canada i s  c 1 10 170 pdL. @ 
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Other natural sources of uranium released to the 
environment include Yvlwrric ectivity atid forest fires. 

Jawofowlski 81 a/ .  ( 1  977) rcportcd that uranium levels 
in ylacier ic;o in Norway arid the Himalaya Mountains, 
relJreser\tiriy the las t  20 yam, arc approximately one order 
of iiiayr\itude tiighor than cot1~cntr3tions in ice representing 
eariicr pcriocls, Thc increased concentration is  attributed 
to anthropogcnic activiw in the use of uranium over the 
!as( 20 ycars and i t s  release to the environment, Strict 
coritrols pertaining to inining and to the disposal of tpcnt 
uriiriitirn fucls arc cnfurced by the Atomic Energy Control 
Buard (AECB) in Canada and similar agencies in other coun- 
tries. Tliese controls haw donc o grcat deal to mlnimizo 
uranium entry into the erwironinot-~t. However, wide appli- 
cation of uranium conrp~rv.Is in photographic toners, pig. 
inutits and glares (Health arid Welfare Catlad3 1980) and i t s  
use 8s a chemical catalyst in industrial proccsscs under less 
rigidly controlled disposal reyuiterr>erl t$ hava undoubtedly 
facilitated i t s  antry to the envirorimeiit. Other sources of  
anthropoyenically reloasod uranium indude: uranium 
mining and reflning procorscs, combustion uf urailiucii- 

containing organic fueis (coal and petrotaurn), roastiriy of 
s ~ ~ i r i \ a i i t ~ r y  rocks for cciiicnt prod:rctlon, 2nd tho uso of 
fJhUSfJha te fer ti Ii zcrs containing u ran i u !-n complexes. Testing 
rr iur i i  tims containing dcplctcd uranium i s  resgonslble for 
more localizelf releases of uranium to the environment 
(Hanson 19741. For ~ a r a p l o ,  Hanson has estimated that 
the testing of rnunitioqs coijtninii~g uranium has cofitrihuted 
76 to 100 turiries of titarliUt11 to thc cnvironnwnt over the 
past 30 years. 

The C l ' J ~ l ~ k J U $ t i ~ i \  of organic (wood, peat) aird ~ O S S I I  
fuels a i d  liro roastirig of lock minerals in the metal extrac- 
tior) arid refiriirsg, aiid ccmcnt industries, a5 well as the 
iricirieratic>ir crf solid wastes, arc the most sigfiificant anthm. 
pogenic pathways for ucarrium ctitry into the atmospheric 
cnvironment. This is  due simply to tho vcry largc masses 
of matcrial processed each year. Urarriunl from thcsc 
sources cventually finds its way to t11e I1ydiolcrgical cycle 
and enters surface waters. 

Coal has many trace metal coiitaminaiits which 
oscape in the post-precipitator ash (Schwitrgchct er a/. 
1975). The uranium content of coal has tieeil estimated 
to  he 0.005 to 200 rng/kg (Argonnc National Laboratory 
1977). VXI Hook (1979) estlrnated the avorago uranium 
conccntration in United States coal to he 1.8 mg/kg. 
Lowcr concctimticns are found in subbituminous coals 
and hiylwt conccntratloiis in iignire coais. f o i d b r g  [ l  S7S; 
estinrated d world avcragc coal conccntration of uranium 
a t  1.0 niy/ky acid citcd thc global mobilization of uranlum 
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through coal combustion to bo 140 tonne5 par year. 
Uranium volatilizcs on combustion, with milch of it con- 
densing on the fly ash (Van Hook 1979). Fly ash rasulting 
froirl combustion of coal with 3 urairiuin concerrtratian 
of 2.18 mg/kg typically has a uranium concerWation of 
30.1 mg/kg. The slag compwicnt has 14.9 m g k j  (Klein 
flr a/. 1979). 

The cumbustion of petro-fuels contriblitss about 
one tonne of ufaniun, tn the atmosphere per war. This 
estimate is  bascd upon an average petrolcum concentration 
of O.OQ1 rny/kg (Goldtwg 1976). Aircrilft fuels are 
crtirt~ated to corltributc 6 x bg/rnR uranium yearly 
to the atmosphere ovcr the llnited States (Fordyce and 
Sheihley 19’15 cited by Health and Welfare Canada 1980). 

The total contribution of uranium tn the enviroiiment 
through the cornbustion of fossil fi.~el$ Is estimated to be 
141 fonner per yuar (Goldberg 1970) with coal being the 
major contributor. 

Avorage uranium lcvels af 4 x low6 pg/m’ found in 
air over thc North Atlantic are probably represontative of 
background non-pollutcd curditions (Hamilton 19729 
citod by Health and Welfare Canada IPSO), whereas air 
ovcr upper New York State raiqod frbrn 0.10 X 10” to 
1.47 x IO’’ pQ/mJ. Near a coal-fired gencratiny station 
using coal containing 1.1 mdkg uranium, the air levcis 
avcraged 1.33 x lo-’ fiy/ir? (McEacherri 9r a/. 1971 cited 
by Hcaith and Welfare Canada 1080). 

Uranium mining and rofiniiq activities are asigiiificant 
sourcc of uranium to the environment. Traated eflluont 
water from a tallings pond a t  Elliot Lake, Ontario, rariyed 
iri urdniuin concentrdtion throughout the year from 50 to 
1030 pg/L with a median value of I80 y$L (Mclntyre 
1081 1. Tho highest concentrations occur in si.immw months. 

Steyriar and Kobal (1902) reported tha t  mine waters 
from a ursrriurri mine a t  Zlrouski, Yuguslavia, contaillad 
1 15 pg/L and were rcsponsible for raising the conccntratiorl 
in tho downstrearri wiltcrs of a nearby receiving river frbm 
0.11 pg/L to 12.5 gg U/L. Sedirnnnt loads in thc same 
locations were increascd froin 2.80 rng U k g  tu 9.83 mg 
U/kg by tho mine water. 

A uranium refitwry in southern Ontario is estimated 
to have an avorage uranium air emission rate of about 
0.097 kgh or 850 kg p r  year (Eidorado Nuclear Lirnitcd 
19801. Ambient air levels at J nuclear fuel prucessiiig 
plmt in Ohio attained 6900 pg/m3 (McEachern et a/. 
i y /  I c i ie i l  cy Health ai;! Wcifa:c C:,nac!a 1990!, Aside 
from atmospheric arid efflucnt emissions, dust err\issions 
from uranium miriitq, orc crushing and tailings opera- 
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tions mohilizo uranium which may end up in aquatic 
onvironmeiits. Data on thcse sources are scarce. 

Phosphate fertillzcrs and phosphoric acid production 
are sourccs of uranium mobilization. Phosphatic rock, the 
raw material for production of superphosphate fertilizers 
and phosphoric acid, often has high uranium concentre- 
tions, sometimes approaching 120 to 300 rng/kg. A p h m  
phoric acid plant in Yugoslavia irlcreascd the lewals of both 
radiurii m.I uranium in local stream sedlments receiving 
plarrt effluents (Stagnor arrd Kobal 1982). In Australia, 
superphosphate fertilizers wero found to contain uranium 
at concentrations of 40 to 50 mg/kg (Williams 1971). while 
the NOW Zealand ruperyhosphate concentrations ranged 
from 25 to 60 rng/kg. Uranium concentrations in super- 
ptiosphatcs made with North African rnck rariyed from 
24 to 42 mg/kg (flothbaum et a/. 1979). Concern has 
beer1 exprcsscd that superphosphatc fertllizers mtly bo a 
source of uranium to the aquatic environment (Michi 
1919). Piiosphate fertilizer plarlts influence uranium 
concentrations in soils through dust and other alr emissions. 
bvarron arid Gough (1976) reported that the processing of 
phosphatic shale ncar Pocatello, Idaho, taiscd’ the average 
concentration of uranium in surface soils by 0.4 rng/kg 
abovn backgrorrrld at 3 distance of 2-4 k m  from the plant, 

The uranium lovcls quoted in the above section on 
Pathways for Enterirly the Environment are summarized 
in thc Apperrdix. 

