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• It can' be seen that . a comparison based 'only on the number of LAI . 

contained' in waste and ores or minerals neglects some important aspects 

of the problem. In fact, the actual hazard is greatly dependent on a 

number' of factors, such as transfer of the radionuclides from the solid 

to the liquid phase, dispersal and accumulation mechanisms, biologic' 

availability, reconcentration in edible organisms, etc. 

The following sections of the report review the available data con-

cerned with the behavior of natural alpha-emitters-and transuranium ele-

ments in geologic systems and in terrestrial and aquatic ecosystems. 

Resuspension mechanisms are discussed briefly in order to obtain Some - 

feeling for the probability that a significant fraction of the activity 

Would become airborne. Hopefully, this discussion will lead to a better 

understanding of the similarities and differences between natural radio-

active materials and radioactive wastes, and to a more realistic assess-

ment of the possible environmental impact of the nuclear fission industry. 

3. GEOCHEMICAL DATA 

The long-lived parents of the three naturally occurring radioactive 

decay series are 
232Th, 235

U, and 
238

U. A fourth series, the neptunium 

series, with mass numbers defined by the general formula (4n + 1), is not 

known in nature, and is shown with the other three in the Appendix.* 

Uranium and thorium, as minor constituents of the lithosphere, are 

present in all geologic materials. Table 9 shows the average content of 

uranium and thorium in various rock types. 

*237
Np and 

239
Pu are formed in nature when atoms of 238

U capture neutrons 
which can be produced by the spontaneous fission of uranium, cosmic radia-
tion, and interaction between alpha particles and light nuclei. The reac-
tions are: 

238
U (n,y) 

 239U (0
-

) 
239

Np (8
-
) 

239
Pu and 

238
U (n,2n) 

237
U (8

-
) 

237
Np. 

However, the concentrations, especially for 
237 

 Np, are so low that these 
nuclides can be measured only with great effort. 
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Table 9. Concentration of Uranium and Thorium 
in . Various Rocks 

Type of Rock 
Concentration (ppm) 

Reference 
No.b Th Th/U 

IGNEOUS ROCKS 

Acid Rocks (mostly granites) 
4 
3.5 

2.6 
1.8 

0.8 
0.8 

13 
18 

10 
7 

5 
3 

3.2 
5.1 

3.8 
3.9 

•6.2 
3.7 

16 
17 

16 
17 

18 
17 

North America 
World 

Intermediate Rocks 
North America 
World 

Basic Rocks 
Basalts 	* 

• . 
Basalts 

Average for all igneous rocks 3 10 3.3 

SEDIMENTARY ROCKS 

Placers enriched in uranium- and 
thorium-bearing heavy minerals 2 60 30 19 

Sandstones 0.5-1 2-5 

Shales, average 3.7 12 3.2 20 

Grey-green shales, USA 3.2 13.1 4.1 20 

Bentonites, USA 5.0 24 •4.8 20 

Bauxites 9.3 53.2 5.7 20 

Residual clays 1.8 13 7.2 20 

Shales, Russian platform 4.1 11 2.6 21 

Bituminous and carbonaceous shales 50-80 c 
up to -4250 

Limestones 1.3 1.1 0.9 18 

Limestones, USA 2.2 1.1 0.5 20 

Limestones, Russian platform 2.1 2.4 1.1 21 

Phosphate rocks 

Lignites and coals 

30-100 
up to .s,650 

1-200 
up to -40,000

d 

 

allodification of table from Antoni Polanski, Geochemistry of Isotopes, TT61-31327 .  
(English Transl.), published by the Scientific Publications Foreign Cooperation 
Center, Warsaw, Poland, 1965. 

 

bRefer to references in text. 
c Shales of St. Hippolyte, France. 

 

dKolm, Cambrian coal, Sweden. 
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Uranium and thorium usually begin their geochemical cycles together. 

They are closely Associated In the same accessory minerals of igneous 

rocks such as zircon, sphene, allanite, monazite, or xenotime; however, 

the differences in geochemical behavior (particularly in the postmagmatic 

phases, and during weathering, transport, and sedimentation) are fairly 

significant. 

From our point of view, the greatest interest lies in the behavior 

of uranium and thorium during the weathering of,rocks and minerals. Most' 

uranium- and thorium-Containing minerals dispersed in igneous rocks are 

'extremely. resistant to chemical weathering.
15 Several minerals of peg- 

matitic and hydrothermal deposits, particularly those rich in thorium . 

(such as thorite and thorianite),.are similarly characterized by very. 

low solubility. Most of the dispersal of the radioactive elements con-

tained in these minerals is . thus . achieved through the physical processes 

of erosion and transport by. running water.: Weathering, transport, and 

.sedimentation can lead to the accumulation of uranium- and thorium-bearing , 

minerals and; in favorable circumstances, placer deposits can be formed. 

Famous'examples are the' monazite sands found on the Brazilian coast between 

Cabo Frio.and Recife, and on the Travancore coast . in.India. 

Many minerals containing radioactive elements,.particularly the ura-

nium minerals of hydrothermal deposits, eventually undergo chemical weather-

ing. Secondary products are formed and can be found in the oxidation zones 

associated with uranium deposits, especially uranite and pitchblende. Dur-

ing weathering undet oxidizing conditions, a fraction of uranium goes into 

solution as stable utanyl complexes, causing partial separation of the two 

elements. 22  Chemical weathering of geologic materials thus results in a 

relative enrichment of thorium in the residual fraction. 

Once the two elements reach a sedimentation basin they will eventually 

precipitate to the bottom. Thorium, having reached the sedimentation 

basin primarily by association with suspended particles, is rapidly re-

moved by sedimentation; its residence time* in sea water has been estimated 

*The residence time, T, of elements or radionuclides in environmental 
compartments can be defined as the average time spent in the compartment 
before removal. It is expressed as: T = A/(dA/dt), where A is the total 
amount of the element in the compartment, and dA/dt is the amount removed 
per unit of time. A necessary assumption is that complete mixing 21 the 
element takes place in a time which is short when compared with T. 
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at about. 300 to 350 years. Uranium, on the other hand, is characterized 
, 

by a residence time in sea water on the order of 500,000 years. .
23-25 

 

Sackett et al.
26 have estimated a residence time of uranium in the world 

oceans of 200,000 years: Precipitation of uranium involves chemical and 

biological processes which are especially active in reducing environments 

where the soluble hexavalent form becomes unstable and is reduced to te-

travalent uranium. Consequently, liquid hydrocarbons and bituminous sedi-

ments such as dark shales are usually.rich.in  uranium. 

Some Tertiary and Cretaceous lignites are also uraniferous. The 

most commonly accepted explanation for this is that uranium was adsorbed 

1 	on'theaurfaces of lignite particles.from . uranium-rich circulating .  ground 

waters, the source .  of the uranium being located in nearby bodies of if:— 

.neous rocks. A direct relationship has been observed between the uranium 

content in peat and in mosses living in the same environment, indicating 

that, at least in specific cases, the uranium accumulation could have 

taken place in the living plants.
27 

Some coal deposits are significantly 

enriched In uranium; a famous example is kolm, a Cambrian coal from Sweden, c 

which can.contain more than 12 uranium. The alum-shales in which kolm is 

contained have an average uranium content between 50 and 100 ppm, but the 

uranium concentration is about 200 ppm in proximity to the kolm seams.
28 

Phosphate rocks of marine origin can also be markedly enriched in 

uranium, up to about 650 ppm in some cases. It is believed that the ura-

nium is mainly syngenetic, although limited redistribution during diagen-

esis is quite possible. Uranium in phosphorites is dispersed in the phos-

phate phase and apparently has been enriched by coprecipitation.
29 

At 

least two mechanisms seem to be responsible for the presence of uranium 

in phosphate minerals: (1) isomorphous replacement of U
4+ 

for Ca
2+ 

in 

apatite, and (2) adsorption of uranium on the surfaces of the minute 

phosphate crystals and the associated organic matter. According to 

Bliskovskiy and Smirnov,
30 

the weathering of phosphorites can result in 

a further increase in the uranium concentration. 

In summary, the geochemistry of uranium and thorium is quite similar 

in the magmatic phase; however, differences develop in Postmagmatic stages, 

becoming even more significant when the rocks and minerals are exposed to 

exogenous processes. Consequently, high values of the Th/U ratio are 
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observed in continental sediments, such is residual clays and bauxites. 

In general, any elution process, particularly if under oxidizing condi- 

tions, will lead to enrichment of thorium relative to uranium.' Low values 

of the Th/U ratio are found in sediments accumulated.by  chemical processes 

(e.g., carbonates and evaporites). Finally, extremely low values of the 

Th/U ratio are found in certain sediments such as dark shales, and in some 

coals and phosphatic rocks. 

The short-lived daughters of uranium and thorium are usually found 

associated with their parents in radioactiveequilibrium. In specific 

circumstances some separation can. take place, the net result is a'rela-

tive geochemical individualization, especially for 'nuclides with fairly 

long half-lives or great environmental mobility. Obvious* examples are 
,226Ra and radon. 

The interaction between ground water and uranium- and thorium-rich 

rocks is of particular interest, since this is similar to the hypothetical 

first step of radionuclide mobilization after waste Containment failure. 

Radium-226 is the most hazardous nuclide, for exposure by ingestion, both 

in high-level radioactive waste aged more than .50,000 years and in the 

natural radioactive series. 

In radioactive equilibrium, the Ra/U ratio is 3.6 'X l0; the specific 

activity of 226  Ea is ra Ci/g. Radium is an alkaline-earth element, being 

located in the second group of the periodic system of elements, and barium 

is its closest geochemical analogue. Radium occurs in nature in a very 

dispersed state and no minerals are known. 

The chemistry of ground waters is always controlled by. the chemical 

composition of the enclosing rocks, and the content of radioactive sub-

stances is no exception. The enrichment of natural waters with radioactive 

elements, particularly uranium and radium, is dependent on the following 

processes: 

(1) primary transfer from the rock into the water; 

(2) stability in solution; 

(3) separation of the element from solution. 

• 
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3.1 Mobilization of Uranium and Radium 

Uranium and thorium in rocks are usually bound in the crystal lattice 

of minerals; therefore, their transfer to ground water is controlled by 

the solubility of the minerals, which is influenced by water chemistry, 

amount of free oxygen, temperature, etc.
31 Radioactive decay transforms 

uranium and thorium atoms into atoms of different elements that might not 

be able to occupy the same position in the crystal lattice. Radium, in - 

particular, can be leached out of the minerals in which it was generated, 

and thus accumulated in the interstitial water. Of course, the transfer 

of radium from the solid to the liquid phase is greatly dependent on the 

size Of the rock particles since leaching is a surface-related process. 

On the other hand, if the grain size is in the clay range, radium 

can be transferred efficiently to the surface of the particles, but re-

lease from the solid phase is impeded by the low permeability and by :sur-

face attraction phenomena. 

Stank and Lazarev32  have .studied the effect of crushing monazite on 

the extraction of radium, thorium, and uranium. Monazite is practically 

insoluble, and leaching of the radioelements occurs by extraction from 

the pores and surfaces.of the mineral grains. The. extraction of radium . 

and uranium increased with the degree ofcrushing up to about 3%, for an 

average particle size <0.07 mm. On the other hand, the extraction of 

thorium was not changed by crushing, despite a more than 100-fold increase 

of the specific surface. 

In relatively permeable rocks,. the transfer of radium from the rock 

grains to the mobile interstitial water can be imagined as divided into 

the following steps:, 

(1) Radioactive decay, through recoil and the .creation of 

lattice instability, moves radium atoms to the surface 

of rock particles. 

.(2) Radium is leached out of the particle surfaces into 

the film of adsorbed water surrounding the rock grains. 

(3) Radium diffuses through the adsorbed water and reaches 

mobile water. 
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S. 

The transfer from the particle surfaces to the adsorbed water is 

controlled by an adsorption equilibrium, and the transfer to mobile water 

is dependent on a diffusion equilibrium. Due to the slowness of diffu-

sion processes, aoacnagier4Intaat,...t.ime.betwasza-griaund...water-anci-formation, 

realized-la-coaditioas-a—atagnaat_nr_slaw-moving_waters,-promotes-their 

Anz4ghnut_in-xadium. Stagnant waters are usually highly mineralized. 

Hi14..aaiiTrit7-4erther -enhances -the-envIchmant -in -radium, caused by the 

competition and exchange between the ions in solution and the ions ad-

sorbed on the rock particle surfaces.
33,34 

The nature of the ions present in ground water is also important. 

The dissolution of uranium is appreciably influenced by cationic compo- 

sition of the water only in carbonate rocks. On the basis of their effect 

On the dissolution-of _uranium, cations can be arranged in this order: 

2+ 
Mt

.2. > Ca > Na
+ . 

The effect of cationic composition of the water on leaching of radium 

is much stronger. In general, the greater the chemical affinity of an 

element to radium, the greater its effect on leaching. The sequence is: 

2+ 
Ha > Pb

2+ 
> 5r2+ > Ca 

 2+ 
> K

+ > Na
+ 

. 

The anionic composition of the water significantly_affects.the solubility 

ofuranium, but has little.effect on radium. Bicarbonate ions are the 

most efficient since they cause the formation of readily soluble uranY1 

complexes of the type [UO 2 (HCO3 ). 3 ] - . 

Additional factors that are important in the transfer of radioactive 

elements into ground water are: .(1) Water temperature, (2) pH, .(3) gas 

content, (4) electrochemical properties. . 

The transfer of uranium and radium into solution is directly propor-

tional to the water temperatBre. 

The solubility of uranium and radium increases at low and high values 

of pH. Therefore, acidic and alkaline waters are usually enriched in 

radioactive elements. 



23 

The gases with most effect on the migration of radioactive elements 

are 0
2 
and CO

2' 
Free oxygen in ground water decreases with depth down to 

an "oxygen surface" that represents the lower boundary of the presence of 

free oxygen. Above the oxygen surface is the domain of oxidation processes, 

whereas reduction processes are prevalent at greater depth. The depth of • 

the oxygen surface can vary from almost at the surface to more than 1 km.
31 

Free oxygen produces a marked effect on the solubility of uranium. 

• Carbon dioxide increases the transfer of uranium into solution by the 

formation of soluble bicarbonates of the very stable uranyl don. The en-

richment with radium is also affected. 

• The redox potential (Eh) of ground water is . an  index of the intensity' 

of oxidation processes, and is related to several of the preceding factors. 

Above the oxygen surface the value of Eh is directly proportional to the 

content of free oxygen, while for the deeper rone.it is inversely propor-

tional to the content of hydrogen sulfide. Obviously, the chemical wea-

thering of uranium-bearing minerals and the enrichment of uranium in solu-

tion takes place to a much greater extent, in waters characterized by high 

values of Eh. Radium, on the other hand, is affected much less by the 

redox potential and shows greater stability in solution in Waters of low 

Eh. 35 . 

3.2 Removal of Uranium and Radium from Ground Water 

Once uranium and radium have been transferred into solution they 

migrate with the water. The extent of migration is dependent upon their 

stability in solution, and on the intensity of various processes leading 

to their removal from solution. Any variation of the factors discussed 

above as affecting the mobilization of uranium and radium can induce pre-

cipitation. Decrease of temperature, loss of gas, neutralization of 

acidic or alkaline waters, or any other change in the chemistry of the 

water might cause separation of uranium and/or radium from solution. 

The principal processes responsible for precipitation of uranium 

are: 

(1) Hydrolysis and coagulation of uranium hydroxides (mostly 

in Clays). 
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(2) .Adsorption on the surface of clay particles and organic 

• 	matter, responsible for the enrichment of uranium in clays, 

bituminous shales, peat, coal, etc. 

(3) Breakdown of complex ions with formation of less soluble 

compounds. Among the various carbonates, coprecipitation 

with siderite is most efficient in the removal of uranium 

from solution. 

(4) Reduction of uranium from the hexavalent to the tetravalent 

oxidation state. 

(5) Formation of insoluble salts - vanadates, phosphates, 

arsenates, carbonates, and silicates. 

As already mentioned, no radium minerals are known in nature; however, 

radium will follow its geochemical analogues. Therefore, precipitation 

of barium compounds from ground water will result in the removal of radium 

from solution. Radium follows calcium and magnesium to a lesser extent. 

Significant enrichment of radium also takes place in precipitates of iron 

and manganese, probably due to the colloidal nature of these compounds 

and the adsorption of radium on the surface of colloids. Adsorption and 

ion exchange are responsible for the enrichment of radium in peat, coal, 

and clays. Table 10 shows the concentration of radium in the waters of 

some Russian mineral springs and the enrichment in the spring deposits. 

Obviously, in favorable circumstances, significant accumulation and re-

concentration of radium can take place. 

3.3 Abundance of Natural Alpha-Emitters in the Hydrosphere 

The complexity of the geochemical behavior of uranium and radium 

indicates that the concentrations of these elements in natural waters 

will vary within wide limits. In general, the content of radioactive 

elements in surface waters is lower than in ground waters due to the 

dilution by meteoric waters. A relationship exists between the climate 

and the uranium content in ground waters, with arid regions being char-

acterized by significantly higher levels of uranium. 35 In specific 

• 	closed basins in arid areas, the concentration of uranium can be as high 
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Table 10. Content of Radium in Water and Deposits of Some Russian Mineral Springs 8  

Spring Nature of Deposit 

Radium 
in Water 
(pg/liter) 

Radium 
in Deposit 

(Peg) 

Radium in Deposit 

Radium in Water 

Malakovka Ferruginous precipitate 7,000 153,000 22,000 

Yamkun Travertine 
• 

1,000 14,000 14,000 

Zheleznovodsk Travertine 21,000 4,600 220 

Ferruginous precipitate 15,000 60,000 4,000 

Pyatigorsk Travrtine 300' 1,800 6,000 

Manganic precipitate 300 410,000 1,350,000 

Obershlem Clayey precipitate 6,000 2,830,000 471,000 

Vishnevogorsk Peat 100 2,000 20,000 

Baku Ferruginous precipitate 90,000 7,800 87 

Ukhta Ferruginous precipitate 748,000 400,000 • 
530 

aModification of table from A. N. Tokarev.and A. V. Shcherbakov, Radiohydrogeology, 
Moscow (1956) AEC-trr4100 (1960). . 
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as '‘,4 'X 10 	g
7liter,31 The'average concentrations of uranium and radium'. 

in sea water are 3 Pg/liter and 0.1 pg/liter respectively. The volume of ' 

the oceans is 1.37 X 10 9 km3 ; therefore, it can be calculated that about 

1.5 X 10
8 g of 

226Ra-and 4.5 X 1015 g of uranium are present in seawater. 

Table 11 shows the ranges' andmean concentrations of radium and uranium 

in surface and various ground waters. All values of the Ra/U ratio higher 

than 3.6 X 10-7 indicate an enrichment of radium relative to uranium, 

while the opposite is true for values lower than equilibrium.. In ground 

waters below the oxidation zone, the equilibrium is usually displaced 

toward. radium. 

A deficiency of radium exists in the oceans 'and, to a lesser extent, 

in lakes. This is undoubtedly related to the very low solubility and 

removal by sedimentation of 
230Th, which is the immediate precursor of 

226Ra in the radioactive series (see the Appendix). misinterpretation 

is supported by the excess of radium relative to uranium that has been 

reported for recent deep-sea sediments. 36,37 When the concentrations of 
230Th in sea water and deep-sea sediments are analyzed, it is found that 

the deficiency of this nuclide in water is much more marked than for 

radium; conversely, there is an excess of . Th with respect to .226Ra in 230 

the  sediments. This situation can be explained when it is understood .  
. 	 • 

that
230  
. Th, with a half-life of 80,000 years,.separates from sea water 

and accumulates in the sediments, where its decay produces -226
Ra, part 

of which is leached out of the sediments and returned to the .  water: 38 ' 39  

• . It has been observed that disequilibrium usually exists between 
238 	234 24,40-42 	- 	 234 238 .0 and 	U. 	 In sea water the 	U/ .0 activity ratio is 

1.14, indicating an excess of 234U of' 14%. This is due to the fact that 
234U is removed from weathering rocks more readily than 238U. Electrons 

are lost during the decay from 
238

U to 
234

U and change to the more soluble 

+6 state is facilitated.
24 

Natural waters contain significantly less thorium than uranium. In 

sea water, which represents about 98% of the hydrosphere, the average 
' 	-8 ' 

thorium concentration has been estimated as falling between 2 X 10 and 
- 

.5 X 10
8 
 g/liter.

25,35 The U/Th ratio is thus about 100, or a variation 

of about 300 with respect to the relative abundance of the two elements 

in the lithosphere. On the other hand, the Th/U ratio in sea bottom' 

• 



Radium 	 Uranium 
Type of 	 Natural 
	 (g/ liter) 	 (glitter) 	Rs 

Waters 	 Conditions 	 'Tin. 	 max. 	 'mean 	 min. 	max. 	mean 

Oceans and seas 

Lakes 

Rivers 

Zone of intensive 
water circulation 

Zone of highly 
impeded water 
Circulation 

4,5 X 10-11  8.0 X . 10-14 1.0 X. 10 -13 3.6 X 10
-e 

5.0 X 10
-6 

3.0 X 10-6 3 X 10-8 

1.0 X . 10-13. 	8.0 X 1042 	1.0 X 10-12 	2.0 X 10,-7 . 4.0 X 107 2 	8.0 X 10-6 	1 X 10-7  

1.0 X 10' 13 	4.0 X 10-11 	2.0 X 10-13 	2.0 X 104 	5.0 X 107 5 	6.0 X 10-7 	3 X 10 -7  

• 
• 

1.0 X 107
13 

6.0 X 10
-12 

2.0 X 10
-12 

2.0 X 10
-7 

8.0 X 10
-6 

5.0 X 10
-6 

5 X 10
77 

• -11 	 -8 1.0 x 10 	1.0 X 10 	3.0 X 10
-lo 	

2.0 X 10 	6.0 X 10
-6 

	

2.0 X 10
-7 	

1 X 16 -3  

Surface 

Waters 

Waters of 
Sedimentary 
Rocks 

Zone of intensive 
water circulation 
(waters of the 
weathering shell) 

Zone of impeded 
water circulation 
(waters of deep 
tectonic fissures) 

Zone of intensive 
water circulation 
(waters of the 
oxidation zone). 

Zone of impeded 
water circulation .  
(waters of the 
reduction zone) 

1.0 X 10
-12 

7.0 X 10
-12 

2.0 X 10
-12 

2.0 X 10
-7 

3.0 X 10
-5 

7.0 X 10
-6 

1 X 10
-6 

2.0 X 10
-12 	

9.0 X 10-12 
	

4.0 X 10-12 	2.0 X 10
-7 	

8.0 X 10
-6 	

4.0 X 10
-6 	

2 X 10 76  

• 

	

-11 	 -5 • 
8.0 X 10

-12 
2.0 X 10

-9 

	

8.0 X 10 . 	5.0 X 10 	9.0 X 10
-2 

6.0 X 10
-4 

1 X 107
7 

11 	 -10 	 -11 	 -5 • 1.0 X 10 	8.0 X 10 	6.0 X 10 	2;0 X 10-6 3.0 X 10 	8.0 X 10
-6 

1 X 10
-5 

Waters of 
Magmatic 
Acid Rocks 

Waters of 
Uranium 
Deposits 1 

Table 11. Content of Uranium and Radium in Natural Waters a 

aModification of table from A. N. Tokarev and A. V. Shcherbakov, Radiohydrogeology,  Moscow (1956) AEC-;tr-4100 (1960). 
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sediments is roughly similar to the average value in continental rocks. 22,43  

This would indicate that, overall, the two elements are transferred to the 

oceans with similar efficiency. However, while, the geochemistry of uranium 

is based mainly on aqueous solutions, the geochemical cycle of thorium is 

almost completely independent of aqueous solutions. 

Sackett et al. 26 
have recently attempted a world balance of the geo-

. chemical cycle of uranium, and have found that' the input of uranium to the 

ocean is higher than the 'amount removed by depctsition by at least a factor. 

of 3. This.discrepancy could be explained by the presently high input .  of 

uranium to the ocean, or.by an underestimate of uranium removal. . The . 

actions of -man, particularly in the use of phosphate fertilizers and the . 

enhanced leaching of 'toils caused by world-wide Cultivation; are probably 

' responsible for the observed imbalance. 

A short-lived nuclide in the 	•U series, 
227

Th, is present in sea 
235 

water at a concentration of only a few percent of the equilibrium value. 

This indicates that one of the 'longer-lived precursors, most likely 231  Pa 

(half-life, 32,500 years),.is efficiently .removed from sea water. 37 

Of all natural radioactive elements present in natural waters, radium 
44,45 is usually the most significant from the radiological point of. view. 

The limit of 
226

lia in .drinking water supplies has 'been fixed by the U. S.. 

Public Health Service at '3 pCi/liter.. 46 Many natural waters, not only 

highly mineralized brines of sedimentary rocks and waters of specific . 

mineral springs, 'but also waters of aquifers used'extensively for drinking 

water supplies, contain radium in excess of .this limit. 

High levels of radium in ground .  waters are known in several areas of 

the United States. 47-49 
Three important examples of radium-rich aquifers 

are (1) limestones,. dolomites, and Sandstones of Cambrian and Ordovician 

age in the upper Mississippi Valley (Illinois, Iowa, Wisconsin, Michigan., 

and Indiana); (2) limestones and sandstones of Ordovician age in Kansas, 

'Oklahoma, and Missouri; 'and (3) the Cheyenne sandstone member of the Pur-

gatoire Formation of Early Cretaceous age in southeastern Colorado and 

northeastern New Mexico. Scott 47 says that in the first two aquifers most 

of the uranium is probably associated with shale beds and lenses that are 

fairly numerous throughout the formation, whereas it is likely that urani-

ferous minerals are uniformly dispersed in the Cheyenne sandstone. 
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. A correlation exists between radium concentration and salinity; fresh. 
' 

ground waters contain 
226 

 Ra at concentrations ranging from 'fractions of a 

picocurie per liter to a few tens of picocuries per liter, while brines 

(dissolved solids >3000 ppm) can contain as much as several hundreds of 

picocuries per liter. 

Samuels50 estimates that in the upper Mississippi Valley at least 

one million people are exposed to drinking waters containing more than 

3 picocuries of 226Ra per liter, and about 50,000 people have more than 

10 picocuries per liter in their water supplies. This obviously affects 

the radium intake in the exposed populations. The average daily 
226 of 	Ra for the U. S. population is probably in the range 1 to 2 

of which about 90% is from food and 10% is from drinking water. 54 

high radium areas, the daily intake can be significantly higher. 

intake 

pCi,
51-53 

In the 

Samuels 50 

estimates that the contributions to the intake from food and water are 

probably reversed, with about 90% due to ingestion of water. 

3.4 Transuranium Elements 

As already mentioned, minute amounts of neptunium and plutonium are 

formed in nature by the interaction Of neutrons with 238U nuclei. Unfor-

tunately, very little is known about the geochemistry of these elements 

and their long-term Mobility through geologic systems. 

Several authors have reported the occurrence of . 239Pu in uranium 

ores with a, which is defined as the 239Pu/ 238u ratio, on the order of 
10-11 to 10 . -1255-57 

These values are in fairly good agreement with the 

a obtained theoretically, assuming complete utilization of available 

neutrons. 

Cherdyntsev et al. 58 
have measured the 239Pu content in some volcanic 

waters and found values up to 10 -13 g/liter with an a as high as 10 . -7 

This is orders of magnitude higher than the a observed in uranium minerals. 

Excluding the possibility of contamination by artificial plutonium, 

Cherdyntsev et al. propose an additional natural source of 239
Pu in the 

form of an unknown osmium-type transuranium element with probable atomic 

number 108.
58,59 

Among the plutonium-bearing minerals associated with the 
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APPENDIX '  

* RADIOACTIVE DECAY. SERIES a  

aFrom: 
Radiological Health Handbook  
U. S. Department of Health, Education, and Welfare 
Public Health Service, •970 

• 
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Thorium Series (4n)* 

Nuclide 
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name 
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• Major radiation energies (NeV) 
and intensitiest 
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a 8 Y 
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n'T1 

I 4.01 
Thorium 

Hssothorium I 

hesothorium II 
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RadiothoriUm 	. 
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Theron (In) 
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Thorium II 

Thoriui C • 

Thorium 	' 	. 
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/.9107 
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304ns 	, 

3.10m 

Stable 

3.95 

5.34 
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5.45 
5.68 

6.29 

6.78 

6.05 
6.09 

8.78 

--- 

' 	--. 

(24%) 
(767) 

--- 

... 	. 

(281) 
(717) 

. 
(67) 

(941) 

(1007) 
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--- 

(257) 
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1.80 

(1007) 

 

--- 
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0.96c 
0084 
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0.300 

0.040 
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--- 

--- 

--- 

--- 

--- 

(15%) 
(257)  
(201) 
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(0.37) 

(3.77.) 

(0.071) 

. 	(477) 
(3.2%) 

(27.) 

(23%) 
4867) 
'an) 
(1007) 

i Pe 1 4 

. 

i 
Pb 

*This expression describes the mass number of any member in this series, where a is an integer. 
!sample: agTh (4n) 	4(56) • 212 

tI 	ities refer to percentage of disinte e 	• of the.nuclide itself, not to original parent of series. 
• Complex energy peak which would be incompletely resolved by instruments of moderately low resolving power such as scintillators. 

Data taken from: Lederer, C. M., Hollander, J. M. •  and Perlman, I., Table of Isotopes (6th ed.: New York: John Wiley 6. Sons, 
Inc., 1962) and Rogan, 0. K., Zigman, P. L., and Mackin, J. L. jets Spectra  (USNADL-11-602 (Washington. D.C.: 
U.S. Atomic &nem Commission, 1964)). 
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Nuclide 
Element 
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: Neptunium Series (4n + 1 

Half-life 
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).iajor radiation energies (MeV) 
and intensLtiest 

0.021 (-1007.) 

0.248 	(96%) 

	

0.145 	(371) 

	

0.257 	(587.) 

	

0.568 	(5%) •  

0.32 	(1007.) 

1.39 (-97.87.) 

	

1 ..99 	• (1007.) 

	

.0.637 	(100%) 

anNp 

2:?pa  

stigu  
a:: Th  

2::Ra 

1 
2 ::A 

2:Fr 

S . 

ag At  

' 1 
97 	2.2% 

2  

Plutonium 

Americium 

Uranium 

Neptunium 

Protactinium 

Uranium 

Thorium 

Redium 

Actinium 

Francium 

Astatine 

Bismuth 

Polonium .  

Thallium 

Lead 

13.2y 

458y 

6.75d 

2.14Xley 

27.Pd 

1.62X10s y 

7340y 

14.8d 

10.0d 

4.8m 

0.032s 

47m 

4.2us 

2.2a 

3.30h  

4 .85 (0.00037.) 
4.90 (0.00197.) • 

5.44 
	

(13%) 
5.49 
	

(85%) 

- 

4.65e 	(121) 
4.78c 	(757.) 

- 

4.78 	(15%) 
4.82 	(83%) 

4.84 	(58%) 
4.90 	(11%) 
5.05 	(7%) 

5.73c 	(107.) 
5.79 	(287.) - 

3.83 	(54%) 

6.12 	(15%) 
6.34 	(82%) 

7.07 	(-100%) 

5.87 	(-2.27.) 

8.38 	(-1007.) 

0.145(.00016%) 

0.060 	(367.) 
0.101c$ C.04%) 

	

0:060 	(36%) 

	

0,208 	' (231) , 

	

0.030 	(147.) 

	

0.086 	(147.) 

	

0.145 	(1%) 

0.31c 	(447.) 

	

0.042 	(7) 

	

0.097 	(7) 

	

0.137c 	(-3%) 

	

0.20c 	(-107.) 

0.040 	(33%) 

	

0.099 	(7) 

	

0.150 	(7) 

	

0.187 	(?) 

0.218 	(147.) 

0.437 	(7) 

	

0.12 	(50%) 

	

0.45 	(1007.) 
1.56 • (1007.) 

• 2:;E L Bismuth Stable 
(>2X10147) 

• 
This expression deseribos the mass number of any member in this series where a ls an integer. 

ixemple: 8::Th (4n + 1) 	4(37) * 1 • 229 • 
The (4n . 1) series is included hers for completion. It is sot found 	 Ily 	lng series. 	• 
fIntansltles refer to percentage of disintegrations of the nuclide itself, not to original P 	f series. 
Komplex energy peak which would be incompletely resolved by instruments of mod 	lv low resolving power such as.scintill 

Data taken from: Table of Isotopes  eed USWIDL-TI-102. 
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Uranium Serie s  (4n + 2)* 

' 	Nuclide 11111112 
Half-life 

MeV) Major radiation energies 
and ietensltiest 

a • 

4 

99.877. 

aileu 

2::T 

13491 

• 2 

91 

1 	0.13% 

Uranium 1 

Uranium X2 

Uranium 21  

Uranium Z 

Uranium II • 

Undue' 

Radium 

Emanation 
Radon (in) 

Radium A 

Radium D 

Austin.. 

Radium C 

Radium C' .  

Radium C" 

Radium D . 

Radium Z 

Radium ?  

Radium Z" 

Radium C 

4.51x109 y 

24.1d 

1.17m 

6.7512 

2.47xley 

8.0 X1097 

1602y 

• 3.82341 

3.05. 

26.8. 

-24 

19.7. 

1641m.. 

1.3. 

21y 

5.014 

138.4d 

4.19. 

Stable 

4.15 	(25%) 
4.20 	(75%) 

4.72 	(20) 
4.77 	(72%) 

4.62 	(242) 
4.68 	(78%) 

4.60 	(6%) 
4.78 	(95%) 

5.49 	'map 

6.00 	(-100%) 

6.65 	(6%) 
6.70 	(94%) 

5.45 	(0.0122) 
5.51 	(0.008%) 

7.69 	(1002) 

IMO 

3.72 (.000002%3 

4.65 (.000077.) 
4.69 (.000051) 

5.305 	(100%) 

=WPM 

0.103 	(21%) 
0.193 	(797.) 

2.24 	(982) 

0.53 	(66%) 
1.11 	(13%) 

0.33 (-0.019%) 

0.65 	(50%) 
0.71 	(40%) 
0.98 	(62.) 

("0.1%) 

1.0 	(23%) 
1.51 	(40%) 
3.26 	(19%) 

1.3 	(25%) 
1.9. 
2.3 	(19%) 

0.016 	(85%) 
0.061 	(157.) 

1.161 	(-100%) 

1.371 	(100%) 

0.063cf (3.5%) 
0.093c 	(4%) 

0.765 	(0.30%) 
1.001 	(0.607.) 

0.100 	(50%) 
0.70 	(24%) 
0.90 	(70%) 

0.053 	(0.2IJ 

0.068 	(0.6%) 
0.142 	(0.07%) 

0.186 	(4%) 

0.510 	(0.07%) 

0.295 	(19%) 
0.352 	(36%) 

0.609 	(47%) 
1.120 	(17%) 
1.764 	(17%) 

0.799 (0,014%) 

0.296 	(80%) 
0.795 	(100%) 
1.31 	(21%) 

0.047 	(4%)' 

0.803 (0.00112) 

arpa  

99.9 % 

anTh 

1:14  

sna. 

n:P0  

u  

0.027. 

91:Pb 

altAt 

' 

9118i 

99.98% 	I 	0.027. 

21 :P0 

910 7. 1  

agli 
■100% 	1 

Pb 

.00013% 

• 11:44 

wills asp eeeee so describes the oats number of any member In this 	• where • le an lugger. 
Lmample: 	n far • 2) 	6 (31) • 2 206 

tl 	likes refer to p 	me of di eeeeee rattans of the awellde Itself. met to erigimal parant ef sari... 
*Complus energy peak ',bleb would be imcompketely resolved by imstrummate of moderately low ceeolwleg power suck me eckattll 

talcs from: yeble of footage.  amd 0806D4.-211-802. 
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a:;Th 

111Fr 

2 Ra 

1. 
aii 8A 

111/1 	.4007. 

21:Pc 
.00023% 

all pb  

agAt 

211p . 

0.28% 

2::Ac 

98.6% 1 	1.4% 

1:;Pb 

a:Ipa  

Nuclide 

Actinium Se....ies 	(4n 3)* 

Historical 
name 

Half-life 

	

.Major radiation energies 	(MeV) 
and 	intensitiest .  

Act inouranium 7.1 xley 

	

4.37 	(1n) 

	

4.40 	(57%) 

	

4.58c$ 	(87.) 

0.143 
0.185 
0.204 

(11%) 

(54%) 
(5%) 

Uranium Y 25.5h 0.140 	(45%) 0.026 (2%) 
0.220 	(157.) 0.084c (107.) 
0.305 	(40%) 

Protoactinium 3.25X104 y 4 .95 (22%) 0.027 (6%) 
5.01 (24%) 0.29c (6%) 
5.02 (23%) 

• 
Actinium 21.6y 4.86c (0.18%) 0.043 	(-99%) 0.070 (0.08%) 

4.95c (1.2%) 

Radioactinium 18.2d 5.76 (21%) 0.050 (8%) 
5.98 (24%) 0.237e (15%) 
6.04 (23%) 0.31c (8%) 

Actinium K 22m 5.44 (-0.0057.) 1.15 	(-1007.) 0.050 (40%) 
0.080 (13%) 
0.234 (4%) 

Actinium X • 11.43d 5.61 (26%) , 0.149e (10%) 
5.71 (54%) 0.270 (10%) 
5.75 (9%) 0.33e (6%) 

Emanation 4.0s 6.42 (8%) 0.272 (9%) 
Actium. (An) 6.55 (11%) 0.401 (5%) 

6.82 (81%) 

Actinium A 1.78ms 7.38 (-1007.) . 0.74 (-.00023%) 

Actinium IS 	• 36.1m 0.29 	(1.4%) 	' 0.405 (3.4%) 
• 0.56 	(9.4%) 0.427 (1.87.) 
• 1.39 	(87.5%) 0.832 (3.47.) 

Astatine -0.1ms 8.01 (-1007.) 

Actinium C 	• 215m 6.28 (16%) 0.60 	(0.:t 0.351 (147.) 
6.62 (84%) 

Actinium C' 0.52s 7.45 (99%) 0.570 (0.57.) 
0.90 (0.5%) 

Actinium C" 4.79= 1.44 	(99.8%) 0.897 (0.16%) 

Actinium D Stable 

'This expression describes thn mass number of any member in this series. where n is an integsr. 
Example: 14,b' (In + 3) 	4 (5 1 ) 	3 • 207 

'Intensities refer to p 	tags of disintegraclons of the nuclide itself, not to original parent of series. 
*Complex energy peak which would be incompletely resolved by instruments of mod 	ly low resolving power cach as acintill 	 

Data taken from: Table of Isotopes  and USNED6-TI ■802. 
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RADIUM 

1110 	Natural Soil and Rock Distributions  
The radium content of various igneous and sedimentary rocks is given in 

Table 3-60. Vinogradov (1959) reported that the radium content of soils 

ranged from 0.5 x 10-6 to 1.1 x 10-6 ppm. The small amount of radium present 

in soils has become separated from parent thorium and uranium during rock 

weathering processes, and most closely follows barium. The radium content of 

igneous rocks increases by 100 times from ultra-basic to granitic rocks. The 

radium content of most sedimentary rocks is about the same as that for 

granites. 

. TABLE 3-60. 'AVERAGE RADIUM CONTENT OF VARIOUS ROCK TYPES . 

 

Rock Type  

Ultrabasic Igneous 

Basic Igneous 

Intermediate, Igneous 

Granitic Igneous 

Sandstones 

Shales 

Limestones 

Rai PPrn Reference  

Davis, 1947 

Evans et al., 1942 

Senftle and Keevil, 1947 

Senftle and Keevil, 1947 

Bell et al., 1940 

Bell et al., 1940 

Evans and Goodman, 1941 

0.009 x 10-6 

0.6 x 10-6 

0.917 x 10-6 

1.395 ' x 10-6 

0.71 x 10-6 

1.08 x 10-6 

0.42 x 10-6 

Brief Chemistry  

There are 16 isotopes of radium from 213Ra to 230  Ra . with no 218Ra or 
229Ra. All of the isotopes of radium are unstable, and all of the naturally-

occurring radium isotopes occur in the thorium decay series ( 228Ra, 224Ra), 

the 2381J-radium decay series ( 226Ra), and the 235U-actinium decay series 

( 223Ra) (Vdovenko and Dubasov, 1973). Radium radionuclide data are given in 

Table 3-61. All are alpha emitters except 228Ra which is a beta emitter. 

With the present uranium fuel cycle and the much longer half-life, only the 
226Ra isotope is of long-term concern in waste disposal. If future energy 

production includes thorium fuels, then 228Ra also must be included in waste 

disposal management plans. 
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TABLE 3-61. RADIUM RADIONUCLIDE DATA 
(VDOVENKO AND DUBASOV, 1973) 

Isotope 	Half-Life 	Decay Mode  

223Ra 	11.43 days 	a 
224Ra 	3.64 days 	a 
225Ra 	14.8 days 	6- 

226Ra 	1622 years 	a 
228-K- a 	5.77 t 0.02 years 	6- 

Radium is a homolog of the alkaline-earth elements, with a (II) oxidation 0 
state. The radius of the +2 radium ion is 1.52 A compared to 1.43 A for Ba +2 . 

The compounds formed by radium and their solubilities are similar to barium. 

For example, the solubility product of radium sulfate is 4.25 x 10-11  at 25°C 

(Vdovenko and Dubasov, 1973) and the solubility product of barium sulfate is 
10 1.08 x 10- 	at 25°C (Weast, 1976). Metallic 	radium dissolves in water with 

the evolution of hydrogen and the formation of readily soluble Ra(OH) 2 . Of 

the alkaline-earth metal cations, Ra+2 shows the least tendency for complex 

formation, although 1:1 complexes with citric, tartaric, succinic and several 

other acids were detected at pH 7.2.to 7.4 by Schubert et al. (1950). It may 

be assumed that Ra+2 is not hydrolyzed in aqueous solutions, in an analogy 

with Ba
+2

, although there is no specific literature on the subject. 

Solid Phase and Solution Equilibria  

The thermodynamic data for radium compounds are available only for radium 

nitrate, chloride, iodate and sulfate (Parker et al., 1971). However, all 

of the compounds except sulfate are very soluble. Therefore, solid phase 

diagrams are not presented for radium compounds. The solubility product for 
- 

Ra 50
4 

is 1010.37  compared to 10-9.96 for BaS0 4* 

No thermodynamic data were located for radium hydrolysis or complex ion 

species. It is expected the radium will behave in the soil solution much like 

strontium does. The species Ra2+  is expected to be the most important over 

the normal soil pH range from 4 to 8. 

Experimental Adsorption Results  

Stead (1964) gave a radium Kd value of 6700 mug for NTS tuff. Arnold 

and Crouse (1965) ran batch adsorption tests on some exchange materials that 

included the natural zeolites, clinoptilolite and chabazite, as represented 

by a pelletized molecular sieve (AW-500) and barite (barytes), a natural BaSO4 . 
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• The results of the adsorption tests were recomputed as distribution coefficients 

or Kd values. The solution was a lime-neutralized waste that contained 4100 • 
- 

pCi 
226Ra/1, 500 mg/1 Ca +2 , 80 mg/1 Mq

+2 
 , 1000 mg/1 Na , 2500 mg/1 S0 2

4  and 

900 mg/1 Cl -  at pH 7.7. The radium Kd values are given in Table 3-62. 

TABLE 3-62. RADIUM Kd VALUES FROM LIME-NEUTRALIZED WASTE; 
1.25 g EXCHANGER/1 OF WASTE (ARNOLD AND CROUSE, 
1965) 

Exchanger Loading, 
Exchanger Mesh Size pCi/g Kd,m1/g 

Clinoptilolite 20-50 2650 	. 646 

Chabazite 20-50 2900 707 

Barite • 20-50 2000 490 

• 

R. J. Serne of PNL, 1974, used soils from Utah and simulated river water 

to determine radium distribution coefficients. The soils were'pre-equilibrated 

by four washings with the simulated river water composition shown in Table 

3-63 minus the 
226RaC1 2 ' The fifth solution contained the 

226
Ra as well as 

the other constituents, and was used for the radium Kd determinations. The 

Kd values were determined in triplicate to allow measurement of precision. 

The Utah soils contained 2 to 5% calcite, with quartz and feldspar constituting 

the bulk of these sandy, arid soils. Minor constituents included hydromica 

and a small amount of a smectite clay. The radium Kd results are listed in 

Table 3-64. Jhe Kd correlated with the cation exchange capacities of the soils. 

TABLE 3-63. SIMULATED RIVER WATER COMPOSITION 
(SERNE, 1974) 

Constituent 	Added as- 

Ca 	CaSO4-2H20, CaC1 2 	82 

Mg 	MgSO4 	 26 

Na 	NaC1 	 5 	 75 

KC1 	 S 3.4 

HCO3 	
NaHCO35 171 

SO4 	CaSO4•2H20, MgSO4 	246 

Cl 	CaC1 2 , NaC1, KC1 	57 

UO
3 	

1 

Ra 	RaC1
2 

in HC1 solution 	7 14/1 
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TABLE 3-64. RADIUM DISTRIBUTION COEFFICIENTS WITH THE SOLUTION 
OF TABLE 3-63 (SERNE, 1974) 

Soil 	Final pH 	Kd, ml/r1  

7.9 

	

7.9 	 354 t 15 
8.0 

II 	 7.6 

	

7.7 	 289 7 
7.6 

III 	 7.8 

	

7.9 	 467 t,15 
7.8 

IV 	 7.8 

	

7.6 	 214 t 15 
7.8 

Migration Results  

Field Studies-- 

Granger et al. (1961) and Granger (1963) showed that radium had migrated 

out of Ambrosia Lake, New Mexico, uranium ores and had been partly reconcentrated 

in barite (BaSO 4 ) and cryptomelane (KMn2+Mn4+7.2501010) found in and near 

some of the ore bodies. The 	Ra occurred in . the Ba 	position in barite 

and the Mn 2+ position in cryptomelane. The high concentrations of 226Ra were 

not associated with parent uranium, which is.good evidence for the recent 

migration of radium. •The strongly to weakly radioactive cryptomelane partially 

replaced mudstone that occurred near the ore bodies and was relatively low 

in.uranium content and enriched in lead. This suggests that the lead is 

radiogenic and has also migrated with the 226  Ra. The mechanism involved in 

reconcentration of the 226Ra is the substitution of 226Ra2+ for the chemically 

very similar 8a 2+ in barite and Mn 2+ in cryptomelane. Analyses of the outer 

5 to 10 cm of mudstone layers near ore disclosed anomalously high radioactivity 

coupled with an abnormally high lead content. Within mudstone layers, however, 

the radioactivity was essentially in balance with the uranium content, and - 

the lead content was low. 

Hansen and Huntington (1969) determined radium and thorium distributions 

in a series of morainal soils in Bench Valley, California. Thorium accumulated 

immediately beneath horizons containing a high amount of organic material. 

The thorium apparently migrated as organic complexes. Radium was distributed 

with the uranium in the high organic layers. 
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The ground and surface water sampling and analyses for radium given by 

Wruble et al. (1964) and Kaufmann et al .. (1975, 1976) for waters of the 

Colorado Basin and Grants area, New Mexico, respectively, also illustrate the 

tendency of the radium daughter to become separated from uranium due initially 

to uranium mining .  and milling operations, and to continue migrating due to 

inherent geochemical differences between uranium and radium. 

Laboratory Studies -- 

Several reports have been concerned with the leaching of 
226Ra from 

uranium recovery process tailings and wastes (Whitman and Porter, 1958; Anonymous, 

1960; Feldman, 1961), and 'other authors have shown that radium can be leached . 

from stream sediments, minerals and uranium mill wastes (Stank and Polevaya, 

1958; Stank and Lazerev, 1960). The factors that influence leachability of - 
226Ra from uranium mill waste solids and river sediments were investigated by 

Shearer (1962) and Shearer and Lee (1964). Less than 1.5 wt% of the river 

sediments and mill waste solids were greater than plus 20 mesh size and less 

than 30 wt% were minus 140 mesh in. particle size. The amounts of radium 

leached with distilled water versus time showed that essentially no radium 

was leached after 15 min. Diffusion of radium from the interior of the parti-

cles was relatively insignificant. By varying the liquid to solid ratio in 

distilled water-solid leaching equilibria, it was shown that the ratio affects 

the amount of radium leached. The largest ratio effect was shown with leach-

ing of the acid leach process tailings, less with alkaline leach process tail-

ings and the least from river sediments. It was demonstrated that.sulfate was 

present in the waste solids and that the sulfate was easily solubilized. Trace 

amounts of barium present led to precipitation of BaSO 4  and the coprecipitation 

of RaS04* If radium was added prior to the solids-distilled water equilibria ', 

it too was removed from solution by coprecipitation with BaSO 4 . One-hundredth 

molar solutions were used in leaching equilibria (100 mug river sediment) to 

determine effects on radium leaching. MgC1 2 , KC1, NaCl, HC1 and water solu-

tions all leached less than 1 pug of radium while CaCli leached 1.2 pug Ra, 

SrC1 2  6.3 pig Ra and BaCl, 30 upRa. Apparently the radium on river sediments 
+2 is in the form of Ra and is exchangeable. 

Havlik et al. (1968a) investigated the leaching 
of  226Ra  from uranium mill 

solids and uranium ores. The first report concerned the effects of pH on 
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leaching rates. The authors found, like Shearer and Lee (1964), that equilib-

rium leaching was rapidly accomplished in 15 to 30 min. Homogenized uranium 

ores (540 pCi Ra/g and 85 pCi Ra/g) and milling tailings (14 pCi Ra/g) were 

shaken for varying lengths of time as a 3g solid/30 ml solution ratio. The 

pH was modified from 1 to 14 with hydrochloric acid, boric acid and sodium 

hydroxide. At pH 1, 22% of the 226Ra was liberated. At pH 9, the amount 

leached had decreasedlo 2.8%. At pH 13, the amount of leached 226Ra increased 

to 5%. 

The second report by Havlik et al. (1968b) stuaied the leaching of radium 

from the same solids as affected by leaching solution composition in additidn 

to acidity. Unlike the leaching results of Shearer and Lee (1964), Havlik 

et al. found that the largest concentrations of radium were leached by 1N KC1 
and 1N NaC1 solutions. BaC1 2' SrC1 2 and CaCl 2 also were used, but with much 

less radium liberated. The IN KC1 leached 100% of the radium in mill tailings 

and NaC1, 95%. Uranium ore leaching results were lower, showing 22% and 31% 

leached by KC1 and 14% and 17% leached by NaCl. In all cases, the one normal 

salt solutions removed more radium than ten normal salt solutions. 

