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URANIUMHEXAFLUORIDEPUBLICRISK

• Darrell R. Fisher, T. EdmondHui,
Michael Yurconic, and John R. Johnson

Pacific Northwest Laboratory
. Richland, Washington 99352

SUMMARY

The limiting value for uranium toxicity in a humanbeing should be based on
the concentration of uranium (U) in the kidneys. The threshold for
nephrotoxicity appears to lie very near 3 Pg U per gram kidney tissue. There
does not appear to be strong scientific support for any other improved
estimate, either higher or lower than this, of the threshold for uranium
nephrotoxicity in a humanbeing. The value 3 Pg U per gram kidney is the
concentration that results from a single intake of about 30 mg soluble uranium
by inhalation (assuming the metabolism of a standard person).

The concentration of uranium continues to increase in the kidneys after
long-term, continuous (or chronic) exposure. After chronic intakes of soluble
uranium by workers at the rate of 10 mgU per week, the concentration of
uranium in the kidneys approaches and may even exceed the nephrotoxic limit of
3 pg U per gram kidney tissue. Precise values of the kidney concentration
depend on the biokinetic model and model parameters assumedfor such a
calculation.

Since it is possible for the concentration of uranium in the kidneys to exceed
3 pg per gram tissue at an intake rate of 10 mg U per week over long periods
of time, we believe that the kidneys are protected from injury when intakes of
soluble uranium at the rate of 10 mg U per week do not continue for more than
two consecutive weeks. For long-term, continuous occupational exposure to
low-level, soluble uranium, we recommenda reduced weekly intake limit of 5 mg
uranium to prevent nephrotoxicity in workers. Our analysis showsthat the
nephrotoxic limit of 3 pg U per gram kidney tissues is not exceeded after
long-term, continuous uranium intake at the intake rate of 5 mg soluble
uranium per week.

PURPOSE

The purpose of this study was to evaluate the potential health risks to
• membersof the generalpublic from accidentalexposuresto uranium in the

forms used at gaseousdiffusionplants. The validityand adequacyof the
currentoccupationallimit for uranium intakesin 10 CFR 20.1201(e),which is

• 10 mg per week, was also evaluated. Scientificknowledgeon the toxicityof
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uraniumwas reviewed to determinewhethernew informationis availableon the

health hazardsassociatedwith human exposureto uranium,uranium

. hexafluoride,or its hydrolysisproducts. In that regard,we conducteda
thorough literaturesearch of scientificinformationon the toxic effectsof
uraniumin humans,the currentstatus of uraniumexposurestandards,and the

appropriatenessof limits for uraniumexposurefor members of the general
population.

INTRODUCTIONAND BACKGROUND

The primary health and safetyhazard for considerationat gaseous

diffusionplants is public exposureto uraniumhexafluoride(UF6) and its

hydrolysisproducts: uranyl fluoride (UO2F2),hydrogenfluoride (HF),
the uranyl ion (U02++),and the fluorideion (F').

VolatileUFs hydrolyzesrapidlyon contactwith water vapor in air to
produceHF and UO2F2. The analysisof healthrisk from exposureto UFs must
thereforeincludeanalysisof health effectsand risks of exposureto several

componentsincludingthe following:

• chemicaltoxicityof uraniumin the kidneysfrom U02++

• chemicaltoxicity of HF, which is of concernfor inhalationand skin

burns, has the potentialfor creationof large airborneclouds, and has
unique toxicologicalpropertiescomparedwith many other inorganicacids

and other hydrogenhalides

• chemicaltoxicityof the fluoride ion (F-)from dissolutionof UO2F_ in
body fluids, and

• radiationexposurefrom emissionsby the uranium isotopes238U,234U,
and 235U,with bone surfacesand the lungs being the principal

biologicaltargetsof concern.

The publishedscientificliteraturecontainsa large amount of informationon

the toxicologyof UFs and its hydrolysisproducts in human beings and animals.
A wide range of toxicityvalues are quoted for uraniumcompounds. Of the four
modes of toxicity listed above,current scientificconsensusis that the

chemical toxicityof inhaledor ingestedsolubleuranium is greater than its
radiotoxicity, and that chemical nephrotoxicity is the principal health hazard

" of concern. Specifically,the chemical toxicityof solubleuraniumis more
limitingthan its radiologicaltoxicityfor 23SUenrichmentsof less than



about 80%. The acute effectsof fluorideion toxicityare not significant

comparedto those of U and HF.