Forms of Uranium In the Environnrant 

Although uranium may exist in several valence 
states, tetravalent (4’) and hexavalent (6’) uranium are 
the cuinriionly occurring natural forrrn, Elcmcntal tiraniurn 
combirres rcadily with oxygcn, forrniriy tho uranoils (U02 ’) 
and urarlyl (UO,’+) Ions, roopectively. 

In general, tetravalcnt itraniurn occurs in reducing 
envirnniircnts such as anoxic sediments and waters and 
in minora1 formatioris. Hexavalent uranium exists in 
oxidizing envirorrmoritc such as aratod surface waters 
and weathered rock (Shcppord 1980). Most mobilization 
of uranium occurs from t h e  effects of erosion during 
which uranous compounds, generally as uraninito, are 
freed from rock and oxidized to the uranyl iuri by surface 
waters. 

Tetrsvalent urariium is rare in aquatic environments, 
sinco most natural waters carry oxygen, creating an 
oxirlizirig onvironmcnt. However, localiied reducing aquatic 
environments occur and tetravalent uranium species may 
be present. The reducing cnwironments are associated 
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with groundwater, deep SCD arid Iskc! basins, and seclirrient 
situatiorir in which anacrobic conditions exist. 

The uranyl ion is tho principal form of urilriiuw 
found in aquatic eirvirunments. It i s  a vory large, divalent 
positivcly charycd, ionic species similar in size to potassium, 
calcium und cesium (Sheppard 1980; Taylor 1979). In 
aqueous solutions it i s  grccnish yellow and readily forin$ 
soluble sults with many commonly occurring anions (Hanlth 
arid Welfare Canada 19801, 

Natural watars are heterogeneous inixturcs aird dilute 
solutions of atmospherlc gases, various ions arid minerals 
and organic substances of colloidal to rnacroscopic size, 
Many of these riatural solution spccics stroriyly influence 
uranium kliaviour through thcir coiriplexing and inter. 
actian with the uranyl ion (Giblinuta/. 19811. 

The bohaviour of different uranium species i r i  solution 
is also influoncod by ?he pH. Giblin ut a/. (1981) found 
that uranium oxides and their hydrolysis products have 
the tiiyhest solubility at  pH 4 to 6; 3t  highar pW values, 
however, the uranyl ion forms soluble complaxos with 
carboriate ions (Harmsen and de Haan 19801. Urariiurn 
carboriate complexes (uranyl carbomtes) aro vory soluble, 
esyecially a t  pH 6 atirl higher and hove a n  overall rieyative 
charge, 

RATIONALE 

Raw Public Water Supplies 

The principal form of uranium available to living 
orgJnisrirs from aquatic sources is tho urariyl ion and its 
various cumplexas. Other forms aro relatively insignificant, 
sirice the conditions required for their existenco and 
rtirrbility in water are specialized and sorncwhat limited 
(see section on Forms of Uranium in the fnvi,ronment). 
In view of this phenomenon, discussions of uranium from 
aquatic souras relative to rnan and other organlsrns wit1 
be limited to the uranyl ion and uranyl complexes. Concen- 
trations and amotints of uranium, wherevar used, will be in 
terms of eleninntal uranium, uliless otherwise specified, 

Uranium in the Htrrnen Body and in Laborarory /\ninds 

Uranium dnes not appcar to be essential for growth 
arid metabolism in organisms, but i t  can be found in most 
liviuy tissues. Coiicentratinns of uranium in various plant, 
aniiiiiri and human tissues are prescntcd in Table 3, 

' h b k  3. Avcrege Coneenw'rriona of Urmriutrl in variuui Plant, 
Airimal and Humun Tioaucc (mg/kg) - . I ..-. . .. . d&- 

Tiwma Concentration -- -., . ..... . . -- ... , .. 
Carbon dioxide and cerbomtes are readily available Plants, fish and lllall>lllds 

in natural waters, Thcrcfure, uranyl carbonates commonly Cyrnirciaperms ( 3 . 3 X  la- '  

watcr. Dccroases in CO, conccntratlons may rcsult in 
uraniuin procipitatioii, while an incroase in alkalinity may 

contributo significaritly to uranium concentrations in hngiuspcrms 3.5 x lo-* 
Whole fidr 66.2 x lo-'  
Wholc rnilrnrnal 2.3 X 
Whole human 2.9 x 10-4. 

1.4 to 1.8 X 10"t cnhance i t s  solubility (Tavlor 1979). Sulpharc comploxos 
am siti\ilarly solubte. 

Phosphato uranium cnmplcxcs aro exceedingly 
insoluble and precipitate out of solution readily, as do 
the potassium irranium coinploxes. 

Organic matter strongly cuinplexes uranyl ions and 
also may serve os a rarluciriy medium. Algal mats, humic 
acids and othcr orgariic substances in natriral waters, 
whether dissolved or particulate, f ix uranium and eventkrally 
fat1 to the bottom to form sediments. Fixing of uranyl ions 
to detrital organic matter i r \  anuxic reducing conditions a t  
or near the sediment-watcr intorface is probably one of the 
maj9r Processes responsible fur maintaining the iiranlum 
cantent of sea water a t  (ow lavels, while rivers cotitlnue to 
add "new" uranium to thc ocoa~is (Taylor 19/9). 

minerals, includiirg skeletal bones, invertebrate shclis 
(periostracum) arid leeth of living and dead organisms, 

2 l#f 0 

Marnnial r i ~ ~ i i c s  

Hvnc 
Muncle 
Kidney 
Liver 
1.lIllg 

! x 10-1 
3 x lo - '  
3 x 10-1 
4 x 10-1 
s x lo-' 

Htlnratr tissues 
Bone 1.2 x lo-'$ 

3 x 10"t 
M~lselc 3 .2  x IO-'$ 

1 x lo-') 
Kidney 1.s x lo-'% 
Liver 9.1 x lo -*$  

1 . 3  x 1o-'t 

7 x 10-4t 
lung 6.7 x lo-'* 

--..,e.. - . .  .-.- 
Nnta: c'!iiiiernlrotiun dnta fronr Bowen (1966) am in (errns of  dry 

Yi i i i rce:  Ylontr. wholc flih, whole mammal and riiairiiiial tinruse from 
weight; human dala, In terms of wet wclghi, 

Buwrn 1966: human data: 
Belilcr 1979 

tllamlllon l972b cltcd by Ilepit lr  slid Wclfato Cairidi 19nO 
llterdnikova 1970 
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According to Bcliles 11979), the average whole body 
load for a standard 70.kg man In a non-exposed environa 
munt is  0.02 rng (0.29 pg/kg). Health and Welfaro Canada 
(1980) estimated the average human .body load to be 
0,l to 0.1 25 rng (1.4 to 1.7 pglkg). 

Pathways to the Sodv 

Uranium may bo ingested with drinking water and 
contamlnated fuod, inhaled during respiration, and 
absorbed through contact with the skin. 

Health and Welt6ra Canada (1980) estlmatod the 
North American daily avarage curisumptim of uranium 
from city drinking wator to tJe lcss than 4 pg/day. This 
cstimate is based on a mcan background uranium coriccii- 
tration in city drinking water ul lcss than 2 pg/L arid ail  

avercrye watcr intake of about 2 L per day. For other areas, 
such as southeastern Ontario, which have anomatoitsly 
high urimiuni concentrations in dornostic watnr supplies, 
the consumption will ba much higher. Convnrsely, tho 
intake will bo much lawar in areas with minimal uranium 
concentrations in thc public drinking water supplies. 

Uranium i s  present in a wide variety of toad. In 
a survey of the abundance of a number of elements in 
typical human diets, Hamilton (1979) fourid that (ha 
dlotary uranium intake ririgcd from 0.99 to 1.b pdday. 
Thew data coincide with conccntrations of urariium in 
United States dlets, which iridicatc a dietary intako of 
about 1.35 c(g/day (Welford arid Baird 1967). No data arc 
available for uranium in Carlactian diets, but they arc 
e x p c t c d  to be similar to the Uiiitod States values. 