Summary  

Radium is present as Ra 2+ over the normal soil pH range (4 to 8) and 

shows little tendency to form complex species (Schubert et al., 19516 Radium 

would be expected to' substitute for other divalent cations during replacement 

or precipitation reactions (Granger et al., 1961; Granger, 1963). A direct 

correlation of cation exchange capacity with adsorption (Arnold and Crouse, 

1965; Serne, 1974) and leaching studies with different types of competing 

cations (Stank and Polevaya, 1958; Stank and Lazerev, 1960; Shearer, 1962; 

Shearer and Lee, 1964; Haviik et al., 1968b) suggests that an important reac-

tion mechanism for radium adsorption is cation exchange. Radium could be 

expected to migrate in much the same manner as strontium. 
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THORIUM 

Natural Soil and Rock Distributions  

The content of thorium in rocks and soil is given in Table 3-94. The•

thorium in sedimentary rocks may be due either to the selective adsorption of 
thorium on clays or its retention in heavy resistati minerals such as monazite. 

Concentrations of thorium in metamorphic rocks are highly variable. The 
thorium content of igneous rocks increases from basalts to granites. 

TABLE 3-94, THORIUM CONTENT OF COMMON ROCKS AND SOILS 

Thorium Average 
Rock Type 	or Range, ppm 	 Reference  

Igneous Rocks  

Granites 	 10-20 	Rogers, 1964 

Intermediate 	 2-10 	Meier and Carter, 1964 

Basalt and Gabbros 	0.5-2 	Meier and Rogers, 1963 

Sedimentary Rocks  

Shales, North America 	10-15 	Adams and Weaver, 1958 

Bauxites 	 49 	Adams and Richardson, 1960 

Bentonites 	 24 	Adams and Weaver, 1958 
Limestones 	 1.1 	Adams and Weaver, 1958 
Sandstones 	 1.7 	Murray and Adams, 1958 

Soils 	 6 	Vinogradov, 1959 

—..-2MethEatSLII2a 
Marble 	 0.03 	Miler, 1956  
Slate 	 7.5 	Pliler, 1956 
Phyllite 	 5.5 	Pliler, 1956 

Schist 	 7.5 	Pliler, 1956 

Gneiss 	 13.1 • 	Billings, 1962 

Thorium adsorption studies were performed by several investigators. 

Holland and Kulp (1954) found red clay, globigerina ooze and green clay 
readily adsorbed thorium. They concluded that ion exchange was the adsorption • 	3-211 



mechanism. Adams et al. (1959) suggested that thorium is concentrated by clay 

minerals. Up to 50 ppm thorium in the aluminum hydroxide and resistate min-

erals in bauxite was reported by Adams and Richardson (1960). 

Brief Chemistry  

There are 13 isotopes of thorium with six of them found in nature. Of 

the six natural thorium isotopes, five are relatively quantitatively unimpor-

tant members of the 	U, 	U or 	Th decay series. Thorium-232 is the 

major isotope, with a half-life of 1.39 x 10" years (Ryabchikov and Golbraikh, 

1969). Thorium radionuclide data of interest in waste disposal operations 
are in given in Table 3-95. 

TABLE 3-96. THORIUM RADIONUCLIDE DATA (RYABCHIKOV 
AND GOLBRA1KH, 1969) 

Isotope 	Half-Life 	Decay Mode  
227Th 	18.5 days 	 a 

•

228Th  
1.913 years 	 a 

229Th 	7340 years 	 a 
230Th 	80,000 years 	 a 
231 Th 	25.5 hours 	 B- 
232Th 	1.41 x 1010  years 	a 
234

Th 	24.1 days 	 B- 

Although other oxidation states of thorium are known in the laboratory, 

only Th(IV) is found in nature. Th(1V) is found as Th+4 . The atomic radius 

of Th+4  is 0.99 A (Ahrens, 1952). 

Common insoluble thorium compounds include the hydroxide, fluoride and 

phosphate. Soluble compounds include the chloride, nitrate and sulfate. 

Thorium in solution is a small, highly charged ion that undergoes extensive 

interaction with water and many anions. The solution chemistry of thorium is 

largely a study of its complex ions. Common anions that form strong complexes 

with thorium include fluoride, chloride, nitrate, phosphate and sulfate. At 

pH values above 3, thorium Undergoes hydrolysis in aqueous solutions. During 

the sedimentary cycle, thorium usually becomes separated from uranium because 

the uranium tends to mobilize in its U(VI) oxidation state until encountering 

a reducing environment.to  become immobilized U(IV). Thorium does not undergo 

a comparable oxidation state change. 	• 
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Solid Phase and Solution Equilibria  

Figure 3-24 relates the activity of Th4+ to pH under an assumed weathering 

environment in equilibrium with various thorium solid phases. The thermo-

dynamic data for Th02 (s) were selected from Baes and Mesmer (1976). The data 

for the other compounds were selected from Sillen and Martell (1964). Under 

the assumptions outlined in Figure 3-24, all thorium compounds except ThF 4  can 

be arranged in an increasing order of stability throughout the pH range as 

follows: Th(HPO4 ) 2 , Th3 (PO4 ) 4 , Th(OH) 4 , and Th02 . ThF4  would be least stable 

in a pH of approximately >7 and most stable approximately pH <4. 

-4 

Th101114 

Th02 

ThF4(pF-4. 0) 

-10- 	 1 
0-3.5 .c s- 

POP4240CPDI 

•=1 

-14 

-16 

4 5 

OH 
Figure 3-24. The relative stability of various thorium solids in equilibrium 

with Variscite and Gibbsite (V & G) Dicalcium Phosphate Dihydrate 
(DCPD) and Octacalcium Phosphate (OCP) 

The relative activity of solution species of thorium in equilibrium with 

Th02 (s) at assumed activities of various ions is plotted in Figure 3-25. The 

thermodynamic data for all the hydrolysis species except 1h(OH) ; were obtained - 

from Baes and Mesmer (1976). The data for all the other species and Th(OH); 

3-213 



-20 
3 4 
	

6 
	

7 
	

9 
	

10 

PH 

-6 

Th101.0 2. 
2 -8 

pAhM*04  

-10 
ThOH34  

MOW' 
3 

-14 

ThH 2 P0 
if 	

4 

ThiOH t2  ThC134 • 

716 

-18 

ThNO3*--o- 5 

were obtained from Sillen and Martell (1964). In general, the total concen-

tration of thorium in solution decreases with an increase bf pH from zero to . 

5. Above 5, pH does not affect thorium concentration in solution due to the 

formation of Th(OH) 4' The activity of all positively charged species decreases 

with an increase in pH, while the activity of the negatively charged species

•  increases with the increase in pH. Under the conditions assumed for Fig- 

ure 3-25, the total activity of thorium in solution would be expected to be 

approximately 
10-9.6 

moles/liter above pH 5.- 

Figure 3-25. Activity of various thorium species in soil in equilibrium with 
Th02(s), pC1 -  = pNO3-  = pS042-  = 3.0, pr = 4.5 and pH2PO4 -  = 
5.0. 

In addition to OH - , thorium forms various complexes with S0 42- , P04 3- , 
- Cr, N93- , and F. Various anions in increasing order of their importance to 

forming complexes are: NO, Cl - , H2PO4- , S042- , and F. Figure 3-25 shows 

that thorium exists as Th4* only in very acidic solutions (pH < 3). Above 

pH 3, Th4+ hydrolyzes very rapidly and it does not contribute significantly 
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to the total thorium concentration. Under the conditions assumed for Fig-

ure 3-25, ThF 3+ would be a dominant solution species at pH < 5, and Th(OH) 4  

would be a dominant solution species at pH > 5. If fluoride ion is absent 

from the solution, or its concentration is extremely low, Th(OH) 22+ would 

mainly control the thorium concentration in solution at pH < 5. 

• 

Experimental Adsorption Results  

Schulz (1965) found the thorium in soils to be strongly adsorbed by clay 

particles or present as insoluble oxides and hydroxides. Rubtsov (1966, 1972) 

found thorium to associate with the fine-grained particles during soil weather-

ing. Katsurayama (1968) determined the distribution coefficient of thorium 

but data are not presented in the available abstract. 

Nishiwaki et al. (1972) spiked seawater and seawater distilled water mix-

tures with Th+4  and measured the adsorption on a medium sand, very fine sand 

and silt-clay. Twenty grams of soil were contacted with 4 liters of spiked 

water and mixed until equilibrium was reached. The Kd for thorium increased 

as the particle size of the soil decreased. Chlorosity of the water did not 

appear to consistently affect the thorium Kd for the fine sand or silt-clay. 

The Kd for the medium sand increased as the chlorosity of the water decreased. 

The chlorosity effect was compounded by a variable pH of the various salt solu-

tions, so that the exact cause of the trend was not determinable. Kd values 

for the medium sand, very fine sand and silt-clay were 40 to 130, 310 to 470, 

and 2700 to 10,000 ml/g, respectively. • 

Rancon (1973) measured the thorium.Kd for a soil developed on a schist 

consisting of quartz and clay with no calcite or organic matter, for a mixed 

quartz-clay-calcite-organic matter soil and for illite with 100 mg Th/1 versus 

solution pH. For the quartz-clay soil, at pH 6 the Kd was 5 x 10 5 ml/g, at 

pH 4 the Kd was about 1 x 10 3  mug and at pH 2 the Kd was about 5 ml/g. The 	. 

mixed quartz-clay-calcite-organic matter soil could not be lowered in pH with-

out removal of soil calcite, but above pH 8, the thorium Kd dropped from 

106  ml/g to 100 ml/g at pH 10. Dissolution of humic acids in the soil probably 

resulted in thorium complexation and a decreased Kd with rising pH. Illite 

behaved similarly to the quartz-clay soil, but the thorium Kd at pH I was about 

500 ml/g and about 1 x 10 5  ml/g at pH 6.5. For soils without calcite or organic 

material, the thorium Kd decreased as the thorium concentration in solution 
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Initially increased. Calcareous soils neutralized even nigh strength thorium 

solutions to precipitate Th(OH) 4 . The quartz-clay soil and illite, for example, 

gave thorium Kd values of 8 mug and 120 ml/g, respectively, in a 1 g Th/1 

solution, and 60 mug and 1000 ml/g, respectively, in a . 0.1 g Th/1 solution. 

The drop in thorium Kd was caused by saturation of available exchange sites as 

a result of increased thorium concentration. There was evidence for the con-

centration dependence of the thorium Kd down to 1 mg Th/1 in the initial con-

tacting solution. In general, three types of soil-thorium adsorption reactions 

were found: 1) Th(OH) 4 
precipitation as a result of soil calcite buffering, 

2) strong adsorption on clay-containing soils and dilute thorium (<1 g/1) solu-

tions at a pH above 2, and 3) strong adsorption on organic-containing soils at 

the neutral to acid pH range, but diminishing adsorption into the alkaline pH . 

range. 

Bondietti (1974) studied the adsorption of hydrolyzed thorium from waters 

at pH 6.5 by calcium saturated reference clays (montmorillonite and kaolinite) 

and calcium humate and 'found 95% and 99.9+% adsorption, respectively. Desorp-

tion studies utilizing calcium citrate removed 10 to 30% of the thorium from the 

clays but only 1% from the humate. Stronger complexers (DTPA and EDTA) removed. 

20 to 30% of the thorium from the humate. A mixed organic-hydroxy complex was 

proposed for the reaction of thorium with humic substances. 

Migration Results  

Field Studies-- 

The thorium content of groundwater was reported by Dementyev and 

Syromyatnikov (1965) to be highest in low salinity, low hardness, low pH, high 

organic content groundwaters. These characteristics suggest transport of 

thorium as colloidal suspensions and anionic complexes involving soil acids. 

From-a fresh granodiorite containing 9.3 ppm thorium and 2.5 ppm uranium, 

the first stages of weathering resulted in apparent removal of 25% of the 

thorium and 60% of the uranium (Hansen and Huntington, 1969). An acid leach 

of the fresh rock removed 90% of the thorium and 60% of the uranium indicating 

that most of the thorium 'and uranium are in acid soluble or interstitial mate-

rials. After an initial drop in concentration, the total uranium and thorium 

content of the weathered rock increases by at least a factor of 4 in the upper-

most weathered material. Leaching studies showed that thorium was associated 

with clays formed during weathering and with accessory minerals such as zircon. 
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Hansen (1970) reported that when freed from minerals by weathering, 

• thorium was leached comparatively , slowly. From a fresh granodiorite containing 

9.3 ppm thorium, the first stages of weathering resulted in apparent removal of 
25% of the thorium. An acid leach of the fresh rock removed 90% of the thorium 

indicating that most of the thorium was in acid soluble or interstitial mate-

rials. The thorium content of the weathered rock increased by a factor of 4 

due mostly to association with the clays formed during weathering. 

Laboratory Studies-- 

Desai and Ganguly (1970) showed •humic acids from a coastal marine sedi-

ment solubilized 100% of the thorium added to an aminonia solution (2.5N). 

Thorium in this solution without humic . acid was observed to predominantly " 

precipitate (95%). The humic acid-thorium complex was noncationic. In an . 
identical experiment, fulvic acid extract was shown tosolubilize 59% of 

thorium added to an ammonia solution. Again, the solubilized organic-thorium 

fraction was noncationic. 

Summary  

Under alkaline conditions, Th(OH) 4  and Th02  maintain low activities in 

soil solutions (Figures 3-24 and 3-25) and these compounds could form and 

govern thorium concentration. Thorium hydrolyzes readily even in moderately 

acidic environments (Figure 3-25) so that Th 4+  would be present only in very 

acidic solutions. Laboratory studies also show that thorium tends to precipi-

tate as thorium hydroxide and hydrated thorium oxide in soils (Schulz, 1965; 

Rancon, 1973). 

An increase In thoriumcontent with increase in CaCO 3 , phosphate and 

humus content of soils and sediments has been reported (Kuznetsov et al., 1968; 

Pashneva et al., 1965; Menzel, 1968; Yakobenchuck, 1968; Hansen and Huntington, 

1969; Pokidin et al., 1972). However, Tyuryukanova and Kalugina (1971) reported 

low thorium concentrations in high humus soils (peats and forest podzols) com-

pared with alluvial soils. Thorium adsorption increases with.increase in pH - 

(Rancon, 1973) and decrease in soil particle size (Hansen and Huntington, 1969; 

Hansen, 1970; Nishiwaki et al., 1972; Rubtsov, 1966, 1972; Bondietti, 1974). 

Strong humic and fulvic acid complexes with thorium occur in the neutral to 

acidic range (Rancon, 1973; Bondietti, 1974) which are noncationic (Desai and 

Ganguly, 1970) and mobile. It has been reported also that thorium migrates 

primarily in the colloidal form (polymeric) in the natural environment • 

(Baranov et al., 1956; Lazarev et al., 1961; Kimura et al., 1968). 
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URANIUM 

Natural Soil and Rock Distributions  

The range in abundance of uranium in natural rocks is given in Table 3-96. 

Vinogradov (1959) reported 1 ppm uranium as the average content of uranium in 

soils. The oxidation of organic matter in black shales tends to precipitate 

U(IV). Consequently, the black shales.usually contain more uranium than red, 

green or gray shales. 

Brief Chemistry  

There are 14 known isotopes of uranium from 227U to 
240

U and one uranium 

isomer (
235

U) (Fairbridge, 1972). The half-lives of the uranium isotopes vary 

from a few minutes to over 4 billion years. Only three of the isotopes occur 

naturally, and two of these ( 2351.1 and 
238

U) are parents of series that end in 

lead isotopes. The nuclear data on the three natural uranium isotopes are 

given in Table 3-97. The uranium isotopes of interest in waste disposal are 	. 

given in Table 3-98. The common oxidation states of uranium are U(III), U(IV), 

U(V) and U(VI) (Udaltsova, 1963). U(III) is easily oxidized in air to U(IV). 
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TABLE 1-96. ABUNDANCES OF URANIUM IN NATURAL MATERIALS 
(ADAMS ET AL., 1959; CLARK ET AL., 1966) .  

Material 	U Concentration Range, ppm 

Igneous Rocks  

Dunites and Peridotites 

Gabbro and Diabase 

Intermediate (diorite and 
quartz diorite) 

Sialic (granite, syenite, 
monaozite) • 

0.001-0.8 

	

0.3-3.4 
	

Median 0.5 

	

0.1-11.0 	Median 1.7 

	

0.15-21.0 	Median 3.9 

• 

Sedimentary Rocks  

Black shales 	 3.0-25.0 

Red, gray and green shales 	 1.2-12.0 

Orthoquartzite 	 0.2-0.6 

Limestone and dolomite 	 0.1-9.0 

Bentonite 	 1.0-21.0 

Bauxite 	 S 	3.0-27.0 

Halite 	 0.01-0.02 

Anhydrite 	 0.25-0.43 

Metamorphic Rocks  

Marble 0.11-0.24 

Slate 	 S 1.2-6.1 

Phyllite 1.0-2.7 

Schist 1.8-2.9 

Gneiss 4.5-15.0 

Amphibolite 2.6-4.1 

Granulite 3.2-7.0 

Median 8.0 

Median 3.2 

Median 0.45 

Median 2.2 

Median 5.0 

Median 8.0 

Median 0.013 

Median 0.37 

The U(IV) state is fairly stable in aqueous solutions if they are very acidic. 
Uranium (V) disproportionates to U(IV) and U(VI): 21)0 + 4H 30+  U0;2  + U+4  
+ 6H20 (Udaltsova, 1963). U(VI), as UO 22  (Uranyl) at pH 5 2.5, is the most 
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TABLE 3-97. *NUCLEAR PROPERTIES OF NATURAL URANIUM 
ISOTOPES (FAIRBRIDGE, 1972) 

Isotopes  

234U  
235

U  
238

U  

% Abundance  
Half-Life, 

yr 

2.48 x 105 

7.13 x 108 

4.51 x 10 9 

Decay Series 
Parent 

0.0056 

0.72 

99.27 

gm 

4N+3 

4N + 2 

TABLE 3-98. URANIUM RADIONUCLIDE DATA 
(WEAST, 1976) 

• Imiam 	Half-Life 	Decay Mode 

232 • U 73.6 years a, SF 
233U 162,000 years a 
234U 247,000 years a 
235U• 7.13 x 108 years a, SF 
236U• 2.39x 107 years a, SF 
237U 6.75 days 0-  
238U• -4.51 x 10 9 years a, SF 

stable state of uranium in aerated aqueous solutions (Seaborg and Katz, 1954). 

At higher pH values, hydrolyzed uranyl ions predominate. Approximately . 

103 uranium minerals have been confirmed. Uraninite (ideally UO 2 ) is the 

primary ore mineral of uranium, but other secondary minerals include carbonates, 

sulfates, molybdates, phosphates, vanadates, silicates and multiple oxides. 

Uranyl ions readily form many complexes with anions ordinarily found in soil-

water environments such as carbonate, sulfate and fluoride.• •  

Solid Phase and Solution Equilibria  

The thermodynamic data for 1) UO 3 , Na2U04  and UO2CO3  were obtained from 

Garrels and Christ (1965), 2) UO 2 (OH) 2 , UO2 (OH) 2H20 and Na4UO2 (CO3 ) 3  were 

obtained from Sillen and Martell (1964), and 3) the remaining species reported 

in Figure 3-26 were obtained from Palei (1970). The relative stability of 

several uranium solid phases, in terms of the uranyl ion activity produced by-

each, is shown in Figure 3-26. Since all the compounds shown in Figure 3-26 
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are of U(V1) 1  and are plotted as a function of UO 2' 2+ ' 
 their curves would not 

move with changes in oxidation-reduction conditions. U(IV) compounds, such 

as UO2' 
are very soluble in an oxidizing environment and fall outside the 

boundary of Figure 3-26. With an increase in reducing conditions, U(IV) com-

pounds would become more stable. At a p0 2  of >71, the UO2  curve would fall 

just below the UO2NH4PO4  curve. U(VI) compounds are stable in an oxidizing 

environment and U(IV) compounds are stable in a reducing environment. Consis-

tent with the thermodynamic data is the observation that carnotite, a U(VI) 

mineral is found in the oxidized zones of uranium ore deposits and uraninite, 

a U(IV) mineral is a'primary mineral in reducing ore zones. . 

6 	7 

01 .  

Figure 3-26. The relative stability of various uranium solids in an oxidizing 
soil environment [p2(g) = 0.68 atm], PCO2(g) = 3.52 atm, pri' 
pNe = pNHe = 3.0 and phosphate levels in equilibrium with 
Variscite and Gibbsite. 

'The thermodynamic data for UO2F
+ 

and 1J02H2PO4
+ 

were selected from Palei 

(1970) and selected data from Sillen and Martell (1964) were used for the 

remaining species in Figure 3-27. All the species except UO 2+  shown in Fig-

ure 3-27 are of U(VI). Since equilibrium is assumed with Na 2U04 , a U(VI) com-

pound, a change in oxidation-reduction conditions will affect the position of 

the curves. In an oxidizing environment (p0 2  = 0.68 atm), the U(IV) species 

are very low in concentration (log a i  <38) and fall outside of the boundaries 

of Figure 3-27. 
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Figure 3-27. Activity of various uranium species in equilibrium with Na2U04 
in an oxidizing soil environment (p02(0 = 0.68 atm], pCO2( 9 ) = 
3.52 atm, pC1 = pS042-  =3.0, pF" = 4.o and pH2PO4 = 5.0. 

Figure 3-27 shows that U(VI) species will control the solution concen-

tration in an oxidizing environment. UO 2
2+ is the predominant solution species 

up to a pH of approximately 6. The predominant solution species over pH 

ranges of from 6 to 8 and >8 are UO 2 (OH) 2°  and UO2 (003 ) 3
4-

, respectively. 

Experimental Adsorption Results  

O Uranium adsorption studies have been performed by several investigators. 

Szalay (1954, 1957) showed that uranium adsorption by decomposing plant debris, 

peat, lignite and brown coal is quite high. He determined that humic substances- 
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in thesematerials were responsible for the adsorption which was described as 

an ion exchange-like sorption. Adsorption isotherms for the humic acid were 

measured. 

Goldsztaub and Wey 41955) determined that 7.5 g of uranium was adsorbed 

from a 1% uranyl nitrate solution per 100 g of . calcined montmorillonite and 

2.0 g of uranium per 100 g of calcined kaolinite. 

Manskaya et al. (1956) described the adsorption of uranium on fulvic 
acids as a function of pH; The curve of percent,adsorption + versui pH showed 

a maximum.at  pH 6 of about 90% uranium removal. At pH 4 and pH 7, uranium 

adsorption was down to 30%. • 

• 	 Stank et al: .(1958) showed a similar adsorption curve of pH versus . - 
uranium adsorption on ferric hydroxide. The maximum of the adsorption curve 

was at pH 5 with about 50% uranium adsorption, and rapidly decreased above 

and below pH 5. 

Rozhkova et al. (1959) showed similar uranium adsorption curves versus 

pH for lignite and humic acids. The curve maxima occurred between pH 5 and 
6. Dementyev and•SyroMyatnikov (1968) showed that these adsorption curve 

maxima result because the pH 6 region is a boundary between anionic and 
- cationic uranium forms and corresponds to: (u0 2) + LU020H

+ 	
DO (CO3 )

2
2  ], 

an equality between Cation and anion uranium forms in solution. 

Horrith (1960) measured the enrichment factor for the adsorption of • . 

uranium by peat and obtained an average of 200 to 350: Although it is not 

possible to determine What methods or exactly what the enrichment factor means 
from the English translated abstract, it is assumed that the data represent a 

+ uranium Kd of 200 to 350 by weight or volume. '. 

Kovalevskii (1967) found the uranium content of noncultivated soils in 

western Siberia increased with the clay content of the soils. Clay soils con-

tained at least three times as much uranium as sands. Yakobenchuck (1968) 
correlated the total uranium content in Russian sodpodzilic Soils from the 

Ukraine with other soil constituents. Uranium showed correlation with the 
oxidizes of silicon, iron, and aluminum suggesting coprecipitation or 
inclusion. 
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Masuda and Yamamoto (1971) studied the adsorption of uranium (1 to 

100 ppm U) dissolved in water onto volcanic ash, alluvial, and sandy soils. 

The uranium was almost completely adsorbed on each of the soils. Uranium 

desorption with salt solutions was extremely difficult especially for the 

volcanic ash. Similar studies by Yamamoto et al. (1973) on the three.soils 

using uranium (1 to 50 ppm U) and carbonated waters (4 to 109 ppm C0; 2 ) 

showed approximately 100% adsorption and less than 2% desorption. 

Rubtsov (1972) determined the uranium content in forest podzolic mountain 

soils and found a relatively high level of uranium in the <1 p particle size 

fraction of the podzolic A2  horizon. In general, for' the soils studied 58% 

of the total uranium was found in the <1 p soil fractions. Ritchie, Hawks, " 

and McHenry (1972) found the uranium content of sediments from the Little 

Tallahatchie River to increase with decreasing particle size. 

Rancon (1973) studied the adsorption of uranium using four soils described 

as follows: 1) a river sediment containing a mixture of .quartz, clay, calcite . 

and organic matter, 2) a river peat, 3) a sediment from Cadarache containing 

a mixture of quartz, clay and calcite with no organic matter, and 4) a soil 

developed on an altered schist from near LaHague containing a mixture of 

quartz and clay but no calcite or organic matter. The first two soils were 

equilibrated with their river waters containing 10 ppm uranium and the last 

two soils were equilibrated with their respective groundwaters also containing 

10 ppm uranium. The resulting uranium distribution coefficients are shown in 

Table 3-99, which also includes the Kd values on pure quartz, calcite and 

illite. The clay minerals in Soils 1, 3 and 4 were not identified or the 

soils further characterized. Rancon also examined the effects of initial 

uranium concentration on Kd values. Both the uranium concentration and solu-

tion pH changed as uranium was added to the solution. At 0.1 mg U/1, the pH 

was 7.6, for example, and at 1.0 g U/1, the pH was 3.5. Because the pH 

changes are a function of uranium concentration changes, the results are not 

easily interpreted. In addition, the Kd concept is invalid above the trace 

uranium concentration ('1.0 mg UP). Uranium adsorption data at 1 ppm versus 

Kd also are presented. For Soil 4, three peaks were observed: Kd 300 ml/g 

at about pH 5.5, Kd 2000 ml/g at pH 10 and Kd 270 mug at pH 12. 
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• TABLE 3-99. 	URANIUM Kd VALUES (RANCON, 1973) 

Soil 	 Kd, mug 
1 - River Sediment 

(clay, CaCO3, OM) 
39 

2 - River Peat 33 
3 - Sediment (clay, CaCO3 ) 16 

4 - Altered Schist (clay) 270 

Quartz 0 

Calcite 7 

Illite 139 

Rancon believed that the adsorption maxima represented by the three' 

peaks also represent electrokinetic.potential maxima. Quartz was charac-

terized as inert, calcite was a poor uranium adsorber and clays were the 

best adsorbers of uranium from solution. Acid, organic-rich soils show 

much higher uranium Kd-values than the alkaline peat (Soil 2) of this study. 

Migration Results  

Field Studies-- 

A study of granitic rock weathering by Harriss and Adams (1966) included 
autoradiographs of fresh and weathered samples of several granitic rocks. 

There was a definite increase in the density of concentrated radioactive mate-
rials with weathering. However, analyses indicated a small loss for uranium. 
The increased density, therefore, must be due to losses of other materials 
(alkalies and alkaline earths) during weathering. From a fresh granodiorite 

containing 2.5 ppm uranium, the initial weathering resulted in losses of 60% 
of the uranium. An acid leach of fresh rock also removed 60% of the uranium 

indicating that most of the uranium was in acid soluble or interstitial mate-
rials. After an initial drop in concentration, the total uranium content.of 
the weathered rock increased by at least a factor of 4 in the uppermost 
material. 

Laboratory Studies-- 

Schulz (1965) suggested that uranium may be present in the soil as the 
divalent uranyl ion, U0 4 , and will be mobile in soils if present as the uranyl 

ion. 
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• 	 Masuda and Yamamoto (1971) examined the desorption of uranium from 

alluvial, sand and volcanic ash soils. The cation exchange capacities were 

111/ 	
13.7, 7.7 and 33.0 meq/100 g, respectively, for the alluvial sand and vol- 

canic ash soils. Strong salt solutions and distilled water were used as 

leachates. Loads of more than 2000 vg U/g of soil were required before desorp-

tion by distilled water was 1% of the uranium on the soils. The uranium was 

amended to the soils as uranyl nitrate before the desorption work. Desorption 

of uranium was higher with 0.5M (NH 4 ) 2SO4 , 1.34M KCI and 1.44M K2HPO4  salt 

solutions, but reached 50% removal only for the alluvial soil with a high 

adsorbed uranium content in 1.4411 K2HPO4  solution. The volcanic ash soil did , 

not attain 5% uranium desorbed in any of the salt solutions. 

The effects of carbonate ions on uranium desorption from soils was 

examined by Yamamoto et al. (1973). They used an alluvial soil, a volcanic 

ash soil and a sandy soil containing up to 500 vg U/g air-dried soil in their 

desorption experiments. The desorption of uranium declined as a power func-

tion of the amount of uranium on the soil. Desorption results are shown in 

Table 3-100. Ten grams of soil were magnetically stirred with 100 ml of potas-

sium carbonate solution for 30 min and stood overnight before filtering and 

a fluorometric uranium analysis. As can be seen in Table 3-92, uranium desorp- 

111, 

	

	

tion was very low in the presence of low to moderate environmental carbonate 

concentrations: 

TABLE 3-100. , DESORPTION OF URANIUM FROM SOILS WITH DISTILLED WATER. 
AND CARBONATE SOLUTIONS (YAMAMOTO, 1973) 

'Soil 
U Content, 

u9/g 
Distilled 
Water, % 

Carbonate Solution, % 
4.3mg 

CO3-2/1 
43.4mq 
03-2/1 

Alluvial 7.1 0.31 0.62 1.20 
485.0 0.22 0.25 0.41 

Sandy 10.1 0.14 0.27 0.90 
488.2 0.12 0.13 0.46 

Volcanic Ash 8.3 0.18 0.57 1.15 
500.0 0.09 0.10 0.20 

Dall'Aglio et al. (1974) discussed some of the geochemical processes 

responsible for precipitating secondary uranium minerals. There are a series 
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• of processes capable of bringing about a very effective separation and con-

centration of uranium. The most important process is the attainment of high 

U0+22 activity in circulating waters because of low concentration or depletion 
-2 of C03 which is the most effective uranyl complexing agent. The micro- 

organisms involved were soil microflora and bacteria of mine-waters and 

granites. Some species were identified. Batch cultures were used to study 

uranium insolubilization involving biodegradation of uranium complexing 

organic compounds. The authors suggested that the redeposition of uranium by 

bacteria may be the origin of some uranium deposits. 
•■• 

Uranium solubilization and insolubilization from granites by heterotrophic .  • 

bacteria were investigated by Magne et al. (1974). Microbial activity 
increased the solubilization of uranium from 2 to 97 times by biosyntheses.of 

complexing and chelating compounds. 

Grandstaff (1976) arrived at a rate expression for . the effects of surface 

area and uraninite composition, oxygen content of the solution, carbonate 

content, organics content, pH and system temperature on uraninite dissolution. 
-d(uran)  R, the rate of uraninite (UO2 ) dissolution = 	m 1020.25 (SS)(RF ) - 1 
• dt 

(103.38-10.8 HOC) (azco2 ) (D.O.) (No) exp (-7045/T)day-1 , where SS is the 

specific surface area (cm 2/9), RF is an organic retardation factor,.NOC is the 

mole fraction of nonuranium cations .  in the Uraninite, D.G. is the dissolved . oxy;- 

gen content of the water (Pialm). CO 2  is the total dissolved carbonate and T is 

the absolute temperature. The rate expression was used to predict 00 2  dis- 

solution rates Under varying conditions in the absence of organics in the. 	. 
contacting water with good results. Dissolved inorganic species in artificial• 
seawater other - than hydrogen ion activity (pH), Vital carbonate and dissolved 
oxygen did not appreciably affect the UO 2  dissolution rate. The organic 
retardation factor must be determined experimentally for each organic- • 

cOntaining solution by comparing the calculated UO 2  dissolution rate without 
organics in the environment with the observed dissolution rate, or RF = R .  

• calculated/R observed. .Retardation values' of up to 420 were obtained. The 
, magnitude of the affects of the several factors in the expression On the 

oxidation rate of U(IV) to U(VI) could be of assistance in understanding 
uranium mobility in soil and rock environments. 
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• Summary  

The common oxidation states of uranium are U(III), U(IV), U(V) and U(VI) 

(Udaltsova, 1963). However', in the geologic environment U(IV) and U(VI) are 

the most important oxidation states. In oxidizing environments U(VI) compounds 

such as.KUO 2VO4 (Garrels and Christ, 1965), UO2  NH4 PO4'  Na 2  UO4  and UO2KPO4 
(Figure 3-26) are stable and can precipitate. U(IV) would precipitate as UO2  

In a reducing environment. U(VI) solution species govern uranium concentra-

tions and movement in oxidizing environments (Figure 3-27). Uranium retention 

by soils and rocks in alkaline conditions is poor because the predominant 

uranium species at pH > 6 in oxidizing environments (Figure 3-27) are either . 

neutral or negatively charged. An increase in CO 2  pressure in soil solutions 

reduces uranium adsorption and can increase uranium concentration. The cation 

exchange properties of soils could contribute to the adsorption of uranium in 

the neutral to acidic pH range due to the presence of U0; 4". Oxidation-

reduction conditions and pH would be important parameters of uranium mobiliza- 

	

tion and immobilization. 	• • 

The above theoretically based predictions are substantiated by experi-

mental results. Uranium has been reported to be solubilized and highly mobile 

in carbonate-containing waters (Brown and Keller, 1952; Naumov, 1961; 

Ermolaev et al., 1965; legin et al., 1966; Haglund, 1968,1969). Soluble 

uranium [U(VI)] can: 

1. precipitate in the presence of phosphorus as evidenced by a direct cor-

relation of uranium and phosphate content in soils and rocks (Bell, 1960; 

Sakanoue, 1960; Habashi, 1962; Kuznetsov et al., 1968; Menzel, 1968; 

	

Mihalik, 1968), and 	• 
2. be adsorbed by the soil organic component and/or reduced to U(IV) fol-

lowed by precipitation (Breger et al., 1955; Kolodny, 1969; Kolodny and 

Kaplan, 1970; Baturin, 1971; Dall'Aglio, 1971; Dorta and Rona, 1971; 

Gabelman, 1971; Baturin and Kochenov, 1973; Mo et al., 1973)." 

An increase in uranium content with a decrease in soil or sediment par-

ticle size was reported by several workers (Kovalevskii, 1967; Mizuno and 

Mochizuki, 1970; Ritchie et al., 1972). 
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The uranyl ion can be adsorbed on clay minerals (Goldsztaub and Wey, 1955; 

Kovalevskii, 1967; Rubtsov, 1972; Ritchie et al., 1972; Rancon; 1973) and 

other adsorbent materials (Masuda and Yamamoto, 1971; Yamamoto et al., 1973), 
but also is inclined to form complexes with anions, such as carbonate, that 
are commonly found in the soil solution (Figure 3-27). Uranyl salts also 

have been shown to substitute for Ca 2+  during replacement of calcite by 

apatite (Ames, 1960), and Ca 2+  competes with UOr for available sites during 

ion exchange reactions on inorganics such as calcite (Rancon, 1973) resulting 

in low uranium Kd values. However, uranyl ion adsorption on organic mate- 
rials and humic substances is quite high (Szalay, 1954, 1957; Manskaya et al., 
1956; Rozhkova et al., 1959; Rancon, 1973) especially at acid pH values. The 
most important parameters of uranium migration and retention are system Eh 

and pH. 
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A Proposal for Estimation of Soil Leaching and Leaching Constants for Use 
• in Assessment Models' 

C. F. BAES, Ill AND R. D. SHARP' 

• • 	 • 

ABSTRACT 

A model to predict annual-average, order-of-magnitude leaching 

constants for solutes in agricultural soils is given. The leaching con-
stants, specific by geographic location and solute, are for use in ex-
posure, dose, or risk assessment models to account for removal from 
the root zone via leaching in a manner analogous to radiological de-

cay. The model presented here relates annual-average water infiltra-

tion (V..) with soil bulk density (p) and porosity (0) and the distribu-

tion coefficient (lc) for the solute. Annual infiltration is determined 

from site-specific estimates of total precipitation (PI, irrigation (1), 
and evapotranspiration (E). A review, discussion, and determination 

of generic default model input parameters is included. The parameters 

,and 0 vary within a factor of three, and are lognorrnally distributed 
with estimated geometric mean values of 1.35 g em" and 0.48 cm' 
cm'. respectively. Geographic distributions of U.S. county-averaged 

P. 1, and E were determined from historical weather station receirds, 

the 1974 Agricultural Census, and an evapotranspiration model, re-
spectively. Variability in site-specific annual-average estimates of 
these parameters is expected to be within a factor of three, also. The 

most variable and unpredictable parameter is Kd , which may range 

from one to many orders of magnitude, depending on solute and soil 

characteristics, including pH. Estimated distributions of Kd  for 27 ele-

ments in soils 4.5 5 pH 5 9.0. and correlations between Kd  and pH 

for Cu. Zn, Cd. and Pb are also included. Finally, eight comparisons 
of model predictions with leaching constants, determined directly 
from observed data, are made for Pt'. Sr. and Tc. In all comparisons, 
except one study of Pu, the model predicted leaching constants within 
an order of magnitude of observed values. For Pu the model under-
predicted, and for Stand Tc the model overpredicted leaching rates. 

Additional Index Words: first-order approximation, net 
infiltration, distribution coefficient, bulk density, volumetric water 

content, parameter variability. 

• Baes, C..F., Ill, and R. D. Sharp. 1983. A.proposal for estimation of 
soil leaching and leaching constants for use.is  assessment models. J. 
Environ. Qual. 12:17-28. 

The assessment of human health risks from toxic ma-
terials in terrestrial environments invariably includes ex-
posure pathways involving transport through contami-
nated surface soils (USNRC, 1977; Booth et al., 1971; 
Fletcher and Dotson, 1971; Moore et ar., 1979). In 
many instances, the relative contribution of these path-
ways to the total exposure is a function of the material's 
residence time in surface soils. For example, if a toxic 
substance is quickly removed from root zone soil, then 
exposure pathways from ingestion of food produced on 
contaminated soils may be relatively unimportant. In 

' Research sponsored by the Office of Radiation Programs, U.S. 
Environmental Protection Agency. under Interagency Agreement 
EPA-89-F-2-A106 under Union Carbide contract W-740 -54ng-26 with 
the U.S. Department of Energy. Although the research described in 
this report has been funded wholly or in part by the U.S. Environ 
mental Protection Agency, it has not been subjected to the Agency's 
required peer and policy review, and therefore does not necessarily re-
flect the views of the Agency and no official endorsement should be 
inferred. Received 18 April 1981. 

Research scientist. Environmental Sciences Division and program-
ming analyst, Computer Sciences Division. respectively. Oak Ridge 
National Laboratory, Box X. Oak Ridge. TN 37830.  

this case, however, pathways involving drinking water 
drawn from wells or springs near contaminated soils 
may be significant if leaching is involved. Thus, in-
clusion of removal processes such as decay, degrada-
tion, or leaching is important to assessment modelers, 
and to regulators who determine compliance with stand-
ards or propose remedial actions to mitigate exposures. 

The intent of assessment models such as those con-
tained in the USNRC's Reg. Guide 1.109 (USNRC, 
1977) is to predict environmental concentrations and 
subsequent doses from given releases of radionuclides 
or pollutants. Because equilibrium conditions and 
annual perspectives are inherent in model assumptions, 
assessment models are usually simple multiplicative 
chains of parameters based on broad generalizations. 
Such generalizations are acceptable, because the goal of 
the model is order-of-magnitude; average-condition 
predictions rather than process-level simulation. Thus, a 
simple model that will predict the net effect is generally 
preferable to a more complex formulation which simu-
lates the process, but requires a heavier investment of 
input parameters, time, and expense to use. 

For example, in its present form, the NRC model for 
.plant uptake of radionuclides contained in soil assumes 
a uniform contamination throughout a 15-cm deep root 
zone (USNRC, 1977). Plant sconcentrations are cal-
culated from the soil concentration corrected for 

-nuclide removal via decay. No other removal processes 
from soil are considered. However, for some relatively 
mobile nuclides with extremely long half-lives, such as 
"Tc, inclusion of additional removal process, such as 
successive harvesting of crops or leaching below the root 
zone, would be appropriate for long-term dose .assess-
ments (Schwarz and Hoffman, 1980). For assessment 
purposes, these removal processes may be conceptual-
ized as occurring at constant rates, and the correspond-* 
ing harvesting and leaching constants may be combined 
with decay constants in the model. 

A.  satisfactory assessment model that predicts first-
order leaching constants will reasonably approximate 
the net effect of leaching processes on solute concentra-
tion in root-zone soil over a period of time with a mini-
mum of user-input requirements. That is, the model 
should be based on parameters - readily and routinely 
measured, widely available, or well documented in the 
literature. 

The soils literature abounds with solute movement 
models, which are based on equations describing hydro-
dynamic dispersion, molecular diffusion (often com-
bined with the former into the term "dispersion"), con-
vection with infiltrating water, and adsorption or ex-
change of solutes by the soil (Boast, 1973; van Genuch-
ten and Witrenga, 1976; Travis, 1978).Convection-dis-
persion equations (Crank, 1956; Bear, 1972) have been 
applied to solute movement, both in steady-state *and 
time-dependent or transient forms. The steady-state 
convection-dispersion equations may be solved analyt-
ically or with relatively simple numerical techniques • 	 J. Environ, Qual., Vol. 12. no. 1. 1983 17 
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(van. Genuchten and Wierenga, 1974). These models 
have been shown to perform reasonably well in simu-
lating short-term tritium and 2,4,5-T herbicide move-
ment in hand-packed soil columns (van Genuchten and 
Wierenga, 1977; van Genuchten eval.. 1977) and in field 
soils (Van de Pol et al., 1977) for simplified water input 
conditions, and when model paramemters are empirical-
ly adjusted or optimized to achieve good agreement be-
tween model results and experimental data. Unfortun-
ately, the steady-state convection-dispersion model has 
been found unsatisfactory for simulation of long-term 
solute movement under normal field conditions (Omoti 
and Wild, 1979), and the necessity of adjusting un-
known model parameters to achieve short-term fits to 
experimental data precludes the model's use for general 
assessments. 

Transient- or time-dependent convection-dispersion• 
equations have been developed to avoid simplifications 
of their steady-state forms and to better simulate 
normal field conditions. Although the time-dependent 
form has been shown to better simulate solute move-
ment over long time periods in the field than the steady-
state form (Wierenga, 1977), it is also inappropriate for 
assessment applications. The transient convective-dis-
persion models must be solved by numerical techniques, 
which require large computers, much computer time, 
and, usually, great expense. Also, these models require 
much more information about parameter values and 
correlations between parameters than is generally 
available on a site-specific • basis. Furthermore, their 
ability to predict scilute movement in various environ-
ments without empirically fitting parameter values has 
not been demonstrated. Thus, any improvements the 
transient models have over steady-state models is offset 
by the effort and expense necessary to use them. 

In the absence of an appropriate simple leaching 
model for assessment applications, the objective of this 
spaper is to (i) present a simple analytical leaching model 
that predicts order-of-magnitude leaching constants, 
analogous to radiologiCal decay constants for solute's, 
(ii) discuss the model input parameters and their vari-
ability in agricultural environments, and (iii) compare 
model predictions with observations of leaching. 

THE MODEL 

In real systems, processes that render pollutants un-
available for transport through exposure pathways in-
volving soil are neither continuous nor of a first-order 
nature. However, the traditional assessment modeling 
approach has been to approximate these soil removal 
processes by first-order rate constants (Booth et al., 
1971; Schwarz and Hoffman, 1980). In such an ap-
proach, the soil concentration of a pollutant at a given 

time (Cf) is given by: 

C!= 	exp( — X, r) 	 11] 

where cg = the initial soil concentration, and X, = the 
sum of all first-order removal processes (y - '). Such re-
moval processes may include radiological decay (X 1 ), re-
moval via uptake by and harvesting of crops (Xh  ), and 
leaching (X i ) such that 

	

. X, = X, + Xh + X1. 	 [2] 
• • 

Removal constants are derived by approximating ob-
served data with exponential regression equations or by 
calculatine mean residence times of pollutants in soil. 
The latter approach yields removal constants via the re-
lationship 

X, = 1/T, 	 131 

where T, = the mean residence time of the pollutant in 
soil (y). The mean residence time of a solute being 
leached from a soil layer may be given by 

Ti  = d/V., 	 [4] 

where d = the depth from which the solute is removed 
via leaching (cm), and Vs  = effective solute migration 
velocity (cm y- '). The rate of movement of the solute 
being leached may be related to the infiltration rate of 
water by a retardation factor (K) such that 

• K = (V„/())/V s , 	 [5] 

where V„. = the infiltration rate of water in soil (cm 
y- '), and 0 = the volumetric water content of the soil 
(mL cm -3). The retardation factor is defined as (Hashi-
moto et al., 1964) 

	

K= 1 + pK da, 	 (61 

where g = the bulk density of the soil (g cm -3) and Kd = 
the distribution coefficient for the solute (ml g - '). The 
distribution coefficient is a partitioning coefficient that 
assumes a linear relationship between the concentration 
of a solute in the solid (S) and solution (C) phases. That 
is, 

S = KdC. 	 171 

Solute removal from solution may be by adsorption, 
precipitation, etc. 

By combining Eq. [3 to 6], the first-order leaching 
constant is given by 

— 
d(1 	gKd/0) .- 

The model represented by Eq. [8] is a relatively simple 
approximation of an extremely complex process involv-
ing physical, chemical, and biological processes. 
However, within the context of the generalizations and 
simplifications inherent in currently accepted assess-
ment models (USNRC, 1977), we propose its use as a 
first approximation of pollutant removal frOm soil via 
leaching. The remainder of our discussion will examine 
the model parameters and their variability in 
agricultural systems. 

NET INFILTRATION 

Water infiltration V.. in Eq. [1] is dependent on hy-
drologic factors other than soil type. The total annual 
average precipitation provides an estimate of the water 

V„/0 • 

[8] 
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applied to a nonirrigated soil. However, irrigation water 
applied to agricultural land, evaporation, surface 
runoff, storage in soil, and transpiration through crop 

• plants, all affect the quantity of water percolating 
downward •through agricultural surface . soils. 
Therefore, V„. may be estimated by 

V., = P + 1 — (E + R, + S s ) 	[91 

where 
P = the total annual precipitation (cm y - '), 
1 = the total annual irrigation (cm y- .), 

E = the total evapotranspiration (surface evapora- 
tion and plant transpiration) (cm y- .), 

R, = annual surface runoff (cm r'), and 
= annual average soil storage of water (cm y - '). 

In Eq. (9), R, is water not percolating vertically 
through surface soil. Surface runoff in this context is 
not equivalent to annual runoff, as reported by the U.S. 
Geological Survey, which is measured in terms of fluvial 
discharge of surface rivers and streams draining large 
watersheds (Busby, 1963). Annual runoff is comprised 
of both surface runoff and infiltrating water, which 
runs into drainage streams.(subsurface runoff). Surface 
runoff is primarily the cause of soil erosion, and occurs 
mostly when precipitation intensity, duration, and 
amount are all great (Bayer, 1959). Recently, surface 
runoff and soil erosion have been identified as serious 
economic problems in the United States (Risser, 1981). 
However, for simplicity, R, will be assumed to be negli-
gible. 

In a generic sense, surface runoff is difficult to pre-
dict because of its dependence on climate, slope, soil 
composition, vegetative cover, and human intervention. 
The latter influence is extremely difficult to predict. 
Here it is assumed that post-1930 farming techniques 
such as contour plowing, terracing, etc., have made sur-
face runoff negligible. As a first approximation (Rs, + 
SA/P is assumed to be negligible, hence Eq. [9] reduces 
to • 

Vs, = P + I — E. 	• [101 

BULK DENSITY 

The distribution of soil bulk density (Fig. I) is based 
on an analysis of values reported by Free et al. (1940) 
for 68 soils, and Holtan et al. (1968) for 154.soils. The 
soils from these references are the surface horizons of 
pasture or cropland soils from 24 of the continental 48 
states, representing all of the nine geographic census re-
gions of the conterminous United States. Soils from 
idle, waste, municipal, or forest land or horizons below 
the surface horizon were not included in our analysis. 
Distributions were derived after the method of 
Hoffman and Baes (1979). The reported data were best 
approximated by lognormal distributions: 

All bulk density measurements were made using 
liquid displacement techniques at 0.3 bar moisture ten-
sion (Holtan et al., 1968) or at field moisture at the time 
of sampling (Free et al., 1940). Holtan et al. (1968) in-
cluded bulk densities determined after oven-drying the • soil, but they were not used in this analysis because the 

10" 	 10-1  
2 5 10 20 30 40 50 60 70 80 90 95 98 

PERCENT CUMULATIVE PROBABILITY 

Fig. 1—Lognoimal probability plot of soil bulk densit) based on 
analysis of 222 agricultural soils in the United States. 

0.3 bar moisture tension method is more comparable to 
the field moisture method used by Free et al. (1940). The 
oven-dry-bulk density determinations averaged — 4aio 
greater than the 0.3 bar moisture bulk density determi-
nations. 

The distribution of pasture and cropland soil bulk 
density may be described by a lognormal distribution, 
with a mean and standard deviation of the logtrans-
formed values of 0.30 and 0.12, respectively. The 
median value of the lognormal distribution is 1.35 g 
cm -3 . Estimates of bulk density distributions for silt 
barns, clays and clay barns, sandy barns, gravelly silt 
barns, and barns are presented in Table 1. . 

The variability of p, as measured by a, may be re-
duced by grouping the soils into five soil types reported 
by Holtan et al. (1968) and Free et al. (1940); i.e., silt 
barns, clays and clay barns, sandy towns, gravelly silt 
barns, and barns. This grouping is an arbitrarily. 
imposed regime on a continuous spectrum of soil char-
acteristics. The variability of the distributions is, there-
fore, a product of the inherent variability among soils 
and the arbitrary assignment of them into categories. 

There are slight, but distinct, differences among the 
five soil types with respect to the values of Q. The order-
ing is approximately sandy towns > barns > silt barns 
> clays and clay towns > gravelly silt !owns. 

VOLUMETRIC WATER CONTENT 

The analysis of volumetric water content, 0 is based 
on total soil porosity. The relationship 

a = I — (p/2.65) 	 [11 '] 

where a = the total porosity of the soil (cm' cm -3), and 
2.65 = the particle density (g cm -3) of the soil, was used 
to derive total' porosities of the soils analyzed for bulk 
density. These values were used to estimate distributions 
of total porOsity tor the five soil types (Table 1). Be-
cause of the relationship between soil bulk density and 
total porosity, the ordering of total soil porosity for the 
five soil types is the inverse of the ordering for bulk 
density. 

Total porosity defines an upper limit of volumetric 
water content (saturation of all pore space). The cor- 
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Table I-Estimated distributions of soil bulk density for five soil types. 