The InternationalCommissionon RadiologicalProtection(ICRP)provides
guidance for limiting internalexposuresto uranium. The most recent limits

in ICRP Publication60 (ICRP 1991) are based solelyon the effectivedose
equivalent,consideringonly radiologicaltoxicity. However,the ICRP
recognizesthat the chemicaltoxicityof uraniumwill usuallybe more limiting
than its radiologicaltoxicityfor both inhaledand ingestedsolubleuranium.

A previousU.S. NuclearRegulatoryCommission(NRC) report entitledChemical
Toxicityof Uranium HexafluorideComparedto Acute Effects of Radiation
(NUREG-1391,McGuire IggI) found a reasonablecomparisonbetweenthe health
effect severityof exposureto: (a) 25 rems of ionizingradiationto the whole
body or (b) 300 rems of ionizingradiationto the thyroid,and an intakeof
about 10 mg of uranium in solubleform (or an exposureto hydrogenfluorideat

a concentrationof 25 mg per m3 air for 30 min). Risks from radioactive
emissionsfrom uraniumwere considered;however,the conclusionreachedwas

that the chemical toxicityof UFs and hydrolysisreactionproductspresenteda
greaterpotentialhazard to human health than any radiationcomponentof the
uraniumor its associateddecay products. A reviewof the equivalenceof the
radiologicaland chemotoxicologicaleffectsof uraniumwas also preparedby
Ringot and Hamard (1988). Ringot and Hamard concurredthat the principal
health hazard of concernwas the chemicaltoxicityof uranium,rather than
radiologicaltoxicity.

The followingsectionsdiscussmore specificallythe chemicaltoxicityof
uraniumin the kidneys,the comparativetoxicityof hydrogenfluoride (HF)

with that of uranium,limitingfactorsfor considerationof UF6 toxicity,
specialconsiderationsinvolvingexposureto the embryo/fetus,and an
assessmentof the acceptabilityof the NRC weekly intakelimit of 10 mg U.

TOXICITY OF URANIUN

Uranium is one of the most thoroughly studied elements for chemical or
radiologicaltoxicity. Severalmajor scientificreviewson the toxicologyof
uraniumcompoundshave been published,includinga summaryon uranium

metabolismand its acute and chronictoxicity (Durbinand Wrenn 1975), two
books summarizingthe animal and human studieson uranium (Hodgeet al. 1973;

" Stannard 1988), a Canadianreview (Stoppsand Todd 1982),and a review of
metabolicmodels for uranium (Durbin1984). The behaviorand chemical

. toxicity of uranium in kidney tissuewas also extensivelyreviewedby Leggett



(1989). Wrenn et al. (1994)recentlycompleteddevelopmentof an updated
compartmentmodel based on review of experimentson injectionand inhalation

' of uraniumcompoundsin severalanimal speciesand human subjects.

The principaltissue of concernfor chemicaltoxicityis the kidneys (Brickner

1988). Uraniumpoisoningleads to renal tubulardamage,which may result in
acute renal insufficiencyand death after high exposureto solubleuranium.

Becausethe kidneyshave extra functionalcapacity,it is possiblefor adverse
effectson renal functionfrom uraniumexposureto occur long before
nephrotoxicityis evident (Moss 1989). Uraniumdamagesthe renal proximal
tubules,inhibitingthe transferof nutrientsacross cell membranes. Tissue

damage and loss of renal functionare indicatedby morphologicalchanges,
enzymuria,glucosuria,and increasedexcretionof amino acids and small
proteins. Sever exposuremay cause albuminuriaand acute renal failure.

The principalscientificadvancesduring recentyears on the toxicologyof
uranium involveresearch to improvediagnostictests for nephrotoxicity,
particularlyfor detectionof proximaltubulardysfunction. These tests make
it possibleto more accuratelydetect changes in kidney functionafter uranium

exposure (Moss 1989). We were not able to identifyany substantialnew
informationon the renal toxicityof human kidneytissue to uranium.