The respiratory pathway is a rare arid unusual routc 
for uranium from equatirl sourccs to reach absorption 
sites in thc body, yet inhals?iori uf contamiriatcd dust car> 
be a routc for significant anruurlts of uranltirn to gain 
eritry to humans. Health arid WrJfare Canada (1980) 
estiinotcd the average daily respiratory dosn of uranium 
from unpotluted southern Ontario air IO be 0.01 pg/day. 

Venuyvpal and Luckey ( 1  975) stated that uranium 
salts can be absurbed through the $kin. 

The antourit of uranium atxorbcd froin thc gastroin. 
testinal tract into the blood stream is low refativc to the 
total arnoirnt of uraniurrl ingmtcd, In addition, the propor- 
tion of uranium absorbed appears to be dose dspenrlent, 
Chronic low4ovel doses are aborbcd in proportioilally 
larger amounts than hieher level acute doses, In a cliriical 
experiment, tlursh et el. (1060) indicated that only 0.5% to 
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6.096 of an orally administcred acute dose, 11 mg uranium 
as uranium nitrate hexahydrate, was absorbed. From the 
data of Hamilton (1972b) and Welford and Baird (1867), 
Berlin and Rudell (1977) using dally intake combined wlth 
daily urinary excretion calculated that 12% to 31% of the 
daily averagc urer\iurn intake is abeorkd. These differing 
absorption ratios suggest that either a dose dependent 
incchanism governs uranium absorption in the gut or 
uranium compounds available in the average diet are 
hiyhly ab~orhahla (Berlin arid Rudell 1977, 1979). 

F&u and Distribution in (he Body 

Uraolum absorption into humans and other organisms 
is  almost always iri thc uranyl ion form. Other soluble 
forms are readily corivcrtcd to uranyl forms by biological 
conditions either a t  the point of entry, or near eritry. 

Uranyl absorbed from the gut enters the blood stream 
where it  forms coiriplexes wlth blood fractions such as 
plasma bicarbonatas, plasma proteins and erythrocytes. 
Be!iies (19!5) irldicated that about 60% of tho absorbed 
uranyl is  carried as a soluble bicarbonate complex, while 
the rest i s  bound to plasma proteins, Friberg (1977 cited 
by Health and Welfare Canada 1980) indicated that 47% is 
bound to plasma bicarbonatcs; 3216, tn plasma proteins; 
arid 20%. to erythrocytes. * Uranium Is  rapidly distributed to all tlssues of the 
body by thc blood stream. Table 3 documents various 
tissue concantrations. The main target tissue typat and 
organs for uranyl ion deposition iri rnariirnalian bodies are 
the kidneys, boncs and, to a lesscr extsrit, thc liver. 

Ahtxit 20% of the total uranitim content of tho blond 
is initially deposited irr tho kidney and a similar ariiount 
ra1ilar:cs calcium in the surfacc of bone crystals (Fribery 
1977; Novikov and Abramora 1969; Adam5 and Spoor 
1974; all cited hy Health and Wclfarc Canada 1980). Much 
of  tho kidney uranium i s  excretod rapidly, but amounts 
depwitcd in the peripheral part of the renal cortex and 
botros arc clirninated vary slowly (Kassakhian 1977). 

Foulkes and Hammond (1975) discussed a possible 
mcchanism for the toxic action of the irranyl ion in the 
kidricy. Uranyl ion circulates in thc blood plasma as a 
relatively inort but acld lahili bicarkilatowanyl complex; 
this could be filtered into tho kidney tubules and tho 
uranyl ion set  free by the action of hydrogen ions, The 
tiranyi ion is  thoiiytii io be liberate:! and cnncwtra!cd in 
the tubular lumeti as a result of normal tubular action. The 
Ions, however, c a w  damaae to kldney structures which, i f  * 
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severe enough, results in kidney failuro. Renal toxicity, witti 
the classic signs of Impairment such a$ alt~urnlnurla arid 
elevated blood urea nitroyen as well as loss of weight, i s  
brought about by necrosis of the kidney tubules. The renal 
site most directly affected is  (he proximal convo!uted 
tubule of the nephron. Its tubular epithelium undorgoes 
massive cellular necrosis resulting In cell wall rupture and 
discharge of cellular contents into the urine. Oyrfunction of 
the nephron, the basic renal unit, ensues. Cellular necrosis 
appcars to be brought about by alterations In the transport 
of organic compounds snd Ions across tubule cell m e m  
branes along with changes in intracellular protein binding 
(Belilct: 1976; Health and Welfare Canada 1980). Severe 
impairment of kidney function may result in death. 

Sublethal damage i s  generally repdrahle and normal 
function is  usually rc-cstabiished wIth time. Damaged 
tubulo opitholiuin rcpoir bcgins two to three days after 
oxposarc and is complete within two to three weeks. 
Rcpiaccrnent tissucs, however, are functionally slightly 
diffcrcnt from original tissues. Researchers have postdated 
that these differences may he responsible for the sllyht 
tolerance to uranium observed in some animals after 
initial exposure, Aberrant regenerated epithelium is 
gradually transformed into normal tubular epithelium, 
thus allowing complete rccovery sftcr exposure to uranium 
has ceasod (8crtin and Rudcll 19791, 

Elimination of atjsort)c)rl uwri/uin frgm ttic body is  
primarily via kidney excretion. More than 90% is  excreted 
into urine and less than 1% into feces. Based or) data of 
Welford and Baird (1987 cited by Berlin and Rude11 1079) 
end Hamilton { 1952h), daily uririary excretiori of uranium 
from the body is  approximately 0.15 to 0.38pg. Excrction 
via the kidriey wr;urs in two plras~s: a11 initial vcry rapid 
phase during which the majority of drt arlministorod dosc 
i s  excreted within 24 h, arid a secund very d v w  p h a o  with 
a half-time in the order vf rtruriths (Ecrlin arid Rudcll 
1979). Clinical studies involving hiirnens iridicaterl that 
5096 of a dosc i s  excreted in the first 3 to 10 h, and 70% to 
86% within 24 h. The remaining 14% to 3096 is excreted 
very slowly and has a biological half-time in the order vf 
si% months to ono yoar (Borlin and Rudall 191Y), 

Chronic doses, such as those cxporicncod in daily 
intake tlrrough diet or low occupational exposure, are 
eliminated slmllarly to single doses. 

Ofher Organs Affected 

Uranium also appcars to  affcct the brain. Neurological 
signs and pathological changes in tho ccrcbcllor end ccrcbral 
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cortices have been observed io rabbits oxposcd to solublo 
uranium salts (Berlin and Rucfell 1979). 

Carcinogenic effects have been obervod in lungs of 
dogs cxlwscd to uranium dioxidc dust for over five years. 
These effects. however, were probably due to radiation 
injury, 3s no evidence of uranium toxicity was found in 
records of body welghts, mortal!ty. various hematological 
parameters or diiring histological warnination of the 
kidneys (1.each et 81. 7973). 

According to eerlin and Rudell (19791, only kidney 
effects havo been documented in humans exposed to 
trraniwn compounds. 

