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ABSTRACT

Americium-241 is widely used as a r ad ia t i on

source, but i t also has some po ten t ia l r i sk i f

taken i n t o the body. Although the r a d i o t o x i c i t y of

americium-241 is small compared to other t r ans -

uranic a c t i n i d e s , i t s e f f ec t s on the reproduct ive

system and on development of the placenta are more

damaging than the e f fec ts of plutonium-239. A

previous report based on a worst-case scenario

invo lv ing a hypothet ical f i r e accident in a con-

taminated f a c i l i t y ind ica ted that there could have

been a s i g n i f i c a n t impact on nearby res idents from

a uni t release of americium-241 via atmospheric

d ispers ion . However, because the f a c i l i t y i s

located in a rural region where most d r i nk i ng water

supplies are drawn from pr iva te w e l l s , i t i s

believed that deposit ion of americium-241 from the

atmosphere might also have impacts v ia the

groundwater pathway by i n f i l t r a t i o n of ra inwater .

In t h i s ana lys i s , a three-dimensional a n a l y t i c a l

mathematical model is used to assess several

aspects of americium-241 contamination of ground-

water, inc lud ing rad ioac t i ve t rans fo rma t ion ,

advect ion, d ispers ion , and so i l s o r p t i o n .
I

Simulat ion resu l ts ind ica te that no s i g n i f i c a n t
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rad io log ica l impacts would occur to the nearby

residents via the groiindwater pathway.

INTRODUCTION

During the 1970s, a laboratory f a c i l i t y in a

house near Newark, Ohio (Figure 1) , was used for

i r r a d i a t i o n of diamonds and other gemstones to

induce color changes fo r better market value.

Americium-241 (powdered oxide form) was the p r i n -

cipal source of r a d i a t i o n . Operations authorized

under a U.S. Nuclear Regulatory Commission (NRC)

l icense were discontinued in the par ly 1980s. A

rad io log ica l survey of the f a c i l i t y was conducted

in 1983.1 Major americiurn contamination ( f i xed and

removable) was found in the hood of the old glove

box in the res t r i c ted laboratory area. Some minor

contamination was found on the f l o o r , on equipment

surfaces of the r e s t r i c t e d area, in the sink drain

system, in the holding tank , and in the ven t i l a t i on

system f i 1 t e r . 1

Prior to decontamination <<f the f a c i l i t y , the

gemologist 's house was occupied by tenants . The

laboratory area where the americium-241 was used
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Figure 1. Map of L icking County, Ohio, Ind ica t ing
the Location of the Americium-
Contaminated Property. Source:
Modified from Reference 1.
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was locked and designated as a r e s t r i c t e d area.

However, a f i r e or other accident might have caused

the release of americium to the environment, and

t h i s scenario is analyzed in th i s study.

CHARACTERIZATION OF AMERICIUM-241

Americium exists in a l l oxidat ion states from

I I to V I I , but the t r i v a l e n t ( I I I ) s tate is most

common. Many t r i v a l e n t compounds can be converted

by i g n i t i o n to h ighly oxidat ive te t rava len t

americiuin compounds that are soluble in water.2

Americium-241 has a physical h a l f - l i f e of

458 years and an e f f e c t i v e h a l f - l i f e in bone of

approximately 140 years. The assumed e f fec t i ve

h a l f - l i v e s in the whole body and l i v e r are 100 and

40 years, respect ive ly . 3 Americium-241 transforms

to neptunium-237 by emi t t ing alpha pa r t i c l es of two

d i s t i n c t energies: 5.49 MeV (85%) and 5.44 MeV

(13%). The major photons emitted by americium-241

are gamma rays of 68 keV (36%) and 26 keV (100%)

and conversion L X-rays of neptunium-237 with

energies centered at approximately 18 keV.,

The major pathways of concern for exposure of

humans to americium are i nha la t i on , i nges t ion , and
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skin wound. The c r i t i c a l organs are l i v e r , gonads,

red bone marrow, and bone surface.14 Ameri cium-241

d i f f e r s somewhat from other transuranium act in ides

in i t s metabolism and r a d i o t o x i c i t y ; i t has a

smaller r ad io tox i c i t y and a shorter b io log ica l

turnover time ( fas te r b io log ica l c learance).