Nephrotoxic Threshol d

The best estimateof the toxicitythresholdfor uranium in human kidneys is

3 _g U per g of kidney tissue (NationalCouncilon RadiationProtectionand
Measurements,ScientificCommittee57-15,unpublisheddraft report on uranium
toxicology). This thresholdvalue was first proposedby Voegtlinand Hodge

(1953)after extensiveanimal researchat the Universityof Rochesterduring
and after the ManhattanProject. This same value (3_g U per g of kidney
tissue)was reaffirmedby Spoor and Hursh (1973)as the thresholdfor
nephrotoxicity. There does not appear to be any new toxicologicalinformation
on uraniumthat supports a change in this estimateof the thresholdfor

nephrotoxicity.

Typical indicatorsof uranium poisoninghave been obtainedwith concentrations

of 3 _g U (as the uranyl ion, U02_) per g of _:idneytissue in animalsover
extendedperiodsof time (Morrowet al. 1982a, 1982b). The degree of tissue

damage increasesfrom minimal evidenceof toxicityat 3 _g U per gram tissue
to completeloss of functionalcapacityat much higher concentrations. The
thresholdfor severe renal injury is estimatedto be about 10 pg U per kg body

weight for dogs, and about 100 pg U/kg body weight for rats (Morrowet al.
. 1982a, 1982b). The thresholdlevel for severe injury in humans is thoughtto



be about 70 _g U/kg of body weight,betweenthat for dogs and rats. This
value correspondsto a renal injurythresholdconcentrationof 16.3 #g U per g

" of human kidney tissue and is well above the 3 pg U per g level.

. The NRC sponsoreda study in 1987 on the nephrotoxicityof uranyl fluoride
and the reversibilityof renal injury in rats (Diamondet al. 1987). The
objectivewas to examine the severityand durationof renal injury in rats
from exposureto low levels of uranylfluoride. Renal injurywas
characterizedby cellularand tubularnecrosisof the proximaltubule. Injury
was apparentwhen concentrationsof uraniumin the kidneysranged between0.7

and 1.4 _g U per g of kidney tissue and was most severe when the renal uranium
concentrationwas between2.3 and 5.6 _g U per g of kidney tissue (Diamond
et al. 1987). Numerous abnormalitiesin kidney functionwere associatedwith
injury,includingimpairedtubularreabsorption,proteinuria,and enzymuria,

which appearedto be relatedto the progressionof renal injuryover time and
level of exposure. However,repair of minor tissue ,i_age was rapid,with
completerestorationwithin 35 days after the uraniur,exposure. This research
showed that the conceptof renal injuryis difficultto define becausedamage
to tissue at low uraniumconcentrationsis transientand repairable.

Wrenn et al. (1985)reviewedthe metabolismand kidney toxicityof ingested
uranium in humans and concludedthat, for chronicintakes,the chemical

toxicitythresholdfor the kidneymay lie betweenI and 3 _g U per g of kidney

tissue. Kocher (1989) reviewedthe implicationsof a I _g U per g of kidney
tissue thresholdfor chemicaltoxicltywith respectto regulatorylimits and
concludedthat the chemicaltoxicityof uraniumshould be consideredin
developingprotectionstandardsfor the public for ingested(and inhaled)

naturalor depleted uranium.

Studiesat the PacificNorthwestLaboratory(PNL) on urine data obtainedfrom

SequoyahFuels Corporationworkers after the 1986 UF6 rupture accidentshowed
that a maximum likely kidney tissue concentrationof about 2.5 _g U per g of

kidney tissue occurred in the highest-exposedworkers. No _ong-termkidney
tissue damage was observedat these concentrations,but there was some
evidenceof increasedurinaryprotein in the highest-exposedworkers (Fisher
et al. 1990). The clinical laboratoryevidencefrom this study suggestedthat

uraniumconcentrationsin kidneysof these workersmay approached,but not
exceed,the thresholdfor toxicity in humans. Resultsof this work supported
the conceptof a thresholdconcentrationof 3 _g U per g of kidney tissue.