Dose and Toxicity Re/mimh$$ irj Hurrterns ~ r k J  

Laboratory Animals 

Human 

The ingestion of 1.0 g of uranyl nitrato hoxahydrate 
10.47 g uranium) in 200 mL of watcr by a human volunteer 
produced vomiting, diarrhea and slight albuminuria. It 
was assumed by the researchers that almut 1% of the 
ingcstcd dosc was absorbed into the hudy (Eve 1964). 
Hursh ur a/ ,  11969) reported that individuals inyestirrg 
10.8 mg of uranyl nitrate showed no subjective symptoms 
of sickness or rerial darriago, Tho absorption rates in tlicsc 
studies were estimated to be 0.5% to 5.0% of thc ingcstcd 
dose. Symptoms of typical rerlal daniago by uranium 
haw becn observed in terminally ill human subjects who 
voluntarily Ingested dosos of uranyl nitrate equivalent to 
70 to 100 pq/kg body woight (Friberg 1971 cited by 
Health and Welfare Cawfa 1980), Other data on human 
ingestion close relationships and toxicity levols ora lacking. 

laboratorv Animal$ 

Venugopai and Luckey { 1975} reportad widcly 
different lethal doses for dogs depending on the route of 
administration. The oral lethal dose was reported to he 
1400 mg uranium nitratdkg body weight, but the doses 
for the other two routes were closor to the rango for 
other Ilrammaki, Subcutaneous injection gave an LOso of 
14 rng/kg and an Intravenous injection an LD of 6.75rng/kg. 
Lethal doses by I.v. for the rat, guinoa pig and rabbit wore 
2.1 1, 0.63 and 0.21 mg uranium nitrate/kg, respectively. 
Eve (1864) estimated the lethal 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, respectlvely. Eve's lethal oral 
dosc for dogs was 2 mg Wkg. Christensen et a/. I t  976 clted 
in Kassakhian 1977) estimated the LDw for the same 
SubStatice, administcrcd similarly, to be 12 mg/kg for dogs 
and 238 nig/kg for cats, Oounce (1949 cited by Kassakhian 
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1977) roported uranyl nitrate LD,, valucs for male and 
female rats to be 135 to 204 rridkg over 24 h and 1 to 
2 mg/kg over 14 to 21 days. Mice fed a daily 1 %  (10 rng/g) 
uranyl nitrate food ration 'Nora rcported by Kassakhian 
f 197/) to undergo gradual necrotizing nephritlf resulting in 
dcoth, Mortality iri lutlial dose exposures i s  attributed to 
acuto renal failure clinically characterized by ificreases in 
water consumption which quickly fall below normal levels, 
lost In woight, irritable txtilviQUr, coma, and finally dsath. 

The clinical and bioclictnical symptom of sub-acute 
and long-term chronic dietary expowre to  uranium in 
laboratory animals which occur alorry with the classic 
signs of rcnai damage includo: ;I slowing of the rcproductive 
cyclc, increased activity of blood serurii alkalitic phos- 
phatdse, in the spleen a decrease in the activitv of acid 
p t ~ ~ s p l i a t a $ ~ ,  and a decreasa in the nucleic acid content 
of thc kidney and liver tissues (Kassakhiar) 1971; Health 
arid Welfero Canada 1980). For niarnrnalian Iilbordtol'y 
species in gcncraf, chronic enteral intake of iiraniurn in 
wriceritrations of 0.6 IO 1 mg/L causcd essentially no 
visiblo accumulation in the kidneys and bone tissue. Pro- 
langcd cxposure to 60 mg/L uranium results i r i  a'doclinc 
in thc amino acid and chlorido content of uririe. This is  
indicative of impairmerit of the renal tubular reabsorption 
incchonisni [Kassakhian 1977). Novikov nrrcl Y u d h  
(1970) and Novikov (1875) {also cited irr translation 
by Kassakhian 1977) reported that uranyl fluorido at  
0.06% (0.5 mg/g) in the diet of rats had no twit effects. 
Howcvcr, at 0,1636 (1.6 mg/g), it intcrfered with yrowth, 
deprwud body weight, and defiriltaly causcd renal tukvlar 
Jarnoyo, The minimum oral dose, @van for one y e w .  
that  providod unmistakable rerial damago in dogs wit$ 
26 my/ky/ciay for uranyl fluoride (McKee and Wolf 19631. 

Nuvikov (1970 in Russian) reported no effect on 
groups of 6 tu 8 feniaiu rabbits given uranyl nitrate daily 
in drinking water for 12 muii\hs Q[ doses of 0.02 mg/kg 
(0.6 mg/L in the drinking water) nnJ 0.2 iiigjkg ( G  rng/L). 
Ingestion of 1 mg/kg (30 tng/L) per dRy for 12 months 
caused a decrease In acid phosphatase activity iri tho splccn 
and inhibition of nucleic acid rnotabolisrrt in the kidncys 
and liver. The dosos and respective water t'oi~cc~itrations 
given above are specitiod by Novikov to tx? in tcrins of 
uranium. Novikov's original paper did not irrdicdte whcther 
the doses to tha rabbits were meesured directly or were 
calculated from the daily consumption uf walet containing 
known concentraticms of uranyl nitrate. Nu data 'here 
provided with respect to the weights of the rdbbits or the 
amounts of water coneuined daily. 

!n the :?me study, hhvikov reported that no effects 
were found in groups of 6 tn 0 male r a t s  following 11 
months of daily ingestion of vator containing hexavalent 
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uranium In concentrations of 0.05 mg/L or 6.6 mg/L. An 
Increaso was noted in serum alkaline phosphatase in rat$ 
recoiving I3 mg/L. Rats receiving 60 mg/L showed inhibition 
of nucleic trcid rnetilbolisin in kidneys and liver as well as 
an incrcasc in serum alkaline phosphatase. No data woro 
givcn in the Novikou report on the amount of watcr 
cvr~sunicd or on the weirjht of the raw 

The same Novikov paper quoted studies done on 
dogs by other Rutslan authors whose original reports in 
Russian were not available for direct review. Novikov 
stmd that dogs fed uranyl nitrate for 21 months at 8 

dose l evd  of 1 mglkg exhlhitod changes in blood coli 
moroholoqy and distcfrbances In hopatic and thyroid 
functiort and hi basal metabolism. Dogs fod 0.1 rng/kg for 
12 rnunttis showed only minor changes in tho hematopoietic 
system. The dose levols as given by Novikov apparently 
rcfet to uranium content. The numbers of dogs used in 
tho Russian expetirnenlo wcrc not mentioned in Navikov's 
papar. 

Haalth and Welfare Canada (1980) has tevieivad 
variecis lahoratory chronic dose studies and has concluded 
that no signlticant effects were see11 in rats fed 0.1 
mg/kcj/day for 11 months. Only miriut tictnatopoletic 
dcficicncy was dbssrvad in dogs a t  dose level$ of 0.21 
mg/kg/day for 21 months. 

Heal [ti and Welfare Canada i s  currently undertaking 
experirrlcrltal resoarch into the effects on laboratory aninials 
of orally administered chronic sublethai cmcmtrations of 
urarrium compounds (Gilman personal communication). 

the uranyl ion imparts an objectionable taste to 
water at  o threshold level of 10 mg/L. 

In the Guidelines for Cansdhn Drinklng Water 
Quality 1978, the maximum acceptable concentration 
of uraniurri (as urariyl ion) in drinking water was estahlished 
as 0.02 my/L and the objective Icvcl, a~0.001 mg/L. Thaw 
recommended limits are supwrtod by a criteria revlew 
published in Guidelines for Catladian Drinking Water 
Quality 1318 - Supporting Docuriwntat/on (Health and 
Welfara Canaria 1980). The recomrnendatioiis are preson tly 
under review. 

The Unitcd States Federal Water Pollution Control 
Agency estab!irhcd surface water criteria for the uranyl 
ioil i r i  putilic water supplics in 1968. The parameters were 
t?stai>lished with 5.0 my/L uranyl ion being the permisslbls 



limit and tho absence of the uranyl ion being the dosired 
limit. Tho 5.0 mg/L permissible liririt was selected, sinco 
it i s  below tho objactioriablo ta$to 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 1915). 

Aquatic Life and Wildlife 

Concentrations of uranium in surface and marine 
waters are commonly a faw micragrarnr pw llcre and 
rarely exceed 10 pg/L (see sactlon on SOIIIC~S and Occur- 
rence in Nature], yet there are instances where uranium 
concentrations in water exceed the average range. This 
i s  due to  natural and/or anthropoqcnic loadings. S i i m  
uranium is nonassential for biuloyical processes arid is 
gcncrally quito toxic i.lt alavetod cuiicwtrations, concerns 
for thc protactiori o f  aquatic lift! wid wildlife utiliriny 
containinatd watcrs must tie t:orisirleretl. 

Uranium, like many other motals, i s  awurnulated by 
various aquatic plants and lower anirnats. It i s  concentrated 
from wator by the alga CYchrornone$ sp. by a factor of 330 
In 48 h (Morgan l9Gl), Steyriar and Kohal (1982) reported 
that the green alga S p h g y r a  sp. in a stream rcceiving 
uranium mine water had P urmliirn load of 262 mg/kg dry 
weight (26.2 tng/kg wet weiyht), while the water load was 
12.5 PQ/L The measured concentration factor is 2096 
(using wet weight). 