Soil type 

No. 
observed 

expiiii 
10.50)* 

exp1m 
10.841 

expo - 261 
10.981 

Observed 
range 

Bulk density: 'Q g m' 

Silt hums 99 0.13 
• 

0.11 1.33 1.49 1.67 .0.86 to 1.67 
Clays & clay loarnS 49 0.26 0.11 1.30 1.45 1.62 0.94 to 1.54 

Sandy barns 37 0.40 0.09 1.50 1.64 1.81 1.25 to 1.76 
Gravelly silt looms 15 0.20 0.10 1.22 1.34 1.48 1.02 to 1.42 
Goams 22 0.35 0.08 1.42 1.53 1.66 1.16 to 1.58 
All soils 222 0.30 0.12 1.35 1.52 1.71 0.66 to .1.76 

Total porosity. ol cm' cm" 

Silt barns 99 -0.71 0.11 0.493 0.549 0.613 0.370 to 0.675 
Clays & clay lams 49 -0.68 0.10 0.506 0.558 0.615 0.419 to 0.645 
Sandy 'owns 37 -0.84 0.12 0.430 0.487 0.551 0.336 to 0.528 
Gravelly silt barns 15 -0.62 0.08 0.536 0.580 0.627 0.464 to 0.615 
Loams 22 -0.77 0.09 0.462 0.502 0.547 0.411 to 0.562 
All soils 222 -0.73 0.12 0.484 0.547 0.617 0.336 to 0.675 

The mean of the logarithms of the observed values. 
The standard deviation of the logarithms of the observed values. 

§ Values in parentheses correspond to cumulative probability. 
Based on a = 1 - 1a12.651. where 2.65 g cm' is the particle density for all soils. 

• 

responding lower limit of volumetric water content is 
zero (complete desiccation). The actual quantity of 
water in soil at any time will be a function of such en-
vironmental and physical influences as rainfall, 
humidity,-sunlight, temperature, atmospheric pressure, 
vegetative cover, tillage effects, soil structure, texture, 
and composition. In geographic areas with high annual 
precipitation, it is probable that an average annual value 
of 8 is near field capacity. In arid or semi-arid regions, 
an average annual value of 8 is likely near or below the 
wilting point. In such areas, precipitation is usually. 
supplemented with irrigation to maintain optimum soil 
moisture conditions for agricultural practice. 

Wierenga (1977) stated that water contents near field 
capacity were appropriate for his model. For the model 
presented here, any 0 between field capacity and wilting 
point is probable for agricultural soils. In the absence of 
available data, a Value midway between field capacity 
and wilting point appears reasonable. Table 2 presents 
an analysis of volumetric water contents at field 
capacity and wilting point for the 154 pasture and crop- • 
land soils reported by Holtan et al. (1968). Field 
capacity 0 was taken to be moisture retained at 0.3 bar 

tension, and wilting point was taken to be moisture re-
tained at .15 bar tension (Marshall, 1959; Richards, 
1954; Lyon et al., 1956). From Table 2, water retention 
is roughly ordered clay barns > silt barns and barns > 
sandy barns. Midpoint vlaues of 0 for silt barns, clays 
and clay barns, sandy barns, and barns are 0.24, 0.29, 
0.15, and 0.23 mL cm'', respectively. An average value 
for all the soils combined is 0.23 mL 

DISTRIBUTION.  COEFFICIENT 

From Eq. [7], the distribution coefficient (Ka ) is the 
ratio of concentration of a substance in soil to its con-
centration in water. Although easy to calculate from 
empirical measurement, Kd is the most variable of the 
model parameters. Because of the inherent uncertainties 
in estimates of Kd for various materials, a .brief discus-
sion of the parameter and its determination is appro-
priate. 

The first source of variability in the parameter is 
associated with the laboratory methods used to 
determine Kd. Generally, the two most common tech-
niques for determination of Kd are the column and 

• 

Table 2-Estimates of volumetric water content. O. at field capacity and wilting point for four soil types. 

observed at (0.501§ 
expo + al 

10.84/ 
axpla 4 20) 

(0.98) 
Observed 

range 

Field capacityi 

Silt looms 76 -1.06 0.14 0.345 0.396 0.455 0.243 to 0.454 
Clays & clay barns 33 -1.02 0.16 0.360 0.423 0.499 0.255 to 0.448 
Sandy looms 24 -1.53 .0.27 0.217 0.284 • 0.372 0.124 to 0.329 
Loa ms 17 -1.14 0.15 0.319 0.371 0.431 0.226 to 0.394 
All soils/ 154 -1.14 0.24 0.321 0.408 0.519 0.124 to 0.454 

Wilting pointtt 

Silt bairns 76 -2.06 0.33 0.127' 0.176 0.244 0.060 to 0.297 
Clays & clay barns 33 -1.52 0.21 0.218 0.269 0.331 0.145 to 0.325 
Sandy barns 24 -2.56 0.44 0.077 0.121 0.188 0.029 to 0.158 
Looms 17 -2.03 0.26 0.131 fl , 17Q 0.220 0.062 to 0.167 
All soils/ 1F1.4 -2.03 0.45 0.131 0.206 0.324 0.029 to 0.325 

t The mean of the logarithms of the observed values. 
j The standard deviation of the logarithms of the observed values. 
§ Values in parentheses correspond to cumulative probability. 
I Measured at 0.3 bar tension. 
I Includes values for four gravelly silt barns. 

+t 
 

Measured  at 15 bar tension. 
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[12] V.. 	1 + pK d ie .  

In the batch method, soil and water are shaken with the 
material for a period of time until equilibrium distribu-
tion between soil and water is achieved or assumed. Be-
cause of nonequilibrium or the influences of convection 
and diffusion in the column method, these two 
techniques may give different results for nonionic 
elemental forms (Inoue and Morisawa, I976b). Thus, in 
searching the literature for K d  values, various biases and 
confounding factors inherent in the laboratory methods 
used to determine Kd are reflected in the values re-
ported. 

A second factor responsible for variation or impreci-
sion in K,, measurement is a result of the parameter 
being a ratio of two concentrations. A small amount of 
error in measurement of either the soil or water concen-
tration of material may produce a large amount of error 
in the resultant ratio.. For example, in a batch-type 
experimental system of 10 g soil, 100 mL HO, and 100 
gg of material, for which the trueK d  is 190 mL lc', a 1 07o 
overestimate of the soil concentration (95.95 gig in soil) 
yields a Kd of 237 mL or approximately a 25% over-
estimate of Kd. The relative error in a Kd  estimate from 
a given percent error in measurement of soil . concentra-
tion increases rapidly with increasing Kd (Fig. 2). The 
same is true with a given percent underestimate of the 
water concentration as the true Kd of the material de-
creases. Thus, if an investigator measures only one frac-
tion of the soil-water system and determines the concen-
tration of the other fraction by default, significant 
errors may be introduced into the K d  estimate from very 
small experimental errors of measurement. This mae- • nification of experimental error undoubtly contributes a 

Table 3—Estimates of the relationship between Kd  and 
pH in pure clays. 

' 	Kil t 
went imi g 	'Relationship with pH 	 .ra • 	Reference 

'Cu 
	

360 	lid = i55 t 110 InpH 	 0.13 Frost and Griffin. 
1977b 

Zn . 	12 	lid = 0.62 ex00.453 p141 	0.20 Frost and Griffin. 
1977b 

Cd 
	

14 	Kd= 0.242 exp10.61 pHI 	0.34 Frost and Griffin. 
1977b 

Pb 
	

890 	li'd  = 6.57 x 1 0' ' exp11.79 pH1 0.81 Griffin and Shimp. 
1976 

KddeLerrnined at pH = 6.6. 

significant amount of variability 'to K, estimates for ma-
terials which are strongly or weakly adsorbed. 

A.  third source of variability in K d is its.variation with 
soil type. Soils with different pH, clay content, organic 
matter content, free irons and manganous oxide con-
tents, or particle size distributions will likely yield 
different Kd  values. For example, in a study by Griffin 
and Shinto (1976) of Pb absorption -by pure clay. miner-
als, pH was shown to be an extremely important de-
terminant of Kd. From their. data, an exponential rela-
tionship between K d  and pH of the clays can be seen 
(Table 3). At pH >7.0, Pb Kd  is on the order of 10', and 
below this pH, Kd ranges from 10' to 10. Soil pH has 
also been shown to influence Kd  for Pu and Cm (Relyea 
and Brown, 1978; Rhodes, 1957a; Nishita, 1978); Ru, 
Y, Zr, Nb, and Ce (Rhodes, 1957b); As and Se (Bishop 
and Chisholm, 1962; Frost and Griffin, 1977a); and .  
Mn, Fe, Zn, Co, Cu, Cd, and Ca (Graham, 1973; Reddy 
and Perkins, 1974; Frost and.Griffin, 1977b). 

Another source of variation in Kd is the time factor 
involved with its determination. A batch-type Kd 
determination is usually made over a period of a few to 
several hours, until equilibrium is achieved. or assumed. 
If equilibrium is not achieved within this short time, 
period, some error is introduced. Errors from non-
equilibrium Kd  determination madeafter 24 h, however,' 
are relatively insignificant (Rhodes, 1957a; Relyea and 
Brown, 1978; Wildung and Rhodes, 1963). A more sig-
nificant error may be introduced by using short-term Kd 
determinations to simulate leaching over time periods of 
months or years. Gast et al. (1979) found that sorption 
of "Tc by low organic soils tended to significantly in-
crease over a 5- to 6-week period. Treatments of the soil 
with dextrose (H201) and steam sterilization, and sorp-
tion variation with temperature, . all indicated .  that 
microbiota played either a direct or indirect role in sorp-
tion. Heterotrophic bacteria capable of solubilizing 
PbS, ZnS, CdS, and CnS have been reported by Cole 
(1979). Microbial influences on the solubility of trans-
uranics has also been suggested by Wildung and 
Garland (1977). If microbial action is, indeed, import-
ant over the long term, then the applicability of K d  ex-
periments carried out with oven-dried and sieved soil to 
models of leaching in agricultural soils over long time 
periods must be questioned. 

An analysis of the literature was performed to ascer-
tain appropriate distributions of Kd for various elements 
(Table 4). Because of the variation of Kd with soil pH, 
the 222 soils analyzed for bulk density and volumetric 
water content were used to determine a typical range of 
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Fig. 2—Percent error in Kd  estimation from 110 5% oberestimates of 
soil concentration or underestimates of water concentration in a 
10 g — 100 mL batch-type Kd  experiment. 

batch methods, although other methods have been em-
ployed to measure distributions of chemical forms 
(Francis et al., 1977) or distribution among soil frac-
tions (Sheppard et al., 1977). In the column method, a 
solution of material in water is applied to a column con-
taining uniformly packed soil. The Kd of the material is 
determined from comparison of the 50 07(1 breakthrough 
curves for the water and material according to the equa-
tion 

I% 

Rrs MILT' 

------- % 
....... . 	 •; — 

----- - 3% — 
------ 

god 



pH for agricultural soils. In these soils. pH was found to 
be -normally distributed with a mean pH of 6.7, and 
95% of the values between a pH of 47 4o 8.7. Thus, the 
criterion was adopted of discarding Kd values measured 
in soils outside of the pH range of 4.5 to 9. The K s  de-
terminations used to generate Table 4 represent. a 
diverse mixture of reported soils, pure clays (pure 
minerals were excluded), extracting solutions (common-
ly H :0, CaCI, or NaC1), laboratory techniques, and 
magnification of experimental error. Also, unavoid-
ably, single measurements have been combined with 
replicates, means, and means of means to derive Kd dis-
tributions. When many references have been used to 
generate the distribution, greater assurance can be given 
that the distribution is a representative distribution, be-
cause it is not heavily biased by one or two experimental 
designs or techniques. Where a single or a few refer-
ences were used, less assurance can be given. 

On the basis of distributions computed for Cs and Sr 
(Fig. 3), a lognormal distribution for Kd has been as-
sumed for all elements. If Cs and Sr are typical, then Kd 
may vary by as much as three orders of magnitude in 
soils of .pH 4.5 to 9. Therefore, the median value 
[exp(p.)] may not be an appropriate value of Kd for the 

model in all applications. For example, the median Kd 
value for Pb (Table 4) is approximately 100 mL g"'. 
However, based on•the relationship between Kd for Pb 
and clay pH (Table 3) an appropriate K d for Pb .at pH = 
6.7 is - 1000 mL which is an order of magnitude 
higher than the median. Thus, a model user must deter-
mine whether a pH-Ks  relationship, based on regression 
analysis of data from a single reference or a distribution 
based on many references, is more appropriate for an 
assessment application. 

NET INFILTRATION - 

Site-specific net infiltration estimates are based on 
total precipitation, irrigation, and estimated evapo-
transpiration (Eq. 10). Total annual precipitation by 
county for All states east of a line from the • Dakotas 
through Texas was determined by Olson et al. (1980) 
from interpolation of 1941-1970 monthly climatic 
norms for weather stations using the SYMAP program 
(Dougenik and Sheehan, 1975). Total precipitation by 

'For lognormally distributed parameters with a mean and standard 
deviation of the logtransformed data of i and a, respectively, the 
median value of the parameter is given by exp(p) and the mean value 
by exp(ja + a'/2). 

Table 4-Estimates of the distribution of Kd  for various elements in agricultural soils and clays of pH 4.5 to 9.0. 

Element 
No. 

observed pt 
exPlo) 
to.sog 

Observed 
range References 

mL g- 

Mg 58 1.7 0.52 53 1.6 to 13.5 Graham and Silva, 1979: Mokwunye and Melsted. 1973 • 
K 10 1.7 0.49 53 2.0 to 9.0 Graham and Silva. 1979. 
Ca 10 1.4 0.78 4.1 1.2 to 9.8 Graham and Silva. 1979 
Cell) 15 7.7 1.2 2.203 470 to 150.000 Wildung and Rhodes. 1963 
Cr(VII 18 3.6 2.2 37 1.2 to 1.800 Wildung and Rhodes. 1963: Hajek. 1964: Schmaltz. 1972 	. 
Mn 45 5.0 2.7 150 0.2 to 10.000 Graham, 1973; Inoue and Morisawa, 1976a. b: Sims et al.. 1979 
Fe 30 4.0 1.7 55 1.4 to 1.000 Rancon, 1972: Graham, 1973: Inoue and Morisswa. 1976a, b 
Co 57 4.0 2.3 55 0.2 to 3.800 Graham and Killion. 1962: 'Wildung and Rhodes, 1963: Rancon. 1972: 

• Schmalz_ 1972: Graham, 1973: Inoue and Morisawa. 1976a. b 
-Cu 55 3.1 1.1 22 1.4 to 333 Graham, 1973: Frost and Griffin. 1977b 	• 
Zn 146 2.8 1.9 16 0.1 to 8.000 Graham. 1973: Reddy and Perkins. 1974; Inoue and Morisawa. 1976a. b: 

Frost and Griffin, 1977b 
A3(111) 19 1.2 0.61 3.3 1.0 to 8.3 Frost and Griffin, 1977. 
As(V) 37 1.9 0.52 6.7 1.9 to 18 Frost and Griffin:1977a 
Sell VI 19 1.0 0.65. 2.7 1.2 to 8.6 Frost and Griffin, 1977. 	 • 	 • 
Sr 218 3.3 2.0 V 0.15 to 3.300 Nishita et al.. 1956: Kleehkovskii. 1957: Rhodes. 1957a. b: McHenry. 1958: 

Gailledreau. 1963: Jacobs, 1963; Wildung and Rhodes, 1963: Juo and 
Barber. 1970: Rancon, 1972; Schmalz, 1972: Tamura. 1972; Inoue et aL. 
1975; Inoue and Moriaawa. 1976a, b; Dames and Moorel .  Mo 17 3.0 2.1 20 0.37 to 400 Inoue and Morisawa. 1976b 	• 

Tc 24 -3.4 1.1 0.033 0.0029100.28 Gast et al_ 1979 	, 
Ru 17 5.4 1.0 220 • 48 to 1,000 Rhodes, 1957b; Wildung and Rhodes. 1963 
Ag . 	16 	. 4.7 1.3 110 10 to 1.000 Inoue and Morisawa. 1976a. b 
C.d 28 1.9 0.86 6.7 1.26 to 26.8 Frost and Griffin. 1977b 
Cs 135 7.0 1.9 1.110 10 to 52.000 Nishita et aL. 1956: Klechkovskii, 1957: Prout. 1958; Jacobs. 1963: 	• 

Wildung and Rhodes. 1963: Rogowski and Ramura, 1965: Tamura. 1966: 
Raneon, 1972: Schmalz, 1972; Tamura. 1972; Inoue and Morisawa. 
1976a, b: Dames and Moorei 

'Ce 16 7.0 1.3 1.100 58 to 6.000 • ildung and Rhodes. 1963: Rhodes, 1957 b 
Pb 125 4.6 1.7 99 4.5 to 7.640 Tao. 1970: Griffin and Shimp, 1976 
Po 6 6.3 0.65 540 196 to 1.063 Tao, 1970 
Th 17 11 1.5 60.000 2.000 to 510.000 Rancon, 1973: Bondietti et al_ 1976; Dahlman et al., 1976 

24 3.8 1.3 45 10.5 to 4.400 Rancon, 197: Bondietti et al_ 1976; Dahlman et al.. 1976 
Np 44 2.4 2.3 11 0.16 to 929 Routson et al.. 1975: Dahlman et al.. 1976; Sheppard et al., 1977: Nishita 

et aL. 1979 
Pu 40 7.5 2.3 1.800 11 10 300.000 Rhodes. 1957a. b: Prout, 1958: Tamura, 1972: Bondietti et al.. 1976; Dahl-

man et aL. 1976: Nishita. 1978; Relyea and Brown. 1978: Nishiui et al_ 
1979 

Am 46 6.7 3.0 810 1.0 to 47.230 Routson at al.. 1975: Nishita and Hamilton. 1977: Sheppard et al., 1977: 
Nishita et al._ 1979 

Cm 31 8.1 1.9 3.300 93.3 to 51.900 Sheppard et aL. 1977: Nishita. 1978: Nishita et aL. 1979 

t The mean of the logarithms of the observed values. 
2 The standard deviation of the logarithms of the observed values. 
§ Percent cumulative probability. 

March 1977 report. Assessment of the Levels. Potential Origins and Transport Routes of the Radioactivity Measured in the Vicinity of the Maxey Flats 
Low-Level Radioactive Waste Disposal Site. Prepared for the Executive Department for Finance and Administration. Commonwealth of Kentucky. • 
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county for western states was generated by weighted 
interpolation of .1941-1970 annual climatic norms for 
the three nearest weather stations to the county cen-
troid. Weighting factors for each weather station were 
determined using an inverse relationship to distance be- 

tween weather station and county centroid. A geo-
graphical representation of average-annual, precipita-
tion by county for the U.S. is shown in Fig. 4.. • 

Total annual irrigation by county (Fig. 5) was deter-
mined from the 1974 Census of Agriculture (U.S. Dc- 
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Fig. 3—Lognormal probability plots of A', for Sr and Cs in soils of pH 4.5 to 9.0. 

Fig. 4—Geographical distribution of annual average precipitation in cm by count) for the conterminous United States. • 	.1. Environ. Qual., Vol. 12. no. 1. 1983 23 
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partment of Commerce, 1977, Table 13) by dividing-the 
"Estimated quantity of irrigation water applied" by the 
"Total land irrigated." The resulting acre-feet per acre 
irrigated was converted to centimeters of water. in Fig. 
5 the values and corresponding shaded areas are for irri-
gated land only; and. therefore, caution should be exer-
cised in interpretation of Fig. 5. 

Evapotranspiration by county (Fig. 6) was estimated 
using a model developed by Morton (1978). The model 
requires as input annual precipitation, and sea level 
pressure (or altitude), and monthly dew point, ambient 
air temperatures, and fraction of maximum possible 
sunshine. These parameters were either taken from 
Olson et al. (1980) for eastern states or were inter-
polated from the three nearest weather stations in a 
manner similar to the precipitation data. Irrigation was 
not included with precipitation in the model input 
parameters, although it is considered in Eq. 10. This dis-
crepancy will add a small amount of error to the evapo-
transpiration by .county calculation. Because the 
Morton model is designed for large land areas and does 
not provide for local discontinuities, it was assumed 
that irrigation water is an insignificant fraction of total 
precipitation over the entire county. This assumption is 
supported by the observation that nationally only 3-4% 
of all farmland is irrigated and farmland is approxi-
mately 40% of total land area (USDC, 1977). However, 
if in some U.S. counties irrigated land is a significant 
fraction of the total land area, then our calculations 
may be inappropriate. Monthly evapotranspiration esti-
mates were checked for continuity and summed into an 
annual-average value in centimeter equivalents of water. 

According to Morton, the evapotranspiration model 
has been verified over a wide range of environments and 
compares satisfactorily with annual precipitation less 
annual runoff for 81 river basins in Canada, 36 river 
basins in southern U.S.A., three river basins in Ireland, 
and two river basins in Kenya. Wallace (1978) compared 
the model with the Thronthwaite-Mather (1955) and 
Penman (1948) approaches to modeling arid environ-
ments. Morton, however, warns against use of the 
model near sharp environmental discontinuities. There- 
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Fig. 7-Lognormet probability plot of annual precipitation in Oak 
Ridge. Tennessee based on annual normals from 1948 to 1979. • 

fore, estimates of evapotranspiration near coastlines 
and mountain ranges are suspect. 

The variability in annual average infiltration by loca-
tion was estimated by assuming that it is approximately 
equal to the annual variation in total precipitation. 
Analysis of annual precipitation rates for Oak Ridge, 

•Tennessee, from 1948 to 1979 (Fig. 7) indicates that 
total precipitation may be described by a lognormal dis-
tribution with a mean and standard deviation of the log-
transformed values of 4.93 and 0.17, respectively. If the 
variability in annual precipitation in Oak Ridge is 
typical for the continental U.S. and is approximately 
equal to that for net infiltration, then the variability of 
model parameters is ordered approximately as Q 0 < 
V..4 Kd. • 

The validity of any model is tested by comparison of 
model predictions with observed values. Unfortunately, 
appropriate long-term field studies of leaching are rela-
tively few. Furthermore, most field studies of solute 
movement through soil are carried out over very short 
time periods or include various input and removal pro-
cesses such as atmospheric deposition, biological ac-
tivity, or soil erosion. For example, in one seven-year 
follow-up study of lead migration in cropland soil near 
Urbana, Illinois (Stevenson and Welch, 1979), removal 
rates can be calculated, but they are largely attributable 

Table 5-Comparison of leaching constants predicted by the model with values derived from five studies. 

Elernentt Depth Soil texture Vir  P/02 Reference Observed Predicted 

cm cm y- ' Y- ' 
Pu 5 Sandy loam . 	40 1.7 x 3.0 x 10" .  1.8 x 10' Jakubick. 1976 

(0.781¢ 
Pu 10 Sandy loam 42 4.7 x 10" 1.6 x 10" 3.4. x 10" Bennett. 1978 
Sr 15 Sandy loam <70 4.4 x <L2 x 10 <27 Squire. 1966 

(0.52) 
Sr 15 Loam <70 6.6 x 10" <1.2 x 10" <18 	. Squire. 1966 

. (0.551 
Sr 15 Clay <70 1.8 x 10' <1.3 x 10" <7.2 Squire. 1966 

(0.801 
Sr 5 Sandy loam <46 7.9 x 1M' <2.3 x 10" <2.9 Baum. 1977& 1978 

10.69) 
Sr 20 Gaudy <46 3.) x 10" <5.7 x 10" <1.6 Baum. 1977& 1978 

10.531 
Tc 15 Silt loam 64 1.3 x 10 1.5 x 10' 12 Hoffman et al. 1982 

t Ifd = Median value lexp(011 of estimated lognormal distribution (Table 4). e  = Median value of estimated lognormal distribution (Table D. and 8 = the 

average of median values of volumetrie water content at field capacity and at wilting point (Table 2). 
2 Predicted-to-observed ratio. A value of 1.0 is perfect a correlation. 
§ Values in parentheses are coefficient of determination Oa! for exponential regression fitlEq.111lof reported data. • J. Environ. Qual., Vol. 12, no. 1. 1983 25 



to lateral redistribution of lead from successive tillage of 
the relatively small plots. 

Review of available literature 'indicates only five 

• studies which are appropriate for comparison of model 
predictions and observed leaching rates (Table 5). This 
comparison was achieved by deriving an "observed" 
leaching constant for the soil depth over which measure-
ments through time were taken. A simple exponential 
regression analysis of the reported concentrations was 
used to obtain a leaching constant appropriate to de-
scribe a first-order removal .rate according to Eq. [1]. 
The derived leaching constants were compared with the 
model (Table 5) using the estimates of the median values 
[exp(A)] of the parameters given in Table 1, 2, and 4. 

In Squire's study (1966) of Sr movement, in various 
undisturbed soils over eight years, soils were packed 
into large concrete cylinders and allowed to remain un-
disturbed. Strontium profiles and rainfall were recorded 
approximately every 12 months. Analysis of the soil 
profiles showed that leaching constants of less than 4.4 
x 10-3 , 6.6 x 10-', and .1.8 x 10 - ' are approximate 
averages for the top 15 cm of sandy loam, loam and clay 
soils, respectively. Evapotranspiration at the site is 
unknown, but the model prediction, using rainfall for 

• V,„ and median estimates of Kd from Table 3 shows 
order of magnitude agreement with observed Sr 
movement. 

In the Federal Republic of Germany yearly "Sr con-
centrations have been measured since 1971 in cultivated 
agricultural soils and summarized by Baum (1977 and 
1978). In one agricultural soil the "Sr content of the 0-5 
cm profile has decreased annually from 43% of the total 
to 26%, with a corresponding X /  of 7.9 x 10 -2  y - s, Using 
median estimates of model parameters the model over-
predicts the derived leaching constant by a factor of 
about three. In another soil the model overpredicts the 
derived leaching constant for the 0..-20 cm soil depth by 
about alactor of two.* 

• The leaching constant estimated by Jakubick (1976) 
for Pu (as Pu0 2 ) migration in the top 5 cm of a sandy. 
loam soil in the vicinity of New York as reported by the 
USAEC (1974) is 1.7 x 10' r. Long Island was as-
sumed to be the site of the measurements, and no irriga-
tion was assumed. Although the migration • study was 
carried out over 17 years, the relatively high leaching 
constant reported for Pu and the 'low predicted-to-
observed ratio suggests either the presence of confound-
ing removal processes or an inappropriate.K d  estimate .  
for Pu. Jakubick noted that the PuO, form that he 
studied was roughly 100 times more mobile than the 
Pu(NO,), form which has a Kd of roughly 5 x 10'. 
Thus, it appears that the K d value used in Table 5 (1800 
ml/g) is too high for Pu0 1 . 

In the study by Bennett (1978) and Hardy (1974) bio-
logical activity and other removal mechanisms besides 
leaching were reported to be minimal because worm 
holes, evidence of burrowing insects, or cracks from 
swelling soil were not observed. In 1972, 92.5% of the 
Pu in the soil at North Eastham, Massachusetts, was in 

. the top 10 cm. In 1976 only 90.8% remained. Using 
those two measurements, a leaching coefficient of 4.7 x 
10 -3  y -- ' was derived and compared to model predictions, 
The model predicts a removal rate within a factor of 
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three of the observed rate, but caution must be exercised 
when using an observed value based on only two meas-
urements in time. 

In a recent study by Hoffman et al. (1982), ( "Tc0,' 
was apPlied, to plots of bare soil. Downward movement 
was observed over a period of 213 days, and a first-
order leaching constant of 1.3 r was calculated for the 
top 15 cm of soil. Using estimates of precipitation and 
evapotranspiration for Oak Ridge, Tennessee, a f!.. of 
64 cm r was combined with and 6' for silt loam soils 
and a Kd estimate of 0.033 for Tc to predict a leaching 
constant of 15 r. The model overpredicts the actual 
leaching rate. This overprediction is very likely because 
of the Kd estimate. Evidence from Gast et al. (1979) and 
others ( 0. Hoffman, Jr., private communication) indi-
cates that under long term field conditions Tc Kd is like-
ly to be much greater than the value employed in the 
model. 

These studies notwithstanding, the paucity of long 
term investigations of solute migration in the field under 
a diverse range of environments' precludes verification 
of the model. Furthermore, studies of solute distribu-
tion coefficients over long time periods in agricultural 
soils are needed in order to reduce the uncertainty 
associated with selecting an appropriate estimate of Kd. 
Until such studies are performed the simple model for 
solute leaching constants given by Eq. [8] remains 
unverified, although for Sr the model appears to predict 
leaching constants within an order of magnitude of ob-
served values. For elements such as Ce, Cs, Pu, and Th, 
model verification may, be difficult because of their sus-
pected immobility in soil and the long time required to 
observe and quantify leaching. 

It is clear that assessment models need to incorporate 
a quantification of the long-term effects of leaching in 
their dose and risk calculations. To date most investiga-
tions of leaching have addressed short-term dynamics of 
solute movement in soil without providing appropriate 
long-term models based on readily available informa-
tion. The model presented here is an attempt to fill the 
void. Its merit will be determined only , after further 
verification, beyond that presented here, is made. 
However, the best approach will be determined only 
after appropriate long-term field studies are performed 
to define the environmental and element-specific' 
parameters which best quantify long-term leaching. 

ACKNOWLEDGMENTS' 

The authors wisk to acknowledge C. B. Nelson of the U.S. EPA . 
and R. J. Luxmoore, G. T. Yeh, D. C. Kocher, and F. 0. Hoffman of 
the Oak Ridge National Laboratory for their ideas and help in 
preparation of this article. Also, we especially wish to recognize E. L. 
Etnier and Oak Ridge National Laboratory for her contribution in 
gathering literature references. . 

LITERATURE CITED 

I. Baum, G. R. 1977. Umweltradioaktivitat und Strahlenbelastung. 
Jahresbericht 1977. Der Bundesminister des lnnern. Referat 
Offentlichkeitsarbeit, Graurheindorfer Strafse 198, 5300 Bonn. 
Jan. 1980. 

2. Baum. G. R. 1978. Umweltradioaktivitat und Strahlenbelastung. 
Jashresbericht 1978, Der Bundesminister des Innern. Referat 
Analyse und Information. Of fentlichkeitsarbeit, Graurheindor 1- 
er Strafse 198. 5300 Bonn. Feb. 1981. 



3. Bayer. L. D. 1959. Soil physics (3rd ed.). John Wiley and Sons 
Inc.. New York. 	• 

4. Bear. J. 1972. Dynamics of fluids in porous media. Nev York. 
• Elsevier.• 

5. Bennett,. B. G. 1978. Environmental aspects of Americium. LS. 
Department of Energy. New York. EML-348. 

6. Bishop. R. F,. and D. Chisholm. 1962. Arsenic accumulation in 
• Anapolis Valley orchard soils. Can. J. Soil Sci. 42:77-80. 

7. Boast, C. W. 1973. Modeling the movement of chemicals in soils 
by water. Soil Sci. 115:224-230. 

8. Bondietti. E. A.. S. A. Reynolds, and M. H. Shanks. 1976. Inter-
action of plutonium with complexing substances in soils and 
natural waters (IAEA-SM-199/51). In Transuranium nuclides in 
the environment, Proceedings of the symposium held in San 
Francisco, 17-21 Nov. 1975. International Atomic Energy 
Agency, Vienna. 1976. p. 273-287. 

9. Booth, R. S., S. V. Kaye, and P. S. Rohwer. 1971. A systems 
analysis•methodology for predicting dose' to man from a radio-
actively contaminated terrestrial environment. p. 877-893. In 
D. J. Nelson (ed.) Proc. Third National Symposium on Radio-
ecology.. Vol. 1. 10-12 May 1971. Environ. Sci. Div. Oak Ridge 
Natl. Lab., Oak Ridge, Tenn. 

10. Busby, M. W. 1963. Yearly variations in runoff for the con-
terminous United States. 1931-60. U.S.' Geological Survey 
Water-Supply Paper 1669-S. U.S. Government Printing Office, 
Washington, D.C. 

11. Cole, M. A. 1979. Solubilization of heavy metal sulfides by 
heterotrophic soil bacteria. Soil Sci: 127:313-317. 

12. Crank. J. 1956. The mathematics of diffusion. London. Oxford • 
University Press. London.• 

13. Dahlman, R. C., E. A. Bondietti, and L. D. Eyman. 1976. Bio-
logical pathways and chemical behavior of plutonium and other 
actinides in the environment. p. 47-80. in A. M. Friedman (ed.) 
Environmental behavior of the actinide elements. American 
Chemical Society Symposium Series 35. 

14. Dougenik. J. A.. and D. E. Sheehan. 1975. SYMAP user's refer-
ence manual. Laboratory for Computer Graphics and Spatial 
Analysis. Harvard University, Cambridge, Mass. 	 • 

15. Fletcher, J. F., and W. L. Dotson. 1971. HERMES-A digital 
computer code for estimating regional radiological effects from 
the nuclear power industry. JEDL-TME-7I-168. Handford Engi-
neering Laboratory. Richland. Wash, December 1971. 

16. Francis, C. W., M. Reeves III, R. S. Fisher, and B. A. Smith. 
1977. Soil chromatograph Kd values. p. 403-431. In Waste isola-
tion safety assessment program. Task 4, Contractor information 
meeting proceeding's, 20-23 Sept.. 1977. Battelle Memorial Insti-
tute. Human Affairs Research Centers, Seattle. PNL-SA-6957. 

17. Free, G. R., G. M. Browning, and G. W. Musgrave. 1940. Rela-
tive infiltration and related physical characteristics of certain 
soils. U.S. Department of Agriculture Technical Bull. 729. 
USDA. 	 • 

18. Frost, R. R., and R. A. Griffin. 1977a. Effect of pH on adsorp-
tion of arsenic and selenium from landfill leachate by clay miner-
als. Soil Sci. Soc. Am. 3.41:53-57. 

19. Frost, R. R., and R. A. Griffin. 1977b. Effect of pH on adsorp-
tion of copper, zinc, and cadmium from landfill leachate by clay 
minerals. J. Environ Sci. Health. Al2:139-156. 

20: Gailledreau, C. 1963. Reactions physico-chemiques lors du 
mouvement souterrain des radioisotopes. p. 270-275. In The 
International Symposium on the Retention and Migration of 
Radioactive Ions in Soils, Saclay, France. 16-18 Oct. 1962. 
Center for Nuclear Studies, Saclay. The University Press of 
France. 

21. Gast, R. G., E. R. Landa. L. J. Thorvig, D. F. Grigal, and J. C. 
Balogh. .1979. The behavior of Technetium-99 in soils and plants. 
Dep. of Soil Science, University of Minnesota, St. Paul. COO-
2447-6. 

22. Graham, E. R. 1973. Selective distribution and labile pools of 
micronutrient elements as factors affecting plant uptake. Soil Sci. 
Soc. Am. Proc. 37:70-74. 

23. Graham, E. R., and D. D. Killion. 1962. Soil colloids as a factor 
in the uptake of cobalt, cesium, and strontium by plants. Soil Sci. 
Soc. Am. Proc. 26:545-547. 

24. Graham, E. R., and C. G. Silva. 1979. Labile pools and distribu-
tion coefficients for soil calcium, magnesium, and potassium de-
termined with exchange equilibria and radioisotopes. Soil Sci. 
128:17-22. • 

25. 'Griffin, R. A.. and N. F. Shimp. 1976. Effect of pH on ex-
change-adsorption or precipitation of lead from landfill by clay 
minerals. Environ. Sci. Technol. 10:1256-1261. 

26. Hajek. B. F. 1964. Some adsorption, diffusion, and dispersion 
characteristics of anions in soils. p. 4.1-4.4. In D. W. Pearch and 
J. K. Green led.) Hanford Radiological Sciences .Research and 

• Development Annual. Report for 1964. BNWL-361‘'. Battelle-
Northwest Laboratories, Richland. Wash. 

27. Hardy, E. P. 1974. Depth distributions of global fallout Sr-90. 
Cs-I37, and Pu-239. -240 in sandy loam soil. p. 1-2-1-10: In E. P. 
Hardy (ed.) Health and Safety Laboratory, Fallout Program, 
Quarterly Summary Report. Health and Safety Laboratory, U.S. 
Atomic Energy Commission, New York, N.Y. HASL-286. 

28. Hashimoto, I., K. B. Deshpande, arid H. C. Thomas. 1964. 
Peclet numbers and retardation factors for ion exchange col-
umns. Ind. Eng. Chem. Fundam. 3:213-218. 

29. Hoffman, F. O., C. T. Garten, Jr., J. W. Huckabec, and D. M. 
Lucas. 1982. Interception and retention of technetium by vegeta-
tion and soil. J. Environ. Qual. 11:134-141. 

30. Hoffman, F..0., and C. F. Saes III. 1979. A statistical analysis 
of selected parameters for predicting food chain transport and 
internal dose of radionuclides. Oak Ridge National Laboratory, 
Oak Ridge. Term. ORNL/NUREG/TM-282. October 1979.. 

31. Holtan, H. N., C. B. England, G.P. Lawless, and .G. A. Schu-
maker. 1968. Moisture-tension data for selected soils on experi-
mental watersheds. USDA, Agricultural Research Service. 
ARS 41-144. 

32. Inoue, Y.. and S. Morisawa. I976a. Migration of radionuclides 
in a model saturated zone, (1). Nippon Genshiryoku Gakkai Shi 
18&42-50. 

33. Inoue, Y.. and S. Morisawa. 1976b. Distribution coefficient k d  of 
radionuclide between sample soil and water. Nippon Genshiryo-
ku Gakkai Shi 18:524-534. 

34. Inoue, Y., S. Morisawa, and Y. Mahara. 1975. Radionuclide 
migration in aerated zones, (I). Migration characteristics of nu-
clides contained in percolating water. Nippon Genshiryoku 
Gakkai Shi 17:376-384. 

35. 'Jacobs, D. G. 1963. Ion exchange in the deep-well disposal of 
• radioactive wastes. p. 43-54. In the International Symposium on 

the Retention and Migration of Radioactive Ions in Soils. Saclav, 
France. 16-18 Oct. 1962. Center for Nuclear Studies, Saclay. The 

University Press of France. 	• 

36. Jakubick, A. T. 1976. Migration of plutonium in natural soils 
(IAEA-SM-199/3). p. 47-62. In Transuranium Nuclides in the 
Environment, Proceedings of the symposium held in San Francis-
co, .17-21 Nov. 1975. International Atomic Energy Agency, 
Vienna. 1976. . 

37. Juo. A. S. R.. and S. A. Barber. 1970. The retention of strontium 
by soils as influenced by pH, organic matter and saturation 
cations. Soil Sci. 109:143-148. 

38. Klechkovskii, V. M. 1957. On the behavior of radioactive fission 
products in soil, their absorption by plants and their accumula-
tion in crops (Translated from Russian). U.S. Atomic Energy 
Commission, Washington, D.C: 

39. Lyon, T. L., H. 0. Buckman, and N. C. Brady. 1956. The nature 
and properties of soils. (5th ed.). The Macmillan Co., New York. 

40. McHenry, J. . R. 1958. Ion-exchange properties of strontium in a 
calcareous soil. Soil Sci. Soc. Am. Proc. 22:514- .518. 

41. Marshall, T. J. 1959. Relations, between water and soil. Tech. 
Communication #50. Commonwealth Agric. Bureau. Farnham . 
Royal, England. 

42. Mokwunye, A. U., and S. W. Melsted. 1973. Magnesium fixation 
and release in soils of temperate and tropical origins. Soil Sci. 
116:349-362. • 

43. Moore, R. E., C. F. Saes, 111; L. M. McDowell-Boyer. A. P. 
Watson, F. 0. Hoffman, J. C. Pleasant, and C. W. Miller. 
AIRDOS-EPA: A computerized methodology for estimating' en-
vironmental concentrations and dose to man from airborne re-
leases of radionuclides. ORNL-5532. Oak Ridge National 
Laboratory. June 1979. 

44. Monon, F. 1. 1978. Estimating evapotranspiration from po-
tential evaporation: practicality of an iconoclastic approach. J. 
Hydrol. 38:1-32. 

45. Nishita. H. 1978. Extractability of plutonium-238 and curium-
242 from a contaminated soil as a function of pH and certain soil 
components. CH .COOH-N1-1,0H system. p. 403-416. In D. C. 
Adrian°. and I. L. Brisbin, Jr. (ed.) Environmental chemistry 
and cycling processes. Proceedings of a symposium held at 

•J. Environ. Qual.. Vol. 12. no. I. 1983 	27 



Augusta. Georgia. 28 Apr.-) May .1976. Technical Information 

	

. 	Center. U.S. Dep. of Energy, 
46. Nishita. H., and M. Hamilton. 1977. Factors influencing the 

chemical extractability of 'Am from a contaminated soil. p. 77- 

• 96. In M. G. White. and P. B. Dunaway (ed.) Transuranics in 
natural environments. A Symposium at Gat linburg, Tenn.. Octo-
ber 1976. Nevada Applied Ecology Group. U.S. Energy Res. and 
Dec. Administration, Las Vegas. NVO-178. 

47. Nishita. H., B. W. Kowalewsky, A. J. Steen. and K. H. Larson. 
1956. Fixation and extractability of fission products contaminat-
ing various soils and clays: I. Sr-90, Y-9I, Ru-106. Cs-137. and 
Ce- 144. Soil Sci. 81:317-326. 

48. Nishita, H., A. Wallace, E. M. Romney, and R. K. Schulz. 1979. 
Effect of soil type on the extractability of "'No. 1 "Pu, "'Am and 
"'Cm as a function of pH. Laboratory of Nuclear Medicine and 
Radiation Biology, University of California, Los Angeles. UCLA 
12-1192. 

49. Olson. R. J., C. J. Emerson, and M. K. Nungesser. 1980. GEO-
ECOLOGY: A county-level environmental data base for the con-
terminous United States. Environmental Sciences Division Publi-
cation no. 1537. Oak Ridge National Laboratory, Oak Ridge, 
Tenn. ORNUTM-7351. 

50. •Omoti. U., and A. Wild. 1979. Use of fluorescent dyes to mark 
the pathways of solute movement through soils under leaching 
conditions: 2. field experiments. Soil Sri. 128:98-104. 

51. Penman, H. L. 1948. Natural evaporation from open water, bare 
soil and grass. Proc. R. Soc. London, Ser. A, 193:120-145. 

52. Prout, N. E. 1958. Adsorption of radioactive wastes by Savannah 
River plant soil. Soil Sci. 85:13-17. 

53. Rancon, D. 1973. Compartment dans les milieux souterrains de 
l'uranium at du thorium rejetes par l'industrie nucleaire. p. 333- 
346. In C. N. Welsh (ed.) Environmental behavior of radio-
nuclides released in the nuclear industry. Proceedings of a sym-
posium. Aix-en-Provence. 14-18 May 1973. 1AEA-SM-172/55.• 
Vienna, Austria. 

54. Rancon, D. 1972. Utilisation pratique du coefficient de.distribu- 
• tion pour la mesure de Is contamination radioactive des 

mineraux, des roches. du sol et des caux sotnerraines. Depane-
ment Surete Nucleaire, Centre d'Etudes Nucleaires de Cadarache. 
Saclay. France. Rapport CEA-R-4274. 

55. Reddy, M. R., and H. F. Perkins. 1974. Fixation of zinc by clay 
minerals. Soil Sci. Soc. Am.•Proc. 38:229-231. 

56. Relyea, J. F., and D. A. Brown. 1978. Adsorption and diffusion 
of plutonium in soil. p. 479-495. In D. C. Adriano, and 1. L. 
Brisbin, Jr. (ed.) Environmental chemistry and cycling processes. 
Proceedings of a symposium held at Augusta, Ga. 28 Apr.-1 May 
1976. Technical Information Center, U.S. Dep. of Energy. 	. 

57. Rhodes, D. W. 1957a. Adsorption of plutonium by sail. Soil Sci. 
84:465-471. 

58. Rhodes, D. W. I957b. The effect of pH on the uptake of radio-
active isotopes from solution by a soil. Soil Sci. Soc. Am. Proc. 
21:389-392. 

59. Richards, L. A. 1954. Diagnosis and improvement of saline and 
alkali soils. U.S. Department of Agriculture Handbook 60. 
USDA. Washington, D.C. 

60. Risser, J. 1981. A renewed threat of soil erosion: *it's worse than 
• the Dust Bowl. Smithson. 11:120-131. 	• 

61. Rogowski, A. S., and T. Tamura. 1965. Movement of 'Cs by 
runoff, erosion and infiltration on the alluvial captina silt loam. 
Health Phys. 11:1333-1340. 

62. Routson, R. C., G. Jansen, and A. V. Robinson. 1975. Sorption 
of "Tc, "'Np and "'Am on two subsoils from differing weather-
ing intensity areas. Battelle Pacific Northwest Laboratories. 
Richland, Wash. BNWL-1889: 

63. Schmalz, B. L. 1972. Radionuclide distribution in soil mantle Of 
the lithosphere as a consequence of waste disposal at the national 
reactor testing station. Idaho Operations Office. U.S. Atomic 
Energy Commission. IDO-10049. • 

64. Schwarz, G., and F. 0. Hoffman. 1980. An examination of the 
effect in radiological assessments of high soil-plant concentration 

	

28 	J. Environ. Qual., Vol. 12, no. 1, 1983 

ratios for harvested vegetation. Health Phys. 39:983-986. 

65. Sheppard. J. .C.. J. A. Kittrick. M. J. Campbell. and T. L. 
. Nardi. 1977. Determination of distribution ratios and diffusion 
• coefficients of Neptunium. Americium and Curium in soil-

. aquatic cnvircinments. Washington. State University. Pullman. 
. • Wash. RLO-2221-T-12-3. 

66. Sims. J. L.. P. Duangpatra, J. H. Ellis. and R. E. Phillips. 1979. 
Distribution of available manganese in Kentucky soils. Soil Sci. 
127:270-274. . 

67. Squire, H. M. 1966. Long-term studies of strontium-90 in soils 
and pastures. Rad. Hot. 6:49-67. 

68. Stevenson. F. J., and L. F. Welch. 1979. Migration of applied 
lead in a field soil. Environ. Sci. Technol. 13:1255-1259. 

69. Tamura, T. 1966. Development and applications of minerals in 
radioactive waste disposal. p. 425-439. In L. Heller and A. Weiss 
(ed.) Proceedings of the International Clay Conference. 
Jerusalem, Israel. Vol. I. Israel Program for Sci. Translocations, 

•Jerusalem. 

70. Tamura, T. 1972. Sorption phenomena significant in radioactive-
waste-disposal. p. 318-330. In T. D. Cook (ed.) Underground 
waste management and environmental implications. Proceedings 
of a symposium 6-9 Dec. 1971. Houston. American Association 
of Petroleum Geologists and US. Geological Sum. Tulsa, Okla. 

71. Thronthwaite, C. W. and J. R. Mather. 1955.. The water bal-
ance. Climatol. 8:1-164. 

72. Travis, C. C. 1978. Mathematical description of adsorption and 
transport of reactive solutes in soil: k review of selected. litera-
lure. ORNL-5403. Oak Ridge National Laboratory, Oak Ridge, 
Tenn. October 1978. 

73. Tso, T. C. 1970. Limited removal of Po:" and Pb" from soil 
and fertilizer by leaching. Agron. J. 62:653-664. 

74. U.S. Atomic Energy Commission. 1974. Environmental state-
ment. Liquid metal fast breeder reactor program. Volume II. 
WASH-1535. p. 4.G-76-4.G-88. U.S. Gov . Printing Office. 

75. U.S. Department of Commerce. 1977. 1974 Census of agricul-
ture. Bureau of the Census, Agriculture Division. Washington, 
D.C. 

76. U.S. Nuclear Regulatory Commission. 1977. Regulatory Guide 
1.109. Calculation of annual doses to man from routine releases 
of reactor effluents for the purpose of evaluating compliance 
with 10 CfR, Part 50, Appendix 1 (Revision 1). Office of Stand-
ards Development. U.S. NRC, Washington, D.C. 

77. Van de Poi, R. M., P. J. Wierenga, and D. R. Nielsen. 1977. 
Solute movement in a field soil. Soil Sci. Soc. Am. J. 41:10-13. 

78. van -Genuchten, M. Th., and P. 1. Wierenga. 1974. Simulation of 
solute movement in soils. N. Mex. Agric. Exp. Stn. Bull: 628. 

79. van Genuchten, M. Th., and P. J. Wierenga. 1976. Mass transfer. 
studies in sorbing porous media: I. Analytical solutions. Soil Sci. 
Soc. Am. Proc. 40:473-480. 

80. van GenuChten, M.Th., and P. J. Wierenga. 1977. Mass transfer 
studies in sorbing porous media: 11. Experimental evaluation with 
tritium ('H,0). Soil Sci. Soc. Am. 3. 41:272-278. 

81. van Genuchten, M.Th., P. J. Wierenga, and G. A. O'Connor. 
1977. Mass transfer studies in sorbing porous media: 111. Experi-
mental evaluation with 2,4,5-T. Soil Sri. Soc. Am. J. 41:278-285. 

82. Wallace, R. W.1978. A comparison of evapotranspiration esti-
mates using DOE Hanford climatological data. Pacific North-
west Laboratory. Richland, Wash. PNL-2698. 

83. Wierenga, P. J. 1977. Solute distribution profiles computed with 
steadystate and transient water movement Models. Soil Sci. Soc. 
Am. J. 41:1050-1055. • 

84. Wildung, M. W., and D. W. Rhodes. 1963. Removal of radio-
isotopes from solution by earth materials from eastern Idaho. 
Phillips Petroleum Co.. Atomic Energy Division. National Re-
actor Testing Station. U.S. Atomic Energy Commission. ID(;), 
14624, November 1963. 

85. Wildung, R. E., and J. R. Garland. 1977. The relationship of 
microbial processes to the fate and behavior of transuranic ele-
ments in soils, plants, and animals. Battelle Pacific Northwest 
Laboratories. PNL-2416. October 1977. 

• 



TECHNICAL NOTES 

oz 

GROUNDWATER VELOCITY MAGNITUDE IN R.kDIONUCLtUE - 

TRANSPORT CALCULATIONS 
To provide a place within ASCE for publication of technical ideas that have not 

advanced to the point where they warrant publication as a technical paper in a journal. 
the publication of technical notes was authorized by the Board of Direction on October 
16-18..1967. under the following guidelines: 

I. Five copies of an original manuscript are to be submitted io the Manager. 
Journals, ASCE. 345 East 47th Street. New York. NY 10017-2398. along with a request 
by the author that it be considered as a technical note. 

2. Four of the copies will be sent to an appropriate technical division or council for 
review. 

3. If the division or :ouncil approves the contribution for publication, it will be 
returned to Society Headquarters with appropriate comments. 

4. The journal staff will prepare the material for use in the earliest possible issue of 
the journal, after proper coordination with the author. 

5. Each technical note is not to exceed 2,500 word-equivalents. As an approxima-
tion. each full double-spaced manuscript page of text, tables, or figures is the equivalent 
of 300 words. 

6. The technical notes are grouped in a special section of the journal. 
7. A 175-word infornation retrieval abstract and key words are necessary for. 

technical notes. 
A. The final date on which a discussion should reach the Society is given as a footnote 

with each technical note. 
9. Technical notes will be included in Transactions. 

10. Technical notes will be included in ASCE's annual and cumulative subject and 
author indexes. 

The manuscripts for technical notes must meet the following requirements: 

I. Titles must have a length not exceeding 70 characters and spaces. 
2. The manuscript shculd be typed double-spaced on one side of 220 mm by 280 mm 

paper. Five copies of all figures and tables must be included. 
3. The author's full •ame, Society membership grade, and a footnote reference 

stating present employme -It must appear on the first page of the paper. Authors need not 
be Society members. 