Severalauthorshave proposeda reductionin the estimateof a concentration
thresholdfor nephrotoxicity,especiallyfor conditionsof chronicexposure

. (Morrowet al. 1982a, 1982b;Wrenn et al. 1985). The recommendationby Morrow



et al. (1982b)to reducethe thresholdfor human beingswas based on the
observednephrotoxicityin dogs at a kidneyconcentrationof 0.3 pg U per g of

' tissue. However, as indicatedabove, the Rochesterstudiesalso showed that

the dog kidneyswere more sensitiveto uraniumthan human kidneys.

q

Uranium injectionstudieshave been conductedin human beings,but the levels
administeredhave exceededthe nephrotoxiclimits and do not provideuseful

informationon uraniumnephrotoxicitythresholdlevels. Severalcases have
been documented in which adult humans experiencedconcentrationsof uranium in
kidney tissuesthat were estimatedto have exceededthe value of 3 pg U per g
kidney tissue,without demonstratingany long-term,adversetoxicityor

functionalimpairment. There is anecdotalevidenceof permanentkidneydamage
in workers exposedto high concentrationsof uranium,but these have not been
well documentedin the scientificliteraturebecausequantitativemeasurements

were lackingto establishintakes,body burdens,and urinaryexcretionrates
over time.

ACGIH ThresholdLimit Values for Uranium

The current thresholdlimit values (TLVs)recommendedby the American
Conferenceof GovernmentalIndustrialHygienists(ACGIH 1986, 1993) for

occupationalexposureto solubleand insolubleuranium,time-weightedaverage
(TWA), is 0.2 mg U per m3 of air. This value is based on an assumed
nephrotoxiclimit of 3 pg U per g of kidneytissue. Th_ ACGIH TLV is
equivalentto the Mine Safety and Health Administrationtime-weightedstandard

for exposureto airborneuranium. The ACGIH short-termexposurelimit (STEL)
is 0.6 mg U per m3 of air. The OccupationalSafety and Health Administration
occupationalpermissibleexposurelimit (PEL) for an 8-hour exposure is 0.05
mg U per m3 for solublecompoundsand 0.25 mg U per m3 for insolublecompounds

(NIOSH/OSHA1981).

ForeignStandardsfor Uranium

Foreignexposure standardsfor airborneuraniumappearunchangedin recent
years. Occupationalexposurelimits for Australia,Belgium,Denmark, England,
Finland,The Netherlands,and Switzerlandare the same as the U.S. ACGIH TLV

limit of 0.2 mg U per m3 of air for solublean_ insolubleforms.

Germanyhas adoptedan occupationallimit of 0.25 mg U per m3; the Philippines
and Turkey have adopteda more restrictivelimit of 0.05 mg U per m3.

Russia and Polandhave more stringentexposurelimits (by a factor of about 3)
• for solubleairborneuraniumthan the United States and most other foreign



countries. The countriesof EasternEurope generallyadhere to the exposure
limit used by the former SovietUnion for solubleuraniumof 15 pg U per m3;

• however,there are no known, available,publisheddocumentsprovidingthe
scientificbasis for this limit.

The Frenchoccupationalexposurelimit for uranium is based on the
recommendationsof the ICRP (1991)for limitingradiationdose to workers,
rather than limits based on chemicaltoxicity. Limitsfor the radionuclides

23SUand 23SUare 20 Bq m-3(whichtranslatesto approximately0.8 mg U
(natural)per m3.

TOXICITY OF AIRBORNEHYDROGENFLUORIDE

Hydrogen fluoride is stronglyacidic and irritatingto tissues. It has a
strong,distinctiveand bitter odor, and can cause severe irritationat
relativelylow exposures. Inhalationexposureat 122 ppm (partsper million)
for I min can cause severe irritationof the nose, throat, and respiratory

tract. It reacts with water or steam, generatingtoxic and corrosivefumes.
The corrosiveeffectsof hydrofluoricacid are almost immediate,and the
severitydependson the concentrationof the acid. Hydrogenfluoridevapor
has a densityof 0.71 relativeto air - 1.0.