StrandRerg et ai. (19811 found that r irs~ium from 3 

100 mg/L iiranyl nitrate hexahydrate $olt.itIon was concen- 
trated PxtracAlluldrly on the yeast Sircclraromyces cerevisiae 
and intracellularly in the bacteriutn Pse~~domcn~s aerugin- 
ma. I t  was f!ererrnln@d that the aCciimulation was not 
associated with matabolic prnc@$51?!5. and thc rate and 
extent of accumulation appeared to he determined by 
environmental parameters such as pH, temperature, and 
Interference by cemin anions and cations in the aquatic 
medlum. Cell bound uranium reachcd coiicenttations 
of about 10% to 15% of the dry cell weiytit. Similar 
accumulations hava been reported fur other microorganisnis 
extracting uranium and otlior heavy metals out of 
containinatod Water (Strendberg et 8/. 1981 j, 

The accumulatlnn of urarrhim from water by algae 
appears to be strictly a physioo-chemical process and not 
by cell metabolism. Exparlments by Horikoshi ct a/. (19791 
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and Nakajima er ai. (1979) indicated that both liviirg arid 
n on. I I v i ng Chlnrdla regdart’s a cc u rn u I a ted u r a r) i u rn from 
wator. Unlike yedstr, the uranium pcnettotcd algal cell 
walls and mcmhranos and bscame associated with orgaiiclfcs 
und cytuplirsm with relatively l i t t l e  being associated with 
the cell wall (Nakajima et a/. 1081). De Filippis (1979) 
indicated that uranium and other heavy metals incrcoscd 
the permoability of Chlorella call membranes, which inay 
help to explain the  high intracellular uranium content 
found by the authors above, In addltlon, uranium was 
shown to have a high affinity for protalnr gnd lipids a t  the 
pH’s found intracellularly, and it became complexed with 
them, thus preventing desorption back through the cell 
membrane and cell wall to  the water. According Po Prlbil 
and Marvan ( 1  916),  uptake occurred in two phases in the 
ch 1 or o C O C C ~  I a I ga Scenedesmus quadricauda . 51 x t y per cent 
of the uranium load was removed from solutlon In tho first 
minute. This was followed by a less active uptake during 
which the balance was accumulated over 6 h. The rate and 
amount of uptake by algaa from natural waters appeared 
to ba govcrncd by environmental conditions, the Wpes of 
uranyl species present in the wator and the algal biomass. 
Below pH 5.5 the most common uranium spacies Is the PO$- 

itivcly chargod uranyl ion which i s  ad~orbed and desorbed 
in a dynamic procesy to ncgatively charged sites on the algal 
cclls. Optimum accumulation occurred a t  pH 6.9 to 6,8, 
At this pH range. uranyl ions exist as hydrolysis products 
which are more stably bound to cell abswptiori sites. 
This results in increased accumulation. Above pH 7, uranyl 
carbonatc compkxcs cxist, fhcso riogatively charged 
and cxtrctncly Soluble ioiiic compleves experience chargo 
conflicts a t  call adsorption sites, which generally results 
in clccrcnsctl urar)ium accumuletion. 
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Prihil and Marvan (1916) reported that the highest 
UraniiJm accumulation appeared to take place a t  tempera- 
turcs betwcan 2O*C and 3O4C. I-iowevef, Nakajirna er a/, 
(19791 indicated that  temperature had no effect on uptako. 
The authors also reported that liyht levels (hcncc, photo- 
synthesis) also had tw effect on riraniurn accumulation. rlie 
proroncr of cations (sodium, potassium, ammoniuni, 
inagncsium, manganese, cobalt, nickel and zinc), nitrato, 
suiphate and thiosulphate Ioos did not influcncc uranium 
uptake by the alga Cl?lore//a regularis. Uptakc was hiridered, 
however, by the pretence of phosphate and Carbonate 
ions in the water. NakaJlma et a/. (1979) postulated that 
algal cells (Chlorelh) took up uranium in  tho cation form 
V O ~ ’ *  or UO~OH+. 

Wells er a / .  (1980) sarvcycd hoavy metal concentra- 
tions in aquatic i11avophyt% arid algae from industrially 
pollukcl scctivns of Saginaw Bay (Lake Huron) and Some 
tior)-polluted Upper Michigan Peninsula Lakes. They 
foulid tho uranium concentrations to be 0.4 to 1.1 mg/kg 
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for Saginaw Bay samples and 0.5 tu 1.1 rny/ky for samples 
from the Uppep Peninsula Lakes. Thonipson ut 31. '( 1972) 
reported a measured uranium concentration factor of 
0.55 for plants in contamineted frerjtiwatclr cnvironments. 
Chapman et B / .  (1968) yave an avaragc background uranlum 
concentration for freshwater aquatic plants of 1.0 mg/kg. 

Eringman and Kuhn (1959) dctermined the threshold 
effect of uranyl acetate expresscd as uranium to be 28 mg/L 
for the protozoan Microreymtt (intiibition of food intake), 
22 mg/L for the alga Scer?e{lwrws (inhibition of cell 
division), and 13 mg/L for the cledoccran D~pphrria sp. 
(Inhihition of movement). Gus'kova et a/ ,  (1966 citcd by 
Hanson 1974) observed that urarryl riitratc ddcd to a 
flussian freshwater reservoir at a urilnium concciitration 
equivalcnt to 1.0 mg/t  inhibited the yrowth of microflora 
and hindercd the self-purificatiotr process. At a conccntra- 
tion of 100 mg/L, a bactericidal offoct war, notcd. The 
offcct was attributed to the chernical toxicity of thc uranyl 
ion, Similarly, Gross end Kuciy (1546 citcd by Hanson 
1914) indicated frorn experirnurital doto that uranium at 
concentrations yreater thali 1.0 mg/L severely affected 
diatom survivul. 

In recent studios, diatom populotions have bean 
observed in abandoned uranium mill tailings ponds, where 
uranium concentration8 can reach 17 rriyfL in thc surface 
water (Kalin 1882; Rugqlos et a/, 1979). The ef fect  of 
uranium on dlatc>rn populations in water on inactive tailirrys 
sites has not been studied in detail. Givcn their abundance 
on most uranium mill tailing (Hellobust pcrsunal commurri- 
cation), i t  appears unlikely that diatom survival i s  severely 
affected by uranium under these conditions. 

lnvertebrates 

Thompson et a/.  (1972) suggested ari avcrage 
conc~ritration of utoniuin in the tissues of freshwater 
h l t l i i c  invcrtcbratcs, in  ycncral, to be 0.1 mg/kg. Stegnar 
arid Kaba! (1082) fourld vcty high concentrations of 
uranium in the benthic invortebratus triclioptcro (caddis- 
flies) and Gammerus fussarum (wetor Iou$L') takcn from a 
Yugostavim stream polluted with uranium mine water. 
The averaye values weru 2.38 mg/kg dry weight (0.288 
rny/ky wol waiyiit) for the caddisfly larvoc and 0,OG rnyjkg 
dry wcight (0,406 I?ig/kg wet weight) for Garnmdrus, 
Tho rcscarchors suggcsted that uranium adsorption to 
organic receptor sites on invertebrate exoskeletons is  the 
mechanism rcrponsible for high t,iraciooi loading to the 
organisms, 

Zooplankton froin the Laurentian Great Lakos 
(Superior, Michigan and Erie) have uranium concentrations 
of ahout 18 ktg/kg. which are considerably above Great 
Lakes fish c o ~ ~ c ~ ~ ~ t r a t i o i i ~  (3 po/kg) (Lucas et ol .  1970) and 
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tho concentration in Lako Michigan water i s  4 2  po/L 
(Wahlgran and Orlandini 1092}. The mechanism responsible 
for tho anomaly is  probably similar to the exoskeleton 
uranium adsorption mechanism suggeited for benthic 
macro.Invertabratcs by Stegnar and Kobal (1982). 