4. All mathematics must be typewritten and special symbols must be properly 
identified. The letter sym,ols used musi be defined where they first appear, in figures, 
tables, or text. 

5. Standard definitions and symbols must be used. Reference must be made to the 
lists published by the American National Standards Institute and to the ASCE Author's 
Guide to Journals, Books. and Reference Publications.- 

6. Figures must be drawn in black ink on one side of 220 mm by 280 mm paper. 
Because figures will be reproduced with a width of between 76 mm and 110 mm, the 
lettering must be large encugh to be legible at this width. Photographs must be submitted 
as glossy prints. Explana. ions and descriptions must be made within the text for each 
figure. 

7. Tables must be typed double-spaced on one side of 220 mm by 280 mm paper. An 
explanation of each table must appear in the text. 

8. References cited in text must be typed double-spaced at the end of the technical 
note in alphabetical order in an Appendix. References. 

9. Each author may use the International System of Units (SI), and units acceptable 
in SI, or other units. When SI units are used, no other units are required. When other 
units are used, the SI units shall be given in parentheses: in a supplementary or dual-unit 
table; or an appendix. 

932  

By Daniel J. Goode,' Associate Member, /SCE 

I NTRODUCTION  

Analytical solutions have been developed for many conceptual models 
of solute transport in groundwater (Bear 1979). Although these models 
usually rely on assumptions too restrictive for accurate description of 
actual field situations, they are useful in understanding groundwater 
transport and in evaluating the relative importance of the subsurface 
processes affecting transport. In addition, these simple models are often 
used for generic and screening-type analyses of groundwater contamina-
tion problems (Kent et al. 1985). For example, the Nuclear Regulatory 
Commission assesses potential doses resulting from the disposal of very 
slightly contaminated material in the ground using analytical solutions for 
one- and two-dimensional groundwater transport (Codell and Schreiber 
1979; Codell et al. 1982; Goode et al. 1986). This note presents a method 
for determining a "worst-case" groundwater velocity value for two 
conceptual models of decaying radionuclide transport, resulting in maxi-
mum calculated point concentration. 

For "conservative" screening-type analysis, hydrogeologic properties 
are typically not known, and assumed parameter values are selected to 
result in calculated concentrations which are very unlikely to be exceeded 
in reality. If this type of "conservative" analysis yields performance 
measures that meet established criteria, then no further information may 
be required. Otherwise, further site investigation and more realistic 
analyses can be performed. Parameter selection demands considerable 
judgment because of the extreme variability of hydrogeologic characteris-
tics from site to site. Fortunately, "worst-case" values can be chosen for 
some parameters resulting in theoretically maximum or peak calculated 
performance measure: 

Concentrations at a point in an aquifer down gradient from a radionu-
clide source are affected by, among other processes, dilution in the flowing 
groundwater and radioactive decay. The travel time of radionuclides from 
the source to any location determines the extent of radioactive decay. 
Thus, a higher velocity value results in less decay and higher concentra-
tion. On the other hand, groundwater velocity is often considered propor-
tional to flux or specific discharge: V = q/n, where q is the specific 
discharge through the aquifer and n is porosity. The released source mass 
Is diluted by this through-flow, thus a higher velocity value results in more 
dilution and reduced concentration. These two effects counteract each 
other and, for certain conceptual models, a  groundwater  velocity value can 

'Hydrologist, U.S. Nuclear Regulatory Commission: presently with U.S. Geo-
logical Survey, 431 Nat. Ctr., Reston, VA 22092. 

Note. Discussion open until January 1, 1989. To extend the closing date one 
month, a written request must be filed with the ASCE Manager of Journals. The 
manuscript for this paper was submitted for review and possible publication on 
August 5, 1987. This paper is part of the Journal of Hydraulic Engineering, Vol. 114, 
No. 8. August, 1988. CASCE, ISSN 0733-9420/88/0008-093351.00 + S.15 per page. 
Paper No. 22697-1. 
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Parameter 
(1) 

Porosity 
Thickness 
Source strength 
Retardation 
Deco rate 

 

Symbol 
• (2) 

Value 
(3) 

0.1 
1 m 
1 Ciryrrm 

10 
0.021 yr -I  

33 yr 

  

R„ 

       

TABLE 1. Parameters for Example  Problems  

TABLE 2. Calculated Concentrations for One-Dimensional Plug-Flow Model' 
1,  

(mlyr) 
(1) 

C(z ••• 100 m) 
(aims) 

(2) 

C (r 	1.000 m) 
(GPM') 

(3 ) 
.1 7.58E-9 6.28E-91 
2.1 2.16E-5 1.77E-43 

10 0.122 7.58E•10 
21 0.175 2.16E-5 

100 0.081 1.22E-2 
210 0.043 1.75E-2 

1.000 9.79E-3 8.11E-3 
2,100 4.71E-3 4.31E-3 

'V 1  (x 	100)  ■ xkR, •■ 21 miyri 1, 1 (x 	1.000) •• 210 m'yr. 

dC (x)t Rd  1 )  
= 	 C 	  (3) 

Al a local maximum of C, this derivative equals zero. For a nontrivial 
solution C 	0 thus, setting Eq. 3 equal to zero and dividing by C yields: 

x 

where V I  = the MPCV for the one-dimensional plug-flow model. 
This MPCV depends on the distance from the source at which concen-

trations are estimated (i.e., the receptor location), the decay rate, and the 
retardation coefficient. The parameters for an example problem are shown 
in Table I. Table 2 illustrates the variation of peak concentration for 
several velocities at two locations. For this case, an order-of-magnitude 
underestimate of MPCV results in much lower concentrations than an 
order-of-magnitude overestimate. 

TWO-DIMENSIONAL ADVEC710N-DISPEFISION MODEL 

A common conceptual model of groundwater transport includes disper-
sion, or spreading of the radionuclide, both along the flow path (longitu-
dinal) and perpendicular to the flow path (transverse). When dispersion is 
considered, the MPCV is not equal to Eq. 4 because longitudinal disper-
sion essentially decreases the travel time of the peak, moving some 
radionuclides faster than the average. 
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(4) 

• 
b1 0 111/ . 	ermincu which will result in maximum concentration at a specified 
location for a giver, set of parameters. To simpiify notation, this velocity 
value is herein called the maximum point concentration velocity.(MPCV). 
Performance measures other than maximum point concentration, such as 
radionuclide mass flux, could also be used to develop different "worst-
case —  velocity values. 

A meaningful MPCV exists only if flux is considered proportional to 
velocity. In many site-specific cases, groundwater flux can be estimated 
from recharge or pumping estimates, or from observed hydraulic gradi-
ents. Because the amount of dilution is then fixed, a higher velocity value 
(corresponding to lower porosity) results in less decay and higher concen-
tration, and the MPCV is infinitely high. However, in this case, a more 
appropriate velocity can be estimated from flux and porosity estimates. 

Likewise, radionuclides with very long half-lives do not decay signifi-
cantly, irrespective of the travel time or velocity. For this case, peak 
concentration is calculated with minimum-volume flow rate and infinitely 
low velocity. 

This note present! a method for determining a velocity value (MPCV) 
that will result in maximum concentration at a specified location for a 
solute subject to rapid or moderate first-order decay when dilution is 
considered proportional to velocity. A closed-form approximation is 
developed for two-dimensional advective-dispet sive transport. This 
method is only appropriate when no site-specific information on ground-
water velocity is available. 

ONE-DIMENSIONAL PLUG-FLOW MODEL 

A simple conceptualization of radionuclide transport in groundwater is 
one-dimensional advection (or plug-flow) with linear equilibrium sorption 
and first-order radioactive decay. This conceptual model ignores disper-
sion. Initially, concentration is zero for all locations (x). At time I = 0, 
radionuclide mass (measured as activity in curies) is injected at a constant 
rate Al (CilTIL) per unit width into the aquifer at x = 0. Ahead of the 
advected front, which is retarded due to sorption, concentration remains 
zero, because dispersion is ignored. At and behind the advected front, the 
concentration is: 

C(/) = Co exp ( Xt) 	  

or, substituting Co  = ItlInbV and t = xRdIV, 

M 	(— xXRd) 	 VI 

C(X)  = ITO exP 	
for x g — 	  (2) 

Rd  

where C (in Ci/L') = radionuclide concentration, in curies (Ci) per unit 
volume of water; V (h LI7) = uniform groundwater velocity in the x 

direction; b (L) aquiler's saturated thickness; n.(L3/L3 ) = porosity; Rd 
(—) = retardation coefficient; and X (7- ') = radioactive decay rate. The 

coefficient R d  accounts for sorption of the radionuclide by the aquifer .  
medium and the radionuclides move with an apparent velocity V/R d  (see, 

e.g., Bear f1979]). 
For this case, the ser.sitivity of Eq. 2 with respect to V is: 
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The ratio of MPCV for.the two-dimensional advection-dispersion model 
to the MPCV for the one-dimensional plug-flow model is a function of xIB 
only (Fig. I). This term xIB = xria ., is one-half the dimensionless distance 
down gradient from the source relative to the longitudinal dispersivity. 

The form of the one-dimensional MPCV with respect to the one-
dimensional analytical solution suggests an approximation (Vd to the 
MPCV for the two-dimensional advection-dispersion model: 

2 B d  
V. - 

2(-

B

x 

+ (--
B
) 

For large xli3, the second term in the denominator in Eq. 10 is small, and 
V. reduces to V, (Eq. 4) in the limit. 

Fig. 1 shows the ratio of V2  (Eq. 7) to V, (Eq. 4) and to V. (Eq. 10) as 
a function of dimensionless distance from the source. V. is a better 
approximation of V2 than V, , because it incorporates some of the affect of 
dispersion. Recalling that B 2a, , V. is about 90% of V2  for x = 2a, and 
V. is greater than 99% of V2 for x = 20a, . 

The variation of steady-state centerline concentration for different 
assumed groundwater velocities is shown in Fig. 2. The exact analytical • 
solution (to which Eq. 6 is an approximation, see Wilson and Miller [1978]) 
is used for a case governed by the parameters in Table I. In addition, the 
longitudinal and transverse dispersivities are 20 m and 4 m, respectively. It 
should be noted from Eq. 8 that MPCV is independent of transverse 
dispersivity, although the absolute sensitivity (Eq. 7) is a function of a,. 
through its affect on C. For the case considered, centerline concentration 
is more sensitive to velocity for velocities less than MPCV, when decay is 
most important. The sensitivity is less when velocity is above MPCV and 
dilution effects become dominant. These characteristics are also shown 
above in Table 2, for the plug-flow model. 

SUMMARY 

For certain generic or screening-type models of radionuclide transport in 
groundwater, a groundwater velocity value (MPCV) can be determined 
which will result in maximum calculated concentration at a specified 
location. The MPCV is a function of the distance from the source, the 
radioactive decay rate, the retardation coefficient, and the longitudinal 
dispersivity. For the two-dimensional advection-dispersion model contid-
ered, the MPCV can be determined by a simple approximation multiplied 
by the ratio shown in Fig. 1. For many cases, the MPCV for a simple 
one-dimensional advection model may provide a reasonable estimate of 
the MPCV for more complex models which can be verified by computing 
concentrations corresponding to higher and lower velocity values. This 
method is presented in terms of transport of a decaying radionuclide in 
groundwater, although it may also be applied to other problems such as 
surface water transport and transport of organic solutes subject to first-order 
biodegradation. MPCVs could also be developed for other conceptual 
models including three-dimensional transport, different source configura-
tions, or additional geochemical processes. This method is only appropri-
ate when no site-specific information on groundwater velocity is available. 
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PLUNGING AND STREAMING FLOWS IN POOL AND 

WEIR FISH WAYS 
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INTRODUCTION 

A pool-and-weir fishway consists of a number of pools formed by a 
series  of weirs. Water flows from the headwater side to  the tailwater region 

'Prof., Dept. of Civ. Engrg.. Univ. of Alberta, Edmonton, Alberta, Canada, T6G 
207. 
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NOTATION 

The following is a list of acronyms, initialisms, and abbreviations (including units 

of measure) used in this document. 

ACRONYMS, INITIALISMS, AND ABBREVIATIONS 

DOE 	U.S. Department of Energy 

EPA 	U.S. Environmental Protection Agency 

ICRP 	International Commission on Radiological Protection 

LLD 	lower limit of detection 

NCI 	National Cancer Institute 

NAS 	National Academy of Sciences 

NMFS 	National Marine Fisheries Service 

NRC 	U.S. Nuclear Regulatory Commission 

SI 	International System of Units 

REV 	representative elementary volume 

USDA• 	U.S. Department of Agriculture 

UNITS OF MEASURE 

°C 	degree(s) Celsius 

cm 	centimeter(s) 

cm 3 	cubic centimeter(s) 

day(s) 

gram(s) 

gal 	gallon(s) 

hour(s) 

in. 	inch(s) 

xi 
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m  i2 

ml 

mrem 

• 
pCi 

S. 

ug 

kiloelectron volt(s) 

kilogra.m(s) 

square kilometer(s) 

length 

liter(s) 

pound(s) 

mass 

meter(s) 

square meter(s) 

cubic meter(s) 

square mile(s) 

milliliter(s) 

millirem(s) 

picocurie(s) 

second(s) 

time 

• microgram(s) 

year(s) 

• .keV 

kg 

krn 2  

lb 

M. 

In 
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DATA COLLECTION HANDBOOK FOR ESTABLISHING 
RESIDUAL RADIOACTIVE MATERIAL GUIDELINES 

	 • 
by 

C. Yu, C. Loureiro, J.-J. Cheng, Y.P. Chia, and L.G. Jones 

ABSTRACT 

A pathway analysis computer code namedA 
 has been developed for implementing of 

the U.S. Department of Energy's Residual Radioactive Material Guidelines. The parameters 

used in the RESRAD code include hydrogeologicaL meteorological, geochemical, geometrical 

(size, area, depth, etc.), and material related (soil, concrete). The parameter definition, 

typical range, variation, measurement methodology, and input screen location are discussed 

in this handbook. 

• 
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INTRODUCTION 

• 

In supporting the U.S. Department of Energy (DOE) order establishing residual 

radioactive material guidelines (DOE Order 5400.5), Argonne National Laboratory has 

developed a computer program namei RESAD (Gilbert et al. 1989). The program and its 

manual have been used by DOE and other agencies and their contractors for derivation of 

cleanup criteria and for dose calculations. Since its first release in June 1989, many new 

features and pathways have been added to the RESRAD code. (The manual is currently 

under revision.) The purpose of this handbook is to provide guidance to RESRAD users on 

gathering, evaluating, and selecting, input data for the RESRAD code. 

A sensitivity analysis on RESRAD parameters has been conducted; the results are 

presented in a report entitled RESRAD Parameter Sensitivity Analysis (Cheng et al. 1991). 

Parameter sensitivities for a generic run are presented in the Sensitivity Analysis 

report. A built-in sensitivity analysis capability has been added to the RESRAD code. This 

capability provides an easy way for users to study RESRAD parameter sensitivity. Users are 

referred to the revised manual and the RESRAD Parameter Sensitivity Analysis report for 

description and use of this enhanced feature of RESRAD code. 

A total of 51 parameters are discussed in this report. Table 1.1 lists the applicable 

pathways and the data input screen locations for RESRAD input parameters. 

For each parameter, this handbook discusses its definition, typical range, the default 

value used in RESRAD, relation (if any) to other parameters, and the measurement 

methodology, if they can be measured. The intent of this handbook is to provide users with 

a better understanding of each input parameter regarding its typical range, variation, and 

how the parameter is used in RESRAD code. 



TABLE 1.1 Applicable Pathways and Data Input Screen Locations for RESRAD Input Parameter? 

Pathways 

Parameter 

Soil density 
-cover material 	 used 
-contaminated zone 	 . used 
-unsaturated zone 
-saturated zone 	. 
-building foundation material 

Total porosity 

-cover material 
-contaminated zone 	 used 
-unsaturated zone 
-saturated zone 

foundation material 

Effective porosity 
-contaminated zone 
-saturated zone 
-unsaturated zone 

Hydraulic conductivity 
-contaminated zone 
-unsaturated zone 
-saturated zone 

External 	 Plant 	Meat 	Milk 	Aquatic 	Drinking 	 Soil 	Input Oamma 	Inhalation 	Ingestion 	• ingestion 	Ingestion 	Foods 	Water 	Radon 	Ingestion 	Screen 

used 	used 
— 

used 
used 

— used 

used 
— 

used 
— 

used 
. used 

— — used 

— — — — used 
used used used used used 
used used used used used 
used used used used used 
— — — — used 

— 0 	
• 	— . 	— — used 

used ' 	used used used used 
used . 	used used used used 
used 
— 

used 
— 

used 
. 	. _ 

used 	. 
— 

used 
used 

• 
used used used used — 
used 
used 

used 
used 

used 
used 

used 	• 
used 

— 
— 

used used used used used 
used used used used — . 
used used used used — 

used 
used 

— — used 
— — used 
— — — used 

— — used 

used used - 	used used used 

used used . used • used used 

— ' 
used 
	

used 
• used 
• . used 

• — 

— — 
used 	used 

used 
.. used 

— ---. - 

	

— 	8013 ' 

	

used 	8013 

	

— 	11015 
8014 

— R021 . 

	

— 	R021 

	

used 	R013 
— 11015 

. 	— 	R014 
- 8021 

	

used 	8013 
— 8014 
— 8015 . 

	

used 	11011 
— ' 8015 
— 8014 

8021 
R021' 	

1 

8021 
8021 

- 	 R021 

— 8021 

	

used 	8013 . 

	

used 	11013* 

Volumetric water content 
-cover .material 

-building foundation material 

Effective radon diffusion coefficient 
-cover material 
-contaminated zone 
-building foundation material 

Radon emanation coefficient 	 — 

Precipitotion rate 	 used . 	used 	used 

Runoff coefficient 	 used 	used 	used • 

• 
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TABLE 21 Typical Values of 
Dry Density of Various Soil 
Types and Concrete 

Soil Type 
Dry Density, pd  

(g/cm3) 

Sand 1.52 
Sandy loam 1.44 
Loam 1.36 
Silt loam 1.28 
Clay loam 1.28 
Clay 1.20 

Concrete 2.40 

Sources: Linsley et al. 1982 and 
Poffiin 1988. 

• 



DRAFT 	 21 	 12105192 

2.1.3 Total (Wet) Density 

The total, or wet, density of soil is the ratio of the total mass of soil to its total 

volume and can be defined as follows: 

M,+M /  

v,+vs 	
(2.3) 

Total density differs from dry density in that it is strongly dependent on the moisture content 

of the soil. For a dry soil, total density approximates the value of dry den's-Ay. 

2.2 MEASUREMENT METHODOLOGY 

For use in RESRAD, only the dry densities of five distinct materials (cover layer, 

contaminated zone, unsaturated and saturated zones, and building foundation material) are 

needed as input parameters. However, because information on both soil particle and total 

(i.e., wet) density is required for the calculation of total porosity of the soil material, 

descriptions of the techniques and procedures for measuring both types of densities follow. 

2.2.1 .Soil Particle Density Measurement 

The soil particle density of a soil sample is calculated on the basis of the 

measurement of two quantities: (1) M s,  the mass of the solid phase of the sample (dried 

mass) and (2) Vs, the volume Of the solid phase (Blake 1986). Assuming that water is the 

only volatile in a soil sample, the mass (Me) can be obtained by drying the sample (usually 

at 105°C) until it reaches a constant weight, W s. This method may not be valid for organic 

soils or soils with asphalt. 

The solid phase volume, Vs, can be measured in different ways. One way is to 

measure the volume directly by observing the resulting increase in the volume of water as 

the sample of dried soil is introduced into a graduated flask that initially contains pure water 

(or another liquid). After making sure that the soil/water mixture is free from air bubbles, 
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M = the mass of gases (negligible compared with the masses of the water 

and matrix phases), and 

Mt  = the total mass. 

Similarly, within the REV, the volumes associated with the soil phases can be 

defined as follows: 

V, = the volume of solids; 

= the volume of liquids; 

V = the volume of gases; 

Vp = VI + Vg, the volume of pore space; and 

Vt  = 	+ + Vg, the total volume. 

These mass and volume definitions can be used to define the concepts of soil particle density, 

dry sail density, and total (wet) soil density. The dimensional units of soil density are mass 

per unit of cubic length (M.I.:3). 

Soil is a typical heterogeneous multiphase porous system, and the concept of average 

density can be used to define three parameters: (1), density of solids, or soil particle density; 

PS ; (2).bulk or dry density, Pb;  and, (3) total or wet density; p t. 

2.1.1 Soil Particle Density 

The soil particle density, p., or the density of solids, represents the density of the soil 

(i.e., mineral) particles collectively and is expressed as the ratio of the solid phase mass to 

the volume of the solid phase of the soil. Soil particle density is defined as follows: 

Ps = Ms/Vs 

In most mineral soils, the soil particle density has a short range of 2.6 - 2.7 g/cm 3  

(Hillel 1980a). This is close to the density of quartz, which is usually the predominant 

constituent of sandy soils. A typical value of 2.65 g/cm 3  has been suggested to characterize 

the soil particle density of a general mineral soil (Freeze and Cherry 1979). Aluminosilicate 
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clay minerals have particle density variations in the same range. The presence of iron oxides 

and other heavy minerals increases the value of the soil particle density. The presence of 

solid organic materials in the soil decreases the value. 

2.1.2 Bulk (Dry) Density 

The bulk or dry density of soil is the ratio of the mass of the solid phase of the soil 

(i.e., dried soil) to its total volume (solid and pore volumes together) and is defined as follows: 

Pb 
	 M, 	 (2.1) 

The bulk density, Pb'  is related to the soil particle density, p., by the total soil 

porosity, for example: 

Pb = (1 -n) p, 	 (2.2) 

where n is the total porosity (see Section 3.1) and 1-n is the ratio of the solid volume (V.) to 

the total volume (V1  + Vg  + V.). 

From the above definition, it should be obvious that the value of dry density is 

always smaller than the value of soil particle density. For example, if the volume of pores 

(V1  + Vg) occupies half of the total volume, the value of dry density is half the value of the 

soil particle density. 

The dry density of most soils varies within the range of 1.1 - 2.0 g/cm 3. In sandy 

soils, dry density can be as high as 2.0 g/cm 3, while in clayey soils and aggregated barns, it 

Can be as low as 1.1 g/cm 3  (Hillel 1980b). Because of its high degree of aggregation (small 

total porosity), concrete has, in general, a higher dry density then soil. Typical values of dry 

density in different types of soils and in concrete are shown in Table 2.1. Dry density 

depends on the structure of the soil matrix (or its degree of compaction or looseness) and on 

its swelling/shrinkage characteristics. 



TABLE 1.1 (Cont'd) 

Parameter 

Pathways 

Input 
Screen 

External 
Oamtnn Inhalation 

Plant 
Ingestion 

Meat 
Ingestion 

Milk 
Ingestion 

Aquatic 
Foods 

Drinking 
Water Radon 

Soil 
Ingestion 

%sic radiation dose limit 

Dilution length for airborne dust 
Seafood consumption rate 

Fruit, vegetable, and grain 
consumption rates 

Inhalation rate 

Leafy vegetable consumption rate 

Livestock water Intake rote 
-meet 
-milk 

Meat and poultry consumption rote 

Occupancy and shielding factor 
(external gamma) 

Elapsed time of waste placement 

Shape factor, external gamma 

Initial concentrations of principal 
radionuclide 

Drinking water intake rate 

used 

— 

use d 

tined 

mkt! 

used 

used 

used 

—. 

. 	used 

— • 

used 

used 	. 

used . 

used 

II RCd 

. 	need 

used 	. 

used 

tated 

used 
— 

used. 

used 

— 

. 	need. 

— 

used 

used 

need 
— 

used 

— 

tilted 

— 

need 

used • 

— 
used 

— 

used . 

— 

used 

used 

— 
— 

- used 

— 

used 

used 

used 

— 
— 

— 

used 

,— 

used 

used 

— 

— 

used 

used 

R011 

R017 
R018 

R018 

R017 

11918 

R019 
R019 

R018 

R017 • 

R011 

R017 . 

R0I2 

11018 

° "—" indicates that the parameter is not used in the pathway calculations. 
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2 SOIL DENSITY 

2.1 DEFINE. 

The density of soil, as with any other material, is the ratio of the soil mass to the soil 

volume. This definition is applicable to any kind of homogeneous monophasic material. For 

heterogeneous and multiphasic materials, such as porous media, application of this concept 

can lead to different results, depending on the exact way the mass and volume of the system 

are defined. - 

In its general form, the soil system contains three natural phases: (1) the solid 

phase, which constit lates the soil matrix (i.e., mineral particles); (2) the liquid phase, which 

is often represented by water, and which could more properly be called the soil solution; and 

(3) the gaseous phase, which contains air and other gases, that is, the soil atmosphere. The 

mass and volumes associated with these three phases must be defined before the definitions 

of the different densities that characterize the soil system can be formalized. 

Consider a representative elementary volume (REV) of soil that satisfies the 

following criteria (Bear 1972 and Marsily 1986): 

1. A sufficiently large volume of soil containing a large number of pores, 

such that the concept of mean global properties is applicable; and 

2. A sufficiently small volume of soil so that the variation of any parameter 

of the soil from one part of the domain to another can be approximated 

by continuous functions. 

Within a REV, the masses of the phases composing the soil can be defined as follows: 

Ms  = the mass of solids, 

= the mass of liquids, 

• 
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Parameter 	. 

Pathways 

External 
Oamma Inhalation 

Plant 
Ingestion 

Meat 
Ingestion 

Milk 
Ingestion. 

Aquatic 
Foods 

Drinking 
Water Radon 

Soil 
Ingestion 

Input 
Screen 

Hui!ding foundation thickness 
used R021 .  

Foundation depth below ground 
surface 

used 11021 
Fraction of time spent indoors 

used used 11021 
Fraction of time spent outdoors — — — — — — used used ' 	11021 
Area of contaminated zone used used used used used used used used used 11011.  
Cover depth used used used used used — — used used i1013 . 
Distribution coeMcients used used used used used . 	used used used used 11018 
Fractions of annular areas within 

contaminated area used — — — — — — — — 11017 
Radionuclide concentration in 

groundwater used used 	• used used used • used used used used 11012 
Leach rata used 	• heed used used used used used . used used 11016 

Livestock fodder intake 
-meat 
-milk 

— 
— 

— 
— 

— usecl 
— 

— 
used 

— 
— 

— 
— 

— 
— 

— 
— 

11019 
11019 

Mass loading for inhalotion — used — — — — — — 11017 

Milk consumption rate — S — used — _ 	S _ _ 11018 

Occupancy factor for inhalation — used — — — — _ _ R017 

Depth of roots 	 S — used used used — _ S 	_ _ 11019 

Soil ingestion rate • — 	S — 
S _ _ used R018 

Thickness of contaminated zone used . used used used used — used used 11011. 



TABLE 1.1 (Cont'd) 

Parameter 

Pathways 

Input 
Screen 

External. 
Oomma Inhalation 

Plant 
Ingestion 

Meat 
Ingestion 

Milk 
Ingestion 

Aquatic 
Foods 

Drinking 
Water Radon 

Soil 
Ingestion 

Irrigation rate — used — — — — used — 11013 
Evapotranspiration coeMelent used Used 	. used used used used used used used 8013 
Soil-specific b parameter . 

-contaminated zone 
-unsaturated zone 
-saturated zone 

used 
— 
— 

used 
• — 

used 
.uaed 
uaed 

used 
used 

• used 

' 	used 
used 
used 

Used 
used 
used 

used . 
used 
used 

used 
— 
— 

used 
— 
— 

11013 
11015 
11014 

Erosion rate 
--cover material 
-contaminated zone 

used 
used 

used 
used 

'used 
u sod 

used 
used 

used 
used 

— 
— 

— 
— 

used 
— 

used 
used 

R013 
11013 

hydraulic gradient __ __ used used used used used __ __ R014 

Length of contaminated zone 
parallel to the aquifer flow __ __ used used used used used __ _ 8011 

Watershed area for nearby stream 
or pond __ _ used used used used used __ __ ' R013 

Water table drop rate __ need used used used used __ 8014 

Well-pump intake depth __ __ used used used used used __ __ 11014 

Radon vertical dimension of mixing __ __ __ __ _ __ used __ 11021 

Average annual wind speed __ __ __ __ _ _ used __ 8021 

Average building air exchange rate __ -- __ _ — _ used __ 11021 

Building room height __ __ _. __ __ _ __ used __ 11021 

Building indoor area factor __ ...... _ _ ...... ...... used __ R021 

'Thickness of uncontaminated 
unsaturated zone used used used used used R016 
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the observed expansion in volume (i.e., the replaced volume of water) should be equal to V s , 

the solid phase volume. The problem with this approach is that the techniques used to 

eliminate air bubbles from the mixture (such as heating) can also disturb the total volume 

and thus introduce errors into the calculations. 

Another way to measure the solid phase volume (V s), is based on evaluating the mass 

and density of water (or another fluid) displaced by thesample (after being oven dried). This 

second approach has been used for quite some time and is simple, direct, and accurate if done 

carefully (Blake 1986). It is based on the fact that, if V dw, the volume of water displaced by 

the solids, is equal to Vs, then: 

M v _ 
P,,, 	Pa  

and 

P = P 3 W 
 md„ 

where Mdw, is the mass of the displaced water and p w  is the water density. Therefore, to 

obtain .  the soil particle density it is necessary to evaluate the water density at the.specific 

pressure and temperature conditions and to measure M s  and Mdw . 

The value of Mdw  is obtained by using a graduated volumetric flask and by making 

the following measurements: 

Mf  = mass of the empty flask; 

Mfs = mass of the flask plus the dried soil sample; 

Mfsw = mass of the flask plus the soil and filled with water up to a 

fixed volume, Vf; 

Mfw = mass of the flask filled with pure water up to the fixed 

volume Vf. 

(2.4) 

(2.5) 
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Then, Maw , or the mass of the displaced water can be calculated as follows: 

=(Mft  -Mf)-(Mirw 	 (2:6) 

And therefore, substituting M aw  into the expression for soil particle density, p s, yields: 

Ps  = (Mft -M1HAfAff+)} 

(2.7) 

This method is very precise, but it requires careful measurements of volumes and masses. 

Possible errors can result not only from determining the masses and volumes but from 

nonrepresentative sampling. 

2.2.2 Dry Density Measurement 

The dry (bulk) density (Pb)  of a soil sample is evaluated on the basis of two measured 

. values: (1) M s, the oven-dried mass of the sample and (2) V t, the field volume or the total 

volume of the sample. As stated previously, for the calculation of soil particle density (p s), 

mass (Ms) is measured after drying the sample at 105°C until a near constant weight is 

reached. This laboratory technique determines directly the dry density of a soil *sample. 

Possible direct. methods of measuring the dry density include the clod, core, and excavation 

methods. These methods essentially consist of drying and weighing a known volume of soil. 

Variations of these methods are related to different ways of collecting the soil sample 

and measuring volume. In the core method (Blake 1986), a cylindrical shaped metal sampler 

is introduced into the soil with care to avoid disturbing the sample. At the desired depth in 

the soil, a known field volume (Vi)  of soil material is collected as it exists in-situ. The sample 

is then oven-dried and weighed to obtain the mass. The value of the dry density is calculated 

by dividing the mass by the volume. Problems in using this technique include sampling 

difficulties, such as the presence of gravels in the soil, and the possibility of disturbing the 
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structure of the soil during the sampling process when the sampler is introduced into.the • 	
ground. In the excavation method (Blake 1986), the dry density of the soil is determined by 

excavating a hole in the ground, oven-drying and weighing the amount of soil removed from 

the ground to determine the mass, and measuring the volume of the excavation. The volume 

(vs) can be determined in different ways. One is to use the sand-funnel method in which a 

selected type of sand with a known volume per unit mass is used to completely fill the hole. 

Then by measuring the total mass of sand needed to fill the hole, the volume can be 

determined. Another possible way to measure the volume (V s) is to use the rubber-balloon 

method. In this technique, a balloon is placed within the hole and filled with a liquid (water) 

up to the borders of the hole. The volume of the excavated soil sample is then equal to the 

volume of the liquid in the balloon. 

An advantage of using the excavation method to measure dry densities of soils other • 	than the core method is that it is more suitable for heterogeneous soils with gravels. 

An indirect method of measuring soil density, applicable for in-situ rather than 

laboratory determinations, is called the radiation method or gamma-ray attenuation 

densitometry (Blake 1986) :  This method is based on the principle that the amount of gamma 

radiation being attenuated and scattered in the soil depends on soil properties; including the 

combined densities of the solid-liquid components of the medium. By measuring the radiation 

• -that is transmitted through the medium or that is scattered by soil components and reaches 

a detector placed away from the source and by using proper calibration, the wet density of 

the soil, P s, can be determined. To determine the dry density, p b, a correction of the result 

is needed to remove the contribution present from the liquid phase in the soil. 

The radiation method used for measuring soil density has several advantages over • 	other related laboratory techniques: (1) in-situ evaluation of soil density, (2) minimum 
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disturbance of the soil, (3) relatively short measurement time, (4) more applicable for deeper 

subsoil determinations because it requires minimal excavation, and (5) it is a nondestructive 

technique with the possibility of performing continuous or repeated measurements at the 

same spot. The radiation method also has some disadvantages compared with the other 

methods. Because it is a more sophisticated technique, it requires expensive equipment and 

highly trained operators who must be able to handle the frequent calibration procedures, the 

electronics, and the sampling equipment. The system operator must be trained in the 

radiation aspects and radiological protection procedures of the entire operation. 

2.3 RESRAD DATA INPUT REQUIREIVIENTS 

In RESRAD one variable is assigned to represent the dry , density of each of five 

materials in grams per cubic centimeter (Wczn 3): (1) cover material, (2) contaminated zone, 

(3) unsaturated zone, (4) saturated zone, and (5) building foundation material (i.e., concrete). 

For the first four types of soil, a default value of 1.6 g/cm 3  is assigned for the dry density, a 

value that is in the upper range of variability and is representative of a sandy soil. Although 

the building foundation material (i.e., concrete) has a solid phase density (i.e., particle 

density) similar to that of the soil, because of its small total porosity, concrete has, in general, 

a higher dry density than soils. In RESRAD a default value of 2.4 g/cm 3  is assigned for the 

dry density of the foundation building material. This default value is provided for generic 

use of the RESRAD code. For more precise use of the code, site-specific data should be used. 

. If the type of soil is known, then Table 2.1 can be used for a slightly more accurate 

determination of the input data values for dry density. If there is no information about the 

type of soils, however, then the values for dry density should be experimentally deterrnined 

by using one of the methods described in Section 2.2.2. 
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3 TOTAL POROSITY 

3.1 DEFINITION 

The total porosity of a porous medium is the ratio of the pore volume to the total 

volume of a representative sample of the medium. Assuming that the soil system is 

composed of three phases — solid, liquid (water), and gas (air) — where V, is the volume of 

the solid phase, VI  is the volume of the liquid phase, V g  is the volume of the gaseous phase, 

VP  = V1  + Vg  is the volume of the pores, and Vt = V6  + VI Vg  is the total volume of the 

sample, then the total porosity of the soil sample is defined as follows: 

	

V 	V +V 

	

_E 	s  

	

nVt 	g+vi+v, 

(3.1) 

Porosity is a dimensionless quantity and can be reported either as a decimal fraction 

or as a percentage. Table 3.1 lists representative total porosity ranges for various geologic 

materials. A more detailed list of representative porosity values (total and effective 

porosities) is presented in Table 3.2. In general, total porosity values for unconsolidated 

materials lie in the range of 0.25 - 0.7 (25% - 70%). Coarse-textured soil materials such as 

gravel and sand tend to have a lower total porosity than fine-textured soils such as silts and 

clays. The total porosity in soils is not a constant quantity because the soil, particularly 

clayey soil, alternately swells, shrinks, compacts, and cracks. 

-3.2 MEASUREMENT METHODOLOGY 

On the basis of its definition, the total porosity of a soil sample can be most easily 

evaluated by measuring directly the pore volume (V p) and the total volume (Vi).  The total 

volume is easily obtained by measuring the total volume of the sample. The pore volume can, 

in principle, be evaluated directly by measuring the volume of water needed to completely 
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TABLE 3.1 Range of Porosity Values 

Porosity, n 
Soil Type 
	

(%) 

Unconsolidated deposits 
Gravel 	 25-40 
Sand 	 25-50 
Silt 	 35-50 
Clay 	 40-70 

Rocks 
Fractured basalt 	 5-50 
Karst limestone 	 5-50 
Sandstone 	 5-30 
Limestone, dolomite 	 0-20 
Shale 	 0-10 
Fractured crystalline rock 	0-10 
Dense crystalline rock 	 0-5 

Source: Freeze and Cherry 1979. 
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TABLE 3.2 Representative Porosity Values 

Material 

Total Porosity, n Effective Porosity, ; 

Range 
Arithmetic 

Mean Range 
Arithmetic 

Mean 

Sedimentary Material 
Sandstone (fine) 0.02 - 0.40 0.21 
Sandstone (medium) 0.14 - 0.49 0.34 0.12 - 0.41 0.27 
Siltstone 0.21 - 0.41 0.35 0.01 - 0.33 0.12 

Sand (fine) 0.25 - 0.53 - 0.43 0.01 - 0.46 0.33 
Sand (medium) - 0.16- 0.46 0.32 
Sand (coarse) 0.31 - 0.46 0.39 0.18 - 0.43 0.30 
Gravel (fine) 0.25 - 0.38 0.34 0.13 - 0.40 0.28 
Gravel (medium) - 0.17 - 0.44 0.24 
Gravel (coarse) 0.24 - 0.36 0.28 0.13 - 0.25 0.21 
Silt 0.34 - 0.51 0.45 0.01 - 0.39 0.20 
Clay. 0.34 - 0.57 0.42 0.01 - 0.18 0.06 
Limestone 0.07 - 0.56 0.30 -0- 0.36 0.14 

Wind-Laid Material 
Loess 0.14 - 0.22 0.18 
Eolian sand 0.32 - 0.47 0.38 
Tuff 0.02 -0.47 0.21 

Igneous Rock 
Weathered granite 0.34 - 0.57 0.45 	. 
Weathered gabbro 0.42 - 0.45 0.43 
Basalt 0.03 - 0.35 0.17 

. Metamorphic Rock 
Schist 0.04 - 0.49 0.38 0.22 - 0.33 0.26 

Source: McWorter and Sunada 1977. 

• 
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saturate the sample. In practice, however, it is always difficult to saturate the soil sample 

exactly and completely and, therefore, the total porosity of the sample is rarely evaluated by 

a direct method. Instead, the total porosity is usually evaluated ir.zirectly by using the 

following expression (Danielson 1986): 

Pb 
11 = 1--- 

Pa  
(3.2) 

where n is given as .a decimal fraction, p s  is the solid phase (soil particle) density, an: Pb is 

the dry bulk density of the sample. 

Under this approach, the values of p s  arid p d  are evaluated by laboratory or in-situ 

measurements (see Section 2.2) and are then used to calculate the total porosity n. 

3.3 RESRAD DATA INPUT REQUIREMENTS 

To use RESRAD, the user is required to define or use the default values of the total 

porosity of five materials: (1) the cover material, (2) the contaminated zone, (3) the 

unsaturated zone, (4) the saturated zone, and, (5) the building foundation material (i.e., 

.concrete). In RESRAD, the total porosities are entered as decimal fractions rather than as. 

percentages. RESRAD adopts the following values as defaults: n = 0.4 for the first four 

materials listed above and n = 0.1 for the building foundation (i.e., concrete). 



• 

• 
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4 EFFECTIVE POROSITY 

4.1 DEFINITION 

The effective porosity Tie,  also called the kinematic porosity, of a porous medium is 

defined as the ratio of the part of the pore volume where the water can circulate to the total 

volume of a representative sample of the medium. The effective porosity can also be defined 

as the ratio of the volume of water drained by gravity from a representative sample of the 

medium to the total volume of the sample. 

The definition of effective (kinematic) porosity is linked to the concept of pore fluid 

displacement rather than to the percentage of the volume occupied by the pore spaces. The 

empty volume occupied by the pore fluid that can circulate through the porous medium is 

smaller than the total pore space and, consequently, the effective porosity is always smaller 

than.the total porosity. In a saturated soil system composed of two phases (solid and liquid) 

where (1) V. is the volume of the solid phase, (2) .Vw  = (V.w  + Vfw) is the volume of the liquid 

phase, (3) V8.  is the volume of the water adsorbed onto the soil particle surfaces, (4).V fw  is 

the volume of the water that is free to move through the saturated system, and (5) Vt  =(Vs  

+ yaw  + Vfw) is the total volume, the effective porosity can be defined as follows: 

V 	V 
fw _ 	fw 

vz+viw +Ti 

. A soil parameter related to the effective soil porosity is the field capacity, of the 

• irreducible volumetric water content, e r, which is defined as the ratio of the volume of water 

retained in the soil sample after all downward gravity drainage has ceased to the total 

volume of the sample. Considering the terms presented above for a saturated soil system, 

the total porosity, n, and the field capacity, e r, can be expressed, respectively, as follows: 

ne (4.1) 
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V + 
fw 

V 
ow 

U 8 ii2§36a1  

(4.2) 

and 

e, V 

vt 
(4.3) 

• 

Therefore, the effective porosity is related to the total porosity and the field capacity 

according to the following expression: 

(4•4) • 

Several aspects of the soil system influence the value of the effective porosity. They 

include (1) the adhesive water on minerals, (2) the absorbed water in clay mineral lattice, 

(3) the existence of unconnected pores, and (4) the existence of dead-end pores. The adhesive 

water in the soil is that part of the water present in the soil that is attached to the surface 

	

of the soil grains through the forces of molecular attraction (Marsily 1988). The sum of the 	• 
volumes of the adhesive and absorbed water plus the water that fills the unconnected and 

dead-end pores constitute the volume of the adsorbed water, "%T aw, which is not able to move 

through the system. 

A detailed list of representative porosity values (total porosity and effective porosity) 

is presented in Table 3.2. 

4.2 ,  MEASUREMENT METHODOLOGY 

Determination of the effective porosity of soils can be accomplished indirectly by 

measuring the total porosity and the field capacity, er  and then calculating ne  from the 

following expression: 

= 	 (4.5) 

• 
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The total porosity is also obtained indirectly by measuring the soil densities according to the 

method already described in Section 3.2. To determine the field capacity of the soils, the soil • 

sample is first saturated with water and is then let to drain completely under the action of 

gravity until it gets to its irreducible saturation. The value of Or  can then be obtained 

according to the methods used for measuring the volumetric water content (see Section 6.2). 

4.3 RESRAD DATA INPUT REQUIREMENTS 

To use RESRAD, the user is required to define (or to use the default values) of the 

effective porosity of three distinct materials: (1) the contaminated zone, (2) the saturated 

zone, and (3) the unsaturated zone. In RESRAD, the porosity values are entered as decimal 

fractions rather than as percentages. As a default value, RESRAD adopts the value of 

ne = 0.2 for all three materials. 
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5 HYDRAULIC CONDUCTTVITY 

5.1 DEFINITION 

The hydraulic conductivity of a soil is a measure of the ability of the soil to transmit 

water when submitted to a hydraulic gradient. It is defined by Darcy's law which, for one-

dimensional vertical flow, can be written as follows: 

dh U - K- 
dz 

(5.1) 

where U is Darcy's velocity (or the average velocity of the soil fluid through a geometric 

cross-sectional area within the soil), h is the hydraiihc head, and z is the vertical distance in 

the soil. The coefficient of proportionality, K, in Equation 5.1 is called the hydraulic 

conductivity. The term coefficient of permeability is also sometimes used as a synonym for 

hydraulic conductivity. On the basis of Equation 5.1, the hydraulic conductivity is defined 

as the ratio of Darcy's velocity to the applied hydraulic gradient. The dimension of K is the 

same as that for velocity, that is, length per unit of time (ur). 

The hydraulic conductivitY is one of the hydraulic Properties of the soil; the other 

involves the soil fluid retention characteristics. These properties determine the behavior of 

the soil fluid within the soil system under specified conditions: More specifically, the 

hydraulic conductivity determines the ability of the soil fluid to flow through the soil Matrix 

system under a specified hydraulic gradient; the soil fluid retention characteristics determine 

the ability of the soil system to retain the soil fluid under a specified pressure condition. 

The hydraulic conductivity depends on the grain size and the structure of the soil 

matrix, the type of soil fluid, and the relative amount of soil fluid (saturation) present in the 

soil matrix. The important properties relevant to the solid matrix of the soil include the pore 

size distribution, the shape of the pores, the tortuosity, the specific surface, and the porosity. 

In relation to the soil fluid, the important properties include the fluid density, p, and the fluid • 
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viscosity, u. For a subsurface system saturated with the soil fluid, the hydraulic conductivity 

K can be expressed as follows (Bear 1988): 

kpg K = 	 (5.2) 

where k, the intrinsic permeability of the soil, depends only on properties of the solid matrix, 

and pg/p, called the fluidity of the liquid, represents the properties of the percolating fluid. 

In the International System of Units (SI), the hydraulic conductivity K is expressed in terms 

of meters per second (m/s), the intrinsic permeability k is expressed in m 2, and the fluidity 

pep in Vm•s. Using Equation 5.2, Darcy's law can be rewritten explicitly in terms of its 

coefficient of proportionality (hydraulic conductivity K): 

kpg  K - 	= 	Jul 	 (5.3) 
p 

When the fluid properties of density and viscosity are known, Equation 5.3 can be used to 

determine experimentally the value of the intrinsic permeability, k, and the hydraulic 

conductivity, K, as will be shown in Section 5.2. 

The values of saturated hydraulic conductivity in soils vary in a wide range of 

several orders of magnitude, depending on the soil material. Table 5:1 lists representative 

values of saturated hydraulic conductivity to be expected for a range of unconsolidated and 

consolidated soil materials. A detailed list of expected representative values of K for several 

-soil materials is also presented in Table 5.2. 

Because of the spatial variability usually found in the geological formation of soils, 

saturated hydraulic conductivity values also show variations throughout the space domain 

within a subsurface geological formation. Such a geological formation is said to be 

heterogeneous. If the properties of the geologic formation are invariable in space, the 

• 
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TABLE 5.1 Saturated Hydraulic Conductivity, K, 
in Water of Various Soil Materials 

Range of K 
Soil Type 
	

(m/Yr) 

Unconsolidated Deposits 
Gravel 	 1 x 104  - 1 x 107  
Clean sand 	 1 x 102.  1 x 105  
Silty sand 	 1 x 10°  - 1 x 104  
Silt, loess 	 1 x 10.2  - 1 x 102  
Glacial tW 	 S 	1 x 104  - 1 x 101  
Unweathered marine clay 	1 x 104  - 1 x 10-2  

Rocks 	• 
Shale -6  1 x 10 - 1 x 10-2  
Unfractured metamorphic and 	1 x 10'7  - 1 x 104  

igneous rocks 
Sandstone 	 1 x 10-3  . 1 x 101  
Limestone and dolomite 	1 x 10.2.  1 x 101  
Fractured metamorphic and 	1 x 104  - 1x 103  

igneous rocks 
Permeable basalt 	 1 x 100.  1 x 105 
Karst limestone 	 1 x 101.  1 x 105  

Source: Adapted from Freeze and Cherry 1979. 

TABLE 5.2 Representative Values of Saturated 
Hydraulic Conductivity and Saturated Water 
Content 

Hydraulic 
Conductivity, Saturated Water 

Texture 	Icat (m/Yr) 	Content 08at  

Sand 5.55 x 104  0.395 
Loamy sand 4.93 x 104  0.410 
Sandy loam 1.09 x 10'3  0.435 
Silty loam 2.27 x 10'2  0.485 
Loam 2.19 x 10-2 	S 0.451 
Sandy clay loam 1.99 x 10.2  0.420 
Silty clay loam 5.36 x 10'1  0.477 
Clay loam 7.73 x 10.1  0.476 
Sandy clay 6.84 x 10.1  0.426 
Silty clay 3.21 x 10' 1  0.492 
Clay 4.05 x 10' 1  0.482 

Source: Clapp and Hornberger 1978. 
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formation is homogeneous. A geological formation is said to be isotropic if the values of the 

saturated hydraulic conductivity (K), at any point in the medium, are independent of the 

direction of measurement. Again, because of the usually stratified nature of the geological 

formation of unconsolidated sedimentary soil materials, the soils are usually anisotropic. 

Within an anisotropic geological formation, the vertical component of the saturated hydraulic 

conductivity is usually smaller (one to two orders, of magnitude) than the horizontal 

component. 

5.2 MEASUREMENT METHODOLOGY 

The saturated hydraulic conductivity of water in the soil (or the intrinsic 

permeability of the soil) can be measured by both field and laboratory experiments. Either 

way, the experimental measurement of K (or k) consists in determining the numerical value 

for the coefficient in Darcy's equation. 

The methodology used for the experimental determination of K (or k) in either 

laboratory or field experiments is based on the following procedures (Bear 1988): 

(1) Assume a flow pattern (such as one-dimensional flow in a porous 

medium) that can be described analytically by Darcy's law; 

K  = kpg 	 

(2) Perform an experiment reproducing the chosen flow pattern and 

measure all measurable quantities in Equation 5.4, including fluid 

density, viscosity dynamic velocity, flow velocity, and the gradient of the 

hydraulic head; and 

(3) Compute the coefficient K (or k) by substituting the measured 

quantities into Equation 5.4 .above. 

. (5.4) 



DRAFT 	 27 
	 u o 4 J t$ 3 12 / 05 / 91 

Many different laboratory or field experiments can be used to determine the coefficient K (or 

k). The laboratory tests are carried out on small samples of soil materials collected during 

core-drilling programs. Because of the small sizes of the soil samples handled in the 

laboratory, the results of these tests are considered a point representation of the soil 

properties. If the soil samples used in the laboratory test are truly undisturbed samples, the 

measured value of K (or k) should then be a true representation of the in situ saturated 

hydraulic conductivity at that particular sampling point. 

In contrast to laboratory methods for measuring soil parameters, field methods, in 

general (including the saturated hydraulic conductivity), involve a large region of the soil and, 

consequently, their results should reflect an average value of the property being measured. 

Selection of a specific method for a particular application will depend on the objectives to be 

achieved. Because of the difficulty in obtaining a perfectly undisturbed sample• of 

unconsolidated soil, the K value determined by laboratory methods may not be applicable to 

the field. 

Therefore, field methods should be used whenever the objective is to characterize as 

accurately as possible the physical features of the subsurface system in question. Field 

methods, however, are usually more expensive than laboratory methods and, consequently, 

when the question of cost becomes decisive, or when the actual representation of the field 

conditions is not of fundamental importance and in situ hydraulic conductivity is not 

-available, the laboratory methods may be used to determine the saturated hydraulic 

conductivity K. 