The currentTLVs recommendedby the ACGIH (1986, 1993) for hydrogenfluoride
are 3 ppm HF or 2.6 mg HF per m3 as ceilingvalues. The currentOccupational

Safety and Health Administration(OSHA)PEL-TWA is 3 ppm (NIOSH/OSHA1981).

For hydrogen fluoride,a thresholdconcentrationlimit (TCL) value for humans
of 32 ppm (27 mg per m3) is recommended(OHM/TADS1990); this correspondswell
with the 1985 National Institutefor OccupationalSafety and Health (NIOSH)

"immediatelydangerousto life or health (IDLH)"concentrationof 30 ppm
referencedin NUREG-1391(McGuire1991). Anotherrecommendedshort-term
inhalationlimit is 50 ppm for 60 min (CHRISHazardousChemicalData 1990).
For comparison,the currentFrench limit for public exposureto HF is 2.5 mg

per m3.

The Mine Safety and Health Administrationstandardfor HF in air is 3 ppm, or

2 mg per m3 (time-weightedaverage)(RTECS 1992). The NIOSH IDLH value is 30
ppm (as fluorine)(NIOSH 1990). Davis et al. (1987)endorsedan IDLH level
for HF of 20 ppm. The HF odor thresholdfor human beings is 0.0333 to 0.1333

' mg HF per m3 (Ruth 1986) or 0.04 to 0.13 ppm.



Hydrogen fluoride has a National Fire Protection Association (NFPA) hazard
rating of "health (blue): 4," indicating a material that, on very short

" exposure,could cause death or major residualinjury (NFPA 1990).

• Accordingto the EmergencyResponse PlanningGuidelines(ERPGs),developed
under the auspicesof the American IndustrialHygieneAssociation(AIHA),the
maximum airborneconcentrationfor HF (ERPG-I)at which individualscould be

exposed for up to one hour without experiencingother than mild, transient
adversehealth effectsor without perceivinga clearlydeclinedobjectionable
odor is 5 ppm, or 4.1 mg per m3 (AIHA 1988).

A recent publication(Alexeeffet al. 1993) proposesthat a 1-hr reference
exposure level to protectthe public againstrespiratoryirritationfrom a
routineemissionof hydrogen fluorideis 0.7 ppm HF (0.6mg HF per m3 of air),
and that the level to protectagainstsevere irritationfrom a once-in-a-
lifetime releaseis 2 ppm HF (1.7mg HF per m3 of air). These 1-hr limits may
be extrapolatedto differentexposureperiodsusing a time-adjustment
expression

C n * t = k,

where c is the concentration,n is a chemical-specificparameter,t is the

exposuretime, and k is a constant. A suggestedvalue for n is 2 (Alexeeff
et al. 1993). Therefore,the correspondingHF exposurelimits are 2.4 mg HF
per m3 for 30 min, and 3.4 mg HF per m3 for 15 min.

The values proposedby Alexeeffet al. (1993)seem low when comparedto the
AIHA ERPG-I level of 5 ppm (4.1mg per m3). The 2-ppm value was selectedby

Alexeeff et al. to protectessentiallyall of the populationat a 95%
confidencelevel, whereasthe ERPG val_eswere designed to protectmost people

and do not take into accountthe specialresponseof more sensitivemembers of

the population. The study by Alexeeffet al. was based on chemical-specific
and species-specificdata and incorporatedconcentration-responseinformation
rather than relianceon single-pointestimatesof lethal concentrationlevels,
ten-fold uncertaintyfactors,or no-observed-adverse-effectlevels.

Other guidance on occupationalexposureto hydrogenfluoridewas given by the
National Institutefor OccupationalSafety and Health (NIOSH1976, 1990) and
by the OccupationalSafety and HealthAdministration(NIOSH/OSHA1981). As

• Alexeef et al. (1993)point out, there are no generallyagreed-upon,

acceptableacute exposurelevels for HF. For the purposeof our analysis,we
chose an HF exposurelimit of 3.4 mg HF per m3, or 4 ppm HF. The value of 3.4



mg HF per m3 is much smallerthan the 30-min IDLH level of 25 mg HF per m3
cited in NUREG/CR-1391(McGuire1991).