Thompson et a/ .  (1972) estimated the averago 
corrcetitratiun of ur'anlurn In whole freshwater fish to be 
about 10.0 pg/kg. Thls Is In agreement with 80.0 pg/kg, 
thu cstimate of Beliles (1979). Fish from the lower Grcot 
Lakes bashi and nonindwtrialized amas of Marlitoba, 
re prcsc i i  tcd by dressed whitefish (Coregonus clupea/ufrnis), 
rainbow smclt (Csmercis mordax). northern pike (&ox 
/UC;US) atid ycllow perch (Percs hvescens), were reportcd 
to caritairi uranium ranging ;I-I coocentration from r: 1000 
to <3000 p g j k g  wet weight (Uthe and Bligh 1971). Lucas 
et a/. (1970) found that the average uranium concentration 
uf small wholc body forage fish (A/om pseudnharengus, 
Notropis hudsonius, Percopsis omlscomsycus) from the 
Laurcntian Great Lakes was 3 pg/kg (dry weight). The 
avcrogc concontration of twanjurn found in the livers of 
fish roprcscnting Salmonidde, Coregonidae, Percidae, 
Cypr%lidac, Osrncridae and Perclformes from Lakes 
Superior. Michigim and Erie was about 2 hlg/kg (dry weight). 
The authors also observed a largc difference between 
uranium concontrations in rooplanktori (18 ygfkg) and the 
fish (3 pglkg),  which suggested that uranium docs not 
increase with higher trophic levels. Falk el a!. (1973) 
reoorterl that !aka trout (Salvelinus namayc&) and 
cisco {Coregonrrs medii) from waters if\ the Northwest 
Territorltx collscted during a study on niine wastcs and 
receiving waters had uranium burdens In muscle of 190 to 
290 pg/kg and 110 d k g ,  respectively. Livers coiitairicd 
109 to 120 pg/kg and 120 pg/kg respectively. T l w e  levols 
are not consitlsred exceptional, as levels were lower tharr 
those from an uncontaminated roferenco area. 

Absorption of uranium may take place a t  any of the 
absoiption sites: thc gut, the epidermis and the gill surfaces. 
Data or0 not availablc on obsorptinn or elimination rates 
of uranium in fish. H o w o w ,  absorption of the uranyl ion 
as wcll as i t s  bchaviour in thc fish body i s  expected to be 
similar to that of othcr vcrtcbrotc species as described 
prcviously (SCC scction on Fate and Distribution in the 
Body). Fur [hermoro, as tho rcnal tubular cxcretion system 
in fish is rirnilar to that of al l  vortelsratos (Hoar 1966), 
tho inode arid site uf urariiuiri toxicity tu tho ronal tissuc 
in fish is  probably 
other mammals. 

Undoubtadl y ,  
affected Ily uranyl 
topic are lacking. 

wery similar to that of huniaris 

gill physiology and function 
complexes, but data related to 

m d  

are 
this 
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tarzwell and Henderson (1960) usiny the fathoad 
minnow (Pirnephales promelas) calculated the 96.h 
LC, for uranyl ion inrrnducsrl as uranyl sulphate tG be 
136 mg/L in hard wator (pH 8.2, a lka l in i ty  = 360 my/L as 
CaCO:,, 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 CaCOa). 'fhe 96-h LCs0 vafucs using 
the same fish species and the uranyl ion introducd 9s 
urarryl nitrate and uranyl ncotatd in soft watcr wcro 3.1 
and 3.7 mg/L. respectively. 

e 

DavieS (1980) Obtdned 96-h LC,,'s for brook and 
rainbow trout of 8.0 rng/L and 6.2 mg/L, respectively. 
The 120-h LCso for brook truut was givon as 7.2 mg/L. 
Nominal uranium coiiceritrations of 10.0, 5.0, 2.6, 1.26 
and 0.62 mg/L were used. Mortality only occurred in 
the hiyliest concentration, so that 95% confidence intcrvals 
could not he determined, The wafer hardness was 30.8 
m y / L  as CaC0,; the alkalinity, 26 mg/L; and tha pH, 
8.8 to 7.0. The water hardne55 and alkalinity volucs wore 
sliytrtly yreater than thoso Qf the dill.don watcr usoJ by 
Tarrwell and Hondorson (19601. The fish , spccior were 
also difforent. Davles i l080) uscd an arbitfary tlpplication 
factor of 0.05 tQ estimate a safe cunccnlrutiuri of between 
0.36 and 0.40 nrg/L to protect Jquatic lifc. 

Very few data exist on tlircslwld effect levels rclatlvo 
to fish. Till et a/. (1976) found IRdt 60 mg/L uranium dld 
not significantly offcct thc Iiatutiability of eyed carp eggs 
(Cyprinus carpio), t hc  ursi.iiurri wa5 distributcd inoctly in 
the yolk rnotcrial, and tho concentration factor from the 
water was calculatcd to bu 3.3. 

Wildlife 

Plants grown in moist soils were shown to have 
concentration factors of lo-* to lo-', Aquatic plants 
may cnncuiitrate a similar amount of uraniuin from water 
(Lopatkina 8t a/. 1970 quoted in Hanson 1074). However, 
uranium i s  decreasingly conccntratcd in the food web as 
evidenced by accumalation diffcrerlces among algae, 
iooplankton and fish. Thcicforc, i t  should pose minimal 
risk of concentration in aquatic arid scrr,i-ayuatic wildlife, 
such as amphibians, waterfowl and marnrnals. 

Since there are inadequate sublcttid data tu determine 
a safe level  for uronium,.sn application factor has been 
used. As uranium has not treIr sliown to biomagnify 
thrnvsh the food wcb, ?ho app!ica?ion factor of 0,05 
(Raeder 1979) will bc used with t h e  available toxicity 
data. 
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The 96-t, LCW of 2.8 mg/L (in soft water! for fathead 
minnows would give an cstimated safe level of 0.14 mg 
U/L. Using the more reccnt data of Davies (1980) with 
traut, an estinicctad safe level of 0,31 rng U/L i s  obtsined. 
t h e  c:cmxrrtration of uranlum observed to affect irricroflora 
in a Russian reservoir was 1.0 mg/L (Gus'kovtl r)r  a/ .  lese), 
Uranium concentrations IO Canadian inland surface waters 
have bcen'shown to range froin 0.001 to 170,O pg/L 
(0.17 mg/L), ivvith median voluw from two area$ in Canada 
baing 0.1 arrd 0.06 pg/L (scc section on Natural Distribu- 
tion of Uranium) (Garrett personal communication). 

The recommended acccptable level for the protection 
of aquatic life is 0.30 mg U/L. The levels suggested for 
protection of aquatic lifc should be sufficient to safeguard 
wild1 ite. 

. 

Water Supply for Livestock 

Uranium Is not an essential clcmcnt to animal 
rnetabalism. A wealth of data oxists oil metabolic, biolog 
ical and clinical effccts on srirall laboratory animals (mifa, 
rabbits. guinea pigs. rats, cats, dogs) but data for larger 
animals are uncommon. While the behaviour, lata and 
toxicity of uranium in larger animals are expected to 
be gcncrally similar !o what wnuld be observed for 
laboratory spccio$, specific large animal dose-toxicity and 
clinical syiiiptoms relationship6 h a y  not been extcnsivcly 
documcn tcd. 

Grazing livestock may be oxpgssd to a regular uranium 
intake from field forage plants which accumulate uranium 
from soils. This i s  particularly the case in arcas whore 
uranium ore bodies or soils are located (Hanson 1974). 
Garner (1063) estimated that sheep grazing in a uranium 
mineralized zono 01) the Colorado Plateau io the United 
States ingcited 0.54 to 1.56 ing uranium per day which 
rcprcscntctl on!y 0.1% to 0.3% of the daily dose rcquircd 
to maiiifcst a slight malaise. Uranium toxicity in animals 
foraging in arcas of high soil uranium content has not 
been documcntcd (Gough 1979). 