5.2.1 Laboratory Methods 

In the laboratory, the value of K is determined by means of an instrument called a 

permeameter (Bear 1988). In a permeameter, a soil sample is placed in a small cylindrical 

recipient representing a one-dimensional soil configuration through which the circulating 
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liquid is forced to flow. The size of the cylindrical soil sample used in the permeameter 

varies from 2 to 10 an in diameter and from 5 to 25 cm in length. Depending on the flow 

pattern imposed through the soil sample, the permeameter is classified as either a 

constant-head permeameter, with a steady state flow regimen, or a falling-head permeameter, 

with an unsteady state flow regimen. 

Important considerations regarding the use of permeameters are related to the soil 

sampling procedure and the preparation of the test specimen and the circulating liquid. The 

sampling process usually disturbs the matrix structure of the soil, resulting in . a 

misrepresentation of the actual field conditions. Undisturbed sampling of soils is possible, 

but it requires the use of specially designed techniques and instruments (Bear 1988; mute 

and Dirksen 1986). 

Selecting the test fluid is also of fundamental importance for the laboratory 

determination of the saturated hydraulic coefficient. The objective is to have the test fluid 

mimic the actual properties of the soil fluid as closely as possible. When an inappropriate 

test fluid is selected, the test sample can get clogged with entrapped air, bacterial growth, 

and fines. To avoid such problems, a standard test solution such as a deaerated 0.005 mol 

calcium sulfate (CaSO4 ) solution, saturated with thymol (or sterilized with another substance, 

such as formaldehyde) should be in the permeameter, unless there are specific reasons to 

choose another solution (mute and Dirksen 1986). 

5.2.1.1 Constant-Head Permeameter 

The constant head permeameter is one of the most commonly used instruments for 

determining the hydraulic conductivity of saturated soils in the laboratory. It operates in 

accordance with the direct application of Darcy's law to a soil liquid configuration 

representing a one-dimensional, steady flow of a percolating liquid through a saturated 

column of soil from a uniforin cross-sectional area. In this instrument, a cylindrical soil 
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sample of cross-sectional area A and length L is placed between two porous plates• that 

provide no extra hydraulic resistance to the flow. A constant head difference, H 2-H 1 , is then 

applied across the test sample. By measuring the volume .  V of the test fluid that flows 

through the system during time t, the saturated hydraulic conductivity K of the soil can be 

determined directly from Darcy's equation: 

 

(5:5) 
[At(H2 -HI)] 

To improve the results, it is recommended that the test should be performed several 

times under different head penneameters. It is also recommended that the quantity of liquid 

collected should be sufficient to provide at least three significant figures in the measured .  

v:. .ume. In a simple version of the constant-head permeameter, the lower limit of the 

measurement of K is approximately 1 x 10 -5  anis, which corresponds to the lower limit of the 

conductivity of sandy clay soils. For lower values of K, it is recommended that either an 

enhanced version of the constant-head permeameter (i.e., one that has a more sensitive 

method of measuring the volume flow rate) or the falling-head permeameter be used (Elute 

and Dirksen 1986). 

5.2.1.2 Falling-Head Permeameter 

The falling-head parameter is primarily used for determining the value of K (or k) 

in the laboratory when a high head is desired. Like the constant-head permeameter, it also 

operates in accordance with the direct application of Darcy's law to a one-dimensional, 

saturated column of soil from a uniform cross-sectional area. The falling-head perrneameter 

differs from the constant-head permeameter in that the liquid that percolates through the 

saturated column is kept at an unsteady state flow regimen in which both the head and the 

discharged volume vary during the test. In the falling-head perrneameter, a cylindrical soil 

sample of cross-sectional area A and length L is placed between two highly conductive plates. • 
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The soil sample column is connected to a standpipe of cross-sectional area a, in which the 

percolating fluid is introduced into the system. Thus by measuring the change in head in the 

standpipe, from H 1  to H2 , during a specified interval of time t, the saturated hydraulic 

conductivity can be determined as follows (Mute and Dirksen 1986): 

K=iln  a—L)  HH  At 	H2  
(5.6) 

A common problem encountered in using both the constant-head and falling-head 

permeameter is related to the degree of saturation achieved within the soil samples 'during 

the test. Air bubbles are usually trapped within the pore space, and although they tend to 

disappear slowly by dissolving into the deaerated water, their presence in the system may 

alter the measured results. Therefore, after -  measuring K by using these instruments, it is 

always recommended that the degree of saturation of the sample be verified by measuri 

the sample's volumetric water content and comparing the result with the total porosity 

calculated from the particle density. 

The lower limit of K, which can be measured in a falling-head pernieameter, is about 

1 x 10'7  cm/s. This value corresponds approximately to the lower limit of conductivity of silts 

and coarse clays (Klute and Dirksen 1986). 

5.2.2 Field Methods 

The several methods developed for in-situ determination of saturated hydraulic 

conductivity of soils can be separated into two groups: (1) those that are applicable to sites 

with a shallow water table and (2) those that are applicable to sites with a deep water table. 

In either group (similar to the laboratory methods), the determination of K is obtained from 

Darcy's law after measuring the gradient of the hydraulic head at the site and the resulting 

soil water flux. 
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The most commonly used methods for determining the saturated hydraulic 

conductivity of soils in the presence of a Shallow water table are the auger-hole and 

piezometer methods (Arnoozegar and Warrick 1986). 

5.2.2.1 Auger-Hole Method 

The auger-hole method is the field procedure most commonly used for in situ 

determination of saturated hydraulic conductivity of soils. This method has many possible 

variations (Amoozegar and Warrick 1986). In its simplest form, it consists of the preparation 

of a cavity partially penetrating the aquifer, with minimal disturbance of the soil. After 

preparation of the cavity, the water in the hole is allowed to equilibrate with the 

groundwater; that is, the level in the hole becomes coincident with the water table level. The 

actual test starts by removing the entire amount of water from the hole and by measuring 

the rate of the rise of the water level within the cavity. 

Because of the three-dimensional aspect of the flow pattern of the water near the 

cavity, there is no simple equation for the accurate determination of the conductivity. Yet 

numerous available semiernpirical expressions can be used for the determination of the 

saturated hydraulic conductivity for different soil configurations. These expressions are 

functions of the geometriCal dimensions of the auger hole and the aquifer and the measured 

rate in which the water level in the hole changes with time (Amoozegar and Warrick 1986)1 

The auger-hole method is applicable to an unconfined aquifer with homogeneous soil 

properties and a shallow water table. In its simplest form, this method provides an estimate 

of the average horizontal component of the saturated hydraulic conductivity of the soil within 

the aquifer. Enhanced variations of the method have been developed to account for layered 

soils and for the determination of either horizontal or vertical components of saturated 

hydraulic conductivity. Results obtained by the auger-hole method are not reliable for cases • 
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in which (1) the water table is above the soil surface, (2) artesian conditions exist, (3) the soil 

structure is extensively layered, and (4) small strata of high permeability occur. 

5.2.2.2 Piezometer Method 

The piezometer method, like the auger-hole method, is applicable for the 

determination of the saturated hydraulic conductivity of soils in an unconfined aquifer with 

a shallow water table level. Unlike the auger-hole method, however, the piezorneter method 

is appropriately designed for applications in layered soil aquifers and for the determination 

of either horizontal or vertical components of the saturated hydraulic conductivity. 

This method consists of installing a piezometer tube or pipe into an auger hole 

drilled through the subsurface system without disturbing the soil. The piezometer tube 

should be long enough to partially penetrate the unconfined aquifer. The walls of the 

piezometer tube are totally closed except it its lower extremity, where the tube is screened 

open to form a cylindrical cavity of radius r and height h e  within the aquifer. The water in 

the piezometer tube is first removed to clean the system and is then allowed .  to equilibrate 

with the groundwater level. 

Similar to the auger-hole method, the piezometer method is conducted by removing 

the water from the pipe and then measuring the rate of the rise of the water within the pipe. 

The saturated hydraulic conductivity is then evaluated as a function of the geometrical 

dimension of the cavity in the piezometer tube, the dimensions of the aquifer, and the 

measured rate of rise of the water table in the tube. The value for the conductivity is 

calculated with the help of a nomograph and tables (Amoozegar and Warrick 1986). 

Depending on the relative length (h e) of the cavity as compared with its radius (r), 

the piezometer method can be used to determine the horizontal or vertical component of the 

saturated hydraulic conductivity. Thus, if h e  is large compared to r, the results obtained 
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reflect the horizontal component of K. Otherwise, if ti c  is small compared to r, then the 

vertical component of K is estimated. . 

The piezometer method is especially suitable for determining the conductivity of 

individual layers in stratified subsurface systems. 

5.2.2.3 Other Methods Used in Shallow Water Table Aquifers 

Other methods have been developed for in-situ determination of saturated hydraulic 

• conductivity of soils in unconfined shallow water table aquifers. These methods include 

(1) pumping and slugs tests, primarily developed for the determination of aquifer properties 

used in the development of groundwater systems and (2) other tests, such as the two-well, 

four-well, and multiple-well methods and well-point, pit-bailing, and field monoliths 

(Amoozegar and Warrick 1986). 	• 

In contrast to the auger-hole and piezometer methods whose results reflect an in-situ 

average of a relatively small region of soil around the created cavity in the soil, the well-

pumping tests also provide an in situ representation of the soil hydraulic conductivity but 

• averaged over a larger representative volume of the soil. Well-pumping methods are more . • 

laborious and costly than the auger-hole and piezometer methods, and unless there are 

reasons to conclude otherwise, laboratory methods maybe considered to replace the well-

pumping methods for the determination of the saturated hydraulic conductivity of soils. 

(Further references for these methods can be found in [Freeze and Cherry 1979] and 

[Amoozegar and Wan-ick 1986].) 

• Measuring the saturated hydraulic conductivity (k) of unsaturated soils located above 

the water table (or in the absence of a water table) by in situ methods is more difficult than 

measuring k for saturated soils. The important difference is that the original unsaturated 

soil must be artificially saturated to perform the measurements. An extra large quantity of 

water may be needed to saturate the medium, which results in a more elaborate and time- • 
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consuming measurement. Therefore, in situ methods are not recommended for obtaining 

input data for RESRAD. (Further references about these methods, including the double-tube 

method, shallow well press-in method, cylindrical permeameter method, air-entry 

permeameter method, and infiltration gradient techniques can be found in [Amoozegar and 

Warrick 1986].) 

5.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a saturated hydraulic conductivity value 

in units of meters per year (m/yr) for three soil materials: contaminated, unsaturated and 

saturated zones. 

The vertical infiltration of water within the contaminated zone and through the 

unsaturated region of the soil, with the subsequent vertical leaching and transport of 

contaminants into the underlying aquifer, constitutes the important aspects of the problem 

being modeled. Consequently, in RESRAD, the saturated hydraulic conductivity values 

related to the contaminated and unsaturated zones of the soil should represent the vertical 

component of K. For isotropic soil materials, the vertical and horizontal components of K are 

the same; for anisotropic soils, however, the vertical component of K could be lower than the 

horizontal component. 

The major concern within the saturated zone is related to the horizontal transport 

of the contaminants that have infiltrated through the unsaturated zone and reached the 

aquifer. Therefore, the input value for the saturated hydraulic conductivity (K) of the soil 

material in the saturated zone should reflect the horizontal component of K. 

The estimation of the values of K to be used in RESRAD can be performed at 

different levels of site-specific accuracy, depending on the amount of information available. 

For generic use of the code, a set of default values of K is defined as 10 m/yr for the 

contaminated zone and the unsaturated zone and 100 m/yr for the saturated zone. These 
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values represent approximately the condition of an anisotropic soil material of the type silt, 

loess, or silty sand, in which the vertical component of K is one order of magnitude lower 

than the horizontal component. 

If the geological stratigraphy at the site is known, a better (i.e., more accurate and 

site-specific) estimation of K can be performed with the help of Table 5.1 or Table 5.2. 

For an accurate site-specific estimation of the input data for RESRAD, the values of 

K should be measured either in the laboratory or in field experiments. 

Because of the intrinsic difficulties of the methods available for in-situ measurements 

of K in unsaturated regions of the soil, it is recommended that laboratory methods be used 

for the determination of K in the contaminated and unsaturated zones. In these cases, either 

the constant-head or the falling-head permeameter methods can be used, depending only on 

the actual values of K being measured. As discussed earlier, the constant-head perrneameter 

is more applicable for large values of K (in the range of 10 0  - 106  m/yr), and the falling-head 

method is more applicable for lower values of K (in the range of 10 -2  - 102  

For the determination of K in the saturated zone, either the laboratory methods. (i.e., 

constant-head and falling-head) or-the field methods (i.e., auger-hole and piezometer) can be • 

used. 

• 

• 
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6 VOLUMETRIC WATER CONTENT • 

• 
6.1 DEFINITION 

The volumetric water content, 0, in the soil (also called the volume wetness or 

volume fraction of soil water) represents the fraction of the total volume of soil that is 

occupied by the water contained in the soil. Assuming that V w  is the volume of water in the 

soil and that Vt  is the total volume of soil, the volumetric water content, 0, can then be 

defined as follows: 

V. 	V. 	 (6.1) 
Vs+Vp  

where V. and Vp  represent, respectively, the volumes of the solid phase and the pore space. 

The volumetric water content is often expressed in terms of the total porosity, n, and 

the water saturation, s, according to the following expression: 

= ns 
	 (6.2) • 

where n is the total porosity (see Section 3.1 for parameter definition) and s, the water 

saturation, is defined as the ratio of the volume of water, V w, to the volume.  of the pore space, 

VP. Therefore, considering the definitions of n and s, the expression for the volumetric water 

content 0 can be rewritten as follows: 

e  ns  (V1V 	V 

	

w ) . w 	
(6.3) 

The possible values for 8 range from near zero for dry soils approaching zero saturation, up 

to the value of the total porosity for fully saturated soils. The lower limit of zero for the 

volumetric water content is hardly achievable because it is difficult to completely eliminate 

the water from the soil. In sandy soils, the upper limit of 0, which is equal to the total 

porosity n, is also hardly achievable because of the difficulty of eliminating all the air bubbles • 
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in the soil in order to saturate it completely. Yet, because clayey soils swell upon wetting, 

the values of 0 for these soils can exceed their total porosity. 

6.2 MEASUREMENT METHODOLOGY 

Determination of the volumetric water content of soils may be accomplished by direct 

and indirect methods. The direct methods consist essentially of drying and weighing a known 

volume of a soil sample. The indirect methods are based on the correlation of certain 

physical and physicochemical properties of the soil with its water content. 

Generally, in a direct measurement method, the volumetric water content e of a soil 

sample is evaluated on the basis of three measured quantities: (1) W w, the wet weight of the 

soil sample; (2) Wd, the oven-dried weight of the sample; and, (3) V t, the field volume or the 

total volume of the sample. With these measured quantities available, the volume of water, 

in the sample can then be calculated as follows: 

- 	  

(W
w 
 -W ) 

pv 

V 	d  • w (6.4) 	• 
and the volumetric water content (0) can be finally evaluated as: 

V 	W . 1474 e _ „v _ 	,v  
V: 	V:PW 

(6.5) 

where 	is the density of water. • 

Variations in the direct methods for determining the volumetric water content are 

related to different ways of collecting the soil samples, measuring the field volume (V t), and 

drying the samples. Possible direct methods of collecting the soil samples and measuring V t  

have been discussed in Section 2.2 in regard to soil densities. 

The definition of a dry state for the soil sample (and the establishment of a method 

to achieve this state) constitutes the key problem in determining the volumetric water 

content in soils. As a common practice, such as that described in Section 2.2, the oven-dried • 
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• weight of the soil sample is measured after drying the sample at 105°C until a near constant 

weight is reached (Hillel 1980b). As discussed by Gardner (1986), however, this definition 

for the ovendry method is not precise enough and could create uncertainties and inaccuracies 

in the measured result. Therefore, if the determinations of water content for a particular site 

• are considered critical, other procedures than the ovendry method should be adopted 

(Gardner 1986). 

The indirect methods of measuring the water content in soils rely on certain physical 

and physicochemical properties of the soil and their relation with the volumetric water 

content (0). Usually these relationships are complicated and require a sophisticated 

methodology and equipment to express them. The indirect methods of measuring volumetric 

water content are applicable for in-situ rather than laboratory determinations and involve 

measuring some property of the soil that is affected by soil water content such as 

(1) electrical conductivity, (2) neutron scattering, or (3) neutron and gamma-ray absorption 

(Gardner 1986). 

Similar to the discussion of the determination of soil densities, the indirect methods 

used for measuring volumetric water content present some advantages over the other related 

laboratory techniques. The main advantages are (1) in-situ evaluation of the water content, 

(2) minimum disturbance of the soil, (3) relatively short measurement time, (4) applicability 

to deeper subsoil determinations because of minimum excavation requirement, and (5) non-

-destructive with the possibility of continuous or repeated measurements at the same spot. 

•The disadvantages of such indirect methods are that they are more sophisticated and require 

expensive equipment and highly trained operators who must be able to handle the frequent 

calibration procedures, the electronics, and the sampling equipment. In the case of a system 

that uses radioactive elements, the operator must be particularly trained in the radiation 

aspects and radiological protection procedures of the whole operation. 
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6.3 RESRAD DATA INPUT REQUIREMENTS 

To use RESRAD it is necessary to define an input value for the volumetric water 

content (0) of the soil of the cover zone and the building foundation material (i.e., concrete). 

In RESRAD, the dimensionless values of the volumetric water content are entered as decimal 

fractions rather than as percentages. 

For generic use of the model, a set of default values for the volumetric water content 

is defined internally in the code. The default values are 0 = 0.05 for the cover material and 

6 = 0.01 for the building foundation material (i.e., concrete). Considering the default values 

for total porosity, 0.4 and 0.1, the volumetric water content values correspond to saturations 

of 0.125 and 0.1 for the cover material and concrete, respectively. 
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7 EFFECTIVE RADON DIFFUSION COEFFICIENT 

7.1 DEFINITION 

The random movement of the radon gas atoms mixed in the air results in a net 

migration of the radon gas toward the direction of its decreasing concentration in the air. 

This phenomenon is called molecular or atom diffusion. The diffusion of radon in open air 

can be described by Fick's law, which states that the flux density of the diffusing substance 

is linearly proportional to its concentration gradient. Fick's law can be expressed as follows: 

(7.1) 

where J is a vector representing the density flux of radon activity in units of activity.l.: 2T-1 ),,C 

is a vector representing the gradient of radon activity concentration in the air in units of 

activity.L4), and D. is the molecular (or atom) diffusivity or the diffusion coefficient of radon 

in open air in units of L2•71 . Therefore, the diffusion coefficient D can be defined from 

410 Fick's equation and expressed as the ratio of the magnitudes of the vectors J to tC: 

Pc1 
	 (7.2) 

For radon diffusion in open air, Fick's law is uniquely expressed and, consequently, the 

diffusion coefficient of radon in open air, D., is also uniquely defined. However, when applied 

to the conditions of radon diffusion in porous media, such as in soil materials, Fick's equation 

can be written in different ways, depending on how the variables flux density J and 

concentration C are defined. Fick's equation can be written four ways when applied to the 

molecular diffusion phenomenon in porous media depending on whether the bulk or pore 

volume is used to define the concentration and whether the bulk or pore area is used to 

define the flux density. These different ways to define the radon diffusion coefficient in soil 
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lead to some confusion in selecting and using these parameters because the symbols and 

nomenclature used have not been standardized (Nazaroff et al. 1988). 

Two distinct ways of defining the diffusion coefficient of radon in porous media have 

been adopted in the literature: (1) D e  is the effective radon diffusion coefficient and (2) D is 

the bulk radon diffusion coefficient. However, Culot et al. (1976) and Nazaroff et al. (1988) 

have noted discrepancies in the literature regarding the way these two coefficients are 

defined and used in modeling the diffusion of radon through porous media. Therefore, the 

definitions of De  and D adopted in this handbook are those suggested by Nazaroff et al. 

(1988). 

Thus, the effective (or interstitial) radon diffusion coefficient, D e, is defined from 

Fick's equation as the ratio of the diffusive flux density of radon activity across the pore area, 

se, to the gradient of the radon activity concentration in the pore or interstitial space, -VC. 

This definition is equivalent to that relating the bulk flux density to the gradient of the bulk 

concentration of radon activity in the soil. It can be expressed as follows: 

n  
•••••••■••- 

* PC I 

(7:3) 

The bulk radon diffusion coefficient, D, is defined as the ratio of the diffusive flux density of 

radon activity across a geometric or superficial area of the medium, J b , to the gradient of the 

radon activity concentration in the pore space, C. It can be expressed as follows: 

(7.4) 

The bulk and the effective radon diffusion coefficients in soil, D and D e, respectively, 

are correlated by the total soil porosity, n, according to the following expression: 

D = nD 	 S (7.5) 
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In general, the diffusion coefficient in porous media is a property of the diffusing 

species, the pore structure, the type of fluids present in the pores, the adsorption properties 

of the solid matrix, the fluid saturations, and temperature. For radon diffusion in porous 

media, the diffusivity for the other isotopes of radon (e.g., radon-220) has been observed to 

be comparable to that for the isotope radon-222 (Nazaroff et al. 1988). 

Several attempts have been made to correlate the radon diffusion coefficients in 

porous media (D and De) to the radon diffusion coefficient in open air (D.) and the physical • 

properties of the medium such as the total porosity (n). These attempts have not been 

conclusive. According to experimental work performed by Currie (1960a, 1960b) and quoted 

by Nazaroff et al. (1988) and Rolston (1986), the coefficients D and D. can be correlated by 

an expression of the following form: 

— = Yn" 
D. 

(7.6) 

where and . p represent measures of pore shape of the soil materials. This empirical 

relationship could fit data from a wide range of dry porous materials in which the values of 

7 generally lie between .0.8 and Lo and the values of p lie around 1.0. This empirical 

relationship is not applicable, however, for very wet soil and strongly aggregate soil (Rolston 

1986). 

The influence of soil moisture content on the effective diffusion coefficient of radon 

in soil has been investigated by Rogers and Nielson (1991), who proposed the following 

expression: 

D. = Do exp(-6n.g-6s 1') 	 (7.7) 

where D. = 1.1 x 10'5  m2/s is the radon diffusivity in open air, n is the total soil porosity, and 

s is the water saturation in the soil (or the fraction of the pore space filled with water). • 
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7.2 MEASUREMENT METHODOLOGY 

• The diffusivity (or the diffusion coefficient) of radon in soils can be measured by both 

field and laboratory experiments. In either case, the experimental evaluation of the 

diffusivity consists in determining the numerical value for the coefficient appearing in Fick's 

equation. Because of the difficulties in implementing field methods, laboratory methods are 

generally used to determine the radon diffusivity in porous media and particularly in soil 

materials. 

Variations of the laboratory methods for measuring radon diffusivity in porous media 

have been developed and as yet no standard (or recommended) method exists. All the various 

laboratory methods are based on the solution of the mass balance equation that represents 

the diffusion process in a one-dimensional configuration. Depending on the approximation 

taken on the time domain for the solution of the diffusion equation, these methods can be 

separated into two distinct groups:. (1) the steady state diffusion method and (2) the 

transient diffusion method (Nielson 1982). 

The steady state method used in the laboratory for the determination of the radon 

diffusivity in soil material, without a source of radon within it, is based on the solution of a 

one-dimensional diffusion equation in the x-direction expressed as follows: 

d2C —C = 0 
dr 2  D, 

(7.8) 

This steady state equation is obtained by coupling the one-dimensional Fick's 

equation: 

• 

• (7.9) 

with the one-dimensional, steady-state, continuity equation: • 
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(7.10) • 	where Je  is the effective flux density of radon activity (pCi)/(m 2•s), C is the concentration of 

radon activity in the pore space (pCi/m 3), and A. is the radon decay constant (Vs). 

A steady state diffusion method for determining the effective radon diffusion 

coefficient (D e) in uncontaminated (no radon source) soil materials was implemented by 

Silker and Kalkwarf (Silker 1981 and Silker and Kalkwarf 1983) on the basis of theoretical 

developments by Cohen (1979). The apparatus used in this method consists of a column of 

test soil of known depth, d, which is sealed at one end to an air chamber of known volume 

containing a radon source with a known and constant strength. The other end of the test soil 

column is kept open. As a boundary condition for this system, it is assumed that in a steady 

state.  situation the effective flux density of radon activity at the bottom of the column, J eo, 

is constant and uniquely dependent on the strength of the radon source and the geometry of • 

	

	
the system. Also, the radon activity concentration at the open end of the soil column is 

assumed to be negligible .  (i.e., zero). 

On the basis of these assumptions and conditions, the effective radon diffusivity, D e , 

can then be evaluated by the following equation (Silker 1983): 

Ad 	13 
J 	( d  

(7.11) 

  

where C. is the radon activity concentration within the air chamber, and L is the radon 

diffusion length (or relaxation length) parameter within the porous medium, which is defined 

ns follows: 

(7. 12) 
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The right side of Equation 7.12 is a well defined function of the parameter ratio cl/L 

and is independent of the measured values of C. and J eo. The left side of the equation is 

dependent on the measured results. Therefore, by selecting the size (i.e., thickness) of the 

soil test sample, d, determining the effective flux density J the basis of the strength of 

the radon source and the column diameter, and making several measurements of C., 

Equation 7.9 can be graphically or numerically solved for the ratio d/L and subsequently to 

De . 

Typically, the soil samples used in the determination of D e  have a cylindrical shape 

with a height to 10 cm and an inner diameter of 14 cm. After equilibration, the steady state 

radon concentration in the bottom chamber, C., is determined by several measurements 

taken over a 7-to-14 day period. Each measurement consists of withdrawing about 5 cm 3  of 

gas from a typical 800-cm 3  bottom chamber and determining the radon concentration by 

using either a scintillation flask technique (such as a Lucas cell) or charcoal absorption and 

gamma-ray spectrometry (Silker 1983). 

7.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input an effective diffusion coefficient value of 

radon for three Materials: (1) the soil of the cover zone, (2) the soil of the contaminated zone, 

and (3) the building foundation material (i.e., concrete). The dimensions of these input values 

of De  are in units of m 2/s: For each porous material considered, the value of D e  is assumed 

to be the same for both radon isotopes addressed in RESRAD, namely radon-222 and 

radon-220. 

The effective radon diffusivity values in porous media (soils and concrete included) 

vary over a wide range of several orders of magnitude depending on the porous material and 

particularly on its degree of water saturation. Table 7.1 lists representative values of 



TABLE 7.1 Effective Diffusion CoeMcients for Radon in Unconsolidated Soil Materials 
and Concrete" 

Porous Material 
De  

(nn2s -1) Comments Reference 

Unconsolidated soil material 
Compacted silty sands (3.0±1.3)x10 -6  n = 0.29-0.36 	• Sillier 1983 

S = 0.05-0.34 
Compacted clnyey sands • 	(3.2±1.5)xle n = 0.32-0.39 	• 

s = 0.09-0.65 
Sillier 1983 

Compacted inorganic clays (2.5±1.0)x10 -6  n = 0.32-0.43 Silker 1983 
S = 0.06-0.34 

Silty sandy clay 2.7x10-6  m = 1.5% dry weight Strong et al. 1981 
2.5x10.7  m = 10.5% dry weight 
6.0x10-8  m = 17.3% dry weight 

Uranium mill tailings (5.4-7.2)x10-6  m = (0.7-1.5)% dry weight Strong et al. 1981 
Lonms 8x1(1.7  Dry Tanner 1964 
Mud 5.7x10-10  = 37% Tanner 19.64 

Concrete (1.1-4.0)x10-7  n = 0.11-0.13 Poffijn et al. 1988 
1.2xle n = 0.25 Culot et al. 1976 
3.4x10 .8  n = 0.05 Culot et al. 1976 
3.3x10-8  n = 0.068 Zapnlne 1983 

(0.8-8.4)xle Stranden 1988 

Other materials 
Brick (0.8-3.0)x 10 4  Stranden 1988 
Gypsum (1.0-4.0)x10 -6  Stranden 1988 

n = total porosity, s = volumetric water saturation, m = percent water content by weight, and 0 = 
percent volumetric water content. 

Source: Adapted from Nazaroff et al. 1988. 
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effective diffusion coefficients of radon obtained by different researchers for a range of 

unconsolidated soil materials, concrete, and other building materials. Because of the 

differences in the experimental methodologies adopted by the various researchers, these 

experimental data are not easily comparable. Nevertheless, they may give an indication of 

the expected values of De  in the field. 

Typically, the effective diffusivity of radon in unconsolidated soil material with low 

moisture content is about 10-6  m2/s. The upper limit is represented by the radon diffusivity 

in open air, D., which is about 1_2 x 10 -5  m2/s. At the lower extreme, in a fully saturated soil 

material the radon diffusion coefficient may be as low as 10' 19  m2/s. In RESRAD, a default 

value of De  equal to 3.0 x 10-6  m-2/s was adopted for both the cover and contaminated zones. 

According to the data presented in Table 7.1, this default value of D e  would represent the 

average effective radon diffusivity in soils with a lower moisture content and composed of 

silty and clayey sands. The observed range of variation of De  in concrete, as presented in 

Table 7.1, goes from 8.0 x 10-9  to 4.0 x 10-7  m2/s. A default value of D e . equal to 1.0 x 104  

m2/s was adopted in the RESRAD model to represent the effective radon diffusivity in •  

concrete. 

The estimation of the values of the effective radon diffusion coefficient (D e) to be used 

in RESRAD can be performed at different levels of site-specific accuracy, depending on the 

amount of information available. For generic use of the code, a set of default values of D e  

was defined as 3.0 x 10-6  m2/s for the cover and contaminated zones, and 1.0 x 10 -7  m2/s for 

the building foundation (i.e., concrete). If the type of soil materials at the site is known, a 

slightly more accurate estimation of D e  can be performed with the help of Table 7.1. For. 

most applications, this approach will suffice because of the natural variability of D e  within 

the soil and building materials any specific site. 
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In cases in which there are reasons to suspect that the default values of the effective 

radon diffusion coefficient (D e) do not reflect the conditions at a specific site and there is no 

possibility of measuring D e, the RESRAD code is able to estimate it internally on the basis 

of the values of the water saturation (calculated from the volumetric water content) and total 

porosity, according to Equation 7.7. To implement this option, the user should enter any 

negative number as an input value of D e  to RESRAD. 

For an accurate site-specific estimate of the input data to RESRAD, however, the 

values of De  should be measured in either the laboratory or field experiments. Whenever 

necessary and possible, the measurement of D e  in the soil cover zone (it is assumed that it 

is not contaminated with radon sources) should be performed in the laboratory by using a 

method such as the Silker and Kalkwarf (1983) technique. 
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8 RADON EMANATION COEFFICIENT 

8.1 DEFINITION 

The radon emanation coefficient is the fraction of the total amount of radon produced 

by radium decay, which escapes from the soil particles and gets into the pores of the medium. 

It is also called the emanating power, emanating fraction, release ratio, and 

escape-to-production ratio. The radon emanation coefficient is a dimensionless parameter 

and is represented as either a fraction or a percentage. 

The two most common radioisotopes of radon gas, radon-222 and .radon-220, are 

generated by a radioactive process of alpha decay from two radium isotopes, radium-226 and 
• 

radium-224, respectively. Because of the conservation of linear momentum in the 

alpha-decay process, the newly created radon-222 and radon-220 atoms are left with a kinetic 

(usually called "recoil") energy of about 86 and 103 keV, respectively (Nazaroff et al. 1988). 

Thus, after being generated, the radon atoms tend to move away from their original 

location until their recoil energy is totally transferred to the medium. Consequently, 

depending on their original location within the solid phase of the soil, the soil pore 

distribution, and the soil moisture content, the newly created radon atoms may end up within 

the same soil particle in which they were created, within the adjacent soil particle because 

of posterior penetration after escaping from the host soil grain, or within the pore of the 

medium. 

Experimental data reported by several investigators indicate that the radon 

emanation coefficient is strongly influenced by the moisture content of the medium, 

particularly within the range of low water saturation (Nazaroff et al. 1988). On the basis of 

results of this kind, it has been hypothesized that the amount of water present in the pore 

increases the absorption of the recoil energy of the radon atom passing through it, thus • 
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enhancing the chance that the atom will terminate its recoil within the water. Partition • 	equilibrium of radon in the water and air phases in the pore will follow afterwards based on 

Henry's law. 

Although temperature may influence the magnitude of the radon emanation 

coefficient, it has been demonstrated that within the normal range of temperature variability 

of surface soils, this effect is of minor importance (Nazaroff et al. 1988). 

The radon emanation coefficient, f, is one of the characteristic soil parameters that 

determine the rate of radon emanation into the pores of the soil matrix. The other soil 

characteristic parameter in relation to radon production is the concentration of radium 

(radium-226 and/or radium-224) in the soil particles, C. In RESRAD, the source of radon 

generation in the pore air or the rate of radon generation and emanation into the soil gas 

phase (pore air), S, in units of pCi/m 3.s, is calculated as follows: 

S = fp s  Cji. (22-;) 	 (8.1) 

where ps  is the soil particle density (kg/m 3), CRa  is the mass concentration of radium.  

(radium-226 or radium-224) in the soil particles (pCifkg), X is the radon (radon-222 or 

radon-220) decay constant (Vs), and n is the total porosity of the contaminated soil. 

The values of the radon emanation coefficient (f) in soils depend on the radon isotope 

being considered, the soil material, and the moisture content. Experimental measurements 

of f in different soils, rocks, and other materials have been reported by many investigators. 

Table 8.1 presents a summary of these available data. Because of the differences in the 

experimental methodologies adopted by the various investigators, these data are not easily 

comparable. The data are also incomplete in that they do not reflect a rigorous and 

• 
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TARLE 8.1 Measurements of Fananation Coefficients of Radon (Rn-222 and Rn-220) in Unconsolidated 
Soils and Other Materials 

Material 
Number of 
Samples Isotope 

Emanation 
Coefficient°  

Moisture 
Content Reference 

Unconsolidated soils 
Sand 7 Rn-222 0.14 (0.06-0.18) Unknown Sisigina 1974 
Sandy loam 7 Rn-222 0.21 (0.10-0.36) Unknown Sisigina 1974 
Silty loam 7 Rn-222 0.24 (0.18-0.40) Unknown Sisiginn 1974 
(Heavy) loam 12 Rn-222 0.20 (0.17-0.23) Unknown Sisigina 1974 
Clay 6 Rn-222 ; 0.28 (0.18-0.40) Unknown Sisigina 1974 

Various soils (Danish) 70 • Rn-222 0.22 (0.02-0.70) 0-70% dry wt Damkjaer and Korsbech 1985 
Soil 21 • Rn-220 0.30 (0.03-0.55) Unknown Barret° 1974 
Soil 2 Rn-220 (0 09-0.15) Oven-dried Megumi and Mamuro 1974 

Other materials 
Uranium ore (crushed) 17 Rn-222 0.28 (0.06-0.55) Moist, 

saturated 
Timmer et al. 1981 

Uranium mill tailings Rn-222 0.14 (0.02-0.36) Vacuum-dried Thamer et al. 1981 
(0.29-0.31) Saturated Strong and Levins 1982 

• (C.067-0.072) Oven-dried Strong and Levins 1982 

° Arithmetic mean (range of values). 

Source: Adapted from Nazaroff et al. 1988.. 
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systematic analysis of the radon emanation coefficient for all radon isotopes in .a broad range 

of soil materials and rocks under different degrees of water saturation. Although incomplete, 

these available data may give an indication of the expected values of f in the field. 

8.2 MEASUREMENT METHODOLOGY 

The methodology for measuring the radon emanation coefficient (f) of a porous 

material contaminated with radium consists basically of measuring the radon concentration 

in the air within a sealed accumulation chamber, in which a sample of the contaminated soil 

material has been left for a period of time (around four days) until the radon concentration 

reaches equilibrium. A detailed description of a variation of this method is presented in 

Strong and Levins (1982). Their experimental apparatus consisted of an ingrowth 

(accumulation) chamber, a sampling cylinder, a diaphragm pump, a scintillation cell, and 

supporting electronics for the radiation measurement. 

8.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the radon emanation 

coefficient (1) that is related to the soil material of the contaminated zone for the two radon 

isotopes, radon-222 and radon-220. This parameter is dimensionless and its value should be 

entered as a fraction (rather than as a percentage). 

As shown in Table 8.1, the radon emanation coefficient varies from 0.02-0.70 in soils. 

- The values of f for radon-222 are usually higher than those for radon-220 under the same 

circumstances. In RESRAD, the adopted default values of the radon emanation coefficient 

(f) for radon isotopes radon-222 and radon-220 are, respectively, 0.25 and 0.15, in the soil of 

the contaminated zone. These default values represent approximately the conditions in a 

silty loam soil with a low moisture content (i.e., not dry). 
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The estimation of the values of f for radon-222 and radon-220 for use in RESRAD 

can be performed at different levels of site-specific accuracy, depending on the amount of 

information available. For generic use of the code, a set of default values for f (0.25 for 

radon-222 and 0.15 for radon-220) was defined to represent approximately the condition of 

a silty loam soil with a low moisture content in the contaminated zone. 

If the type of soil materials at the site is known, a slightly more accurate estimation 

of f can be performed with the help of the data in Table 8.1. For most applications, this

•approach will suffice because of the natural variability of f within the soil of the 

contaminated zone of any specific site. 

In cases in which it is absolutely necessary to have an accurate estimate of f and 

there are reasons to suspect that the data in Table 8.1 do not reflect the conditions at a 

specific site, the values of f for radon-222 and radon-220 can be determined experimentally 

in the laboratory by using the previously mentioned method of Strong and Levins (1982). 



DRAFT 	 54 	 084583 12106191 

9 PRECIPITATION RATE 

9.1 DEFINITION 

The precipitation rate, Pr  is the average volume of water in the form of rain, snow, 

hail, or sleet that falls per unit of area and per unit of time at the site. It is measured in 

units of volume per area per time, or L7 1 . 

Precipitation is one of the primary processes of the hydrologic cycle, that is, the 

endless movement of water through the various elements of the environment (oceans, 

atmosphere, land surface water bodies, and subsurface soil systems). Other processes of the 

hydrologic cycle include evapotranspiration, infiltration, overland flow (runoff), streamflow, 

and groundwater flow. Thorough descriptions of these processes have been presented in 

numerous texts in the hydrology literature (Bedient and Huber 1988; Linsley, Kohler, and 

Paulhas 1982; Chow 1964). 

A simplified description of the hydrologic cycle could start with considering the water 

vapor contained in the atmosphere, which under appropriate conditions, condenses and 

precipitates over the oceans and the continental land. The portion of the water that falls over 

the surface land, that is, precipitation, is subsequently dispersed by following different 

pathways. Thus, from the precipitation, a parcel of water is retained in the vicinity of the 

place where the precipitation falls 'and is then transferred back to the atmosphere through 

evaporation (i.e., the water changes from a liquid at the soil surface to a vapor) and 

transpiration (i.e., the indirect loss of water vapor from the soil to the atmosphere through 

plant tissue). The combined effect of evaporation and transpiration is commonly called 

evapotranspiration. Another parcel of the precipitation water penetrates the subsurface soil 

system, that is, the process of infiltration, and is added to the groundwater flow system. 

Finally, the last parcel of precipitation water (the one that is not transferred back to the 
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atmosphere and does not infiltrate the soil)becomes overland flow, also called surface runoff, 

and feeds local streams, rivers, or lakes. Both the surface and the subsurface flow of water 

move toward low elevations and eventually reach the oceans. Evaporation, primarily from 

the oceans and inland surface waters transfers water vapor back to the atmosphere, thus 

completing the hydrologic cycle. 

The concept of the hydrologic cycle is applicable to a large-scale hydrologic system 

on earth and can be represented mathematically by a water balance (or budget) equation 

based on the law of the conservation of matter. The same principle can be applied to any 

hydrologic system of any scale, whether it is a small basin or a large watershed, to generate 

a water balance equation that, in its simplest form can be expressed as follows: 

qt. -qow 
ds 	 (9.1) 

where qin  is the water inflow rate into the system, g out  is the outflow rate, and dsidt is the 

change in time of the water stored within the system. 

To illustrate the application of the water balance concept, consider a hydrologic 

system represented by irrigated agricultural land and the movement of water through it. 

According to the law of the conservation of matter, the variation of AS (i.e., the change in the 

volume of water stored in the soil per unit of surface area of the land) during a given time 

period AT must be equal to the difference between the average inflow rate in time and space 

(i.e., precipitation, Pr, plus irrigation, IRT, rates) minus the outflow rate (i.e., infiltration, 

plus runoff, Rr,  and evapotranspiration, ET, rates). The water .  balance equation for this 

system could then be represented as follows: 

AS = (P,41R4 - (4+/Zr+ET,) 	 (9.2) 

where all the inflow and outflow rates are expressed in units of LT-1. 
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• 
The precipitation over a specific hydrologic system is an erratic process with large 

fluctuations in the time domain. Consequently, because all the inflow and outflow processes 

mentioned previously are related to the precipitation, they also present large and erratic 

variations along the time. As a result, the change in AS is highly dependent on the period 

of time (AT) being considered. For short periods, the change in the soil-water storage (AS) 

is also an erratic process and can present relatively large values. However, for a long period, 

such as an entire season or a whole seasonal cycle of one year, the change in the soil-water 

storage (AS), particularly in the upper part of the soils, is likely to be small in relation to the 

total water balance of the system (Hillel 1980a). 

Thus, considering annual averages of the inflow and outflow water rates in this 

hypothetical hydrologic system of generic irrigated agricultural land, the respective water 

budget equation can be reduced to the following: 

P,+IR, =  

Except for the infiltration rate, iv. all other terms of Equation 9.3 can be determined 

either by direct field measurements or by using specific coefficients derived from soil and 

other environmental characteristics. The experimental methodology for field measurement 

of the precipitation, runoff, irrigation, and evapotranspiration rates are described in this 

handbook (see Sections 9.2, 10.2, 11.2, and 12.2, respectively). Direct field measurement of 

the deep percolation (infiltration) component of the field water balance has not yet proven to 

be practical (Hillel 1980a) and, therefore, the infiltration rate is often determined from the 

other measured components of the equation as follows: 

4 = (P,+17c) - (R,+ET) 	 (9.4) 

The parameter or the water infiltration rate, represents the amount of water that 

percolates through the upper layers of the soil and eventually ends up being added to the • 
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groundwater flow underneath the hydrologic system. In the RESRAD model, the parameter 

1r  is used to calculate the radionuclide leaching from the contaminated zone and the final 

contamination of the groundwater. The infiltration rate is calculated internally in the code 

as a function of the precipitation (P r) and irrigation (IRr)  rates and the runoff (C r) and 

evapotranspiration (C e) coefficients. The latter two parameters are defined respectively, as 

follows: 

(9.5) 

and 

ET 	
(9.6) 

1-c)Pr+IR, 

Detailed discussion of the runoff (C r) and evapotranspiration (C e) coefficients and the 

irrigation rate (Irc)  are presented elsewhere in this handbook (see Sections 10.1, 12.1, and 

11.1, respectively). 

Thus, from Equations 9.4,9.5, and 9.6, the infiltration rate, Ir, can be expressed as • 

follows: 

= (1-Q[(1-C)/2,+//?,) 	 (9.7) 

The mass balance equation (Equation 9.7) is the one used in RESRAD to calculate the water 

infiltration rate into the soil. 

9.2 MEASUREMENT METHODOLOGY 

Measurement of the precipitation rate at a site-specific location can be performed 

with a precipitation gage, which basically consists of a receptacle with vertical walls and an 

opening at the top with a specified area. The ratio of the volume collected in the receptacle • 
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during a specified period of time to the area of the opening at the top of the receptacle gives 

the point estimate of the precipitation .rate at a specific location and time. 

In principle, any receptacle with an open collector area of known dimensions, plus 

a volume measuring device can be used as a precipitation gage. However, because of some 

operational features of these devices, unless they are of the same shape and dimensions and 

similarly exposed, precipitation rate measurements are usually not comparable (Linsley, 

Kohler, and Paulhus 1982). 

The standard precipitation gage adopted by the U.S. National Weather Service has 

a collector (receiver) with an 8-in. (20.3 cm) diameter and can measure the precipitation to 

the nearest 0.25 mm. Two types of precipitation gages can be used, recording and 

nonrecording. The recording gage, the most commonly used, records on a strip of paper, 

paper punch, or data logger every 0.01 in. (0.0254 cm) of precipitation along the time scale .. 

The recorded data is then reported as an average precipitation rate, total volume, or intensity 

variation. 

According to Bedient and Huber (1988), a network of five to ten gages per 260 1= 2.  

(100 mi 2) is usually required in urban areas to define precipitation variability. The 

maintenance costs of such networks are .high and, therefore, for a particular application, it 

is usually more convenient to rely on data collected from a national network. Precipitation 

gage networks designed to provide point estimates of precipitation rates in the United States 

and its territories are maintained by the U.S. National Weather Service and the U.S. 

Geological Survey. 

Data on the point estimates of precipitation rates obtained from these national 

networks can be used to estimate the average areal precipitation rate over a specific area. 

The aerially averaged values of the precipitation rate can be derived by three methods 
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(Bedient and Humber 1988): arithmetic mean, the Thiessen polygon method, and the 

isohyetal method. 

The arithmetic mean of the point precipitation rates provides the simplest and most 

straightforward way to obtain an estimate of the areal precipitation rate at a particular site. 

For cases in which the gages are uniformly distributed and the point values have minimal 

variations, this method provides satisfactory results. 

The Thiessen polygon method consists in aerially weighing the point precipitation 

from each gage. It is the most commonly used method, although not the most accurate. 

The isohyetal method consists in drawing contour lines of equal precipitation 

(isohytes) and aerially weighing the average precipitation between pairs of contour lines 

crossing over the area of the site being considered. It is the most accurate among the 

methods for determining aerially averaged values of the precipitation rate btit requires an 

extensive gage network to draw the isohyets accurately. 

A distribution of values of average annual precipitation rates over the U.S. 

continental territory, transcribed from the Water Atlas of the United States (Geraghy 1973), 

is shown in Figure 9.1. 

9.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the annual average areal 

precipitation rate (Pr) that is representative of the conditions at the site. The precipitation 

rate is expressed as an annual average rate in units of m/yr. 

The precipitation rate and other input parameters, such as the irrigation rate and 

the runoff and evapotranspiration coefficients (see Sections 11.1, 10.1, and 12.1, respectively), 

are used in RESRAD to determine the water infiltration rate, according to Equation 9.7. The 

water infiltration rate is ultimately used to calculate the radionuclide leaching from the 

contaminated zone and the subsequent contamination of the underlying groundwater system. 
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FIGURE 9.1 Distribution of the Average Annual Precipitation Rates in Units of inJyr over • the U.S. Continental Territory (Source: Geragby 1973) 
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Figure 1:Distribution of the Average Annual Precipitation Rates, in 
units of (in/yr), over the U.S. continental territory. 
Source: •[Geraghy, 1973]. 
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For generic use of the code, a default value of the precipitation .rate (P T) equal to 

.1 m/yr (about 40 inJyr) was adopted in the RESRAD model. This value represents 

approximately the condition of a relatively humid region. Whenever possible, however, 

site-specific input data for PT  should be used in the RESRAD calculations. 

In cases in which data are available on the annual average point precipitation rates 

at specific locations in the vicinity, of the site, the user can estimate the site-specific areal 

precipitation rate by using one of three averaging methods described in Section 9.2. 

If data on the precipitation rate (P r) are not being collected at the site or its vicinity, 

a site-specific estimation of P T  can be obtained from the U.S. National Weather Service or the 

U.S. Geological Survey network database. 

Annual average values of PT  in units of inJyr for the U.S. continental territory, based 

on 40 years of recording, are presented in the Water Atlas of the United States (Geraghy 

1973). For most applications, in the absence of data collected specifically at a site, the 

information provided in this atlas can be used to estimate the site-specific .  value.  of Pr  at any 

particular location in the United States. 
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10 RUNOFF COEFFICIENT 

10.1 DEFINITION 

The runoff coefficient, Cr, is the fraction of the precipitation that does not infiltrate 

into the soil and is not transferred back to the atmosphere through evapotranspiration. The 

runoff coefficient represents the fraction of the precipitation, in excess of the infiltration and 

evapotranspiration, that becomes surface flow and ends up in either perennial or intermittent 

surface water bodies. The runoff coefficient is a dimensionless parameter. 

In a well-designed and well-operated irrigation system, the flow and the quantity of 

the irrigation water are controlled by an appropriate drainage system (ditching) and the 

duration of each application. Consequently, under normal circumstances, the irrigation water 

does not contribute significantly to the overall average annual runoff. On the basis of these 

assumptions, the runoff coefficient (C r) can be defined mathematically by the following 

expression: • 
(10.1) 	. 

where lc is the runoff rate and P r  is the precipitation rate. Because R r  is always smaller 

than (or at the most equal to) P;, the values of C r  vary within the range of zero to one. 

The runoff rate.at  a specific location is influenced by the morphology of the region, 

the degree of the slopes, the type of soil material, and the type of soil utilization. Table 10.1 

lists values for the runoff coefficient, C r,' under various conditions of soils and soil uses. 

102 MEASUREMENT METHODOLOGY 

A methodology for estimating the runoff coefficient (C r) is presented in Table 10.1. 

The value of Cr  can be evaluated on the basis of the type of soil and its land utilization at the 

specific site. 
	 • 
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10.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the average annual runoff 

coefficient (Cr) that represents the conditions at the site.. The runoff coefficient is a 

dimensionless parameter and its input value should be entered in the form of a decimal 

fraction rather than as a percentage. 

For generic use of the code, a default value of 0.2 was adopted in the RESRAD model 

• for the runoff coefficient. According to the methodology presented in Table 10.1, this default 

value of Cr  represents an agricultural environment of cultivated flat land with a sandy loam 

• type of soil. Whenever possible, however, site-specific information should be used for more 

accurate use of the code. If site-specific data are not available, Table 10.1 may be used to 

estimate the average annual runoff coefficient (C r). 

The runoff coefficient and other input parameters such as the precipitation and 

irrigation rates and the evapotranspiration coefficient (see Sections 9.1, 11.1, and 12.1, 

respectively) are used in RESRAD to determine the water infiltration rate according to a 

mass balance equation (Equation 9.7) presented in Section 9.1. The water infiltration rate 

is ultimately used to calculate the radionuclide leaching from the contaminated zone and the • 

subsequent contamination of the underlying groundwater system. 
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TABLE 10.1 Runoff Coefficient Values 

Type of Area 	 Coefficient Value 

Agricultural Environment' 

Flat land with average slopes of 0.3 to 0.9 m/mi 	 c1 	0.3 
Rolling land with average slopes of 4.6 to 6.1 in/rni 	 ci 	0.2 
Hilly land with average slopes of 46 to 76 m/rni . 	 ci 	0.1 

Open sandy loam 
Intermediate combinations of clay and load 
Tight, impervious clay 

Woodlands 
Cultivated lands 

e2 	0.4 
C2 
C2 	0.1 

C3 	0.2 
C3 	0.1 

Urban Environment 

Flat, residential area — about 30% impervious 	 Cr 	0.4 

Moderately steep, residential area about 50% impervious 	 Cr 	0.65 

Moderately steep, built-up area — about 70% impervious 	 Cr 	0.8 

The runoff coefficient for an agricultural environment is given by C r  = 1 - c 1 - c2  c3. 