. LIMITINGFACTORSFOR URANIUMHEXAFLUORIDETOXICITY

The correspondingstoichiometricamountof uranium in a UFe releaseto produce
3.4 mg HF per m3 is approximately10 mg U per m3 of air.

We comparedthe total uranium intakeafter 15 min at the 3.4 mg HF per m3
standardwith the 10 mg U weekly intakelimit. The amount of uraniumbreathed

in 15 rainat the 10 mg U per m3 level is

10 mg U/m3 • 1.2 m3/hr breathing rate • 1/4 hr = 3 mg U intake,

which is less than the weekly intake limit of 10 mg uranium. Thus, the HF
concentrationis limitingfor short exposuretimes, and a weekly intakeof

10 mg U is not exceededduring a 15-minexposureperiod to UF6 with an HF
concentrationof 3.4 mg HF per m3.

For times greater than about 50 min, the weekly intakelimit of 10 mg U is the

limitingvalue for human exposureto UFe and hydrolysisproducts.

TOXICITY TO THE EMBRYO/FETUS

Historicalrecords show that the fetal toxicologyof uraniumwas briefly
studiedduring the ManhattanProject,but the data on biologicaleffectsof

uraniumexposureon the embryo/fetuswere only obtainedat exposurelevels
consideredto be toxic to the mother.

The availableliteratureand PNL experimentaldata in laboratoryanimalson
the toxicologyof uraniumin the embryo/fetuswere reviewed. No direct data
were locatedrelativeto the toxicityof uraniumhexafluorideto the

developingembryo/fetus. However,the effectsof exposuresto other uranium
salts, such as uranyl acetate,were studied.

In terms of chemicalrisks, detrimentaleffectson fertilitywere not seen in
a study by Paternainet al. (1989),but Llobet et al. (1991)found decreased

• pregnancyrates at uranium intakesin excess of I0 mg per kg per day. Uranyl
nitrategiven intraperitoneallyto male mice resulted in a decrease in
seminiferoustubule diameter and impairedgametogenesis(Jadonand Mathur

1983). Continuous(or chronic) intakesof uraniumat high levels during

g



pregnancyresulted in embryolethality,fetal growth impairment,and

developmentaleffects includingskeletalabnormalitiesand cleft palate
• (Domingoet al. 1989). However,these resultswere observed at levels that

were also toxic to the mother, and it was not clear to what extent the

• developmentaltoxicitywas attributableto the maternaleffectsor how much of
the toxicitywas a direct effect of uraniumon the conceptus. Developmentally

toxic effectsoccurred in the exposurerange that was acutelymaternally
toxic, which would be far above the allowableexposurelevel, suggestingthat
maternalexposure limitswould be adequateto protectagainstany detectable
prenataleffects. Continuationof uraniumtreatmentduring pregnancyresulted

in embryolethality,fetal growth impairment,and an increasein cleft palate
and skeletalanomaliesin the offspring(Paternainet al. 1989; Domingo et al.
1989). However, some of the embryotoxicitymay have been associatedwith
maternal toxicityrather than with a direct effectof the uraniumcompoundon
the embryo/fetus.

In summary, it appearsthat current limitson annual intakes(ALIs)for
uranium isotopesin 10 CFR 20 (inhalationand ingestionof hexavalenturanium
compounds)are adequatefor protectingthe embryo/fetusby limitingthe
radiationdose to less than 0.5 rem (5 mSv) from a single exposureduring

pregnancy (Sikovet al. 1992; Sikov and Hui 1993). In terms of radiological
risks, therefore,it appearsthat the limits applicableto the pregnantwoman
also serve to provideadequateprotectionfor the embryo/fetus.

TOXICITY OF URANIUltIN CHILDREN

The importanceof age of subjectsexposedto uraniumhas been studiedin

laboratoryanimals (dogs and rats), but data are lackingon the toxicityof
uranium in children or the relativedifferences,if any, in toxicity in

childrencomparedwith toxicityin adults. Pelayoet al (1983)showed that
young dogs (age 1-2 weeks) injectedwith solubleuranyl nitratewere more
resistantto the effectsof uraniumthan were somewhatolder dogs (3-5weeks).