However, the e f fec ts of americium-241 are more

damaging than plutonium-239 with regard to the

reproduct ive system and development of the

placenta, especial ly in causing i n t r a - u t e r i n e death

of embryos and postnatal detrimental e f f e c t s . 5

Americium oxide powder can be readi ly

dispersed in the atmosphere because of i t s f i ne

p a r t i c l e s i z e . 6 " 8 A previous study9 ind icated that

there could have been s ign i f i can t rad io log ica l

impacts to the surrounding environment via the a i r

pathway under a hypothet ical severe f i r e accident

wi th un i t (normalized) release of americium-241.

However, because of the rural l oca t ion of the

contaminated f a c i l i t y and the re l iance on ground-

water for dr ink ing water suppl ies, the deposit ion

of emericium-241 from the atmosphere might also

have s ign i f i can t rad io log ica l impacts via the

grcindwater pathway by i n f i l t r a t i o n of rainwater.

Therefore, th is study focuses on the groundwater

t ranspor t of americium-241 and i t s subsequent
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rad io log ica l impacts to the surrounding general

pub l i c .

EXISTING GEOHYDRQLOGIC CONDITIONS

The ground surface in the v i c i n i t y of the s i t e

rises from nor th , east , and west at about 354 m

(1161 f t ) mean sea level (MSL) to about 323 m

(1060 f t ) MSL at the s i t e . The surface of the s i te

slopes south and southwest toward Clay l ick Creek at

an e levat ion of about 290 m (950 f t ) MSL. Soils in

the s i t e area are c l a s s i f i e d as Hanover-Londonvi l i e

Assoc ia t ion . 1 0 The Hanover so i l s are s i l t y , wel l

drained and formed in loam glac ia l t i l l . London-

v i n e so i l s are loamy, well drained, and formed in

g lac ia l t i l l over ly ing sandstone bedrock on

uplands. The s i t e is underlain by nnconsolidated

g lac ia l deposits of c l ay , s i l t , sand, and gravel

with a water table of about 5 m (16 f t ) below the

ground surface. The g lac ia l deposits are underlain

by the Black Hand sandstone that i s a massive

coarse-grained quartz sandstone wi th water tables

ranging from 5 to 20 m (16 to 66 f t ) below

ground. Both the g lac ia l deposits and the Black

Hand sandstone are major sources of groundwater in

the region. Groundwater y ie lds may range from 0.9

co 38 L/s (15 to 600 gpm).11 Information regarding
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movement of groundwater in the s i te area i s not yet

ava i l ab l e . Groundwater in the unconsolidated

g lac ia l deposits and the Black Hand sandstone

probably fol lows surface contours and hence

probably flows from north to south.

In th i s study, a three-dimensional solute

t ranspor t model, AT123D, developed at Oak Ridge

National Laboratory12 is adapted to calculate

groundwater concentrat ions at p a r t i c u l a r t imes.

Several locations are selected for assessing nearby

ind iv idua ls (see Figure 2 ) . A l i s t of input data

for the groundwater migrat ion analysis is given in

Table 1 . The release rate of americium-241 from

the contaminated area (contaminated from airborne

americium-241 due to f i r e , which w i l l be discussed

l a t e r ) is estimated by the io^-exchange model.13

The release rate of americium-241 is determined by

rad ioact ive t ransformat ion and leaching of

americium-241. Because of the uncer ta in t ies

r e l a t i v e to hydrogeoiogical condit ions at the s i t e ,

selected values of input parameters in Table 1 tend

to be conservative. The groundwater flow is

assumed to be under steady-state =ind isothermal

cond i t ions . Groundwater movement is conservat ively
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Figure 2. Location of Some Nearby Residents t o
the Contaminated Property for Whom
Radiological Doses are Calculated.
Source: Tax Map, Frankl in Township
(Twp. 1 ; Rg. 11), June 1 , 1970
(Revised November 4, 1983), and Onsite
Observations, December 7, 1984
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Table 1 . Parameters Used fo r the Calcu la t ion of
Americium-241 Concentrations in Groundwater