Source: Gilbert et al. 1989. 
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• 11 IRRIGATION RATE • 11.1 DEFINITION 

The irrigation rate, IR., is the average volume of water that is added to the soil at 

the site, per unit of surface area and per unit of time. It is measured in units of volume per 

area per time, or LT-1 . In the RESRAD code, the irrigation rate is expressed as an annual 

average rate in units of m/yr. 

Irrigation is the practice of supplying water artificially to the soil in order to permit 

agricultural use of the land in an arid region or to compensate for occasional droughts in 

semidry or semihumid regions. Irrigation is closely dependent on the precipitation rate at 

the site, in the sense that a well-designed and well-operated irrigation system should 

optimize the spatial and temporal availability of water in the soil. 

As discussed earlier (see Section 9.1), irrigation, together with precipitation, 

• constitute the source of inflow water into a hydrologic system formed by the soil in an 

agricultural land and the water that circulates through it. The outflow of water in this 

system is the result of processes such as surface runoff and evapotranspiration and 

infiltration rates. 

The irrigation rate and other input parameters such as the precipitation rate and the 

runoff and evapotranspiration coefficients (see Sections 9.1, 10.1, and 12.1, respectively) are 

used in RESRAD to determine the water infiltration rate according to Equation 9.7 in 

Section 9.1. The water infiltration rate is ultimately used to Calculate the radionuclide 

leaching from the contaminated zone and the subsequent contamination of the underlying 

groundwater system. 

• 
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11.2 MEASUREMENT METHODOLOGY 

The average annual irrigation rate at a site is determined as a ratio of the total 

volume of irrigation water added to the field during the year to the surface area of the 

irrigated land and to the number of hours in a year. This quantity is not measured in the 

field, per se, but is obtained from the operational activities of the irrigation system. 

A well-designed and well-operated irrigation system should be able to supply water 

to the plants at a rate sufficient to balance their transpiration rate requirements. The 

objective is to provide water to the soil in a well-distributed manner during the crop season 

so that the plants can maintain their own hydration without loss of continuity. As long as 

the water uptake rate from the plants' roots matches the water loss due to the plants' 

transpiration from their foliage, they can maintain their hydration. As soon as the water 

intake from the roots becomes lower than the transpiration, however, the plants start losing 

moisture, resulting in a stressful situation for the development of the crop (Hillel 1980a). 

Therefore, the required rate of irrigation at a specific agricultural site is governed 

by the properties of the soil and the plants, and; fundamentally, by the meteorological 

conditions at the site. The soil/plant system properties determine the ability of the soil to 

supply and transmit water to the roots, as well as the ability of the roots to extract water 

from the soil at a rate needed to overcome transpiration. The meteorological conditions, 

however, dictate the rate at which the plants are required to transpire and, therefore, the 

amount of water needed for their survival. 

Estimation of the annual irrigation rate at a specific site can be obtained in different 

ways, depending on the degree of knowledge about the agricultural activities at the site. 

When information on irrigation systems in operation at the site or at its vicinity is available, 

the annual irrigation rate can be obtained from operational records. When little information 

is available on the- irrigation procedures at a site, an estimation of the eventual need for the • 
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• irrigation rate can be obtained on the basis of the measured (or assessed) values of the 

potential evapotranspiration and precipitation rates and on the basis of an estimated 

"irrigation efficiency." 

Irrigation efficiency is the ratio of the volume of water used consumptively (such as 

in evapotranspiration) to the total volume of water applied to the field (Hillel 1980a). This 

definition is similar to the one for the evapotranspiration coefficient, C., (see Section 12.1) 

and can be expressed as follows: 

Irrigation Efficiency 
ET, 

(1-C,)P,+IR, 

Most irrigation projects are inherently inefficient; the average irrigation efficiency 

is less than 50% (Hillel 1980a). Thus, by assuming a value for the irrigation efficiency (e.g., 

around 50%) at a specific site with little available data on agricultural activities, and by 

determining the potential evapotranspiration rate, ET,  the Precipitation rate, P r, and the 

runoff coefficient, Cr, the predicted, necessary average annual irrigation rate, IR r, at the site 

can be estimated as follows: 

ET 
II? = 	-(1 -C,)P 

C 
(11.2) 

11.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the annual average irrigation 

rate, IR1., that represents conditions at the site. The IR r  should be entered in units of meters 

per year (m/yr). 

A default value of IR:. equal to 0.2 m/yr was adopted in the RESRAD model. This 

value represents approximately the condition of a relatively humid region where only a small 

amount of irrigation is needed per year. For an arid region, 1 m/yr is considered to be an 

• appropriate generic value for IRr. 
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When there is no site-specific information on the annual average irrigation rate, the 

input value of IRr  at the site can be estimated on the basis of the irrigation efficiency (usually 

below 50%) and the measurement (or estimation) of another parameter such as the potential 

evapotranspiration rate, ETr, the precipitation rate P r, the runoff coefficient, C r, and the 

evapotranspiration coefficient, C e  (i.e, irrigation efficiency), according to the following 

expression: 

ET 	
(11.3) 

• 
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12 EVAPOTRANSPIRATION COEFFICIENT • 12.1 DEFINITION 

Evapotranspiration is one of the processes of the hydrologic cycle and represents the 

total volume of water that changes phase, that is, from the liquid or solid state to the gaseous 

state, near the ground surface and is transferred to the atmosphere during a fixed period of 

time. Consequently, it represents the combination of two separate processes: (1) evaporation 

(i.e., the change of phase of water near' the ground surface and the direct transfer of water 

vapor from the ground to the atmosphere) and (2) transpiration (i.e., the transfer of water 

from the ground to the atmosphere through the plants and their foliage). 

Evapotranspiration is also called "consumptive use" in the hydrology literature and 

is defined as the quantity of water used by either cropped or natural vegetation in 

transpiration or in the building of plant tissue, together with water evaporated from the 

adjacent soil or from intercepted precipitation, during a fixed period of time (Veihmeyer • 1964). 

. Two parameters need to be defined in relation to the concept of evapotranspiratiOn: 

(1) the evapotranspiration rate, ET,  and (2) the evapotranspiration coefficient, C e.. 

The evapotranspifation rate, ET,  is the total .  volume of water vapor that is 

transferred to the atmosphere due to the combined effect of evaporation and transpiration, 

per unit of the ground surface area and per unit of time at the site. It is measured in units 

of volume per area per time, or Lr l . The evapotranspiration rate is neither required as 

input data to the RESRAD code, nor is it used implicitly within the model. However, the 

measured or estimated site-specific value of ET r  is used to estimate the input value of the 

evapotranspiration coefficient, which is then used in the code. For consistency with other 

• 
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correlated parameters handled in the RESRAD code, the evapotranspiration rate is expressed 

as. an annual average rate in units of m/yr. 
	 • 

The evapotranspiration coefficient, C., is the ratio of the total volume of water 

leaving the ground due to evapotranspiration, ET r, to the total volume of water available 

within the root zone of the soil ((1-C r)Pr  + IRE), during a fixed period of time. It can then 

be expressed as follows: 

ET, 	
(12.1) 

• (1-c)P,+IR, 

where Pr  is the precipitation rate (m/yr), IRr  is the irrigation rate (m/yr), and C r  is the runoff 

coefficient (dimensionless). (All these parameters are defined in this handbook; see 

Sections 9.1, 11.1, and 10.1, respectively.) 

In well-irrigated agricultural land, transpiration predominates over evaporation in 

composing the total evaporation. Under these circumstances, the evapotranspiration 

coefficient represents the efficiency by which the water available in the root zone of the soil 

is actually transferred through the plant system and into the atmosphere. Thus, for 

cultivated land, the evapotranspiration coefficient (C.) is also called the "irrigation efficiency." 

According to Hillel (1980a), most irrigation projects are inherently inefficient, and although 

irrigation efficiencies of 80% to 90% can be achieved in actual practice with proper water 

management, the average irrigation efficiency is less than 50%. 

The evapotranspiration process is fundamentally governed by the meteorological 

conditions at the site, as well a by the properties of the soil/plant system. Meteorological 

parameters such as air temperature, wind speed, atmospheric pressure, air humidity, and 

exposure to the sun, all have an important role in determining the evapotranspirational 

demand at a specific location and time of the year. However, it is the amount of water 

available in the root zone of the soil that limits the occurrence of the evapotranspiration • 
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process. Thus, the power of the atmosphere to extract water from the ground surface because 

of evaporation decreases as the moisture content of the soil decreases. The smaller the 

moisture content is, the more strongly the water is bound to the porous matrix of the soil 

because of capillarity, and thus more energy is needed to extract it. Transpiration is also 

limited by the availability of water at the root zone, the ability of the soil to supply and 

transmit water toward the root zone, and the ability of the root system to absorb water from 

the soil in its vicinity. Below a certain value of soil moisture called the wilting point, the 

roots of the plants are not able to extract water from the soil, and the transpiration process 

is broken, resulting in dehydration and wilting. Therefore, as a combination of evaporation 

and transpiration, the actual evapotranspiration at a specific site depends on the external 

climatic conditions and on the type and density of vegetation covering the ground surface as 

well as on soil moisture., root distribution, and other soil properties. 

The concept of the "potential evapotranspiration rate", ET pr  has been introduced into 

the hydrology literature to represent the so called "climatic demand" for water, independently 

of the transient properties of the soil (Hillel 1980a). As such, the potential 

evapotranspiration rate, ETpr  (or the evaporating power of the atmosphere), is defined as the 

evapotranspiration rate that occurs on the ground .  of a land area totally covered with 

vegetation and where sufficient water is continuously available for the needs Of the plants. 

The actual evapotranspiration rate, ETr, is then a function of the potential evapotrans- 

. biration rate, ETpr, and the quantity of water available in the root zone of the soil. Where 

there is an excess of water in the root zone, the value of ET r  is at its maximum equal to ETF., 

and the excess water infiltrates the soil toward the groundwater system. During a water 

shortage period, however, the value of E; becomes lower than ET pi., with no resulting 

infiltration. A distribution of average annual potential evapotranspiration rates over the 

• 
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• U.S. continental territory, transcribed from the Water Atlas of the United States (Geraghy 

• 1975), is shown in Figure 12.1. 

The evapotranspiration coefficient and other input parameters such as the 

precipitation rate, the irrigation rate, and the runoff coefficient are used in RESRAD to 

determine the water infiltration rate, according to Equation 9.7 in Section 9.1. The water 
• 

infiltration rate is ultimately used to calculate the radionuclide leaching from the 

contaminated zone and the subsequent contamination of the underlying groundwater system. 

12.2 MEASUREMENT METHODOLOGY 

Estimation of the evapotranspiration coefficient, C., (to be used as input data to the 

RESRAD code), should be obtained from measured (or otherwise estimated) values of the 

evapotranspiration rate, ET,, the precipitation rate, Pr  the irrigation rate, IRr, and the runoff 

coefficient, Cr  according to Equation 12.1. 

There are many methods of measuring or estimating the actual (E;) and the 

potential (ET) '  evapotranspiration rate. However, no one method can be used for all 

purposes (Veihmeyer 1964). Most of the methods used for estimating ET, can also be used 

for estimating ETpr  provided that the available water supply is sufficient for the area under 

observation during the dufation of the test. These methods can be classified into three broad 

categories: (1) the theoretical approach, based on physical principles governing the process; 

(2) the• analytical approach, based on conservation principles, either as a mass or as an 

energy balance; and (3) the empirical approach, based on experimental results expressing the 

correlation between measured evapotranspiration and local climatic conditions. 

A generic description of various methods used for measuring evapotranspiration can 

be found in Veihmeyer 1964. The methods available are (1) soil-moisture sampling, 

(2) lysimeter measurement, (3) inflow-outflow measurements, (4) integration method, 

• 

• 
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FIGURE 12.1 Distribution of Average Annual Potential Evapotranspiration Rates in Units 
of in../yr over the U.S. Continental Territory (Source: Geraghy 1973) 



Potential 
Evapotranspiration 

(Average Annual) 

084583 

Figure 1:Distribution of 
Evapotranspiration Rates, in 
continental territory. Source: 

• 

the Average Annual Potential 
units of (in/yr), over the U.S.. 
[GeraghY, 1973]; 

• 
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(5) energy balance, (6) vapor transfer, and (7) groundwater fluctuations. For example, the 

lysimeter method consists of using a large barrel (also called a tank or evapotranspirometer). 

with about a 1-m diameter .and a 2-m depth that is filled with soil and buried in the ground 

so its top matches the ground surface. Individual crops and/or natural vegetation are grown 

on and around the lysimeter. The evapotranspiration rate can then be determined on the 

basis of the mass balance by measuring the infiltration flux seeping out of the bottom of the 

lysimeter and the rainfall rate. The loss of water necessary to maintain satisfactory plant 

growth .  represents the evapotranspiration. When operated properly, the lysimeter can 

provide reasonably reliable values of potential evapotranspiration. However, reliable 

measurements of actual evapotranspiration (particularly when it is much lower than the 

potential) are rarely attained because of the difficulty in maintaining comparable soil 

moisture and vegetation cover conditions on and around the lysimeter (Linsley 1982). 

Because of the inherent difficulties of field methods for measuring evapotrans-

piration, several empirical formulas have been developed to relate the potential evapo-

transpiration to some readily available climatic data, such as temperature, sunshine, wind 

velocity, and so forth. A list of typical evapotranspiration equations is presented by • 

Veihmeyer in Table 11.2 of the Handbook of Applied Hydrology (V eihmeyer 1964, pp. 11 -27). 

12.3 RESRAD DATA INPUT REQUIREMENT•  S 

In RESRAD, the user is requested to input a value for the annual average 

evapotranspiration coefficient, C., representative of the conditions at the site. The input . 

value of C. is given in dimensionless units. 

In the process of estimating the value of C. as an input value for RESRAD, it is assumed 

that the cultivated land at the site under consideration is maintained with the necessary 

level of moisture content in the soil for the growth and development of the crop. This 

condition is achieved either by the natural precipitation rate or by the planned combination 
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of precipitation and irrigation rates. In other words, it is assumed that the required moisture 

content for potential evapotranspiration based on the annual average is maintained in the 

soil. 

Therefore, the estimation of the input value of C. for some site-specific conditions is 

based on a previously measured (or otherwise determined) value of the potential evapotrans-

piration, ETpr, the precipitation rate, Pr, the irrigation rate, IR,  and the runoff coefficient; 

Cr, according to the definition of C. presented in Equation 12.1. 

A default value of C. equal to 0.6 (dimensionless) was adopted in the RESRAD 

model. This value represents the condition of 60% efficiency in the irrigation process at a 

generic site. Under this condition, 60% of the water available in the root zone of the soil is 

transferred to the atmosphere, and 40% of the water infiltrates the soil and percolates toward 

the aquifer system. Whenever possible, however, site-specific input data for C. should be 

used in the RESRAD calculations. 

Field measurements of the average annual evapotranspiration rate, ET r, usually are 

expensive and time-consuming. Therefore, if data o.  n ET r  have not been collected at the site 

or its vicinity, a site-specific estimation of ETr  (and ultimately of Ce) should be obtained from 

information in the literature. The user can also use the annual average values of potential 

evapotranspiration for the U.S. continental territory (Figure 12.1), which are presented i 7 the 

Water Atlas of the United States (Geraghy 1973). The information provided in this atla 

be used to estimate the site-specific value of ET r  (and ultimately of C.) at any particular 

location in the United States. For most applications, in the absence of site-specific data, this 

approach should suffice because of the intrinsic uncertainties associated with the model Itself 

and the natural variability of the potential evapotranspiration at any site. 

• 
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13 SOIL-SPECIFIC EXPONENTIAL b PARAMETER 

• 13.1 DEFINITION 

The soil-specific exponential b parameter is one of several hydrological parameters 

used to calculate radionuclide leaching from the contaminated zone. (See also precipitation 

rate, irrigation rate, runoff coefficient, evapotranspiration coefficient, hydraulic conductivity, 

and soil porosity). The soil-specific b parameter is an empirical and dimensionless parameter 

that is used to evaluate the volumetric water saturation, S, of the soil, according to a soil 

characteristics function called the conductivity function (i.e., the relationship between the 

unsaturated hydraulic conductivity, K, and - the saturation, S). 

It has been suggested that a power function is an acceptable form of representing the 

conductivity function. As cited by Clapp and Hornberger (1978), campbell (1974) derived a 

partb,  empirical and partly theoretical conductivity function on the basis of the power 

function model; this function proved to be reasonably accurate over a large number of cases. 

Campbell suggested the following power expression to represent the working relationship for 

the conductivity function: 

k = (I") 	 (13.1) 

where k is the relative conductivity (or relative permeability, dimensionless), S is the 

saturation (dimensionless), and b is the fitting parameter, called the soil-specific.exponential 

'parameter, which must be determined experimentally. 

The relative permeability, k, at any location in the unsaturated zone, is defined as 

a ratio of the unsaturated hydraulic conductivity, K, at that point, to the saturated hydraulic 

conductivity, K.t . Thus, k can be expressed as follows: 
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(3'3.2) • 
Substituting the definition of the relative permeability k into Equation 13.1 yields: 

 

= S (21”3) 

	

(13.3) 
Ka. 

or 

fth.) 
	

(13 .4) • 

In downward water infiltration into the unsaturated upper layer of the soil, the infiltration 

rate, 4, (see also precipitation rate) can be approximated by the unsaturated hydraulic 

conductivity, K (Hillel 1980a). Therefore, substituting Jr  for K in Equation 13.4 yields: 

S = 	f2b1-3) cat  (13.5) 

Equation 13.5 is used internally in the RESRAD model to evaluate the volumetric water 

saturation, S, in all unsaturated regions of the soil system. According to Equation 13.5, 

under unsaturated infiltration conditions, the saturation S is a function of the infiltration 

rate the saturated hydraulic conductivity K sat , and the texture of the soil, as determined 

by the fitting parameter b. When the medium is fully saturated, I. becomes equal to K s.t.  and 

equals unity. 

13.2 MEASUREMENT METHODOLOGY 

The soil-specific b parameter is an empirical fitting parameter and, therefore, must 

be determined experimentally. For each type of soil, the best estimate of b can be obtained 

by adjusting the best-fit values of each soil to an experimentally determined curve of relative 

permeability versus saturation, according to the power function model proposed above 

(Equation 13.1). 
• 
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Determining the conductivity function of a soil sample experimentally by measuring 

the relative permeability and the saturation is not an easy laboratory task because of many • 

technical and procedural difficulties. Yet some data have been reported in the literature that 

demonstrate reasonable agreement with the proposed model. For example, Clapp and 

Hornberger (1978) have reported that Campbell's model for the conductivity function has 

proved to be acceptable under different conditions of soil saturation over a wide range of b 

values (0.17 - 13.6) and even for values of saturation, s, near unity (i.e., full saturation). 

Table 13.1 lists representative values of the soil-specific exponential b parameter for various 

soil textures. 

13.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to define an input value for the soil-specific b 

parameter for (1) the contaminated zone, (2) the unsaturated zone strata, and (3) the 

saturated zone. Input for the saturated zone b parameter will only be required if the water 

table drop rate (see Section 18.1) is greater than zero. 

Reported measured data indicate that values of b vary within the range of 0.17 to 

13.6 (Clapp and Hornberger 1978). A default value of 6 was adopted in the RESRAD model. 

This value represents approidmately the condition of a silty loam soil material. Whenever 

possible, however, site-specific input data for b should be used in the RESRAD calculation. 

A relatively more accurate value of parameter b for site-specific soil materials can 

be obtained from the data listed in Table 13.1. For most applications this approach should 

suffice because of the. difficulties in obtaining .  laboratory determinations of the soil 

conductivity function. 

• 
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TABLE 13.1 Representative 
Values of Soil. Specific 
Exponential b Parameter 

Texture 

Soil Specific 
Exponential 
Parameter, b 

Sand 4.05 
Loamy sand 4.38 
Sandy loam 4.90 
Silty loam 5.30 
Loam 5.39 
Sandy clay loam 7.12 

- Silty clay loam — 7.75 
Clay loam 8.52 
Sandy clay 10.40 
Silty clay 10.40 
Clay 11.40 

Source: Clapp and Hornberger 
1978. 

• 

• 
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14 EROSION RATE 

14.1 DEFINITION

•  The erosion rate is the average volume of soil material that is removed from one 

place to another by running water, waves and currents, wind, or moving ice per unit of 

ground surface area and per unit of time. The erosion rate represents the average depth of 

soil that is removed from the ground surface per unit of time at the site and is expressed in 

units of LT-1 . 

14.2 MEASUREMENT METHODOLOGY • 

Erosion rates can be estimated by means of the Universal Soil Loss Equation 

(USLE), an empirical model that has been developed for predicting the rate of soil . loss by 

sheet and rill erosion. If sufficient site-specific data are available, a site-specific erosion rate 

can be calculated. Details of the calculation are discussed by Wischmeier and Smith (1978) 

• and Foster (1979). Estimates based on the range of erosion rates for typical sites in humid 

areas east of the Mississippi River (based on model site calculations for locations in New 

York, New Jersey, Ohio, and Missouri) can also be used (Knight 1983). For example, for a 

site with a 2% slope, these model calculations predict a range of 8 x 10 -7  to 3 x 10-6  m/yr for 

natural succession vegetation, 1 x 10 -5  to 6 x 10-5  m/yr for permanent pasture, and 9 x 10 -5  

to 6 x 104  m/yr for row-crop agriculture. The rate increases by a factor of about 3 for a 5% 

slope, 7 for a 10% slope, and 15 for a 15% slope. If these generic values are used for a 

farm/garden scenario in which the dose contribution from food ingestion pathways is expected 

to be significant, an erosion rate of 6 x 104  m/yr should be assumed for a site with a 2% 

slope. This would lead to erosion of 0.6 m of soil in 1,000 years. A proportionately higher 

erosion rate must be used if the slope exceeds 2%. An erosion rate of 6 x 10 -5  m/yr, leading 

to erosion of 0.06 in of soil in 1,000 years, can be used for a site with a 2% slope if it can be • 
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reasonably shown that the farm/garden scenario is unreasonable; for example, if the site is, 

and will likely continue to be, unsuitable for agricultural use. 

Erosion rates are more difficult to estimate for arid than for humid sites. Although 

water erosion is generally more important than wind erosion, the latter can also be 

significant. Water erosion in the West is more difficult to estimate because it is likely to be 

due to infrequent heavy rainfalls for which the empirical constants used in the USLE may 

not be applicable. Long-term erosion rates are generally lower for sites in arid locations than 

for sites in humid locations; hence, values estimated in the manner described above for 

humid sites can be used because they can be expected to provide conservative values. 

14.3 RESRAEr DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the annual average erosion 

rate for the cover zone and the contaminated zone. The dimensions of these input values of 

the erosion rate are given in units of m/yr. 

For generic use of the code, a' default value of the annual erosion rate equal to 

0.001 m/yr was adopted in the RESRAD model for both the cover and the contaminated. 

zones. This default value should suffice for screening estimates. For a particular site, 

however, a more accurate site-specific estimation of the erosion rates for both the cover and 

the contaminated zones should be attempted. The erosion rate of the contaminated zone only 

becomes significant if and when the cover zone is completely eroded, thus exposing the 

contaminated zone to the erosive effects of the environmental elements. 

A site-specific estimation of the erosion rate for the cover and contaminated zones 

can be performed by means of the USLE. 
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15 HYDRAULIC GRADIENT .  

• 15.1 DEFINITION 

The hydraulic gradient is the change in hydraulic head per unit of distance of the 

groundwater flow in a given direction. The hydraulic gradient, i, is expressed as follows: 

= h1-h2 
t  (15.1) 

where h1  and h2  represent the hydraulic head at points 1 and 2, respectively, and L is the 

distance between these two points. Mathematically, the hydraulic gradient is a vector that 

can be expressed as grad h. The norm of the vector represents the maximum slope of the 

hydraulic gradient, and its orientation represents the direction along the maximum slope .. 

The hydraulic gradient is a dimensionless parameter customarily represented as a fraction 

rather than as a percentage. 

In an unconfined (water table) aquifer, the horizontal hydraulic gradient of 

• groundwater flow is approximately the slope of the water table. In a confined aquifer, it 

represents the difference in potentiometric surfaces over a unit distance. The potentiometric 

surface is the elevation to which water rises in a well that taps a confined aquifer. It is an 

imaginary surface analogous to a water table. In general, the hydraulic gradient of 

groundwater flow in a highly permeable geologic material, such as sand or gravel, is far less 

than that in a geologic material with a low, permeability, such as silt and clay. 

15.2 MEASUREMENT METHODOLOGY 

The hydraulic head at a point in the saturated zone can be measured in the field by 

installing a piezometric nest at the site. A piezometer is basically a tube or pipe long enough 

to be introduced through the unsaturated zone down into the saturated zone. Its walls must • be completely sealed along all its length but it must be open to the atmosphere at the top and 
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to the water flow at the bottom. The water level measured inside the .piezometer, as 

compared with a defined reference level (such as mean sea level), gives the hydraulic head 

of the aquifer at the point of measurement. 

The distribution of the hydraulic head in a groundwater system is actually three-

dimensional. Thus with the installation of three or more piezometers spatially distributed 

in an aquifer, it is possible to determine the spatial distribution of the hydraulic head at the 

site. By knowing the distances between the piezometers, the hydraulic gradient of the 

dominant aquifer flow at the site can be evaluated. A detailed description of piezometer 

nests can be found in Freeze and Cherry (1979). 

15.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the hydraulic gradient in the 

dominant groundwater flow direction in the underlying aquifer at the site. This parameter 

is dimensionless and should be entered as a decimal fraction rather than as a percentage. 

For generic use of the code, a default value of 0.02 was adopted for the hydraulic. 

gradient in the RESRAD model. Because the hydraulic gradient varies significantly from one 

site to another, whenever possible, site-specific information should be used for more accurate 

use of the code. 

Site-specific data on the hydraulic gradient and the general flow pattern of the 

groundwater system at the site can be obtained by installing a piezometric nest in the area, 

as suggested above. 

• 

• 
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16 LENGTH OF CONTAMINATED ZONE PARALLEL TO THE AQUIFER FLOW 

• 
16.1 DEFINITION 

The length, V , of the contaminated zone parallel to the aquifer flow is the maximum 

horizontal distance measured in the contaminated zone, from its upgradient edge to the 

downgradient edge, along the direction of the groundwater flow in the underlying aquifer. 

The parameter V is used in RESRAD to evaluate the dilution of the contaminated 

inflow water (which percolates the contaminated zone vertically and reaches the aquifer 

underneath) by the uncontaminated inflow groundwater in the Nondispersion Model for a 

well located near the contaminated zone. 

• 

16.2 MEASUREMENT METHODOLOGY 

To evaluate the value of parameter V at a specific site, it is first necessary to 

determine the hydraulic gradient of groundwater flow at the site. As described in 

Section 15.2, the groundwater flow direction in the aquifer can be determined locally, by 

installing a piezometric nest composed of three or more piezometers spatially distributed 

throughout the hydrogeological system. With a known groundwater flow direction and the 

horizontal extension of the contaminated zone, the parameter V can be determined by 

measuring the largest horizontal length of the contaminated zone parallel to the groundwater 

flow direction. 

16.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value of t, the length of the 

contaminated zone parallel to the groundwater flow, that represents the conditions at the 

site. The dimensions of V should be entered in units of meters (m). 

A default value of 100 m was adopted in the RESRAD model for parameter P. The 

default value of 100 m is the square root of the default contaminated zone area of 10,000 m2. 
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Whenever possible, however, site-specific information should be used for more accurate use 

of the code. 
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17 WATERSHED AREA FOR NEARBY STREAM OR POND 

17.1 DEFINITION 

A watershed is a region contoured by an imaginary line connecting ridge or summit 

of high land and drained by or draining into a river, river system, or a body of water such as 

a lake or pond. The watershed area is the surface area of the draining region above the 

• discharge measuring points. This parameter is expressed in units of L 2. In the RESRAD 

code, the watershed area parameter represents the area of the region draining into the 

nearby stream or pond located at the vicinity of the site. 

The watershed area parameter is used in the RESRAD model to evaluate the dilution 

factor for the contamination of the water at the nearby stream or pond as it gets mixed with 

the inflow of water from the contaminated aquifer. Thus, the evaluation of the dilution factor 

for the ground/surface water pathway is based on the following assumptions (Gilbert et al. 

1989): (1) the nearby body of water is a pond, (2) the inflow and outflow of water in the pond • are in equilibrium, (3) the average annual inflow of radioactivity into the pond is equal to the 

average annual quantity of radioactivity that is leached from the contaminated zone into the 

groundwater system, and (4) the infiltrating water flow through the contaminated zone is 

vertically downward. Under these conditions and assumptions, the dilution factor is then 

defined as the ratio of the average annual volume of water that percolates through the 

contaminated zone to the average annual total inflow of water into the pond. More 

specifically, the dilution factor is calculated internally in the code as the ratio of the 

contaminated zone area (AREA) to the watershed area (WAREA). 

17.2 MEASUREMENT METHODOLOGY 

The area of the watershed draining toward the pond located at the vicinity of the site 

can be evaluated by using a small-scale morphologic map of the region. • 
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17.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is requested to input a value for the area of the watershed 

region draining into the stream or pond located at the vicinity of the site. The dimensions 

of the watershed area should be entered in units of square meters (m 2). 

A default value of one million (1 x 10 6) m2  for the watershed area was adopted in 

the RESRAD model. Whenever possible, however, site-specific information should be used 

for more accurate use of the code. 

Site-specific information on the watershed area can be obtained from small-scale 

hydrological and morphological maps covering the region under study. In the RESRAD code, 

the watershed area must be larger than or equal to the area of the contaminated zone. The 

code will issue a warning if this condition is violated and will not proceed with the 

calculations until it is corrected. • 

• 
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18 WATER TABLE DROP RATE 

• 
18.1 DEFINITION 

The water table drop rate is the rate, in length per time (LT -1), at which the depth 

of the water table is lowered. The level of the water table in a groundwater system fluctuates 

seasonally due to the erratically temporal variations of the processes involved in the 

hydrologic cycle (see Section 9.1), as well as extra use of the water from the system. Under 

normal circumstances, the level of the water table is approximately stationary if averaged 

over long periods of time such as one year. For unusually high consumptive use of 

groundwater in the region, however, the water table may experience a significant drop during 

the annual period. In these cases, the average annual water table drop rate is not zero and 

results in the creation of or an increase in the unsaturated zone thickness. 

182 MEASUREMENT METHODOLOGY 

• The site-specific water table drop rate can be estimated by observing the change of 

the water level of a monitoring well appropriately installed at the site. It can also be 

estimated by consulting water table records of past decades. 

18.3 RESRAD DATA ThiPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the average annual water table 

drop rate that represents conditions at the site. The dimensions of the water table drop rate 

should be given in units of meters per year (m/yr). 

A default value of 0.001 m/yr was adopted in the RESRAD model for the water table .  

drop rate. This value is the same as the default value used for erosion rate Whenever 

possible, however, site-specific information should be used for more accurate use of the code. 
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19 WELL-PUMP INTAKE DEPTH 

19.1 DEFINITION 

The parameter well-pump intake depth is the screened depth of a well within the 

aquifer (the saturated zone). The well-pump intake depth is measured in units of length (L). 

19.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input . a value for the well-pump intake depth 

that represents conditions at the site. Its dimensions should be given in units of meters (m). 

A default value of 10 m was adopted in the RESRAD model for the well-pump intake 

depth. For more accurate use of the code, however, site-specific data should be used 

whenever possible. 

• 
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20 RADON VERTICAL DIMENSION OF MIXING 

20.1 DEFINITION 

The radon vertical dimension of mixing is the height of the atmospheric boundary 

layer near the ground surface, into which the radon gas that emanates from the ground is 

uniformly mixed in the outdoor air. This parameter is measured in units of length (L). 

20.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the radon vertical dimension 

Of mixing that represents conditions at the site. It dimensions should be given in units of 

meters (m). 

A default value of 2 m was adopted in the RESRAD model for the radon vertical 

dimension of mixing. For more accurate use of the code, however, site-specific data should 

be used whenever possible. 
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21 AVERAGE ANNUAL WIND SPEED 

21.1 DEFINITION 

The average annual wind speed is the overall average of the wind speed, measured 

near the ground, in a one-year period. This parameter is measured in units of length per 

time (LT'). 

21.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the average annual wind speed 

that represents conditions at the site. The dimensions of the wind speed input should be 

given in units of meters per second (m/s). 

A default value of 2 m/s was adopted in the RESRAD model for the average annual 

wind speed. For more accurate use of the code, however, site-specific data should be used 

whcmvr pns hl e 

Site-specific information on the time distribution of the wind speed and direction at 

the site can be obtained with the installation of a simple meteorological station instrtimented 

With an anemometer (for measuring the wind speed) and wind vanes (for measuring wind 

direction). Although simple, the installation, operation, and maintenance of such systems are 

time-consuming and require the attention of trained personnel. A more general estimation 

of the average wind speed at a site can be obtained from other meteorological information 

systems in the area (such as at a commercial airport). For most applications, in the absence 

of site-specific data, this approach should suffice because of the intrinsic uncertainties 

associated with the natural variability of the wind speed and direction at the site. 



• 
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22 AVERAGE BUILDING AIR EXCHANGE RATE. 

22.1 DEFINITION 

The building air exchange (or ventilation) rate is the total volume of air contained 

in the building that is being exchanged with outside air per unit of time. This parameter 

expresses the rate at which the total air contained within the building is replaced (or 

renewed) per unit of time and is measured in units of inverse time (7 1). For example, a 

building with a ventilation rate of 1 h -1  has its volume of air replaced once each hour, on the 

average. 

Important factors affecting the ventilation rate include construction and operating 

features of the building (i.e., age, window and door weatherproofing, existence of unbalanced 

mechanical ventilation, the use of fireplaces, etc.), as well as environmental conditions (i.e., 

atmospheric pressure, temperature, and wind speed and direction). The total ventilation rate 

is based on three factors (Nero 1988): (1) the infiltration of air through small openings and 

imperfections in the building structure; (2) the exchange of air through windows, doors, or 

any other large openings that are kept partially or temporarily open; and (3) the mechanically 

supplied ventilation due to the operation of exhaust fans or other similar systems. Each of 

these factors varies significantly along time and, consequently, the total ventilation rate in 

a house is also strongly time dependent. In the United States, the average ventilation rate 

during the seasons when houses are kept closed lies within the range of 0.1 to 1.0 11 -1 . 

( > 

22.2 MEASUREMENT METHODOLOGY 

Measurement of the ventilation rate in a building can be accomplished directly by 

injecting a tracer gas, sulfur hexafluozide (SF 6), into the house and then, after a mixing time, 

measuring the gas concentration as a function of time by using an infrared analyzer. The 

ventilation rate is equal to the rate of decay of the tracer concentration (Nero 1988). 
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Another available passive measurement technique consists of releasing a gaseous 

tracer from .a small source at a constant rate inside the building. A collecting monitor, 

consisting of a diffusive tube and an absorber, measures the average concentration during 

the time the system is in operation. The measured concentration is then proportional to the 

inverse of the ventilation rate. Further references for these ventilation rate measurement 

techniques, as well as some predictive quantitative Models, can be found in Nero 1988 and 

Nazaroff et al. 1988. 

22.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the average building air 

exchange rate that represents conditions at the site. The dimensions of the ventilation rate 

should be given in units of h 1 . •  

For generic use of the code, a default value of 0.5 11 -1  was adopted in the RESRAD 

model for the average building air exchange rate. For more accurate use of the code, 

however, site-specific data should be used whenever possible. 
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23 }WILDING ROOM HEIGHT 

• 
23.1 DEFINITION 

The building room height expresses the average height of the house. More 

specifically, it is defined as the ratio of the volume of the total internal space of the building 

to the internal area of its floor surface. This parameter is measured in units of length (L). 

For one-pavement houses, the values for the building room height typically lie within the •  

range of 2.2 to 3.0 m. 

23.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the building room height that 

represents conditions at the site. The dimensions of the input value of the room height 

should be given in units of meters (m). 

For generic use of the code, a default value of 2.5 m was adopted in the RESRAD 

model for the building room height. For more accurate use of the code, however, site-specific 

data should be used whenever possible. • 
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24 BUILDING INDOOR AREA FACTOR 

24.1 DEFINITION . 

The building indoor area factor is the fraction of the floor area built on the 

contaminated area. 

24.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the default value of 1.0 should be sufficient for most cases. Values 

greater than 1.0 indicate a contribution from walls extending into the contaminated zone. 

If -1 is entered, the code will calculate a time-dependent area factor on the basis of 

an assumed floor area of 100 m 2  and the amount of wall area extending into the 

contaminated zone. For example, if the walls extend to a depth of 0.5 in into the 

contaminated zone; the building indoor area factor is equal to 1+0.5*4/(100 °-5), or 1.2. The 

building inrinnr area factor is time dependent because of soil erosion of the contaminated 

zone. 
	 • 
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25 TRIMNESS OF UNCONTAMINATED UNSATURATED ZONE 

25.1 DEFINITION 

The uncontaminated unsaturated zone is the portion of the uncontaminated zone 

that lies below the bottom of the contaminated zone and above the water table. The 

RESRAD code has provisions for up to five different horizontal strata within this zone. Each 

stratum is characterized by six radionuclide-independent parameters: (1) the thickness of 

the layer, (2) soil density, (3) total porosity, (4) effective porosity, (5) soil-specific b parameter, 

and (6) hydraulic conductivity. 

25.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the. user is required to input a value for each stratum used in the 

calculation. Entering a nonzero thickness for a stratum activates that stratum and, 

similarly, changing the thickness to zero deletes the stratum. Default values are supplied 

by the code for all parameters of an active stratum; however, the use of site-specific data is 

strongly recommended. 

• 
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26 BUILDING FOUNDATION THICKNESS 

26.1 DEFINITION 

The building foundation thickness is the average thickness of the building shell 

structure in the subsurface of the soil. Typical values lie around 0.15 m. 

26.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the building foundation 

thickness that represents conditions at the site. The dimensions of the inputvalue of the 

building foundation thickness should be given in units of meters (m). 

A default value of 0.15 m was adopted in the RESRAD model for the building 

foundation thickness. For more accurate use of the code, however, site-specific data should 

be used whenever possible. 

• 
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27 FOUNDATION DEPTH BELOW GROUND SURFACE 

1110 27.1 DEFINITION 

The foundation depth below ground surface is the vertical distance in the soil from 

the very bottom of the basement floor slab to the ground surface. Typical values lie within 

the range of 0.0 to 3.0 in. 

27.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the foundation depth below the 

ground surface that represents conditions at the site. The dimensions of the input value for 

the foundation depth should be given in units of meters (in). 

A default value of 0.5 m was adopted in the RESRAD model for the foundation 

depth. For more accurate use of the code, however, site-specific data should be used 

whenever possible. 

If a negative value is entered, the absolute value will be adjusted (if needed) so that 

111 the foundation depth will not extend into the contaminated zone. Thus, because of erosion 

of the cover and contaminated zones, the foundation depth can be time dependent and less. 

than the (absolute) specified value. 

• 
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28 FRACTION OF TIME SPENT INDOORS 

28.1 DEFINITION 

The fraction of time spent indoors is the average fraction of time during which an 

individual stays inside the house. A typical value lies around 0.5 (dimensionless). 

28.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the fraction of time spent 

indoors that represents conditions at the site. This is a dimensionless parameter and should 

be entered as a decimal fraction rather than as a percentage. 

A default value of 0.5 was adopted in RESRAD for the fraction of time spent indoors. 

Fore more accurate use of the code;. however, site-specific information should be used 

whenever possible. 
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29 FRACTION OF TIME SPENT OUTDOORS 

• 
29.1 DEFINITION 

The fraction of time spent outdoors is the average fraction of time during which an 

individual stays outdoors on the site. This is a dimensionless parameter and the typical 

value lies around 0.25. 

29.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the fraction of time spent 

outdoors that represents conditions at the site. It should be entered as a decimal fraction 

rather than as a percentage. 

•A default value of 0.25 was adopted in RESRAD for the fraction of time spent 

outdoors. For more accurate use of the code, however, site-specific information should be 

used whenever possible. 
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30 AREA OF CONTAMINATED ZONE 

30.1 DEFINITION 

A contaminated zone is a compact area that contains the locations of soil samples 

with radionuclide concentrations clearly exceeding background levels. Background 

concentrations are determined from measurements in soil samples taken at several nearby 

off-site locations where contamination is highly unlikely. The Concentration of a radionuclide 

is considered to clearly exceed the background concentration if it is greater than the mean 

background concentration plus twice the standard deviation of the background 

measurements. If the concentrations in the samples used for determining the background 

concentration are below the lower limit of detection (LLD) of the instrument used, the 

concentration of that radionuclide is considered to exceed background if it exceeds the LLD 

of the instrument. The sensitivity of the instrument used must comply with current 

standards for high quality commercial instruments. 

To justify the use of two or more contaminated zones, credible evidence must be 

provided on the basis of radiological survey data that the intervening area between any two . • 

contaminated zones is uncontaminated; otherwise, the contaminated zone should be 

characterized by a single compact•area that contains the locations of all soil samples with 

above-background radi on ucli de concentrations. 

30.2 RESRAD DATA INPUT REQUIREMENTS 

The actual area of the contaminated zone should be entered into RESRAD. The area 

should be specified in square meters (m 2). A default value of 10,000 m 2  is used in the 

RESRAD code for the area of contaminated zone. 
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31 COVER DEPTH 

O 31.1 DEFINITION 

The cover depth is the distance, in meters (m), from the ground surface to the 

location of the uppermost soil sample with radionuclide concentrations that are clearly above 

background. The background concentration of a radionuclide is defined as the mean 

concentration in soil samples from nearby uncontaminated regions of the same soil type, plus 

twice the standard deviation of the counting statistics. 

31.2 MEASUREMENT METHODOLOGY 

Because the actual radionuclide distributions in a contaminated zone are 

nonuniform, the cover depth measured in each sampling borehole -may not be the same. For 

a contaminated zone with an area greater than 100 m 2, the average cover depth over an 

integral subarea of 100 m 2  is calculated first. If one or more boreholes in the 100-m 2  subarea 

have a cover depth less than one-third of the average cover depth, then the average cover 

depth is replaced by one-third of the minimum value. The cover depth for the entire 

contaminated zone is then determined to be the same as the minimum average cover depth 

over the subareas. For a contaminated zone with an area less than 100 m 2, the average 

cover depth over the contaminated zone or one-third of the minimum cover depth in a 

borehole (if it is less than one-third of the average value) is taken as the representative value 

of the cover depth for the contaminated zone. 

31.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the user is required to input a value for the cover depth. The defdult. 

value used for cover depth is 0 Cm). 

• 
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32 DISTRIBUTION COEFFICIENTS 

32.1 DEFINITION 

The distribution coefficient, K d, is the ratio between the mass of solute species 

adsorbed or precipitated on the solids per unit of dry mass of the soil, S, and the solute 

concentration in the liquids, C. The distribution coefficient represents the partition of the 

solute in soil matrix and soil water assuming chemical equilibrium is achieved. If a linear 

relationship between S and C exists, then 

• S KC 	 (32.1) 

The transfer of radionuclides from the liquid to the solid phase or vice versa may be 

controlled by mechanisms such as adsorption and precipitation, depending on the 

radionuclides. The dimensions of the distribution coefficient are unit of length cubed per 

mass (J.3/NT). 

	

The value of Kd  varies over a wide range because of uncertainties in the laboratory 
	• 

methods used to determine its value, as well as its, dependence on many soil properties. Soil 

properties affecting the distribution coefficient include the texture of soils (sand, loam, clay 

or organic soils) (Sheppard and Thibault 1990), the organic matter content of the soils, pH 

values (Coughtrey et al. 1985), the soil solution ratio (Sheppard et al. 1983), the solution or 

pore water concentration (Hoeffner 1985; Nikula 1982; Sheppard et al. 1987; Sheppard and 

Thibulat 1990), and the presence of competing cations (Bond and Smiles 1988; Gee et al. 

1983; Nikula 1982; Hoeffner 1985; Uchida and Karnada; 1987; Rouston et al. 1984). 

Sometimes, the value of the distribution coefficient (K a ) for a specific radionuclide in soils 

ranges over several orders of magnitude under different conditions. 

• 
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32.2 MEASUREMENT METHODOLOGY • 	32.2.1 Experimental Methods . 

The two most common experimental techniques for the determination of ; are the 

batch and column methods. In the batch method, soil and water (or solvent) are shaken with 

the radionuclides for a period of time until equilibrium between the soil and the water is 

achieved or assumed. The distribution coefficient K a  is then taken as the ratio of the mass 

of the radionuclide in the solid phase of the soil to the radionuclide concentration in the 

• water. (or solvent). 

• The column method involves prepacking soil uniformly in a column then adding 

solvent with dissolved radionuclides and collecting the filtered solvent at the bottom of the 

column and analyzing its concentration. The distribution coefficient (K a) of the radionuclide 

can be determined by comparing the breakthrough curve with the initial radionuclide 

concentration in the solution. • 	Whether the batch or column method is used to determine Ka, certain uncertainties 

are inherited in each method and should be. kept in mind. First, because chemical . 

equilibrium may not have achieved in the batch method, and dispersion occurs in the column 

method, the two techniques may give different results for nonionic elemental forms (Inoue 

and Morisawa 1976). Second, the distribution coefficient (K a) is defined as a ratio of two 

concentrations; therefore, a small error in concentration measurements either in soil or in 

water may result in a large error in the coefficient. Another source of variation in Kd  is the 

time factor involved in its determination. Normally, a bath run takes several hours. If 

equilibrium is not reached within this short period of time, error is introduced. Errors caused 

after a 24-hour experimental period however, are quite insignificant (Rhodes 1957; Relyea 

and Brown 1978; Wildung and Rhodes 1963), 
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32.2.2 Theoretical Analysi s  

Consider a situation in which water containing a dissolved tracer is introduced into 

a tracer-free soil column with a known dry density and volumetric water content. With the 

hydrodynamic dispersion (i.e., the mechanical dispersion and molecular diffusion) of 

radionuclides throughout the column and the adsorption of radionuclides to the soil, the 

initial sharp-tracer front near the top end of the sail column spreads out downward. A mass 

balance equation for the radionuclide concentration in the liquid phase can be derived as 

follows: 

D ac ac ac "— - v-at 	ao  ax  (32.2) 

where R is the retardation factor, D is the coefficient of hydrodynamic dispersion, v is the 

flow velocity of the water, and C is the radionuclide concentration in the water. The 

retardation factor R is related to the distribution coefficient li d  of the radionuclide as follows: 

R = 1+ 
pi,Kd 	

(32.3) 

where Pb is the dry soil density and 6 is the volumetric water content of the soil. Therefore, 

Ki  can be calculated if R is known. On the basis of the inlet and outlet boundary conditions: 

C(0,t) = Co 	 (32.4) 

and 

(32.5) 

the solution to Eq. (32.2) is (Lapidus and Amundson 1952): 

Rx+v t  Co f vfci  R' -vr 	
vx  + exp( D ) egg 2(mt) , C(x,t) 	 2(DRz)i2 

(32.6) 
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The relative effluent concentration, C e, expressed in terms of two dimensionless parameters, 

the column Peclet number (P) and tlie number of pore volumes (T), is derived as follows: 

1 	 1 	 P 112  
Ce(7) = elfc[(z-z-13 

 1/2
(R -7A+ exP(F)vfc[(-5--zr) 4 	(R+7)] (32.7) 

where 

C. = C(L,WC 0 	 (32.8) 

Ti vtIL 
	

(32.9) 

and 

P = vL1D 
	

(32.10) 

The average interstitial or pore-water velocity is represented by v and is approximately 

equivalent to the ratio between the water flow rate and the volumetric water content, q/6. 

The length of the soil column is represented by L. The parameter L, in the case of field 

measured concentration-time curves, simply refers to the soil depth at which the 

concentration was observed. The following expression is frequently. used to describe 

displacement experiments (Danckwerts 1953; Rifai et al. 1956): 

C(x,t) = 2 erfc[  RX-Vt 	 (32.11) 
2 	2(DR) In 

This equation provides a close approximation to Equation 32.6 for relatively large values of P. 

In terms of the Peclet number (P) and the number of pore volumes (T), when applied to the 

effluent concentration, Equation 32.11 can be written as follows: 

1 P 12  C.(7) = —erfc[(=) (R-7)] 
2 	- 

(32.12) 

Many empirical methods based on the measured relative effluent concentration (C e) 

• versus the number of pore volumes (T) have been used for the analysis of P and R. These 
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include the trial-and-error, slope, log-normal plot, and least-squares methods (Van Genuchten 

and Wierenga 1986; Rifai et al. 1956). There are other methods such as the method of 

moments (Aris 1958; Agneessens et al. 1978; Skopp 1985; Valocchi 1985; Jury and Sposito 

1985) and methods to determine the two coefficients (Ka  and D) from the location and peak 

concentration of a short or instantaneous surface-applied tracer pulse (Kerkham and Powers 

1972; Saxena et al. 1974; Yu et al. 1984). The reader is referred to the original studies for 

discussion of their applications. 

32.2.3 .Determination of the Distribution Coefficient Without Experiments 

In addition to the experimental methods for determining the distribution coefficient 

(Kd), Sheppard and Thibault (1990) proposed an empirical approach to calculate K a  from the 

soil-to-plant concentration ratio (CR) on the basis of the strong negative correlation between 

CR and K.d  (Sheppard and Sheppard 1989). According to their model, the relationship 

between Ka  and CR can be described as follows: 

(32.13) • In Kd  + STEX + b On CA) 

• where a, b, and STEX are Constants. The values for the coefficients were a = 4.62 and 

b = -0.5. The value of STEX depends on soil type; for sandy soil, STEX = -2.51; for loamy soil, 

STEX = -1.26; for clayey soil, STEX = -0.84; and for organic soil, STEX = .0. The validity of 

Equation 32.13 is still under investigation, but a value of Ka can be derived when no 

_experimental or literature data are available. Table 32.1 lists the geometric mean values of 

Ka  obtained from the literature or predicted by using concentration ratios (Sheppard and 

Thibault 1990). 

32.3 RESRAD DATA INPUT REQUIREMENTS 

The default distribution coefficients used in the RESRAD code and their ranges 

based on data compiled by Sheppard and Thibault (1990) are listed in Table 32.2. • 
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From Tables 32.1 and 32.2, it can be seen that lcd  is quite variant; that is, it assumes 

different values under different circumstances. Because Ka is one of the important input • 

parameters that have a strong influence on the calculated results in the RESRAD code, a 

site-specific value, if available, should always be used for risk assessment. 