Urathir i s  nut accumulated in livestock tissue or 
sectetcd to iiiilk to a significant degree. Reid era / ,  (10771, 
from results of Chapman and Hammons (1963), oslirrlated 
that lactating cows secreted less than 0.2% of absorbed 
body uranium to milk, 

Phosphorus supplements ara commonly fed to 
lactating dairy hcrdc to maintain milk production. These 
supplements may contain uranium, sometimes as high 
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as 160 mg/kg. since the phorphorus is generated from 
geoloylcal sources, The daily uranium load to each animal 
from thls Jourcs could be BS high a$ 16 rng uranium per 
day {Reid e ta / .  19771. 

Dase and Toxicity R&ttionhips 

The estimatcd threshold effect dose for slight rnalaisc 
in sheep is 59 mg U/dey and 400 rng U/<lay in dairy cattle 
(Garner lN3l. An application factor of 0.t should plaw 
the estimated no.offcct daily dose a t  40 mglday. Assunring 
the maximum daily uranium loading from phosphorus 
supplements is 16 rny/day {Rcid e f  a/. 1877) and the 
IoJding from forage Or\ urariifcrous roils is  3 mg/day 
(Hanson 1974; Garner 19631, the avcragc daily Intake 
of uranium from food by dairy cattle would bo about 
20 rng/day. Thlt IS half of tho estimated II(I effect doily 
dosc, If the remainder of the safo dosc could be attributed 
to watcr, the average lactating dairy cow consurniny 38 to 
110 L/day INAS 1974), the rnaxitiium water concevtration 
should not be greater than 0.2 mg/L. 

Rccoiimiended Limit for Uranlrim in Livestock 
Drinking Werer 

Based upon the data of Garnor (19133), it is  recoin. 
tncndcd that the guldelltre for the maximum acwptablc 
concentration of uranium in water for livestuck bo 0.2 
mdL. This level, Is adequato to protect the lactatiiig dairy 
cow, a sensitive livestock animal, and i s  sufficiently broad 
to cover the normal range of uranium conceiitratioris 
commonly encountered in surface waters. 

Water Supply for Irrigation 

Urmiirm in Soils 

The normal occurretica of uranium in mirieralizcd 
soils i s  about 1 to 4 mg/kg with most soils havins 1 to 2 
rhg/ky (Harrnrcn and de Haan 1980). In general, uraniun, 
levels in soils increase with increasing clay and organic 
content. This is a rcrult of the high affinity that uranium 
has for these substarms. Coarscr sandy soils which have 
l i t t le  clay or organic rnattar aro rclativcly low in uranium. 

In the soil profile, the surfaco or A horizon tisually 
has tho highest uranium concentratioii, whorcos the lower 
horlzons. 6 and C, have less. Of the latter two, the C 
horizon (parent material zone) has the sccond highest 
uranlum concentration, and the B horizuri {middtc tone) 
has the least. This distrihutiurr i s  :Re rosuit of lcrtching 
and gravity settling of solutrle awl  ultra f i m  particulate 
materiels from the middle zurles to tho lowcst horizon, and 
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retention pf orgarlically bound uranium complexes in the 
surface humus (Sheppard 1980). 

Mobility of uranium In ro!lt i s  a function of sbll 
condjtioris, types of soil and types of uranium specles 
available. For example. in the absence of carbonates and 
in oxidizing conditlons In aerobic soils, uranium will exist 
in soil watcro as the urariyl ion or as a uranyl hydtolysh 
product. Tlic uranyl ion, which is  common a t  pH 6.6 and 
below, ha5 a positive charge, whcreas the urmyl hvdrolysls 
products existing above PH 5.5 have eithor a positive or 
neutral charge. In thc presence of carbonates aiid a t  pH 
conditions near ncutral and above. negatively charqcd 
uraiiyl carboriatcs are the common uranium rpacics, 
Anaerobic soils arid muds have reducing envitorlmcnts 
which favour the existericc of positively chargad uranous 
ions. 

Soil particles and associated organic matter carry 
negatively chargod absorptiuri sites which tend to trap and 
imrnabiliTe positively charyed rnetal ions and complexes. 
For this reason, positively charged uranous Ions, and 
uranyl ions and uranyl hydrolysis products are relatively 
immobile in soils, while \he ncgotively charged uranyl 
carbonatds are highly mobile (Harmsen and de Haan 1980). 
Alluvlai soils which have much clay and organic matter 
tend tn adsorb and immobilize significantly more uranium 
than coarse saridy soils. In addition, uranium species are 
not as tightly bourid to sandy soils relativo to alluvial 
soils. Kovnlskii et d. (1067 cited by Sheppard 1980) 
estlrnated that  2% to 19% of soil uranium is desorhahio. 

Suporphosphate fertilizno dcrivcd from uranium 
beating and phosphatic rocks liavc k c n  pointed otrt by 
Michi (1979) to bs a poteritid soufcc of uranium contaml. 
nation to rlvers, as they may be easily lcachcd out of the 
soils. ManDini (1879) and Hoth baum et a/. ( 1  0791, however, 
sugycstcd that much of the fcrtilixer uraniriin i s  bound in 
insuiublc uranium-phosphate Camptexes snd remains 
within the top fcw centlmetres of soil. Williams (1977) 
cornmerited that  uranium loadings from fwtilizers are 
deemed to be irrsiyiiificant relative to tota! soil concentra- 
tions and w i  increase of only 1 mg/kg icranirim in the top 
15 cm of soil would result from a fertilizer apijlication of 
45 tonnes of superyhosphatc? pcr hcctare. 

The urariiurri coiitcnt in plants IS deriund mostly 
from soil water. Ttie contcrit of some species may be as 
high as 0.5% dry weight (Whitelwad cr a/ .  1971 citad by 
Kaasakhian 1977). Svme of the spccics which acc.trmulatc 
uranium tu IiiyliL'r levels aro uscd by prospecting geologists 

e, as indicators of uranium deposits (Dean 1966 nited by 

6 l#! 0 



Kassakhian 1977). The pine, Piiilrs sylwstris. a species 
which is known to concentrate uranium, was found by 
Dean (19661 to havo a metlian urpnium coweritration 
of 0.48 pg/g ash, and OiLabia and Rcncz (1980) found 
the bog bluobarry Vacciniutn iMg/m$um to ~c1.1m1.11ate 
uranium up to 1000 times hlghef than background concen- 
trations. I4amilton (1972b) surveyed the uranium content 
in a numlrer of plants in human diet and found that starchy 
roots contain 1 pg/kg; cereals, 0.5 pcJlkg; and fruit and 
vegetables, 0.8 pg/kg. Morishima or a/. (1977) found tho 
uranium content of .Japancsc vcgcta lhs to rooye from 2 to 
880 yg/kg ash (0.02 to 8.80 pg/ky wet weiyfit), which is 
similar to Hamilton’s cstiniates, 

e 

Plants appear to obtain more uran!um from irrigation 
waters than the soils proper. Thc concantratioii ratios 
from soils to plants (vegetables) and thoso froni irriqatlng 
water tu plaiits have been estimated by Morishima et a/. 
(1977) to be 10” to 10.’ and 1 to 100, respectively. 

111 yenerd, high soil-uranium concentration$ impart 
hi911 plant-uranium concentrations (Yamamto and Masuda 
1074). This general trend, however, does not hold true 
for marsh areas whare tho organlc mud5 quite often have 
much higher uranium concontratlons. This i s  the resdt 
of the sink cffoct which anaerobic organic muds have for 
uranium specics (Shapperd 1980). The pH of the soil 
system and the variou$ Ionlc species In soil solution also 
affoct tho accumulation of uranivm by plants. A t  neutral 
to alkaline pH regimcls in aorobic soils, the soluble and 
rrtobils uranyl carbonates will bo aVailablQ for uptake by 
plants. Yamamoto and Masuda (1974) observed that as 
coweritrations of uranyl carbonate or the uranyl lor, 
irrcreased, and as the pH of tho cuiture niediuirj increased, 
thara was an increase in uranium transfor to the leaves. 