Parameter

Annual p r e c i p i t a t i o n

Evapotranspi ra t ion
rate

I n f i l t r a t i o n rate

Effective porosity

Bulk density of soil

Hydraulic gradient

Hydraulic conductivity

Longitudinal dispersivity

Transverse dispersivity

Vertical dispersivity

Distr ibut ion coefficient

Radioactive transformation
constant

Unit

m/yr

m/yr

m/yr

-

kg/m3

-

m/s

m

m

m

m3 /kg

1/yr

Raffinate Pits

1.02

0.81

0.2

0.1

1,700

0.04

10"1*

1.0

0.1

O.i

0.085

1.51 x 10'3

Distance from lower
boundary of waste f i e l d
to water table

Distance from water table
to bottom of resident
in t ruder 's well
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assumed t o be un id i rec t iona l in the north-south

di rec t ion. The potential contamination of

groundwater in the burial s^te under existing

conditions for the accidental f i re scenario are

analyzed by determining the rat io of the

americium-241 concentration in groundwater (C) to

the americium-241 concentration in the contaminated

soil (S). The concentration of americium-241 in

groundwater can then be computed by multiplying

this rat io by the radionuclide concentration in the

contami nated soi1.

A potential pathway for radiation exposure in

the v ic in i ty of the contaminated property is direct

ingestion of contaminated groundwater. Americium-

241 w i l l be leached out of the contaminated soil by

i n f i l t r a t i o n of ra in fa l l and carried into the

qroundwater system. The source on the ground

surface after accidental f i r e , which is deposited

from airborne americium~241, is a major factor in

determining the americium-241 concentrations in the

groundwater system.

The spatial d ist r ibut ion of deposited ameri-

cium on the ground from the air can be approximated

in a power of -1.9 along the 'i stance from the

source.9 To obtain a conservative analysis, a l l
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the release (1 cur ie) of americium-241 is assumed

to f a l l w i t h i n 3 km (10,000 f t ) . Because the

groundwater t ranspor t model could handle only

simple geometry ( e . g . , rectangular ) and uniform

area! source, some f u r t he r treatment of the source

term (deposited americium on the grrvir-H --.-•-farr-} i-=

needed. A "b i r thday-cake" source (Figure 3) is

assumed, i . e . , three d i f f e r e n t layers of uniform

square source are superimposed (a l l concent r ic to

the contaminated f a c i l i t y ) . The bottom layer is a

6 km x 6 km area. Because the fa r thes t d istance of

the nearby ind iv idua l se lected in the rad io log i ca l

impact analys is is about 1 km, the middle layer i r>

chosen to be a 2 km x 2 km square. S i m i l a r l y , the

top layer is chosen to be 0.2 km x 0.2 km because

of the distance of the c losest nearby i n d i v i d u a l .

Because of the assumed i s o t r o p i c areal source,

equivalent c i r c l es are used to ca lcu la te the source-

concentrat ion for the corresponding square areas

which are the input f o r the groundwater model.

Assuming the same areas, the rad i i of three equiva-

lent c i r c l e s are ca lcu la ted to be 3.39, 1.13, and

0.113 km fo r the bottom, middle, and top a real

sources, respec t i ve l y . I f the i n i t i a l depth of

americium in the surface is only 1 cm w i th a so i l

density of 1.7 g/cm3, the corresponding equiva lent

concentrat ions in the three layers (assuming
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Figure 3, Area Source of Americium-241.
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uniform d i s t r i b u t i o n f o r each area) are 0.676,

1 0 . 1 , and 4150 pC i /g , respect ive ly . for

comparison, the corresponding soil guideline is

4.0 pCi/g for americium-241 (100 dpm/100 cm2 for

the average of the top 15-cm surface).14

Another parameter that is important in

determining the concentrations of americium-241 in

groundwater is the distr ibution coeff icient, Kd.

This coefficient represents the rat io of the

concentration of a radionuclide adsorbed on soil

particles to the radionuclide concentration of the

percolating water in the saturated waste

material. The values of Kd for specific sites vary

depending on soil properties, chemical content of

the solution, pH of the water, and nature of the

elements. The Kd value for the contaminated

property site has not yet been determined through

laboratory testing. However, the l i terature Kd

values for americium-241 range from 0.085 to

40 m3/kg.15 In this paper, the Kd value of

0.085 m /kg is conservatively used for the analysis

of americium-241 migration in the groundwater

system.
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RESULTS AND CONCLUSIONS

The time and spat ia l va r ia t ions of

americium-241 concentrat ions in the subsurface

aqui fer system (Table 2) beneath the study area are

calcu lated using the parameters given in Table 1

under an accidental f i r e scenario wi th un i t release

(1 cu r ie ) of americium-241.