• 
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TABLE 32.1 Summary of Geometric Mean Kd 
Values (cm3/g) for Each Element by Soil Type 

Element Sand Loam Clay Organic 

Actinium 450 1500 2400 5400 
Silver 908  1208  1808  150008  
Americium 19008  9600°  84008  1120008  
Beryllium 250 800 1300 3000  
Bismuth 100 450 600 1500 
Bromine 15 50 75 180 
Carbon 58  20 1 •70 
Calcium 5 30 50 90 
Cadmium 808  40a  5608  900°  
Cerium 500°  81008  200008 3300°  
Curium 40002  180008 6000 6000°  
Cobalt 608  13008  550" 1000°  
Chromium 708  308  1500 270°  
Cesium 280°  46008  19008  2708  
Iron 2208  . 	800°  1658  6008  
Hofnium 450 1500 2400 5400 
Holmium 250 800 1300 3000 
Iodine 18 58 18 • 25°  
Potassium 15 55 75 200 
Manganese 502  7508  1808  1508  
Molybdenum. 108  125 908  258  
Niobium 160 550 900 2000  
Nickel 4008  300 6508  11008 
Neptunium 58  2.5°  55°  12008  
Phosphorus 5 25 35 90 
Protactinium 550 1800 2700 6600 
Lead 2708  160008 550 220008  
Palladium 55 180 250 670 
Polonium 1508  4008  3000 700 
Plutonium 550°  12008  51008. 1900' 
Radium 5008  360008  9100' 2400 
Rubidium 55 180 270 670 
Rhenium 10 40 60 150 
Ruthenium 558  10008  8008  66008  
Antimony 458  150 250 . 	550 
Selenium 150 500 740 1800  
Silicon 35 110 180 400 
Samurium 245 800 1300 3000 
Tin 130 450 670 1600  
Strontium 158  208  1108  1508  
Tantalum 220 900 1200 3300 
Technetium 0.18  0.18  1 8  1 8  
Tellurium 125 500 720 1900 
Thorium 3200°  3300 58008  890008  
Uranium 358  158  16002  4108  

. 
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TABLE 32.1 (Cont'd) 

Element 	Sand 	Loam • Clay 	Organic 

Yttrium 170 720 1000 2600 
Zinc 2008  13008  24008  16008  
Zirconium 600 2200 3300 7300 

Values obtained from the literature; all other values 
are predicted by using concentration ratios. 

Source: Values obtained from Sheppard and Thibault 
1990. 
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TABLE 2 RESRAD Default Kd  Values and Ranges 
of Geometric Mean Value? 

RESRAD 
Element 
	

Kd  Range' 

Hydrogen 	 0 	 not available 
Carbon 	 0 	 1-70 
Sodium 	 22 	 not available 
Chlorine 	 0.1 	 not available 
Potassium 	not included 	15-200 
Calcium 	 50 	 5-90 
Manganese 	 200 	 50-750 
Iron 	 1000 	 165-800 
Cobalt 	 1000 	 60-1300 
Nickel 	 1000 	 300-1100 
Strontium 	 30 	 15-150 
Niobium 	 0 	 160-2000 
Technetium 	 0 	 0.1-1 
Ruthenium 	 0. 	 . 55-66000 
Antimony 	 0 	 45-550 
Iodine 	 0.1 	 1-25 
Cesium 	 1000 	 170-4600 
Cerium 	 1000 	 500-20000 
Samarium 	 0 	 245-3000 
Europium - 	0 	 not available 
Lead 	 100 	 270-22000 
Radium 	 70 	- 500-36000 
Actinium . 	 20 	 450-5400 
Thorium 	 60000. 	3200-89000 
Protactinium 	50 	 550-6600 
Uranium 	 50 	 15-1600 
Neptunium 	 0 	 5-1200 
Plutonium 	 2000 	 550-5100 
Americium. 	 20 	 1900-112000 
Curium 	 0 	 4000-18000 . 
Californium 	 228 	 not available 

a  Source: Sheppard and Thibault 1990. 
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33 RADIONUCLIDE CONCENTRATION IN GROUNDWATER 

• 33.1 DEFINITION 

This parameter is a measure of the concentration of the principal radionuclide in a 

well located at the downgradient edge of the contaminated zone. The groundwater 

concentration and the radionuclide concentration in soil should be measured simultaneously 

because they are used in RESRAD as a pair to estimate distribution coefficient. 

33.2 RESRAD DATA INPUT REQUIREMENTS 

This parameter should be entered in units of picocuries per liter (pCi/L). Input 

values for the radionuclide concentration in groundwater are required only if the value of the 

elapsed time since placement of waste material parameter is greater than zero. Only 

principal radionuclides with nonzero concentrations in soils will have nonzero concentrations 

in groundwater. These nonzero groundwater concentration inputs will invoke the calculation • 

	

	
of soil/water distribution coefficients, and the input coefficient values will be supressed by the 

calculated results. 
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34 LEACH RATE 

34.1 DEFINITION 

The leach rate constant is the fraction of the available radionuclide leached out from 

the contaminated zone per unit of time. Source factors in the RESRAD code are calculated 

on the basis of the ingrowth and decay processes among radionuclides and the leach rate 

constant for adjusting radionuclide concentrations in the contaminated zone. 

34.2 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the leach rate should be entered in units of yr -1 . An input value of 0 

for the leach rate constant will invoke the calculation of this parameter via a first-order 

leaching model with the value of the soil/water distribution coefficient in the contaminated 

• zone. lithe input value of this parameter is greater than 0, however, it will also be used to 

derive thP soil/water distribution coefficient of the contaminated zone conversely, again based 

on the first order leaching model. The input soil/water distribution coefficients are then 

replaced by the derived value. 

Because the leach rate constant and the soil/water distribution coefficients are the 

two most critical parameters affecting the calculated results of water-related pathways, site-

specific values should always be used whenever.available. The default leaching rate constant 

in RESRAD is 0. 
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35 MASS LOADING FOR INHALATION 

35.1 DEFINITION 

The mass loading parameter is the concentration of soil particles in the air and is 

measured in grams per cubic meter (g/m 3). Use of a mass loading factor from empirical data 

eliminates consideration of details of the resuspension mechanisms; in particular, the 

effective depth of the disturbed layer can be bypassed. 

Average, ambient concentrations oftransportable particles range from 3.3 x le g/m3  

to 2.54 x 104.  g/m3  in urban locations and from 9 x 10-6  g/m3  to 7.9 x 10-5  g/m3  in nonurban 

locations (Gilbert et al. 1983). Anspaugh et al. (1974) and Healy and Rodgers (1979) used 1 x 

104  g/m3  for predictive purposes and found that this value gave reasonable results. The U.S. 

Environmental Protection Agency (EPA) (1977) has used the same value to screen 

calculations. 

The mass loading value will fluctuate above its ambient level depending on human •  activities such as plowing and cultivating dry soil or driving on an unpaved road. The 

estimated mass loading for construction activities is about 6.0 x 10 4  g/m 3, for exposure to 

construction traffic on unpaved roads it is 4.0 x 10 4  g/m 3, and for agriculture-generated dust, 

it is about 3.0 x 104  g/m3  (Oztunali et al. 1981). The maximum respirable dust loading 

inside the cab of heavy construction equipment during a surface coal mining operation was 

found to be 1.8 x 10'3  g/m 3  (Oztunali et al. 1981). Estimates of mass loadings have been as 

high as 1.3 g/m 3  for instantaneous mass loadings during tilling. 

35.2 RESRAD DATA INPUT REQUIREMENTS 

Gilbert et al. (1989) suggest a mass loading factor of 2.0 x 10 g/m3  for transportable 

particles at an onsite loading to take into account short periods of high mass loading and 
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sustained periods of normal farmyard activities for which the dust level may be somewhat 

higher than ambient. This value is the defaultvalue used in RESRAD. 

• 
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36 OCCUPANCY FACTOR FOR INHALATION PATHWAY 

• 
36.1 DEFINITION 

• This factor should be adjusted on the basis of scenario assumptions. The correct 

input values can be obtained by using the following equation: 

FO = TF1  x 1 + TF2  x 0.4 + TF3  x 0 	 (36.1) 

where TF1  is the fraction of time spent outdoors on-site, TF 2  is the fraction of time spent 

indoors on-site, and TF3  is the fraction of time spent off-site. 

36.2 RESRAD DATA INPUT REQUIREMENTS 

The default occupancy factor (FO) used in RESRAD is 0.45, which is based on the 

assumption that 50% of a person's time is spent indoors (where the dust level is 40% of the 

outdoor level [Alzona et al. 1979)), 25% is spent outdoors in the contaminated area, and 25% 

is spent in uncontaminated areas. A different factor might be Used on the basis of site- 

• 	specific activity profiles for the population group being assessed. 

• 
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37 DEPTH OF ROOTS 

37.1 DEFINITION 

This parameter is the average root depth of various plants such as fruit trees and 

vegetables grown in the contaminated zone. 

37.2 RESRAD DATA INPUT REQUIREMENTS 

The average root depth should be entered in units of meters (m). The default value 

in the RESRAD code is 0.9 m. 

• 



• 
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38 SOIL INGESTION RATE 

38.1 DEFINITION 

This parameter is the accidental ingestion rate of soil material or soil dust. Children 

tend to mouth or ingest substances that are not considered to be food, especially those under 

18 months. When this behavior extends beyond the age of 18 months, the child is said to 

practice pica (Barltrop 1966, Robischon 1971, Ziai 1983). Many factors such as nutrition, 

quality of care, and parental relationship (Behrman and Vaughan 1983; Bellinger et al. 1986; 

Bicknell 1967; Danford 1982; Danford et al. 1982; Forfar and Arneil 1984; Glickman et al. 

1981) influence the extent of this behavior. However, it is believed that a child who practices 

pica is no different from one who does not because pica cannot be 'consistently predicted 

(Feldman 1986), even though severe pica usually occurs among grossly disturbed or mentally 

retarded children. 

'According to the literature, a wide variety of substances are ingested: soil, clay, sand, 

dust, grass, leaves, plaster, hair, starch, paint chips, string, soap, wood; powders, chalk, and 

paper. No quantitative ingestion rates have been suggested because children with known 

pica behavior have not been studied. "Abnormal" soil ingestion (pica) is believed to be 

uncommon and may need to be addressed separately. 

On the basis of observational data, children are most likely to ingest soil from age 

1 to 6 (Walter et al. 1980, Cooper 1957, Charney et al. 1980, Sayre et al. 1974). Beyond age 

6 or 7, ingestion of nonfood substances is usually caused by inadvertent ingestion or .- 

developmental problems. Paustenbach et al. (1986) summarized the normal amount of soil 

ingested by children on the basis of the age of the child. Vermeer and Frate (1979) pointed 

out that the environmental setting is also an important factor for children in rural areas who 

tend to ingest a higher amount of soil. Hawley (1985) used data from the literature to 

develop scenarios to estimate ingestion amounts for young children, older children and adults. 
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He divided each year into two activity periods: May through October when individuals spend 

more time outdoors and November through April when most of the time, weather Conditions 

eliminate outdoor activities. Hawley's study indicated that the amount ingested by young 

children (2.5 years old, weighing 13.2 kg), during outdoor activity between May and October 

(5 d/week) is 250 mg/d. During November through April, the ingestion during indoor activity 

is 100 mg/d. For children six-years old, weighing approximately 20.8 kg, the ingestion 

amount is 50 mg/d during outdoor activity from May through October and 3 mg/d year-round 

for indoor activity. Working in attics or other uncleaned areas of a house can cause adults 

(weighing 70 kg) to ingest 110 mg/d of soil for an assumed duration of 12 d/yr.. For living 

space activities, the ingestion amount is 0.56 mg/d. For outdoor activities from May through 

October, the ingestion amount is 480 mg/active day assuming an 8 h/d and 2 d/week. 

According to Binder et al. (1986), the average quantity of soil ingested by children 

is about 108 mg/d (within a range 4 to 708 mg/d). Clausing et al. (1987) estimated that the 

ingestion rate of children is 105 mg/d, with a range of 23 to 362 mg/d. Binder et al. (1986) 

and Clausing et al. (1987) have also provided some limited information on the upper , limit of 

the soil ingestion rate on the basis of evidence that the upper range of the ingestion rate for 

children is around 800 mg/d or more. 

An amount has not been estimated for abnormal soil ingestion behavior , among 

children. However, some evidence suggests that a rate of 5 to 10 g/d may not be 

unreasonable. The EPA used 5 g/d in its risk assessment for TCDD (EPA 1984). The USDA 

used a value of 10 g/d in conducting exposure assessments related to the use of sludge in 

gardens and soils. 

After reviewing the limited data available, the EPA (1990) decided that the studies 

of Binder et al. (1986) and Clausing et al. (1987) appear to be the most reliable and suggested 

that an estimate of 0.2 g/d be used as an average value for young children (under the age 

• 

• 
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of 7). An upper range of soil ingestion is 0.8 g/d. For other age groups (children older than 

7 years), 0.1 g/d • should be used for the Soil ingestion amount. These factors account for 

ingestion of both outdoor soil and indoor dust. 

38.2 MEASUREMENT METHODOLOGY 

Several methods have been used to characterize soil ingestion by children. Lepow 

et al. (1975) measured hand dust by applying preweighed adhesive labels to the hands and 

weighing the amount of dirt that was removed. They also observed "mouthing" behavior and 

reported that a child would put his or .her fingers into the mouth about 10 times a day. 

Duggan and Williams (1977) and Day et al. (1975) also measured the amount of dust on 

children's hands. Binder et al. (1986) studied the ingestion of soil among children 1 to 3 

years of age who wear diapers. Both excreta and soil from the play yards were analyzed for 

materials that were thought to be poorly absorbed in the gut. Clausing et al. (19S7) 

conducted a soil ingestion study by using a tracer element method similar to that of Binder 

et al. (1986). They also collected fecal samples for six hospitalized, bedridden children to 

represent a control group. 

Presently there is no widely accepted method for determining the relative 

contribution of each medium (i.e. soil vs. dust) to the daily ingestion amounts and the effect 

of climatic variations (e.g. snow cover). 

• 38.3 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, the soil ingestion rate should be entered in units of grams per 

year (g/yr). The default value of 36.5 g/yr is used, which accounts for an average soil intake 

rate of 0.1 g/d, as recommended by EPA, for 365 d/yr. 

• 
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39 THICKNESS OF CONTAMINATED ZONE 

39.1 DEFINITION 

This parameter is the distance between the uppermost and lowermost soil samples 

that have radionuclide concentrations clearly above background. A soil sample is clearly 

contaminated if the radionuclide concentration is greater than the average background 

radionuclide concentration plus twice the standard deviation of the background 

measurements. 

39.2 MEASUREMENT METHODOLOGY 

To determine the thickness of a contaminated zone with an area greater than 

100 m2, the average contamination thickness of boreholes drilled to take soil samples is 

calculated over any integral subarea of 100 M 2. If one or more boreholes in the subarea have 

a contamination thickness exceeding the average thickness by a factor larger than three, then 

the average value is replaced by one-third of the maximum contamination thickness. The 

thickness of the contaminated zone is then taken as the maximum average thickness 

calculated over a 100 m2  subarea. For a contaminated zone with an area less than 100 m 2 , 

the average contamination thickness over the contaminated zone or one-third of the 

maximum contamination thickness in a borehole ( if the thickness is greater than three times 

the average value) is taken as the representative value of the contaminated zone thickness. 

39.3 RESRAD DATA INPUT REQUIREMENTS 

In RESRAD, the thickness of this ideal contaminated zone is entered in units of 

meters (m). The default value is 1 m. 
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40 BASIC RADIATION DOSE LIMIT • 	The radiation dose used in the RESRAD code is the effective dose equivalent from 

external radiation plus the committed effective dose equivalent from internal radiation 

(International Commission on Radiological Protection [ICRP) 1984). The radiation dose limit 

based on radiation protection standards and requirements as specified in U.S. Department 

of Energy (DOE) Order 5400.5 (DOE 1990) is 100 mrem/yr. This is also the default value 

adopted in the RESRAD code. 

• 
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41 SEAFOOD CONSUMPTION RATE 

41.1 DEFINITION 

National recreational catch data for coastal areas were obtained by the National 

Marine Fisheries Service (NMFS) in 1985. The NMFS conducted a direct survey of fishermen 

in the field and an independent telephone survey of households (NMFS 1986). Total fish 

consumption data were obtained from a One-year survey conducted by NPD Research, Inc., 

during 1973 and 1974, and funded by the Tuna Research Institute. Questionnaires were 

answered by 6,980 families representing the U.S. population. 

Javitz (1980) used the data obtained by NPD Research, Inc. to calculate the mean 

and 95th percentile of seafood consumption for seafood consumers in the United States as 

14.3 g/d (5.2 kg/yr) and 41.7 g/d (15.2 kg/yr), respectively. The mean average of 14.3 g/d for 

seafood consumption includes 2.1 g/d (0.8 kg/yr) for nonfish seafood consumption, that is, 

lobsters, oysters, scallops, shrimps, squids, and so forth. Unfortunately, the original NPD • 
survey data for seafood consumption did not distinguish between recreationally caught and 

purchased fish; therefore, this difference is nit' reflected in the calculated mean and 95th 

percentile values. 

Puffer (1981) conducted 1,059 interviews with sport fishermen in the Los Angeles 

Harbor area. The interviews revealed that sport fishermen keep 67% to 89% of the finfish 

and 97% of the shellfish that they catch. The median and 90th percentile seafood (fish plus 

shellfish) consumption rates of sport fishermen are 37 g/d and 225 g/d, respectively. 

Another source for the seafood consumption rate of sport fishermen is a survey 

conducted in Commencement Bay at Tacoma, Washington, by Pierce et al. in 1981. The 

sample size (304 fishermen) was smaller than that of Puffer (1981), and the sampling 

frequency was lower. It was found that over half of the fishermen caught and consumed fish 

weekly. Pierce et al. (1981) concluded that the mean average seafood consumption rate for • 
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the surveyed fishermen was 23 g/d (within a range of 12 to 54 .  g/d), and the 90th percentile 

was 54 g/d. 

Although the surveys conducted by Puffer (1981) and Pierce et al. (1981) are limited 

to the West Coast, the EPA (1990) considers these studies to be representative of actual 

annual consumption rates for recreational fishermen. By averaging the results of these two 

surveys, the EPA (1990) has suggested that the 50th and 90th percentile seafood consumption 

of fishermen are 30 g/d (11 kg/yr) and 140 g/d (51 kg/yr), respectively. 

Because sport fishermen and their families consume much more seafood than other 

people, the EPA recommends that the consumption rates of fishermen based on Puffer (1981) 

and Pierce et al.'s (1981) surveys be used as comparative references for any area where there 

is a large body of water and widespread contamination is possible. 

The NRC (1977) used values of 2.2 kg/yr, 5.2 kg/yr, and 6.9 kg/yr for average 

individual fish consumption for children, teenagers and adults, respectively. Average 

individual consumption rates of other seafood were 0.33 kg/yr, 0.75 kg/yr, and 1.0 kg/yr for 

the three different groups. For a worst-case scenario, the fish consumption rates were •  

6.9 kg/yr, 16 kg/yr, and 21 kg/yr for children, teenagers, and adults, respectively. For other 

seafood consumption rates, values of 1.7 kg/yr. 3.8 kg/yr, and 5 kg/yr were used 

41.2 RESRAD DATA INPUT REQUIRE1VEENTS 

In the RESRAD code, the seafood consumption rate should be entered in units of 

kg/yr. The default value for the consumption rate is 5.4 kg/yr for fish and 0.9 kg/yr for other 

seafood. 

• 
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42 FRUIT, 'VEGETABLE, AND GRAIN CONSUMPTION RATE 

42.1 DEFINITION 

According to the latest survey by the National Gardening Association (1987), 38% 

or a total of 34 million U. S. households participated in vegetable gardening in 1986. The 

size of the home vegetable garden, however, has decreased from 600 square feet in 1982 to 

325 square feet in 1986 (National Gardening Association 1987). The distribution of home 

gardens varies geographically, with a large percentage located in the Midwest and' South, and • 

more in rural areas than in cities and suburbs. Therefore, homegrown fruits and vegetables 

make up a larger portion of the average consumption rate in rural areas than in cities or 

suburbs. 

The EPA has made recommendations on the consumption rates of homegrown fruits 

and vegetables on the basis of two sources of information: Foods Commonly Eaten by 

Individuals: Amount Per Day and Per Eating Occasion (Pao et al. 1982) and Food 

Consumption: Households in the United States, Seasons and Year 1977-1978 (USDA 1983).. 

The first source used data collected by the USDA in 1977-1978 from home interviews of 

37,874 respondents who were asked to recall food consumed one day before the interview, the 

day of the interview, and the day after the interview, to calculate percentiles of total fruit and 

vegetable consumption of the U.S. population. The consumption rate of homegrown fru: Ls 

and vegetables can be calculated by subtracting the data of the "bought" category for all foods 

from the data of the "all" category in the USDA food consumption survey. Homegrown dark 

green vegetables make up approximately one-third of the dark green vegetables consumed. 

This category includes mustard greens, kale, kohlrabi, spinach, and broccoli. Consumption 

of homegrown corn, cucumbers, green beans, and tomatoes makes a significant contribution 

to total consumption. The proportion of homegrown fruits consumed is highest for 

strawberries, peaches, and pears, and lowest for citrus fruits. • 



126 12106191 

• According to the EPA (1990), the average consumption rate of vegetables per person 

is 200 g/d (73 kg/yr); homegrown products account for 25% of the total consumption rate, 

which is 50 g/d (18 kg/yr). Total average daily fruit intake is 140 g/d (51 kg/yr) per 

individual. The total homegrown fruit consumption rate is 28 g/d (10 kg/yr), which is 20% 

of the total intake rate. For a reasonble worst case, it is suggested that 40% of the total 

intake is homegrown vegetable consumption and 30% of the total intake is homegrown fruit 

consumption. Table 42.1 summarizes the EPA's recommendations. 

The EPA data provided above do not include information about the grain product 

• consumption. In NRC Regulatory Guide 1.109 (NRC 1977), different total consumption 

amounts of fruits, vegetables, and grains are suggested for different age groups. The average 

individual consumption for a child is 200 kg/yr, for a teenager it is 240 kg/yr, and for an adult 

it is 190 kg/yr. Suggested values used for the maximally exposed individual in a worst case 

scenario are 520 kg/yr, 630 kg/yr. and 520 kg/yr, for a child, teenager, and adult, respectively. 

The total consumption for the maximum exposure case consists of 22% for fruit consumption, 

54% for vegetable consumption, and 24% for grain consumption. 

42.2 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, the consumption rate should be entered in units of kg/yr. The 

default value for the consumption rate is 160 kg/yr for fruit, vegetables, and grain. 
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TABLE 42.1 Vegetable and Fruit Intake Rates 

Average Total 	Average Intake 
Intake 	 Homegrown 

 

Worst-Case Intake 
Homegrown 

     

Item (g/d) (kg/yr) (g/d) (kg/yr) .  (g/d) (kg/yr) 

Vegetables 200 73 50 18 80 29 

Fruits 140 51 28 10 42 15 

Total 340 124 78 28 122 44 
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43 INHALATION RATE 

43.1 DEFINITION 

The inhalation rate varies with activity level, age, weight, sex, and general physical 

condition. Several formulas have been proposed to calculate the inhalation rate for a human 

at rest from anthropometric data (EPA 1985). However, in general, the formulas are based 

on measurements from relatively small sample sizes and are limited to calculating the 

inhalation rate at rest only. 

The EPA (1985) has compiled the available data, most of which is from early studies, 

and has derived an inhalation rate expressed in cubic meters per hour (m 3/11). Inhalation 

rates were compiled for each age/sex group at rest and at light, moderate, and heavy activity 

levels. The activity levels were categorized according to criteria developed by the 

Environmental Criteria and Assessment Office of the EPA for the air quality criteria 

document for ozone. A male adult with a body weight of 70 kg (EPA 1984) was used as a 

reference, and activity level categories for the other age/sex groups were extrapolated from 

the criteria for male adults on the basis of body weight (American Industrial Hygiene • 

Association 1971). Table 43.1 gives a summary of human inhalation rates at different 

age/sex/activity levels (EPA 1985). Resting is characterized by such activities as watching 

television, reading, or sleeping. Light activity includes level walking, meal cleanup, care of 

laundry and clothes, domestic work and other miscellaneous household chores,.attending to 

personal care of needs, photography, hobbies, and conducting minor indoor repairs and home 

improvements. Moderate activity includes climbing stairs, heavy indoor cleanup, and 

performing major indoor repairs and alterations (e.g., remodeling). Heavy activity consists 

of vigorous physical exercise such as weight lifting, dancing, or riding an exercise bike. 
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TABLE 43.1 Summary of Human Inhalation Rates 
for Men, Women, and Children by Activity Level 
(323yr) 

Resting Light Moderate Heavy 

Adult male 0.7 0.8 2.5 4.8 
Adult female 0.3 0.5 1.6 2.9 
Average adult 0.5 0.6 2.1 3.9 
Child, age 6 0.4 0.8 2.0 2.4 
Child, age 10 0.4 1.0 3.2 4.2 

• 
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Assuming 16 hours of light activity and 8 hours of resting, the ICRP (1981) has 

reported a 23- ni 3/d inhalation rate for adult males and a 21 m 3/d rate for adult females, 

giving an average value of 22 m 3/d (8,030 m 3/yr) for adults. 

Data presented by the EPA (1985) suggest lower inhalation rates for light and 

resting activity levels. Using the same assumption as the ICRP (1981), the daily inhalation 

rate would be about 14 m 3/d (5,110 m 3/yr). In adition to assuming lower rates for light 

resting activity levels, the EPA estimated the daily inhalation rate for moderate and heavy 

activity levels; therefore, it is possible to estimate the total inhalation rate for any 

combination of activity levels. The EPA's data suggest that the maximum inhalation rate is 

roughly twice the reported mean rates for all activity levels. 

The EPA (1990) made the following recommendations on the basis of the above 

mentioned data: 20 m 3/d (7,300 m3/yr).should be used as the average adult daily inhalation 

rate and 30 m3/d (11,000 m 3/yr) as the reasonble worst-case inhalation rate, provided the 

activity patterns are unknown. For exposure scenarios in which the distribution of activity 

patterns is known, then the values in Table 47.1 should be used, because it provides a more 

representative rate for calculation. 

For an individual performing outdoor activities, a typical activity mix can consist of 

37% at a moderate activity level, 28% at both resting and light activity levels, and 7% at a 

heavy activity level, which results in a 1.4 m 3/h (12,300 m 3/yr) inhalation rate. A reasonable 

worst-case outdoor inhalation rate can account for 50% of the time at a heavy activity level 

and 50% at a moderate activity level with an inhalation rate of 3.0 m 3/h (26,300 m 3/yr). 

For an individual performing indoor activities, an average assumption would include 

48% of the time both at a resting and light activity level, 3% at a moderate activity level, and 

1% at a heavy activity level. A reasonable worst-case includes 25% at a resting activity level, 

• 60% at a light activity level, 10% at a moderate activity level, and 5% at a heavy activity 
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level. The first assumption has an average inhalation rate of 0.63 m 3/h (5,500 m 3/yr), and 

the second one has'a reasonble worst-case inhalation rate of 0.89 m 3/h (7,800 m 3/yr). • 

43.2 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, the inhalation rate should be entered in units of m 3/yr. The 

default value used in the code is 8,400 m 3/yr. 

• 
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44 LEAFY VEGETABLE CONSUMPTION RATE 

44.1 DEFINITION 

The leafy vegetable consumption rate is a dietary factor for human food consumption, 

which includes consumption of vegetables such as spinach and lettuce. 

44.2 RESRAD DATA INPUT REQUIREMENTS 

The national average value for leafy vegetable consumption is 14 kg/yr, which is also 

the default value.  used in RESRAD. 
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45 LIVESTOCK WATER INTAKE RATE FOR BEEF CATTLE AND MILK COWS 

45.1 DEFINITION 

According to NRC Regulatory Guide 1.109 (NRC 1977), the water ingestion rate for 

beef cattle is 50 1/d. The water ingestion rate for milk cows is 14 gal/d (approximately 50 1/d) 

plus one gallon for every three pounds of milk 'produced (Great Lakes Basin Commission 

1975). If a production rate of 10 gal/d of milk is assumed, then the water ingestion rate for 

milk cows would be about 160 1/d (Gilbert et al. 1983). 

45.2 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, the livestock water intake should be entered in units of 1/d. 

The default values for beef cattle and milk cows are therefore set to 50 l/d and 160 1/d, 

respectively, if the user does not specify otherwise. 
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46 MEAT AND POULTRY CONSUMPTION RATE 

• 46.1 DEFINITION. 

The USDA conducted a national food consumption survey in 1977-1978 (USDA 1983). 

The average consumption rates for beef and dairy products as adopted by the EPA 

(1984a,1984b) are based on the results of this survey. 

According to USDA studies, 44% of the'annual consumption of beef is homegrown. 

This finding is based on a survey of 900 rural farm households (USDA 1966). Because the 

total amount of beef consumed averages approximately 100 g/d (36.5 kg/yr), the average 

consumption olhomegrown beef is about 44 g/d (EPA 1990), which corresponds to 16 kg/yr. 

As to the reasonable worst-case the EPA (1990) has suggested that a consumption 

rate of homegrown beef of 75 g/d (27 keyr) be used in risk assessments until better data are 

available. 

The average consumption rate of 36.5 kg/yr recommended by the EPA accounts for •  beef only. The total consumption rate for meat and poultry should be much higher. 

According to NRC Regulatory Guide 1.109 (NRC 1977), the recommended average value for 

consumption of meat and poultry is 37 kg/yr for a chlid, 59 kg/yr for teenagers, and 95 kg/yr 

for adults.. Recommended values for use in a maximum exposed case are 41 kg/yr for 

children, 65 kg/yr for teenagers, and 110 kg/yr for adults. 

Gilbert et al. (1983) used a value of 79 lb/yr (36 kg/yr) for meat, 20 lb/yr (9 kg/yr) for 

poultry, and 15 lb/yr (7 kg/yr) for egg consumption, with a total value of 114 lb/yr (52 kg/yr). 

The consumption rate of meat used is about the same as that recommended by the EPA 

(1990). If the same percentage of homegrown beef can be applied to the consumption of 

poultry and eggs, then the average consumption of homegrown meat, poultry, and eggs would 

be 23 kg/yr; for a reasonable worst-case scenario, the value would be 39 kg/yr, on the basis • of data of Gilbert et al. (1983). 
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46.2 RESRAD INPUT DATA REQUIREMENTS 

In the RESRAD code, the consumption rate for meat and poultry should be entered 
	• 

in units of kg/yr. The default value for consumption rate is 63 kg/yr. 

• 
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47 OCCUPANCY AND SHIELDING FACTOR (EXTERNAL GAMMA) 

• 47.1 DEFINITION 

This factor should be adjusted on the basis of scenario assumptions. The correct 

input values can be obtained by using the following equation: 

FO = TF1  x 1 + TF2  x 0.7 + TF3  x 0 	 (47.1) 

where TF1  is the fraction of time spent outdoors, TF 2  is the fraction of time spent indoors 

on-site, and TF3  is the fraction of time spent off-site. 

472 RESRAD DATA INPUT REQUIREMENTS 

A combined occupancy and shielding factor is used in RESRAD for calculating the 

effective dose in the external gamma radiation pathway. It is assumed that the.indoor 

radiation exposure level is 70% of the outdoor exposure level. Therefore, a scenario in which 

a person spends 50% of the time indoors on-site, 25% outdoors on-site, and 25% in •  uncontaminated areas results in an occupancy and shielding factor of 0.6 (0.25 • 1 + 0.5 • 

0.7 + 0.25 • 0). This is the default value in the RESRAD code. A different factor might be 

used on the 'basis of the assumed activity profiles for, the population group being assessed. 

• 
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48 ELAPSED TIME OF WASTE PLACEMENT 

48.1 DEFINITION 

The elapsed time of waste emplacement parameter is the duration between the 

dumping of radioactive waste on-site and the performance of a radiological survey. It is 

possible that on-site radioactive wastes originated from different sources and have different 

placement times. Under this situation, an average value or a best representative value 

should be used. 

. When using RESRAD for risk assessment, the information obtained during 

radiological survey is input to derive soil guidelines for cleanup criteria. This information 

includes soil/water distribution coefficients, soil radionuclide concentrations, and so forth. 

The soil/water distribution coefficients is used for calculating the breakthrough and rise times 

of the groundwater contamination and for predicting the future radionuclide concentration 

in groundwater. In this case, the elapsed time of waste placement is zere. Nonzero values 

of this parameter should be input only when the soil/water distribution i:flicients are not 

available and above background level groundwater radionuclide concentrations were 

measured in a radiological • survey. Under such conditions, the input radionuclide 

concentration in groundwater, together with the elapsed time of waste placement would be 

used to derive soil/water distribution coefficients and to predict the future radionuclide 

concentration in groundwater. 

48.2 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, the elapsed time of waste placement should be entered in units 

of years. The default value of this parameter is set at zero. 
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49 SHAPE FACTOR (EXTERNAL GAMMA) 

• 
49.1 DEFINITION . 

A shape factor is used to correct for the noncircular-shaped contaminated area on the 

basis of an ideally circular zone. The shape factor for a circular contaminated area is 1.0. 

For an irregularly shaped contaminated area, the shape factor may be obtained by enclosing 

the irregularly shaped contaminated area in a circle, multiplying the area factor of each 

annulus by the fraction of the annulus area that is contaminated, summing the products, and 

dividing by the area factor of a circular contaminated zone that is equivalent in area: The 

area factors of circular contaminated zones with different radii are listed in Table 53.1. The 

area factor of an annulus is the area factor from an annular zone bounded by the radii 

tabulated in Table 49.1. • 

If an irregularly shaped contaminated zone of 191.4 m 2  is shaped like that in 

Figure 49.1, the shape factor can be calculated by surrounding the area with the appropriate 

annuli as indicated. The contaminated fractions within each annulus are 1, 1, 0.97, and 0.22, 

respectively. The area factor of the irregularly shaped contaminated zone can be calculated 

as follows on the basis of the values in Table 53.1: 

E i=1,4  (area factor) i  x (contaminated fraction) i 	 (49.1) 

= (0.016 x 1) + (0.4-0.016) x 1 + (0.55-0.4) x 0.97 + (0.8-0.55) x 0.22 	(49.2) 

= 0.601 5. 5 (49.3) 

Next, the area factor of a circular contaminated equivalent in area must be determined. The 

radius of a circle with an area of 191.4 m 2  is 7.8 m. By interpolating the data of Table 49.1, 

the area factor of a circle equivalent in area can be determined: 

(0.8-0.55) /(13-5.6) * (7.8-5.6) + 0.55 = 0.62 	 (49.4) 

• 
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TABLE 49.1 Area Factors for External 
Gamma Radiation from Contaminated 
Ground 

Contaminated Radius' Area Factor, b  
Area (m2 ) 	(in) 	FA 

1 0.56 0.016 
25 2.8 0.4 

100 5.6 0.55 
500 13 0.8 

1,200 20 1.0 

a Radius for a circular contaminated area. 

b  Intermediate values may be obtained by 
linear interpolation. 

Source: Napier et al. 1984. 

• 



• 

FIGURE 49.1 An Irregularly Shaped Contaminated Zone Enclosed by Four Annuli 



annulus (m) area factor fraction 

1 0-0.56 0.016 1 

2 0.56-2.8 0.4-0.016 1 

3 2.8-5.6 0.55-0.4 0.97 

• 4 5.6-13 0.8-0.55 0.22 

• contaminated area of annulus 1 

• contaminated area of annulus 2 

• contaminated area of annulus 3 03  
/ 

I • contaminated area of annulus \4 

or
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ire 1. An irregularly shaped contaminaied.zo enclosed by four annuli. 
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The final step in obtaining the shape factor of the contaminated zone is to divide the area 

factor of the contaminated zone by that of the circular zone with an equivalent area: 

0.601 / 0.62 = 0.97 (49.5) 

Therefore, the shape factor of an irregularly shaped contaminated zone such as that in 

Figure 53.1 is determined to be 0.97. 

• 49.2 RESRAD DATA INPUT REQUIREMENTS 

In the RESRAD code, an ideally circular contaminated zone is the default shape. 

Therefore, the default value of the shape factor is 1. 

If the input shape factor is negative, that is, between 0 and -1, then the SOILD 

model (Chen 1991) instead of the model mentioned in the original RESRAD report (Gilbert 

et al., 1989) will be used for calculating the effective dose from external radiation. In this 

case, the shape factor will not actually be used in SOILD calculations, it serves as an 

indicator for the choice of options. More detailed information about the fractions of annular 

areas within the contaminated zone should be provided for use in the SOID calculations. 
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50 INITIAL CONCENTRATIONS OFTRINCIPAL RADIONUCLIDE 

50.1 DEFINITION 

A principal radionuclide is a radionuclide with a half-life longer than one-half year. 

Radionuclides with a half-life of one-half year or less are treated as associated radionuclides. 

The radionuclides "associated" with a principal. radionuclide consist of all decay products 

down to, but not including, the next principal radionuclide in the chain. It is assumed that 

all associated radionuclides (except radon daughters) are in secular equilibrium with their 

principal radionuclide in the contaminated zone and also at the location of human exposure. 

Only the principal radionuclides in the contaminated zone need input values of radionuclide 

concentrations. 

The single-radionuclide soil guidelines do not depend on the radionuclide•

concentrations in soil. Even if the radionuclide concentrations are not known, values for 

these guidelines can be obtained by entering any nonzero radionuclide concentration. The 

mixture sums (or- total dose), however, depend on the radionuclide concentrations .; thus, 

calculated mixture sum values are valid only if the soil radionuclide concentrations are 

known. When the radionuclide concentrations in soil and groundwater are used with the 

elapsed time of waste placement to derive the soil/water distribution coefficient, the values 

of the initial concentrations or the principal radionuclide must be known to obtain accurate 

results. . 

For a site-specific case, the distributions of radionuclides are nonuniform. The 

potential annual individual dose received through a particular pathway is an average of the 

nonuniform residual radioactivity over an area determined by the scenario activities; for 

example, the area of daily activities for external radiation or the size of the garden for the 

plant food pathway. For the purpose of deriving soil guidelines, it is assumed that this area 
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is 100 in 2  for all pathways. The effect of vertical nonuniformities is taken into account by 

averaging the radionuclide concentrations in a 0.15-m-thick layer over the 100-m 2  area. 

The initial concentration of a principal radionuclide is determined by the following 

procedures. For a contaminated zone with an area greater than 100 m 2, the average 

radionuclide concentration for any subzone of a 100-m 2  area and 0.15 m thickness is 

determined. None or more soil samples within this subzone have radionuclide concentrations 

greater than three times the average radionuclide concentration, then the average 

radionuclide concentration of this subzone is replaced by one-third of the maximum measured 

soil radionuclide concentration. The initial concentration of a principal radionuclide in the 

contaminated zone is the maximum value of the average subzone radionuclide concentration. 

For a contaminated zone with an area less than 100 m 2, the initial concentration of a 

principal radionuclide is the maximum average radionuclide concentration of the 0.15-m-thick 

subzones. 

50.2 RESRAD DATA INPUT REQUIREMENTS .. 

In the RESRAD code, the initial concentrations of principal radionuclides in the 

contaminated zone are expressed in units of picocuries per gram (pCi/g). RESRAD treats the 

contaminated zone as a uniformly contaminated area with a single principal radionuclide at 

every point. 
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51 DRINKING WATER INTAKE RATE 

51.1 DEFINITION 

The EPA uses 2 1/d as the average amount of water consumed by an adult; this 

includes juices and beverages containing tap water (e.g., coffee). However, this value was 

established by the U.S. Army in determining the amount of water needed per person in the 

field and is believed to be an overestimate. 

The National Academy of Sciences (NAS) (1977) calculated the average consumption 

rate of water to be 1.63 l/d per person. It is reasonable to assume that people in physically 

• oriented occupations or living in warmer regions may have an intake rate exceeding this 

level. Although the consumption rate of 1.63 1/d seems to have a more scientific basis than 

2 1/d,. the NAS (1977) still adopted the larger volume (i.e. 2 1/d) to represent the intake rate 

for the majority of people. 

Several other drinking water intake rates have been suggested. The National Cancer 

Institute (NCI) in an investigation of the possible relationship between bladder cancer and 

drinking water, interviewed approximately 9,000 individuals by using a standardized 

questionnaire and suggests that the overall average tap water consumption rate is 1.39 1/d 

(Cantor et al. 1987). According to the NCI's distribution data, 1.3 1/d is the approximate 

value of the 50th percentile and 2.0 1/d is the approximate value of the 90th percentile. 

Gillies and Paulin (1983) suggest an average rate of 1.256 (+ 0.39) 1/d and a 90th 

percentile rate of 1.91/d on the basis of a survey conducted in New Zealand. According to the 

data from the Food and Drug Administration's total diet study, Pennington (1983) reported 

an average daily fluid consumption rate for water and water-based foods of 1.2 Yd. The ICRP 

has summarized the intake levels for adults as ranging from about 0.4 1/d to about 2.2 1/d 

under normal conditions. 
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The EPA (1984) used data collected by the USDA in its 1977-1978 nationwide food 

consumption Survey to determine daily beverage intake levels by age. The daily beverage. 

intake levels for adults ranged from 1.24 to 1.73 1. The EPA .(1990) has suggested that the 

average adult drinking water consumption rate is 1.4 1/d and the reasonable worst-case value 

is 2.0 1/d on the basis of the above studies. These values correspond to 510 1/yr and 7301/yr, 

respectively, if 365 d/yr is used. Further evidence to support these values is provided by 

Pennington (1983) and Cantor et al. (1987) who report average total fluid intake rates of 

1.7 1/d and 1.87 lid among adults. Thus, the average water consumption rate should be less 

than the 2.0 lid commonly used. Although very little data are available about the intake rate 

for the reasonable worst case, from the reported value of 1.90 lid for the 90th percentile by 

Gillies and Paulin (1983) and 2.0 l/d by Cantor et al. (1987), it is reasonable to assume a 

worst case value of 2.0 1/d in risk assessment. 

51.2 RESRAD DATA INPUT REQUIREMENTS. 

In the RESRAD code, the drinking water intake should be entered in units of liters 

per year (1/yr). The default value currently used in RESRAD is 510 LJyr. 
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FOREWORD 

In the late 1970s and early 1980s, the U.S. Department of Energy (DOE) 
began work at several sites of the Formerly Utilized Sites Remedial Action 
Program (FUSRAP) and the Surplus Facilities Management Program (SFMP). These 
sites became contaminated as a result of previous activities for government 
nuclear programs. Criteria for cleanup of these sites were proposed on a 
site-by-site basis by the field offices responsible for the specific remedial 

actions. 	The criteria and even the approaches to development of cleanup 

criteria varied. 	In reviewing the Proposed criteria, DOE Headquarters 
realized that general guidelines were needed for these activities. The major 
requirement identified was the need for criteria for residual radioactive 
material in soil. At the request of DOE Headquarters, the national labora-
tories made several attempts to develop soil criteria applicable to remedial 
actions. In 1983, DOE began to consolidate these criteria and associated 
procedures in order to identify generic soil criteria for all DOE remedial 

actions. 

The DOE Headquarters established a working group comprised of represen-
tatives from the concerned headquarters program offices; the Office of 
Environment, Safety, and Health; DOE operations offices; and the national 
laboratories involved in development of specific criteria for decontamination 

. efforts. The working group activities were also coordinated with representa-
tives of the U.S. Environmental Protection Agency (EPA) and the U.S. Nuclear 
Regulatory Commission (NRC). These representatives attended several meetings 
of the working group in an advisory capacity. 

The initial charter of the working group was to develop an acceptable 
set of generic soil criteria; However, recommendations from the first meeting 
of the complete group resulted in DOE expanding the charter to include all 
aspects of cleanup operations. Also, recognizing that soil criteria are 
significantly affected by many site-specific, factors, the working group 
recommended that a generic procedure for deriving soil criteria should be 
included in the guidelines .  rather than generic soil concentration limits. The 
following is a summary of the working group's findings and recommendations: 

1. The guidelines should be consistent with other available 
standards where they are appropriate; examples cited 
included 

- EPA standards for Uranium Mill Tailings Remedial Action 
(UMTRA) (40 CFR Part 192), which were in draft status 
during the initlal part of the working group's 
activities; 

• 
ix 



- NRC surface contamination limits (Guidelines for 
Decontamination of Facilities• and Equipment Prior to 
Release for Unrestricted Use or Termination of Licenses 
for Byproduct, Source, or Special Nuclear Material, 
July 1982); and 

- DOE Orders. 

2. For its residual radioactivity guidelines, DOE should 
adopt and use the recommendations and system of standards 
and models provided in Publications 26 and 30 of the 
International Commission on Radiological Protection 
(ICRP). 	This includes use of the concept of effective 
dose equivalent rather than critical organ dose (ICRP 
Publication 2) for defining dose limits for the general 
public and adoption of the lifetime average limit of 
100 mrem/yr effective dose equivalent instead of the DOE 
limit for the general public of 500 mrem/yr in effect at 
that time. 

3. Soil criteria for nuclides other than those covered under 
the INTRA standard . (i.e., radium and thorium) should be 
derived for each site according to the dose limit. These 
criteria should be based on a conservatively assumed 
plausible-use (realistic) scenario. 

4. The as low as reasonably achievable (ALARA) process should 
be incorporated into the guidelines for all phases of a 
remedial action. 

• No attempt should be made by DOE to define "de minimis" or 
"below regulatory concern" levels. 

The DOE guidelines for residual radioactive material were developed in 
accordance with these recommendations and were first issued in February 1985. 
The second revision was prepared and issued in March 1987. The revisions were 
generally procedural in nature and were directed toward resolving implemen-
tation problems experienced with the earlier version. The guidelines are 
supported by a separate, but integral, implementation manual (this document) 
that contains: . 

• Pathway analysis methodology for deriving soil criteria, 

• Associated dose conversion factors, 



• Environmental transport factors, and 

• Guidance on applying the guidelines, including hot spot 
criteria and ALARA. 

The methodology for deriving soil guidelines is coded in a micro-
computer program, RESRAD. The code and this manual (which includes a user's 
guide for RESRAD) have been developed to support implementation of the DOE 
guidelines. The manual and code have been used in draft form to allow field 
testing, and the comments received over this test period have been 
incorporated into this code and manual. 

The computer software for RESRAD has been developed under sponsorship 
of DOE. Any further distribution by any holder of the RESRAD software package 
(or other data therein) outside of DOE offices or other DOE contractors, 
unless otherwise specifically provided for, is prohibited without approval of 
the National Energy Software Center. Requests from outside DOE for DOE-
developed computer software should be directed to the Director, National 
Energy Software Center, Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, Illinois 60439. 

The RESRAD code is available on MS-DOS diskettes from the National 
Energy Software Center. 

• 
xi 
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NOMENCLATURE .  

1110 	The following is a list of the acronyms, initialisms, and abbreviations 
(including units of measure) used in this document. 

ACRONYMS, INITIALISMS, AND ABBREVIATIONS 

ALARA 	as low as reasonably achievable . 
MAD 	activity median aerodynamic diameter 
ASR 	air/soil concentration ratio 
CERCLA 	Comprehensive Environmental Response, Compensation, and Liability 

Act of 1980, as amended 
CFR 	Code of Federal Regulations 
DCF 	dose conversion factor 
DF 	dietary factor 
DSR 	dose/source ratio 
DOE 	U.S. Department of Energy 
EPA 	U.S. Environmental Protection Agency 
ETF 	environmental transport factor 
FA 	area factor 
FAR 	food/air concentration ratio 
FC 	cover factor 
FCD 	cover and depth factor 
FD 	depth factor 
FDW 	fraction of drinking water from site 
FQR 	radionuclide transfer factor for meat and milk 
FSR 	food/soil concentration ratio 
FUSRAP 	Formerly Utilization Sites Remedial Action Program 
FWR 	food/water concentration ratio 
CI 	gastrointestinal 
GM 	geometric mean 
CSD 	geometric standard deviation 
ICRP 	International Commission on Radiological Protection 
LLD 	lower limit of detection 
MB 	mass-balance (model) 
NCR? 	National Council on Radiation Protection and Measurements 
ND 	nondispersion (model) 
NRC 	U.S. Nuclear Regulatory Commission 
ORNL 	Oak Ridge National Laboratory 
QSR 	fodder/soil or livestock-water/soil concentration ratio 
SARA 	Superfund Amendments and Reauthorization Act of 1986 
SF 	source factor 
SFMP 	Surplus Facilities Management Program 
TDS 	total dissolved solids* 
UMTRA 	Uranium Mill Tailings. Remedial Action 
LISLE 	Universal Soil Loss Equation 
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. ACRONYMS, INITIALISMS, AND ABBREVIATIONS (Coat e d) 

• WEF 
	water exposure factor 

WSR 
	water/soil concentration ratio 

OMITS OF MEASURE 

CM 	 centimeter(s) 
cm3 	cubic centimeter(s) 
Ci 	curie(s) 

day(s) 
• gram(s) 

hour(s) 
ha 	hectare(s) 
kg 	kilogram(*) 

liter(s) 
meter(s) 

m2 	square meter(s) 
m3 	cubic meter(s) 
min 	minute(s) 
tom 	millimeter(s) 
MTCM 	MilliTeM(S) 

111, 	microsecond(s) 
ms 	millisecond(s) 
pCi 	picocurie(s) 

second(s) 
yr 	year(s) 

'iv 



A MANUAL. FOR IMPLEMENTING RESIDUAL RADIOACTIVE MATERIAL GUIDELINES 

by 

T.L. Gilbert, C. Yu, Y.C. Yuan, A.J. Zielen, 
M.J. Jusko, and A. Wallo III 

ABSTRACT 

This manual presents information for implementing U.S. Department of 
Energy (DOE) guidelines for residual radioactive material at sites identified 
by the Formerly Utilized Sites Remedial Action Program (FUSRAP) and the 
Surplus Facilities Management Program (SFMP). It describes the analysis and 
models used to derive site-specific guidelines for allowable residual concen-
trations of radionuclides in soil and the design and use of the RESRAD 
computer code for calculating guideline values. It also describes procedures 
for implementing DOE policy for reducing residual radioactivity to levels that 
are as low as reasonably achievable. • 
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1 INTRODUCTION 

This manual presents information for implementing U.S. Department of 

Energy (DOE) guidelines for residual radioactive material at sites identified 

by the Formerly Utilized Sites Remedial Action Program (FUSRAP) and the 

Surplus Facilities Management Program (SFMP). These guidelines (DOE 1987) are 

referred to herein as the "DOE guidelines" and are reproduced in Appendix A. 

The manual describes the analysis and models used to derive site-specific 

guidelines for allowtble residual concentrations of radionuclides in soil and 

the design and use of a computer code for calculating guideline values. It 

also describes procedures for implementing DOE policy for reducing residual 

radioactivity to levels that are as low as reasonably achievable (ALARA). 

A guideline is defined as a radionuclide concentration or a level of 

radiation or radioactivity that is acceptable if a site is to be used without 

radiological restrictions. Guidelines are expressed as (1) concentrations of 

residual radionuclides in soil, (2) concentrations of airborne radon decay .  

products, (3) levels of external gamma radiation, (4) levels of radioactivity . 

from surface contamination, and (5) concentrations of residual radionuclides 

in air and water. Soil is defined As unconsolidated earth material, including 

rubble and debris that may be present in earth material. Generic guidelines 

for thorium and radium in soil, airborne radon decay products, external gamma 

radiation, surface contamination, and residual radionuclides in air and water 

are specified in the DOE guidelines. Soil guidelines for other radionuclides 

must be derived on a site-specific basis using the DOE residual radioactive 

material code (RESRAD) described in Chapter 4 of this mAnual. 