Voegtlin and Hodge (1953)found that the toxicityof ingesteduranium in rats
of differentages was highly variable (perhapsdue to changing abilityto
absorb solubleuraniumfrom the gastro-intestinaltract with age. The kidney
tissue of childrenmay be more sensitivethan tissuesof the adult. However,

childrenbreath less air than adultsand intakesof uraniumat a given
concentrationin air may be substantiallyless for childrenthan for adults.
The smallerintakesof uraniumanticipatedfor childrenmay likelyoffset
their anticipatedincreasedtissue sensitivityto uranium.

i0



ASSESSMENTOF THE NRC'S WEEKLYINTAKELIMIT OF 10 mg URANIUM

- The NRCweekly limit of 10 mg U was based on the ACGIH threshold limit value
of 0.2 mcjper m3, extended to a 40-h occupational week. For our analysis, we
calculated the uranium concentration in kidneys after continuous intake at the
NRCweekly intake rate of 10 mg U (1.43 mgU per day).

Assuming a continuous daily inhalation of soluble uranium, we obtained the
following kidney burdens at times longer than 60 days of chronic intake
(illustrated in Figure 1):

1.7 pg U per g kidney (Fisher/Wrenn recycling model, fl = 0.05, and
T1/z biological from kidneys -6 d)

and 2.4 pg U per g kidney (ICRP-30 model, fl = 0.05, T1/z biological from
kidneys = 6 d)

Wrenn eL al. (1985) suggest an fz value of 0.01 to 0.02, and a T1/z biological
for kidneys of 15 d. Therefore, we also calculated the following kidraey
burdens:

2.4 pg U per g kidney (ICRP-30 model, fl = 0.02, T1/z biological from
kidneys = 6 d)

and 4.2 pg U per g kidney (Wrenn/Ltpsztein recycling model, fl = 0.05, and
T1/z biological from kidneys - 15 d)

These calculations using CINDY version 3D internal dosimetry software
(Canberra Industries, Heriden, Connecticut) showedthat kidney concentrations
of about 1.7 to 4.2 pg U per g of tissue were obtained after chronic intakes
of uranium at the NRCweekly intake limit of 10 mg U. Depending on the method
of calculation, the NRCweekly limit provides a reasonable measure of
protection, perhaps by as muchas a factor of 2 or 3, from the toxicity of
uranium in the kidneys--depending on duration of exposure and assumptions used
in the calculation. The fl value (or fractional uptake of uranium from the
gastrointestinal tract) has negligible influence on the calculation of kidney
concentration.

Figure 1 shows that the nephrotoxic limit could be exceeded if the behavior
of uranium in the body followed the Wrenn-Lipsztein biokinetic model.

• Therefore, for long-term, continuous occupational exposure to low-level,
soluble uranium, we recommenda reduced weekly intake limit of 5 mg U to

. prevent nephrotoxicity in workers. Our analysis showedthat the nephrotoxic

11
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Figure 1. Uraniumconcentration in kidneys, calculated by different
biokinetic models, for continuous daily intake of soluble uranium
at the rate of 10 mgU per week. Concentrations in the kidneys
with time are comparedto the estimated threshold for toxicity.
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limit is never exceeded after long-term,continuousuraniumintake at the
weekly intakerate of 5 mg uraniumby inhalation.

. CONCLUSIONS

A review of the literature on humanexposures to uranium, including
epidemiological studies, dosimetry studies, bioassay studies, and medical
follow-ups failed to identify any conc]usive information that there is an
association between exposure to uranium above current occupational limits and
an increase in nephrotoxicity or any other health impediment, including
cancer, for kidneys, lungs, or the skeletal system in humanbeings. Although
there have been several challenges to the postulated threshold limit on
toxicity of 3 pg U per gram of kidney tissue, this review found no conclusive
evidence that an alternative value would be better substantiated. The
critical threshold level of 3 pg U per gram of kidney tissue appears to
provide sufficient protection against uranium exposure in humans. This
corresponds to an acute intake of 30 mg soluble U by inhalation, assuming the
metabolism of the average man.