The model s imulat ions ind ica te that the

estimated d i s t r i b u t i o n s of the americium-241

concentrations are l i m i t e d only in the areas

beneath the bottom of the contaminated property.

The maximum concentrat ion locat ions would occur

around the area w i th i n a radius of 60 m (197 f t ) .

The maximum depth of arnericium-241 migrat ion would

be less than 6 m (18 f t ) , less than 1 m (3 f t )

below the groundwater t ab le . Results of the

analysis of americium-241 migrat ion along the

groundwater flow d i rec t i on (ho r i zon ta l l y ) also

ind ica te that the arneri cium-241 concentrations

would reduce to zero at a distance of about 5 m

(16 f t ) from the boundary of the contaminated

s o i l . The delay time fo r radionucl ides to migrate

from the bottom of the contaminated so i l to the

groundwater tab le would be about 3,600 years.
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Table 2. Predicted Americium-241 Concentrations Within a Depth of One Meter*a

at Contaminated Areas of Nearby Residents*

Nearby

Residents*0

A
B

C

0

E
F

G

0.1 yr

0.01

0.01

4.0

0.01

0.01

0.01

0.01

1 yr

0.01

0.01

4,0

0.01

0.01

0.01

0.01

Concentrations

10 yr

0.01

0.01

3.94

0.01

0.01

0.01

0.01

at Various

50 yr

0.01

0.01

3.71

0.01

0.01

0.01

0.01

Times (pCi/L)

100 yr

0.009

0.009

3.38

0.009

0.009

0.009

0.009

150 yr

0.008

0.008

0.54

0.008

0,008

0.008

0.008

200 yr

0.0076

0.0076

0.0098

0.0076

0.0076

0.0076

0.0076

* a The contaminant would remain in the i n f i l t r a t i n g water in the unsaturated zone because the groundwater
table is 5 meters deep.

Values of hydrological parameters used for the calculations are given in Table 1. The maximum concentra-
t ion locations would occur at the centers of the contaminated properties.

See Figure 2 for locations of the nearby residents.
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Because the delay time is r e l a t i v e l y long com-

pared to the h a l f - l i f e of ^mericium-241, 458 years,

the concentrations of americium-241 would be

reduced to 0.04% so le ly by radioact ive t rans fo r -

mation ef fect even without considering other

mechanisms, e . g . , d ispers ion and advect ion. The

cortaminated region would remain in the unsaturated

zone, i . e . , the americium-241 would not reach the

groundwater table (po tent ia l source of dr ink ing

water) w i th in 3,600 years . Also, the concentrat ion

peak of amen cium-241 would occur long before

reaching the groundwater t ab le ; t he re fo re , the

appearance of americium-241 in groundwater (a f te r

3,600 years) would be monotonically decreasing with

t ime.

The concentrations of amencium-241 in the

i n f i l t r a t i n g water in the unsaturated zone over a

period of 200 years at contaminated areas of nearby

residents are presented in Table 2. The concen-

t r a t i o n s for a l l necrby residents would f a l l below

0.01 pCi/L at the end of 200 years. Using the ICRP

dose conversion fac to rs 4 and an assumed water

intake of 2.5 L/d, i t i s estimated that 0.01 pCi/L

of americiurn would resu l t in a dose of only

0.02 mrem/yr. The americium-241 would not reach

the groundwater for about 3,600 years , and the
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concentratioon of americium-241 in ingested ground-

water at 3,600 years would be at least 3 orders of

magnitude less than that at 200 years because, from

200 to 3,600 years, the americium-241 would

decrease by a factor of 1,700 due to rad ioact ive

t rans format ion . The dose from ingested groundwater

would be at least 8 orders of magnitude less than

the dose from the atmospheric pathway,13 or

7 orders of magnitude less than the current

regulatory l i m i t of 500 mrem/yr.

Therefore, based on the mathematical

s imulat ion for migrat ion of radionuci ides via

^'•jufidwater t ranspor t , the potent ia l heal th e f fec ts

to ind iv idua ls and the surrounding general public

from the groundwater pathway due to radioact ive

release from the contaminated laboratory under such

a f i r e scenario would be i n s i g n i f i c a n t .