The ratio of uranium in a plant to uranium in soil or 
growth medium i s  known as the plant transfcr coefficient. 
The transfnr coefficient Is a useful way to cxptcss tho 
accumulation of tiraniurn in plants rctativc to soils. t h e  
transfer caafficlents for herbs, shrubs a11d t r t x q  r a r y  
from 0,0001 to 0.02. whereas those for inosscs errd peat 
range from 0.6 to 362 (topotkino or a/,  1070 cited try 
Sheppard 1 g80). Yamamoto and Masuda ( 1  0741 reported a 
concetitration factor from a growing rrrerliurn uf 0.0020 to 
0.0124 31 5 mg/L uranium. Tho factor became smaller as 
tha concccitration of uranium increased. Wilting occurred 
on the 5th day in a medium containing 50 mg/L uranluin. 

Uranium is absorbcd into the plant with soil watei 
a t  the root. It easily penetrates the root epidermis but 
:r I* .rror:n:+*+n.i p.””.~..Y.u- 4: a yd!0wi5h *yPG=Si? ir! !?lo !nerir?e!n 

reglon with rclativoly little uranium entering the  root 
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sap syrtetri (Robards and Rohb 1972; Acqua 1912; Acqua 
1913 citod by Sheppard le80). The highest uranium 
conccntration in plant$ i$ in the roots, followed by fruits 
(seeds}, brenches and leaves (nedtes) .  Root vegetables 
and tubers haw significantly higher uranium concentrations 
tl igli  I w f y  pla~its. 

Urariium deposition within plant cells is mostty 
associated with cellular wal! protelns. Whitehead et a / .  
(1971) observed that in Corpmrna austrslis, a shrub 
which grows on ursniferous soils, a t  least 60% of the 
uranium in vivo i s  bound to cell wall proteins in the form 
of a uranium-protein complex, The balance forms a 
uranium-nucleic acid complcx. 

Uranyl ions and other posjtlvely cherged uranium 
complexes are bound firmly to cell walls and membranes. 
The attraction is  much strongcr than that of calcium and 
sonic ion exchange promssee probably occur. Vranyl Ions 
arid uranium complexes also bccoma bound to csrbnxyl 
yruiips of  proteins. Binding to cell turfacos and I t s  protgins 
rriay restrict transport mcchanisnis responsible for move- 
ment and dcposition of sugar$ and other metabolic products 
in plant cclls (Ilumphrey) and Garrard 1970). Similar 
membrane trantport effects have been reported in animal 
tissues. The action of iiraniurn in plant tissucs appcarc to 
affoct maioly the cell surface. 

Toxicity/L)ose Effects Relatiorwhips 

Although uranium i s  known to be toxic to many 
plants, it i s  bcncficial for $orno spomcies. Experiments with 
uranium nitroto on plarits by Stvklasa and Penkava (1928 
citcd by H~JI~SOI~  1074) showed that plant Growth i s  stiinu- 
latcd by adtlitioirs of uranium equivalent to soil concenrra- 
tioils d 2 niy/ky. However, symptoms of poisoning occurred 
a t  47,6 my/kg and acute toxicity occurred at  476 mg/kg. 
Germination of socds i s  arrested a t  10 000 mg/kg. Similarly, 
Zhukov and Zudilkin (1971) added uranyl nitratc solutions 
to soils growing spring wheat and observed that coiiccntra- 
tions equivalent to 50 mo/kg $011 redwed the wheat yicld 
by 50%, while 100 mg/L reduced it by 11.4 times. Concen- 
trotions of urartium at  10 mg/L had no offect on3he crops. 
It was alsa noted thst addition of phosphorus Pertlllzers 
ditninishcd the growth-sujrvrewing effect of uranium owing 
to thc forination of itwluble urenyl phosphates, The 
authors wgyestcd that uranyl phosphate cornploxcs are 
insolubfc and unavailable fur uptake by the plants. 

Studios indicated that root damage occurred upon 
addition of sutrient solutions with uranium concotitrations 
of 50 mg!L !hcqua 1912; Atqua 1913; Bambacioni-Mezzeti 
1834 cited by Hanson 19741, 
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Recommeiided Llniit for irrigation Water 

The throshofd concentration for uranium in soils 
and nutrlent growth solutions having dalatcriaur effects 
on spring wheat and other plants i s  sornewhers b v t w w  
10 and 50 mg/kg (my/L). Assurliiny ttrat 1 in' of water 
is used to irrigate 1 m2 d laird wt yudr ( C l ~ g ~ t o y  1973 
cited tJy hTlayrJ et a / ,  10801 eljrl th$t l f l P  UWiliUm C*flCorl* 

tretivr, in the irriyatiorl watcr i s  0.2 my/L (vcry high rclativo 
to the ric;lrcliol reriyc 6f iiaturally occurring concentrations 

, in surface waters), i t  can bo calcuiatcd that 0.8 mQ 
uraniuirr/ky uf soil will bo adJod coch ycar, I f  thc soil; to bc 
irrigated carried an avcrogc uranium concentration of 
2 nrg/ky (Hgrcji$on and da Haan 1980) and assuming that 
al l  of the urariiurn from both soit and irrigation watur was 
available for plant uptake, i t  would take 10 to 60 ycars for 
urariium in the irrigated soils ti) reacli levels that would be 
potentially toxic to the craps, Simx only a portiun of the 
soil uranium i s  available fur plant uptake, the time period 
for concentrations to achieve toxic proportions is probably 
considerably longor. 'This should provide an adequate 
safety margin. 

It i s  rscommanded that for conti0uou.r or intermittent 
Irrigation on all soils the maxirnw'n total uranium ccrnceri. 
tratibn In the irrigation water should not exceed 0.2 m g L  
This limit represents a concentration of uranium well in 
excess of those found in natural surface waters normally 
used for irrigation. 

. 

Recreatlon and Aesthetics 

Drinkiiry water for cottayer and carnpincj areas will 
probably not hc trcatod or wiil undergo a inirrirr~rrm of 
trcatmcnt, 10 cnsurc t h a t  tho lovul ob urariiunr will not 
cxcced that rcconimciided for public water supplies, the 
maximum acccptoblc coiiccntrotion of 0.02 mg/t (Health 
and Welfare Canada 1980) i s  rczo~iimcndcd. 

Uranium has not bcen shown to accuniulatc in 
biological tissue (Lucas e t  a/ .  1970), Tharcforc fish caught 
during sport fishing will not be a hazard to huinoris in 
relation to uranium content. 

Recommended Limit for Racreafienal Watefs 

The concentration of uranium in water should not 
exceed 0,OZ mg/L uranium. 

Industrial Water Supplier 

The only industry in whlch the concentration of 
uranium in process water i s  of Imcortance is  the food 
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industry. I h c  gcncral principle applies that the water incor. 
porotad in al l  processed food must meet the requlretnents 
for drinking water. 

t?ocorr,~pcmhd Limit for Industrial Water Supplies 

A niaxirnurn uranium level of 0,02 mg/L is  recorn. 
muncjcJ for watur that is incorporatcd in the final product 
in ttio food industry. This ingludcs tho watcr used for 
wasttiny, (:uotirry cooking. 
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Rocks 
!gncous 
Shrlcn 
Snntlrtoncs 
U iiw i t on cs 
Phosphrrc rock 

Scdiiticnts iri t ivcra ;uiJ ?~treiyiis ill Canada (rvcr~grs)  
Rocky Mountain stre;bms 
Canadian-Shield 
[,qiircnriqn ( ' : rent  1.nlcc.l 

1 - 5  
3-4 

0.5- 1,s 
2- 5 

up to 300 

0.1 -430  (tIi5.11 3.+) 

0.23 - 2. I9 
0.1-713 ( m e a  4.6) 

0.005-100 (av. 1.0) 
30,l 
14.9 

Pcrrolcum 0.00 I 

Supcrphorphate fcrtilizcrs mmufacturcd frorfi rock 
AuJcralir 40- 50 
New %eeland 25- 50 
North Africa 24-42 

, -.. ...-l r. -. 

Surfacc waters draining uraniuni ore9 
Ne. AIIstr?ll;l( 
Nevada 

Canadian Shield 
(Ncvicla hcidwsicr ihovc ore) 

0.00002-0.0006 
O.tW13 -0.001 9 

<0.001 
< O , W l -  0. I7 

0.wuoz- 0.08YLI (Inroll  0,WI 1 
O.OoO~)c)1-0. 17 (iiicrn 0.00005) 

0.001 1 
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