NUREG-1391did not appraise the effect of uranium exposures of children or the
embryo/fetus in expectant females. This may have been because very little
data are available on the comparative toxicity of uranium in children and
adults. The kidney tissue of children may be more sensitive than tissues of
the adult. However, children breath less air than adults and the smaller
intakes of uranium anticipated for children may likely offset their presumed
greater tissue sensitivityto uranium. Concentrationsof uraniumin the
embryo/fetusare much smallerthan concentrationsin the mother for any
airborneexposureto solubleuranium. Thus, our review shows that age of

subjectexposedto uranium is not an importantfactor in assessingthe
consequencesof airborneuranium. Childrenand the embryo/fetusin expectant
females appearto be adequatelyprotectedby standardsfor adult members of
the generalpublic.

Exposureof the general publicto hydrogenfluorideon the order of
3.4 mg HF per m3 air for short time periods (15 min) shouldprotect against
seriousirritationof lung tissue. The stoichiometricamount of uranium

associatedwith _.4 mg HF per m3 after a releaseof UF6 is about 10 mg U per
m3, which could result in an intake of 3 mg U in 15 min (standardbreathing
rates for periods of light work activity[ICRP 1975] were assumed).4

The primary objectiveof establishinga limit on exposureto uranium shouldbe

• to ensurethat the uraniumconcentrationin the exposedpersons' kidneysdoes

13



not exceed the thresholdfor chemicaltoxicity,which is generallyunderstood
to be 3 pg U per g of kidney tissue. An acute intakeof I0 _ solubleuranium

• may result in a short-termkidneyconcentrationof about I pg U per g of

kidney tissue,for a protectionfactor of about 3 below the thresholdfor

. nephrotoxlclty. Thus, NRC's weekly occupationalintakelimit of I0 mg U in
I0 CFR 20.1201(e)is appropriatefor protectingworkersfrom the chemical
toxicity associatedwith acute or short-term{lessthan 2 weeks) exposureof
uranium.

A special consideration involves chronic (continuous) occupational exposures
to uranium as defined by 10 CFR20. Uranium concentrations in the kidneys are
expected to increase after chronic intakes of uranium over extended periods of
time (and decrease with time after cessation of uranium intake). The precise
concentration of uranium in the kidneys depends on many different factors. It
can be argued under someassumptions that the NRCweekly intake limit of
10 mg U may not provide worker protection against the potential nephrotoxicity
of uranium. It appears from model projections (Figure 1) that continuous
exposure to uranium leading to intakes at the intake rate of 10 mg U per week
could result in kidney concentrations in excess of 3 pg per g of tissue
(Figure 1). For this reason, the NRCweekly intake limit of 10 mgU should
not be considered a permissible amount for continuous exposure for more than
two consecutive weeks. Again, the primary consideration is not uranium
intake, but rather uranium concentration in kidney tissues. Consequently, we
believe that 10 CFR20 could be revised in either of two ways to reflect the
results of this analysis. One change could be to simply lower the NRC's
weekly occupational intake limit for continuous (chronic) exposure to 5 mgU,
because our analysis showed that the nephrotoxic limit is never exceeded after
long-term, continuous uranium intake at the weekly limit of 5 mg soluble U.
Another possibility could be to retain the 10 mg U intake limit in 10 CFR20
but define it as a limit for acute or short-term (not exceeding two weeks)
exposures and redefine the chronic (longer than 2 weeks) intake limit as
5 mg U per week.

An acceptable upper bound on occupational uranium intakes is one that does not
result in uranium concentrations in the kidneys in excess of 3 pg U per g of
tissue. An acute intake of about 30 mguranium leads to the threshold
concentration of 3 #g U per g of kidney tissue (Fisher 1991). Therefore,
soluble uranium intakes in excess of 30 mgcould result in short-term or
permanent kidney damageand should be avoided. Other investigators have
recommendeda threshold concentration of 0.3 pg U per g of kidney tissue
(lower by a factor of 10) for long-term, chronic exposures (Eckerman and
Leggett 1994); however, we believe this value to be very conservative for

• human exposureand not justifiedby scientificevidence.
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