JW-NEACP2 19 10/16/85

REFERENCES

[ 1 ] S t a f f o r d , M.W., " R a d i o l o g i c a l Survey of t h e

J . C . Haynps P r o p e r t y , Newark, O h i o , " SMPB-2,

Prepared f o r U.S. Nuclear Regula tory

Commission, Region I I I O f f i c e , by Rad io-

l o g i c a l S i t e Assessment Program, Oak Ridge

Assoc ia ted U n i v e r s i t i e s , Oak R idge , TN, F ina l

Repor t , May 1984.

[2 ] Kirk-Othmer Encyclopedia of Chemical Tech-

nology, 3rd e J . , John Wiley & Sons, New York,

ve i . 1 (pp. 456-480), 1978.

[ 3 ] Internat ional Commission on Radiological

Protect ion, "The Metabolism of Compounds of

Plutonium and Other Ac t i n i des , " ICRP Publ.

No. 19, Pergamon Press, Elmsford, NY, 1972.

[ 4 ] In ternat ional Commission on Radiological

Protect ion, "L imi ts for Intakes of Radio-

nuclides by Workers," A Report of Committee 2

of the In ternat iona l Commission on Radio-

log ica l Pro tec t ion , Adopted by the Commission

in July 1978, ICRP Publ. No. 30, Part 3,

Pergamon Press, Elmsford, NY, 1978.



JW-NEACP2 20 10/16/85

[5 ] Ovcharenko, E.P., "An experimental evaluat ion

of the e f fec ts of t ransuranic elements on

reproductive a b i l i t y , " Health Phys. 22:641,

1972.

[ 6 ] Muggenburg, B.A., and J.A. Mewhinney,

"Removal of inhaled 241Am oxide pa r t i c l es of

various sizes from beagle dogs using lung

lavage and che la t ion t reatment , " Health

Phys. 41(July) :123-133, 1981.

[ 7 ] Stanley, J .A. , A.F. Edison, and J.A. Mewhin-

ney, " D i s t r i b u t i o n , retent ion and dosimetry

of plutonium and americium in the r a t , dog

and monkey a f te r inha la t ion of an i n d u s t r i a l -

mixed uranium and plutonium oxide aeroso l , "

Health Phys. 43(4):521-530, 1982.

[ 8 ] Park, L., "Cleanup of home to cost EPA

$150,000," Columbus Citizen-Journal*

April 17, 1985.



JW-NEACP2 21 10/16/85

[ 9 ] Wang, J . , and P. Merry-Libby, "Prel iminary

Assessment of Radiological Doses Associated

wi th the Potent ia l Release of Americium-241

from the Haynes Property," Prepared for

U.S. Nuclear Regulatory Commission,

December 20, 198*.

[10] Ke l ley , G.E., and K.L. Powell, "Soi l Associ-

at ions of L ick ing County, Ohio; A General

Soi l Map of L ick ing County," Ohio Department

of Natural Resources, Div is ion of Lands and

S o i l , Columbus, 197F-.

[11] H a r t z e l l , G.W., "Ground-Water Resources of

L ick ing County [Map]," Ohio Department of

Natural Resources, Div is ion of Water,

Columbus, 1982.

[12] Yeh, G.T., "AT123D: Analy t ica l Transient

One-, Two-, and Three-Dimensional Simulation

of Waste Transport in an Aqui fer System,"

ORNL-5602, Oak Ridge National Laboratory,

Oak Ridge, TN, 88 p p . , 1981.



JW-NEACP2 22 10/16/85

[13] G i l b e r t , T .L . , et a l . , "Pathways Analysis and

Radiat ion Dose Estimates fo r Radioactive

Residues at Formerly U t i l i z e d MED/AEC S i t es , "

ORO-832 (Rev.). Prepared f c U.S. Department

of Energy, 0_,'< Ridge Operat ions, Oak

Ridge, TN, by Argonne National Laboratory,

Argonne, IL , 1983.

[14] U.S. Department of Energy, ' 'Guidelines for

Residual Rad ioact iv i ty at Formerly U t i l i z e d

Si tes Remedial Act ion Program and Remote

Surplus F a c i l i t i e s Management Program S i tes ,

(Rev. 1, July 1985)."

[15] T i l l , J .E . , and H.R. Meyer (eds.)» "Radio-

l o g i c a l Assessment, A Textbook on Environ-

mental Dose Ana lys i s , " NUREG/CR-3332;

ORNL-5968, Prepared for U.S. Nuclear

Regulatory Commission, September 1983.