To derive site-specific soil guidelines, a basic radiation dose limit 

of 100 mrem/yr (as specified in the DOE guidelines) is applied to a member of • a critical population group. 	The radiation dose is defined here as the 



effective dose, equivalent from external radiation plus the comMitted effective 

dose equivalent from internal radiation (International Commission on 

Radiological Protection ['CRP] 1984, Section 2.1). The radiation dose limit 

is based on radiation protection standards and requirements specified in DOE 

Order 5400.xx (DOE 1989). The critical population group is a relatively 

small, homogeneous group that is representative of those individuals in the 

population expected to potentially receive the largest radiation dose. It is 

assumed, for the purpose of deriving soil guidelines, that the critical 

population group is a family that establishes residence on a site after the 

site has been released for use without radiological restrictions. The 

controlling principles for all guidelines are (1) the annual radiation dose 

received by a member of the critical population group from the residual 

radioactive material -- predicted by a realistic but reasonably conservative 

analysis and averaged over a time interval of 50 years should not exceed 

the basic dose limit of 100 mrem/yr and (2) doses should be kept as low as 

reasonably achievable. Final cleanup standards (authorized limits), and in 

some cases guidelines, may be based on a different scenario if the resident 

family scenario is nal appropriate for the specific property or if another 

plausible-use scenario would result in significantly greater potential for 

exposure. 

All significant exposure pathways for the critical population group 

must be considered in deriving soil guidelines. These pathways include: 

• Direct exposure to external radiation from the contaminated 

soil material; 

• Internal radiation from inhalation of airborne radio-

nuclides; and 
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• Internal radiation from ingestion of 

- Plant foods grown in the contaminated soil, 

- Meat and milk from livestock fed with contaminated 

fodder and water, 

- Drinking water from a contaminated well, and 

- Fish from a contaminated pond. 

The contribution from inhalation of radon decay products is not included in 

the current version of RESRAD because generic guidelines have been established 

for the concentration of radium in soil, which is the only source of radon. 

The residues at some FUSRAP and SFMP sites might include material that 

is hazardous because of its chemical (nonradiological) toxicity. An analysis 

of the risks from chemical toxicity is outside the scope of this manual. If, 

however, there is evidence that residues with potential nonradiological 

hazards are present, a separate analysis should be carried out that is 

consistent with the requirements of the Comprehensive Environmental Response, 

Compensation, and Liability Act (CERCLA) of 1980, as amended by the Superfund 

Amendments and Reauthorization Act (SARA) of 1986, or other appropriate 

regulations; the purpose of this analysis would be to identify applicable or 

relevant and appropriate requirements and to ensure that the public is 

adequately protected. 

Estimating the collective (population) dose is outside the scope of 

this manual because soil concentration guidelines do not explicitly take into 

account the collective dose to the general population. The collective dose 

is, however, an important consideration for applying the DOE policy of 

reducing the radiation dose received by all individuals (workers, critical 

groups, and the general population) to ALARA levels. Estimates of the 

collective dose to the general population may be provided in the documentation 
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produced during the environmental analyses for site remedial action. 	The 

methods presented in this manual for deriving the dose to a critical popula-

tion group of on-site residents could readily be extended to the general 

population by adding pathways for off-site exposure. 

The family-farm scenario used for deriving site-specific soil 

concentration guidelines is, in most cases, Considered credible in the long 

term. The scenario may be inapplicable in the short term because it is 

incompatible with currently allowed or feasible use of a site. . Soil 

concentration guidelines derived by the procedures presented here may be 

unreasonably low for such use. Conversely, there may be situations in which 

residual radioactivity can be reduced to levels below guideline values at 

reasonable cost. "Authorized limits" are introduced in the DOE guidelines in 

order to provide for these situations. 

Authorized limits are defined as concentrations of radionuclides and 

levels of radioactivity that must not be exceeded if the remedial action or 

decontamination effort is to be considered completed and the site is to he 

released for use without radiological restrictions. Authorized limits are set 

equal to guideline values unless (1) variations (supplemental limits or 

exceptions) specified in Section F of the DOE guidelines apply, in which case 

an authorized limit may be set above the corresponding guideline value for the 

-specific location or condition to which the exception applies, or (2) it can 

be clearly established that limits below the guideline values are reasonable 

and that use of such limits are cost beneficial and comply with appropriate 

requirements (DOE guidelines, Sections E and F). 

In addition to requiring that residual radioactivity be below guideline 

values, DOE also requires as a matter of policy =NAN. that the ALARA process 

be applied to a site before it is released for use without radiological • 
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restrictions. Socioeconomic considerations, as well as technical feasibility, 

are taken into account in implementing this policy. The ALARA requirements •  apply to release of FUSRAP and SFMP sites for use with or without restrictions 

and to management of sites that cannot be released because it is not 

practicable to reduce the residual radioactivity below authorized limits. 

Models for deriving soil concentration guidelines from dose limits are 

simplified representations of complex processes. It is not feasible to obtain 

sufficient data to fully or accurately characterize transport and exposure 

processes. Similarly, it is not possible to predict future conditions with 

certainty. Hence, there will be uncertainties in the guideline values. The 

models described in this manual and incorporated into RESRAD have been chosen 

to be realistic but reasonably conservative, and the calculated doses corres-

ponding to guideline values of the radionuclide concentrations are expected to 

be reasonably conservative estimates (overestimates) of the actual doses. 

The derivation of guideline values for radionuclide concentrations in 

soil is based on a pathway analysis method known as the concentration factor 

method (U.S. Nuclear Regulatory Commission [NRC] 1977; ICRP 1979-1982; Till 

And Meyer 1983; National Council on Radiation Protection and Measurements 

[NCRP] 1984). With this method, the relation between radionuclide concen-

trations in soil and the dose to a member of a critical population group is 

expressed as a pathway sum, which consists of a sum of products of "pathway 

-factors." Pathway factors correspond to pathway segments connecting compart-

ments in the environment between which radionuclides can be transported or 

radiation transmitted. 	Most pathway factors are steady-state ratios of 

concentrations in adjoining compartments. 	Some are factors for conversion 

from a radionuclide concentration to a radiation level or radiation dose, and 

others are use and occupancy factors that affect exposure. Each term in the • 
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sum corresponds to a pathway of connected segments. A pathway product or 

pathway factor can be added, deleted, or repiaced without affecting the other 

pathways or pathway factors. This structuring facilitates the use of 

alternative models for different conditions or transport processes and the 

incorporation of additional pathways. Thus, RESRAD can be easily modified or 

tailored to model any given situation by Merely adding or replacing factors or 

terms in the pathway sum. 

This manual covers procedures only for deriving site—specific guide-

lines for radionuclide concentrations in soil and guidelines for implementing 

DOE's ALARA process. Problems associated with procedures for collecting and 

interpreting field measurements of residual radioactivity and protocols for 

determining whether the guidelines have been met are not covered. Guidance on 

these topics may be found in the summary protocol for identification, 

characterization, designation, remedial action, and certification of FUSRAP 

sites (DOE 1984, 1986a, 1986b) and the procedures manual for remedial action .  

survey and certification activities (Oak Ridge National Laboratory. [ORNL] 

1982). 

The information presented in this manual is organized as follows:' 

• Pathways and scenarios by which a member of. the critical' 

population group can be exposed to radiation -- Chapter 2; 

• Derivation and application of soil guidelines -- Chapter 1; 

• Description of the RESRAD 'code and instructions for its use 

-- Chapter 4; 

• ALARA procedures, and general guidelines for implementing 

the ALARA process -- Chapter 5; 



• DOE guidelines for residual radioactive material -- 

Appendix A; and 

• Models, formulas, and data used in RESRAD to calculate the 

pathway factors -- Appendixes 13 through F. 
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PATHWAY ANALYSIS 

The pathway analysis for deriving soil concentration guidelines from a 

dose limit has four parts: (1) source analysis, (2) environmental transport 

analysis, (3) dose/exposure analysis, and (4) scenario analysis. 

Source analysis addresses the problem of deriving the source terms that • 

determine the rate at which residual radioactivity is released into the envi-

ronment. This rate is determined by the geometry of the contaminated zone, 

the concentrations of radionuclides present, the rates of ingrowth and decay 

of the radionuclides, and the rate of removal by erosion and leaching. Quali-

tative aspects of these topics are discussed in Section 2.1: "quantitative 

aspects are covered in Chapter 3 and the appendixes. 

Environmental transport analysis addresses the problems of (1) identi-

fying environmental pathways by which radionuclides can migrate from the 

source to a human exposure location and (2) determining the rate of migration 

along these pathways. The significant environmental pathways are identified 

and described in Section 2.2. The derivation of environmental transport 

factors that characterize the rate.  of migration is covered in Chapter 3 and 

Appendixes B through E. 

Dose/exposure analysis addresses the problem of deriving dose con-

version factors for the radiation dose that will be incurred by exposure to 

ionizing radiation. This problem is discussed in Section 2.3. Appendixes B, 

C, and D include tabulations of the dose conversion factors used to determine 

the effective dose equivalent incurred by exposure to external radiation or to 

internal radiation from inhalation or ingestion of radionuclides. 

The parameters that control the rate of radionuclide release into the 

environment and the severity and duration of human exposure at a given 

location are determined by patterns of human activity referred ta as exposure 

• 

• 
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scenarios. The credible scenarios that are likely to result in the largest • 	exposure to individuals are discussed in Section 2.4. 
2.1 SOURCE TERMS 

2.1.1 Geometry of the Contaminated Zone 

A contaminated zone, defined as a belowground region within which 

radionuclides are present in above-background concentrations, is the common 

source term and starting point for all pathways. The derivation of soil 

guidelines is based on idealized contaminated regions of cylindrical shape, as 

shown in Figure 2.1, within which radionuclides are assumed to be uniformly 

distributed. A shape factor, which equals one if the actual contaminated zone 

is a circulaT cylinder , and less than one if it is irregularly shaped, is used 

to correct for the difference between dose estimates for the actual and 

idealized areas. The shape factor is used for the external radiation exposure 

.pathway (see Appendix B), The covet depth (C d ) corresponds to the . distance to 

Cover 
Depth 

Source 
Thickness 

FIGURE 2.1 Geometry of Idealized Contaminated Zone 

• 
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the uppermost contaminated soil sample, and the -cover depth plus contaminated 

zone thickness (Cd  T) corresponds to the distance to the lowest contaminated 

soil sample. 

If radionuclide distributions are approximately uniform throughout the 

contaminated region, the source geometry is a single cylinder that specifies a 

homogeneous contaminated zone. If 

uniform, the source geometry consists 

inhomogeneous contaminated zone. 

referred to as single-radionuclide 

cylindrical volume. The manner in 

the distributions are not approximately 

of two or more cylinders that specify an 

Limiting radionuclide concentrations, 

soil guidelines, are derived for each 

which the cylindrical volumes and soil 

guidelines are de:ermined is described in Sections 3.1 and 3.3. 

2.1.2 Time Dependence 

The time dependence of the annual dose incurred by a member of the 

critical population group is controlled by (1) the rate at which radionuclides 

are leached from the contaminated zone, (2) the rate of ingrowth and decay of 

the radionuclides, (3) the rate of erosion of the cover, and contaminated soil 

material, and (4) the rate of contaminant transport through the environmental 

pathways. The first three of these processes occur within, or primarily 

within the contaminated zone; the last process occurs outside the contami- 

.nated zone. The models used to account for the time dependence of different 

transport and erosion processes are described in Appendixes B through E; the 

models used to account for the rate of ingrowth and decay and leaching are 

described in Appendix F. 
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2.1.3 Redistribution 

A contaminated zone is treated as a single homogeneous or inhomogeneous 

source of changing thickness and radionuclide concentrations due to leaching, 

erosion, and ingrowth and decay. Erosion or human activities (such as 

excavation for a building erected in the contaminated zone) can result in 

redistribution of the contaminated soil that creates new contaminated zones. 

Such zones are not explicitly incorporated into RESRAD. If the topography and 

circumstances are such that redistribution is likely to occur, the new 

contaminated zone should be taken into account. This can be done by 

estimating the initial area and thickness of the new contaminated zone and 

then deriving its contribution to the soil guidelines in the same manner as 

for the original contaminated zone (see Section 2.3). 

Radionuclides can also be redistributed by use of irrigation water that 

has been contaminated by radionuclides leached from the original contaminated 

zone. This contribution is taken into account in the derivation of the 

contribution from food pathways. 

2.2 PATHWAYS 

2.2.1 Pathway Identification 

• 	 Potential pathways are identified in Table 2.1. 	The three major 

'headings correspond to the three emposure pathways by which radionuclides can 

enter the body. In the first, exposure is by external radiation from radio-

nuclides outside the body. In the second and third, exposure is by internal 

radiation from radionuclides that are inhaled or ingested. These three types 

of exposure correspond to the three kinds of dose conversion factors discussed 

in Section 2.3. 
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TABLE 2.1 Potential Pathways.  

1 External Radiation 

1.1 Ground 

1.1.1 Volume Source* 

1.1.2 Surface Source*b  

1.2 Air 

1.2.1 Dust 

1.2.2 Radon and Radon Decay Products 

1.2.3 Other Gaseous Airborne Radionuclides 

1.3 Water 

2 Inhalation 

2.1 Dust* 

2.2 Radon and Radon Decay Products 

2.3 Other Gaseous Airborne Radionuclides 

3 Ingestion 

3.1 Food 
• 	 3.1.1 Plant Foods (Vegetables Grains, and Fruits)* 

3.1.2 Meat* 

3.1.3 Milk* 

3.1.4 Aquatic Foods (Fish, Crustacea, and Mollusks)* 

3.2 Water 

3.2.1 Groundwater (Well)* 

3.2.2 Surface Water* 

3.3 Soil 

aAn asterisk indicates the pathways used to derive site-
specific soil guidelines. 

bThe surface source can be approximated by assuming a very 
thin layer of contamination (e.g., 0.1 cm). 
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For each exposure pathway, radionuclides can migrate from a source to a 

human exposure location by many environmental pathways. The major categories 

of environmental pathways are listed in Table 2.1. The items listed should be 

regarded as environmental pathway categories rather than individual pathways 

because many of the items can correspond to more than one pathway and some of 

the items can occur as segments in more than one pathway. For example, there 

are many different plant food pathways, and contaminated groundwater can 

contribute to the human drinking water pathway and also to several food 

pathways if contaminated water is used to irrigate crops or water livestock. 

Major pathways used to derive site-specific soil guidelines in the 

RESRAD code are identified in Table 2.1 by an asterisk and shown diagram-

matically in Figure 2.2. Minor pathways for on-site exposure (all remaining 

pathways except the radon inhalation pathway) are not taken into account in 

deriving soil guidelines because the dose contribution from these pathways is 

expected to be insignificant. External radiation from a surface layer formed 

by redeposition of airborne radionuclides carried by the wind from an exposed 

contaminated zone is expected to be insignificant compared with external 

radiation from the residual radioactive material in its original location. 

External radiation from contaminated water is expected to be insignificant 

compared with internal exposure from radionuclides ingested in drinking 

water. The external radiation dose from airborne dust is much smaller than 

the inhalation dose from dust (by a factor of 100 or more for radionuclides in 

the U-238 series [Gilbert et al. 1983, Tables 5.6-5.8]). The external 

radiation dose from airborne radon decay products is negligible compared with 

(1) the internal inhalation dose to the bronchial epithelium (the critical 

organ for inhalation of radon decay products), (2) the external radiation dose 

from the parent radium in the soil, or (3) the internal radiation dose from 
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Source 
	

Source to Exposure 	S 	Pathway • Exposure to Dose 

On-site Ground 
Radiation 

  

External 
Radiation 

  

    

     

On-site 
Air Contamination 

Airborne 
Contorninaras 

Inhalation 

Plant Foods 
Plants 

Meat 

Milk 
Livestock 

Aquatic Foods I-- 	 

• On-site Biotic 
Contamination 

On-site Water 
Contamination 

Ingestion 

Wafer 

FIGURE 2.2 Exposure Pathway Diagram for Calculating the Dose to an 
On-site Resident from Residual Radioactive Material at a FUSRAP or 
SFMP Site (Source: Modified from Gilbert et al. 1983, Figure 2.4) 
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ingestion of plant foods grown in the radium-contaminated soil (Gilbert et al. 

1983). The contributions from gaseous airborne radionuclides other than radon 

decay products (e.g., from C-14 occurring in CO 2  or from tritium occurring in 

tritiated water vapor) is insignificant at FUSRAP and SFMP sites. The soil 

pathway corresponds to direct ingestion of soil (Healy 1977). This pathway is 

significant only for a child afflicted with pica (a compulsive craving for 

nonfood objects), which is a rare occurrence limited to a period of about one 

year in a child's life; thus, it makes only a small contribution to the 

lifetime dose. 

Internal radiation from inhalation of radon decay products is a major 

in many circumstances, the dominant -- dose contributor when radium is 

present in the soil. The radon inhalation pathway is not included in the 

current version of RESRAD because generic soil guidelines have been estab-

lished for radium (see Appendix A). This pathway may be added in a later 

version to allow guidelines to be derived in a more consistent manner for hot 

spots and mixtures in which radium occurs. 

2.2.2 External Radiation Pathways 

Gamma radiation from radionuclides distributed throughout the contami-

nated zone is the dominant external radiation pathway and the only external 

radiation pathway taken into account in calculating soil guidelines.* The 

dose due to external gamma radiation is first calculated for an individual 

exposed continuously to radiation from an infinite contaminated .  zone at a 

distance of one meter from the ground surface. Correction factors are then 

*The dose contribution from electrons (beta particles) is primarily restricted 
to the skin; the dose contribution from neutron radiation can be significant 
for some transuranic radionuclides and should be considered if , neutron- • emitting .radionuclides are known to be present. 
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applied for the finite area and thickness of the contaminated zone, shielding 

by a cover of uncontaminated soil (if C d  > 0; see Figure 2.1), irregular .,  

shape, shielding by the floors and walls of a house, and less-than-continuous 

occupancy. Quantitative details are presented in Chapter 3 and Appendix B. 

2.2.3 Inhalation Pathways 

Inhalation exposure results primarily from inhalation of radon decay 

products and contaminated dust. As noted earlier, the radon pathway is not 

included in the current version of RESRAD because generic soil guidelines have 

been established for radium, which is the 'source of all radon (see 

Appendix A). The following discussion is, therefore, limited to the dust 

pathway. 

An inhalation pathway consists of two segments: 	(1) an airborne 

exposure segment linking the source (contaminated zone) with the airborne 

radionuclide' at an exposure location and (2) an inhalation. segment linking 

the airborne radionuclides with the exposed individual. The inhalation 

segment is characterized by-an occupancy factor (equivalent fraction of time 

during which an individual inhales contaminated air) and a factor* for the 

inhalation rate. Numerical values for these factors may be obtained by well-

established procedures (ICRP 1975; Momeni et al. 1979). The airborne exposure 

pathway segment is the critical segment. It is characterized by the air/soil 

concentration ratio, defined as the ratio of the airborne concentration of a 

radionuclide at a human exposure location to the concentration in the soil. 

The air/soil concentration ratio for contaminated dust depends on the complex r s  

processes by which soil particles become airborne by resuspension and are 

transported to an exposure location. It is used in the food chain pathways 

(for the toliar deposition subpathways) as well as in the inhalation pathways. • 
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Modeling the airborne exposure pathway segment consists of two steps: 

(1) modeling the process by which radionuclides become airborne and (2) model-

ing the process by which the airborne radionuclides are transported to a human 

exposure location and diluted before inhalation. The first step gives the 

ratio of the concentration in air near the source before it is dispersed and 

diluted to the concentration in the resuspendable layer of dust; the second 

step gives the ratio of the airborne concentration at the point of exposure to 

the undiluted airborne concentration at the source. Quantitative details are 

presented in Appendix C. 

2.2.4 Ingestion Pathways 

2.2.4.1 Food Pathways 

Four food pathway categories are taken into account: 	plant foods, 

meat, milk, and aquatic foods. The plant food pathway category is -divided 

into four subcategories corresponding to (1) root uptake from crops grown in 

the contaminated .zone, (2) foliar uptake from contaminated dust deposited on 

the foliage, (3) root uptake from contaminated irrigation water, and 

(4) foliar uptake from' contaminated irrigation water. The plant food pathway 

subcategories are applicable to livestock fodder; hence, they are applicable 

to the pathways through which meat and milk become contaminated by ingestion 

áf contaminated fodder. There is a fifth subcategory for the meat and milk 

pathways corresponding to contamination by ingestion of contaminated livestock 

water. The aquatic food pathway is for ingestion of fish, crustacea, and 

mollusks from a nearby pond that has been contaminated by radionuclides that 

have been leached from the contaminated zone. 

• 
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The food pathways are activated by scenarios in which crops are grown 

in or close to the contaminated zone. Plant crops grown in the contaminated 

zone will be the dominant and most frequent contributor, especially if the 

crops are irrigated with contaminated water. Contributions from the meat and 

milk pathways, which involve an additional pathway segment for transfer of 

radionuclides from fodder or water to the meat or milk, will generally be 

smaller but not insignificant. Vegetable gardens are common in urban and 

suburban areas a$ well as rural areas, whereas raising livestock is generally 

limited to rural areas. The aquatic food pathway will occur only in areas 

where the topography and soil characteristics are favorable for building a 

pond. 

The food pathways may be classified as water-independent or water-

dependent. The direct root uptake and foliar dust deposition pathways for 

plant foods, meat, and milk are water-independent (where water refers to the 

water that has been contaminated by radionuclides leached from the contami-

nated zone). Water-dependent pathways are the irrigation water pathway for 

plant foods, meat, and milk; the livestock water pathway for meat and milk; 

and the aquatic food pathway. In regions where natural rainfall is the only 

source of water used in raising crops, the only water-dependent pathways will 

be the livestock water branch of the meat and milk pathways and the aquatic 

-food pathway. If ditch irrigation is used, the contribution from root uptake 

of contaminated irrigation water by plant foods and fodder will be added. If 

overhead irrigation is used, the contribution from the subpathways for foliar 

and root uptake from irrigation water will be added. 

The water-independent pathways are assumed to contribute to the dose as 

soon as a family establishes a residence and garden on the site. The time 

dependence of these pathways is determined by the time dependence of the cover 

• 

• 
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and contaminated zone thickness and the radionuclide concentrations in the 

contaminated Zone. The contribution from water-dependent pathways will be 

delayed until radionuclides transported by groundwater reach a point of water 

withdrawal (i.e., well or pond). The time dependence of these pathways is 

determined by the time dependence of the radionuclide concentrations in the 

contaminated water, as determined by the hydrological model used for the 

groundwater pathway segment. A fraction of a radionuclide will have been 

leached from the root zone before the radionuclide first reaches a point of 

water withdrawal in above-background concentrations (the breakthrough time); 

hence, the contributions to the dose from the water-independent and water-

dependent pathways will occur at different times. 

After the breakthrough time, the contaminated irrigation water will 

create a new contaminated zone as it percolates down through the soil. The 

contribution of this secondary contaminated zone to pathways other than the 

food pathway is not taken into account because it is assumed to be small 

compared with the contributions of the food pathway. 

Radionuclide transport through the food pathways i determined by the 

quantities of different foods consumed (dietary factors), the fraction of the 

diet from foods that are contaminated by radionuclides from the contaminated 

zone (which is determined by the fraction raised locally and the area of the 

contaminated zone), the cover depth and contaminated zone thickness relative 

to the root zone of the plants, the various transfer factors from root or 

foliage to plants and from fodder or water to meat or milk, and the 

concentrations of radionuclides in water that has percolated through the 

contaminated zone. The factors used to take these effects into account are 

discussed in Chapter 3 and Appendixes D and E. 
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2.2.4.2 Water Pathway .Segments 

A water pathway segment connects the contaminated zone with a point of 

water withdrawal for drinking or irrigation or with 'a pond where aquatic foods 

are raised for human consumption. It is characterized by a water/soil concen-

tration ratio for each radionuclide, defined as the ratio of the radionuclide 

concentration in the water at the point of withdrawal or use to the radio-

nuclide concentration in the contaminated zone. Irrigation and drinking water.  

are assumed to be taken from a well or pond. The well is assumed to be either 

in the center of or at the downgradient *edge of the contaminated. zone (see 

Appendix E). The pond water is assumed to be contaminated by water that seeps 

to the surface after percolating through the contaminated zone. Figure 2.3 

schematically represents the *process by which natural, precipitation or 

irrigation water infiltrates the contaminated zone and transports radio-

nuclides through the unsaturated (vadose) zone and saturate zone (aquifer) to 

a well or point of seepage into surface water. 

Croundwater Pathway Segment. Two models are used for calculating the 

water/soil concentration ratio for the groundwater pathway segment: a mass-

balance (MB) model and a nondispersion (ND) model.* The MB model assumes that 

all of the radionuclides released annually from the contaminated zone are 

.withdrawn through a well located at the center of the contaminated zone. The 

ND model assumes that the dispersivity is nil the vadose zone and aquifer are 

homogeneous, the well is located at the downgradient edge of the contaminated 

zone, and water withdrawal introduces only a minor perturbation in the water 

*The mass-balance model is an adaptation of a model proposed by staff of the 	1110 
NRC (Neuder 1986). 
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• FIGURE 2.3 Schematic Representation of the Water Pathway Segments 

flow. These assumptions lead to a flow pattern from which the dilution factor 

can be estimated by geometric considerations. The MB model is used for 

smaller contaminated areas (e.g., 1,000 m 2  or less), and the ND model is used 

for larger contaminated areas. The MB and ND models are discussed in more 

detail in Appendix E. 

The groundwater pathway segment is analyzed in terms of parameters that 

remain valid for more sophisticated models. These parameters consist of the 

breakthrough time, rise time, and dilution factor. The breakthrough time is 

the time from a radionuclide's release into infiltrating water at the contami-

nated zone until its detection at the point of withdrawal or use. The rise 

time is the time from initial detection until the concentration reaches a 
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maximum value when the release rate from the contaminated zone is constant 

after initiation. (A linear rise is assumed; a straight-line approximation 

can be used when the actual rise has a more complicated time dependence.) The 

dilution factor is the steady-state ratio of a radionuclide concentration at 

the point of withdrawal or use to the concentration of the same radionuclide 

in infiltrating water as it leaves the contaminated zone. Formulas for 

calculating the breakthrough times, rise times and dilution factors for the 

MB and ND models are given in Chapter 3 and Appendix E. 

• The groundwater pathway models implemented in the RESRAD code apply 

only to situations for which the hydrological strata can reasonably be 

approximated by a sequence of uniform, horizontal strata. For sites having 

more complicated strata such as fracture zones, simple models may be used to 

provide reasonable estimates if a set of effective hydrogeologic flow 

parameters are used. However, the accuracy of the results predicted is deter-

mined by the accuracy of the effective input parameters used (Yu et al. 410 

1986). 

Surface Water. PathwaySegment. The surface water is assumec o be a 

pond for which (1) the water inflow and outflow are in steady-state equi-

librium and (2) the annual inflow of radioactivity into the pond equals the 

annual quantity of radioactivity leached from the contaminated zone. The 

dilution factor is assumed to be the ratio of the annual volume of water that 

infiltrates the contaminated zone to the annual total inflow of water into the 

pond. If, as also assumed, the infiltrating water flow is vertically downward 

through the contaminated zone, the surface water dilution factor is given by 

the ratio of the area of the contaminated zone to the area of the watershed 

that supplies the pond. Breakthrough time and rise time are assumed to be the • 
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same as for an on-site well; no credit is taken for the additional time for 

radionuclides to be transported from the *edge of the contaminated zone to the 

point of seepage. This simplified model will give a conservative estimate of 

the water/soil concentration ratio for a pond. 

2.2.4.3 Drinking Water Pathway 

The concentration factor that characterizes the drinking water pathway 

is obtained by multiplying the water/soil concentration ratio by the annual 

quantity of contaminated drinking water consumed by an individual. Both well 

water and surface water can be used for drinking. The fraction of well water 

balanced from surface water is used to calculate the total contribution from 

groundwater and surface water. The default value for this fraction is unity, 

i.e., 100E of the drinking water.is drawn from a well. 

2.3 DOSE CONVERSION FACTORS 

The distribution of dose within the body depends upon the type of 

radiation .  involved and the location of the radionuclides cutting the 

radiation, i.e., within or external to the body. The ICRP has provided .  a 

useful quantity that, on a risk scale, can be applied to any radiation pattern 

(ICRP'1977, 1978, 1979-1982).. This 'quantity— the. effective dose equivalent 

is the weighted 'sum of the dose' equivalent in various organs. The weight- -  

ing factors for the organs are proportional to the potential risk associated 

with the irradiation of those organs. All dose factors used, for deriving soil 

concentration guidelines are based on the effective dose equivalent. 

Internal radiation doses to organs and tissues of the body are 

frequently estimated with factors representing the committed dose equivalent 

for a unit intake of a radionuclide via inhalation or ingestion. In the case • 



24 

of external radiation, the dose rate in organs depends on the concentration of 

the radionuclide in the environment. These relationships are expressed as 

dose/exposure ratios called "dose conversion factors." A dose conversion 

factor is the ratio of the committed effective dose equivalent (for internal 

exposure) or the effective dose equivalent rate (for external exposure) to the 

quantity of a radionuclide inhaled or ingested (for internal exposure) or the 

concentration of a radionuclide in the air, water, or ground (for external 

exposure). 

2.3.1 Ingestion and Inhalation 

The radiation dose from inhalation and ingestion of radionuclides has 

been systematically evaluated by the ICRP in its Publication 30 (ICRP 1979- 

1982). This effort was undertaken to compute secondary limits for occupa-

tional exposures corresponding to the primary radiation protection guidance of 

Publication 26 (IMP 1977). Dose equivalents in organs or tissues of the body 

are calculated with models that (1) describe the entrance of materials into 

the body (respiratory and gastrointestinal [CI] tract) and the deposition and 

subsequent retention of the radionuclides in body organs (referred to as 

metabolic models), and (2) estimate the energy deposition in tissues of the 

body (ICRP 1979-1982). In applying the results of these calculations, some• 

. insight into the details of models for the lung and CI tract is required 

because these models serve as the interface between humans and the 

environment. 

Inhalation of radionuclides attached to airborne particles is 

potential route for intake of radionuclides into the body. The ICRP model of 

the respiratory tract divides the tract into three regions: nasopharyngeal, 

tracheobronchial, and pulmonary (ICRP 1966). These regions are connected with 

• 

• 
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one another as well as with body fluids and the GI tract. The fraction of 

inhaled activity deposited in these regions is a function of the size of the 

airborne particles. The activity median aerodynamic diameter (AMAD) is the 

measure most widely used to characterize the aerosol. The rate at which the 

deposited material is removed from the regions is considered to be independent 

of particle size; the rate is, however, related to the chemical form of the 

particles. Chemical compoundi are assigned to one of three classes to 

characterize their removal rate from the lung. The inhalation classes are 

denoted as D, W, and Y -- corresponding to clearance or removal times from the 

pulmonary region of the lung on the order of days, weeks, or years, 

respectively. Details are provided in the ICRP task group's report (ICRP 

1966) and subsequent ICRP publications (ICRP 1968, 1979-1982). 

A portion of the material initially deposited in the lung enters the GI 

tract and, of course, ingested radionuclides enter the CI tract directly. The 

ICRP model of the GI tract divides the tract into four compartments: stomach, 

small intestine, upper large intestine, and lower large intestine (Eve 1966). 

Absorption of materials into body fluids is generally , considered to occur 

within the small intestine. The fraction of the ingested material absorbed 

into body fluids from the tract is denoted as f r. The numerical value of f 1 

depends on the chemical form of the ingested material (ICRP 1979-1982). 

• Radionuclides that enter body fluids from either the lung or the CI 

'tract may be deposited within the various organs of the body. 	Metabolic 

processes and radioactive decay reduce the radioactivity in the body. These 

removal processes. are modeled in a rather simple manner in which the organs 

are represented by a number of mathematical compartments from which the 

removal rate is directly proportional to the amount of radionuclide present 

(ICRP 1979-1982). 	This approach leads to functions involving a sum of • 
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exponentials to describe the time course of activity within the body. An 

exception to this representation occurs for "radium, for which the more-

detailed metabolic model of ICRP Publication 20 (ICRP 1972) is used. 

In calculating the dose from intake of radionuclides into the body, the 

occurrence of radioactive decay products must be considered. When an atom 

undergoes radioactive decay, the new atom formed may also be radioactive and 

thus contribute to the dose. Although these decay products maybe treated as 

independent radionuclides in external exposures, they must be considered in 

conjunction with the parent in the evaluation of radionuclides inhaled or 

ingested because their distribution among the organs of the body depends on 

the metabolism of the parent (IMP 1979-1982). Thus, the contributions to 

dose from decay products formed within the body are included in the dose 

conversion factor for any radionuclide with radioactive decay products. 

Factors representing the committed effective dose equivalent per unit 

intake of radionuclides are given in Appendix C (Table C.1) for inhalation and 

Appendix D (Table D.1) for ingestion. These values were taken from a DOE 

report (DOE 1988a); similar values are given in an EPA report (Eckerman et al. 

1988). In many instances, several chemical forms have been considered; that 

is, more than one clearance class (inhalation) or f l  (ingestion) value is 

given for the radionuclide. If the user of this manual has information 

_indicating the chemical forms expected in the particular environment being 

considered, then the appropriate value should be selected after consulting 

ICRP Publication 30 (ICRP 1979-1982). If no information on the relevant 

chemical forms is available, then the most conservative value (i.e.; the 

highest estimate of dose) should be used. 

Dose conversion factors identified with "+D" in Tables C.1 and D.1 are 

the sums of dose conversion factors for a principal radionuclide (a 

• 

• 
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radionuclide with a half-life greater than one year) and its associated decay 

chain (all short-lived decay products of a principal radionuclide down to but 

not including, the next principal radionuclide or the final nonradioactive 

nuclide in the chain). These aggregated dose conversion factors correspond to 

ingestion or inhalation of the principal radionuclide together with its 

associated decay product radionuclides, which are assumed to be in secular 

equilibrium at the time of intake (see Section 3.1 and Table 3.1). 

2.3.2 External Radiation 

Organs of the body may be irradiated by radiation emitted from radio-

nuclides present in the environment. Gamma radiation is the only external 

radiation taken into account in calculating soil guidelines (see Sec-

tion 2.2.2). Gamma radiation is of particular concern because this radiation 

is sufficiently penetrating that the dose at a given location depends on the • spatial distribution over considerable distances. In addition, the dose 

distribution pattern within the body is rather uniform. The actual distri-

bution of dose in the body depends somewhat on the distribution pattern of the 

radionuclide in the environment. An idealized distribution pattern that is 

often assumed is a uniform distribution of the radionuclide within an infinite 

or semi-infinite region. By considering such idealized distributions, dose 

conversion factors relating the effective dose equivalent rate to the radio-

nuclide concentration can be tabulated. For other situations, the details of 

radionuclide distribution must be included in the numerical calculation of 

dose. 

Kocher (1983) has published extensive tabulations of dose-rate factors 

for radionuclides distributed in air, in water, and on the ground surface. 

The methods of Kocher and Sjoreen (1985) were used in this manual to derive • 
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dose-rate factors of radionuclides uniformly distributed in the soil volume. 

Dose conversion factors for exposure from radionuclides in or on the ground 

are presented in Appendix B (Table 8.1). The dose-rate factors for surface 

contamination were taken from a DOE report (DOE 1988b). 

The dose conversion factors for ground contamination are for exposure 

at a point one meter above the ground. The volume contamination is assumed to 

be uniformly distributed to infinite depth and infinite lateral extent. 

Contributions from all associated radionuclides, which are assumed to be in 

secular equilibrium with the parent principal radionuclide, are included in 

the dose conversion factors for principal radionuclides. (Note: "infinite" 

dimensions reflect consideration of radiation transport and may in fact 

correspond to small physical dimensions. For example, one meter of soil is 

generally infinite with respect to the dose rate from a photon-emitting 

radionuclide.) 

Dose conversion factors for radionuclides distributed in the ground 

depend on the bulk density of the soil (%). Factors for co b  = 1.0 g/cm3  and. 

ob= 1.8 g/cm3  are listed in Table B.1. Values for other soil densities may be 

obtained by interpolation. 

2.4 EXPOSURE SCENARIOS 

Many parameters that determine the quantity of radionuclides or radia-

tion to whica an individual is exposed are determined by exposure scenarios, 

i.e., patterns of human activity that can affect release of radioactivity from 

the contaminated zone and the amount of exposure received at the exposure 

location. Soil guidelines are based on a family-farm exposure scenario. This 

scenario activates all environmental pathways for on-site or near-site 

exposure and is expected to result in the highest predicted lifetime dose. • 
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The exposure of construction workers or scavengers is unlikely to .last longer 

than a few months and would generally be limited to working hours. The 

lifetime exposure for construction workers and scavengers is, therefore, 

unlikely to exceed the lifetime dose for a permanent on-site resident. (The 

basic dose limit of 100 mrem/yr is based on the lifetime dose [ICRP 1977]. A 

dose limit of 500 mrem/yr is allowable for some years if the dose averaged 

over a lifetime does not exceed the basic dose limit of 100 mrem/yr . [DOE 

19119].) Exposure of workers in on-site industrial or commercial buildings can 

also occur, but this exposure will generally be less than that of residents 

because the exposure will be limited to working hours and will not include 

contributions from ingestion of foods grown on-site. 

Soil guidelines are based on on-site exposure because on-site residents 

will receive a radiation dose that is at least as large as the dose to off-

site residents and generally larger. The radiation dose for off-site 

residents will decrease with increasing distance from the site. The external 

radiation dose will decrease rapidly with distance from the site, and 

secondary off-site sources -- such as surface deposits of airborne contami-

nated soil or water contaminated by radionuclides leached from the soil -- 

will have lower radionuclide concentrations. The contributions from 

inhalation pathways will decrease with distance from the site for the same 

reasons. The contribution from the groundwater pathway will be largest for 

drinking water obtained from a well at the boundary of the contaminated region 

on the downgradient side that draws water from the unconfined aquifer. This 

contribution can be the same for on-site and near-site residents but will 

decrease for wells at greater distances from the boundary. The situation is 

more complicated for food chain pathways because reconcentration can occur 

along these pathways. However, the predominant contribution is from on-site 
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Other scenarios can be taken into account by adjusting the scenario parameters 

in formulas for calculating transport of radionuclides through the pathways 

(see Chapters 3 and 4 and Appendixes B through E). 

In the family-farm scenario, a family is assumed to move onto the site 

after it has been released for use without radiological restrictions, build a 

home, and raise crops and livestock for family consumption. Members of the 

family can incur a radiation dose by (1) direct radiation from radionuclides 

in the soil, (2) inhalation of resuspended dust (if the contaminated area is 

exposed at the ground surface), (3) ingestion of food from crops grown in the 

contaminated soil, (4) ingestion of milk from livestock raised in the contami-

nated area, (5) ingestion of meat from livestock raised in the contaminated 

area, (6) ingestion of fish from a nearby pond contaminated by water perco-

lating through the contaminated zone, and (7) ingestion of water , from a well 

contaminated by water percolating through the contaminated zone. The basis 

for the choice of a family-farm scenario for the critical population group is 

summarized below. 

Permanent residents, rather than individuals exposed by activities not 

associated with residential living, have been chosen as the critical 

population group because the exposure for permanent residents is more likely 

to be long term and will generally involve exposure by more pathways. The 

nonresident group most likely to receive significant exposure consists of 

construction workers. An individual involved in recreational activities 

(e.g., a baseball field built on the site) will receive a much smaller dose 

than a permanent resident because the former will spend less time on-site. 

Scavenging can also occur, although this is less likely considering the lack 

of economic value of the contaminated material. The exposure of scavengers 

can reasonably be assumed to be comparable to that of construction workers. 
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crops and domestic animals, and this contribution will be greatest for on-site 

residents who raise food for their own consumption. 

Exposure scenarios used for establishing soil guidelines should be 

bounding in the sense that they correspond to actions, events, and processes 

that will result in the largest exposure likely to occur to individuals and 

groups. However, they must also be credible, which implies that the proba-

bility of occurrence should be above some threshold value. The basis for 

specifying a credible bounding scenario is ill-defined because a threshold 

probability for distinguishing between a credible and a noncredible scenario 

has not been established, and it is usually not possible to assign a meaning-

ful probability of occurrence for a scenario (unless the scenario is physi-

cally impossible, in which case a zero probability can be assigned). A 

family-farm scenario, in which a family constructs a home on the contaminated 

site and raises an appreciable fraction of its food on this site, is 

considered to be a credible bounding scenario for the purpose of this 

manual.* Even though such a scenario may be unlikely in the foreseeable 

future for a FU9RAP or SFMP site located in an industrial or urban area, it 

cannot be excluded as noncredible at some time several hundred years in the 

future. 

The assignment of appropriate values to the scenario parameters is 

based on existing patterns of human activity that can be expected to persist 

for an indefinite time. For most scenario parameters, this criterion enables 

a straightforward determination of parameter values on the basis of data for 

*This scenario is referred to as the intruder-agriculture scenario when used 
for analyzing the long-term radiological impacts of a low-level radioactive 
waste disposal site (NRC 1981). This terminology is inappropriate for FUSRA2 
and SFM? sites because a resident cannot be regarded as an intruder after a • 	site has been released for use without radiological restrictions. 
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current conditions. Scenario parameters and parameter values required for the 

pathway analysis are given in Appendixes B through E. The basis for the 

choice of key parameter values that require special consideration are dis-

cussed below. 

One scenario parameter is the fraction of the family diet that consists 

of contaminated foodstuffs. This will be determined by the fraction of the 

diet that is raised on-site and the fraction of the on-site crops grown in 

contaminated soil. The fraction raised on-site will be determined by the .  

living and farming style and the area of land available to a family for 

gardening. 

Farms or residential gardens that provide a significant fraction of the 

family diet are fairly common, and it is not uncommon for families in rural 

areas to raise livestock to provide most of their meat and milk; however, a 

fully self-sufficient farm, is a rarity. For a "self-sufficient" scenario to 

apply, the family would have to raise all Of its vegetables on-site -- that 

is, grow its own potatoes, get all fruit from an on-site-fruit orchard, can or 

freeze enough of the summer crop to provide all food during the winter, and 

raise all grain used for bread and cereal. A scenario that is considered to 

be bounding and credible is 'for a family to have a garden that provides half 

of the total plant food diet if the area available for gardens and orchards is 

-0.1 ha or larger. This value is based on the following estimates for the area 

required for a year's supply of food for an individual: 50 m 2  for a year's 

supply of leafy and other aboveground vegetables 200 m 2  for root vegetables 

and grains, and a somewhat larger area for fruit trees. It is inferred from 

these figures that 0.1 ha would be sufficient for half of the plant food diet 

for a family of four. It is also assumed, as noted above, that half the diet • 
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would be food purchased from a market even if sufficient land were available 

• for a larger garden. 

The area required for livestock, including summer pasture and forage 

for winter use, is somewhat larger. A single pig requires a food supply. from 

an area of about 2,000 m 2 , and a single milk cow needs a forage supply that 

may require an area of 1 ha or more. It is assumed that an area of 2 ha would 

be needed to provide - Sufficient meat and milk, including all forage, fore 

family Of four. Thus, if the contaminated area, exceeds 2 ha, the scenario 

diet factors specify that all of the meat and milk and 50% of the plant foods 

in the family diet are potentially contaminated. The fraction of the meat and 

milk diet that is contaminated is assumed to decrease linearly from 1 to 0 as 

the area decreases from 2 to 0 ha. The fraction of the plant food diet that 

is contaminated is .assumed to decrease linearly from .0.5 to 0 at the area 

decreases from 0.1 to 0 ha. . 

If the contaminated material, is initially underneath a. protective cover 

of uncontaminated material, one. should.take into account the dose that. might .  

be  incurred from radioactive material that is redistributed during excavation 

for the basement of a residence to form an exposed surface layer. For the 

'purpose of estimating the extent of the contaminated zone caused by redis 

tribution of the excavated radioactive material, it may be assumed that the 

• 
basement has an area of,200 m2  and requires excavation to a depth of 3 . m. It 

may also be assumed that the excavated soil is mixed before spreading and is 

redistributed on the surface to a.depth of 0.3 m over an area of 2,000 m 2 . • 

Thus, if the contaminated layer was T meters thick And did not'extend helow .  

3 m, after excavation there would be a contaminated layer exposed at the 

surface with a radionuclide concentration that was : less than the concentration

•in the excavated contaminated layer by a factor T13. No credit for this • 
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reduction in concentration should be taken if the undisturbed contaminated 

Layer is exposed at the surface or if the redistributed layer would result in 

a predicted potential dose that was less than the potential dose predicted for 

the undisturbed layer. 
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3 GUIDELINES FOR RADIONUCLIDE CONCENTRATIONS IN SOIL' 

The basic criterion for releasing a site for use without radiological 

restrictions is specified as a dose limit (see Appendix A). This dose limit 

is converted to soil guidelines -- specified as radionuclide concentrations -- 

by means of dose/source ratios (DSRs) that are expressed in terms of three 

primary factors: dose conversion factors (DCFs), environmental transport 

factors (ETFs), and source factors (SFs). The definitions and use of these 

factors for deriving soil guidelines are described in this chapter. Tables, 

detailed models, and formulas for calculating the factors are given in 

Appendixes B through E. 

• 3.1 RADIOLOGICAL RELEASE CRITERIA 

The basic dose limit that must be satisfied before a site can be 

released for use without radiological restrictions is 

	

H (t) S H
' 	

t S t < t 

	

EL 	• r 	. 	• • h 	. (3..1) 

where* 

HE (t) = average annual effective dose equivalent received by a member 

of the critical population group at time t following the radio-

logical survey of the site (mrem/yr), 

*Units are specified in parentheses following the variable description. 
Numerical values are given for input variables to which default values are 
assigned. Default values are assigned to all input variables except 
radionuclide concentrations. Site-specific values should be substituted for 
default values unless it is not feisible to determine a site-specific value • and the mixture sum is not sensitive to the value used. 

• 
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EEL - basic dose limit (100 mrem/yr) - 

t r = time at which the site is released for use without radiological 

restrictions following the radiological survey (1 year), and 

th  = time horizon (1,000 years). 

The time at which a radiological survey is done is the time of origin, 

or time 0. The time at which a site is released after the radiological survey 

is the release time, or time t r. The default value used in the RESRAD code 

for tr is 1 year. A time horizon of 1,000 years is used for FUSRAP and SFMP 

sites (see Appendix A). 

If the radionuclides are uniformly distributed within the contaminated 

zone, Equation 3.1 may be transformed into the inequality 

M(t) = 	Si(0)/C1 (t) S 1, t StS th 

.where 

M(t) E HE(t)/H= fraction of the basic dose limit received by an EL 

averages member of 'the critical population group at time t 

following the radiological survey (dimensionless), 

Si(0) = initial concentration of the i th  principal radionuclide in a 

uniformly contaminated zone at time 0 (pCi/g), and 

G(t) = single-radionuclide soil concentration guideline for the i th  

principal radionuclide in a uniformly contaminated zone at 

time t (pCi/g). 
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M(t) is referred to as the mixture sum.* Principal radionuclides are 

radionuclides with half-lives greater than 1 year. The decay products of any 

1110 •principal radionuclide down to, but not including, the next principal radio-

nuclide in its decay chain are called associated radionuclides and consist of 

radionuclides with half-lives less than 1 year. It is assumed that a princi-

pal radionuclide is in secular equilibrium with its associated radionuclides 

at the point of exposure. Principal and associated radionuclides included in . 

the current version of RESRAD are listed in Table 3.1. 

A contaminated zone is defined as a belowground volume within which the ' 

radionuclide concentrations in soil samples clearly exceed the background 

concentrations. Background concentrations are determined from measurements in 

• soil samples taken at several nearby off-site locations where contamination is 

very unlikely. The concentration of a radionuclide is considered to•clearly 

exceed the background concentration if it is larger than the mean background 

concentration plus twice the standard deviation of the background . measure- 

1110 • ments. 	If the concentrations in the samples used for determining the 

• background concentration are below the lower limit of .detection (LLD) of the* • 

instrument used, the concentration of that radionuclide is considered to 

• exceed background if it exceeds the LLD of the instrument. The sensitivity of 

the instrument used must comply with current standards for high-quality 

commercial instruments. 

A distinction should be made between a uniformly contaminated zone and 

a homogeneously contaminated zone. In a uniformly contaminated zone, radio-

nuclide concentrations are exactly the same at every point. A uniformly .  

• *The term "sum of fractions" is commonly used in regulatory references. 
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TABLE 3.1 Principal and Associated Radionuclides 

Principal 
Radionuclidea  

 

Terminal Nuclide or 
Radionuclide c  

   

Half-life 
Species 	(yr) Associated Decay Chainb 	Species 

Half-life 
(yr) 

Th-228 	1.9131 

He-3 
N-14 
Mn-55 
Ni-60 
Co-59 
Cu-63 

Y-90 (64.1 h) Zr-90 
Mo-94 

Ru-99 
Re-129 
Ba-135 - 

Ba-137m (2.551 min) 	Ba-137 
Eu-151 
Gd-152 (27%) 
Sol152 (73%) 
Gd-154 

Bi-210 (5.01 d) 	 Pb-206 
Po-210 (138.38 d) 
Rn-222 (3.8235 d) 	 Pb-210 
Po-218 (3.05 min) 
Pb-214 (26.8 min) 
81-214 (19.7 min) 
Po-214 (164 us) 
Ac-228 (6.13 h) 	 Th-228 
[Th-227 (98.6%, 18.71 d) 	Pb-207 
Fr-223 (1.4%, 21.8 min)] 
Ra-223 (11.435 d) 
Rn-219 (3.96 s) 
Po-215 (1.78 ms) 
Pb-211 (36.1 min) 
Bi-211 (2.15 min) 
11-207 (4.77 min) 
Ra-224 (3.66 d) 	 Pb-208 
Rn-220 (55.6 s) 
Po-216 (0.15 s) 
Pb-212 (10.64 h) 
Bi-212 (60.60 min) 
[Po-212 (64%, 0.30 us) 
T1-208 (36%, 3.053 min)] 

H-3 	12.33 
C-14 . 	5730 
Fe-55 	2.685 
Co-60. 	5.271 
Ni-59 	7.5 x 104  
Ni-63. 	100 
Sr-90 	28.8 
Nb-94 	2.0 x 104 . 
Tc-99 	2.14 x 105  
1-129 	1.6 x 107  
Cs-135 	3 x 106  
Cs-137 	30.17 
Sm-151 	90 
Eu-152 	13 

Eu-154 	8.5 
Pb-210 	22.3 

Ra-226 	1.60 x 103  

Ra7228 	5.76 
Ac-227 	21.733 

1.1 x 10 14  

22.3 
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TOLE 3.1 .  (Coned) 

Principal 
Radionuclidea  

Associated Decay Chain b  

Terminal Nuclide or 
Radionuclide c  

Species 
Half-life 

(yr) Species 
Half-life 

(yr) 

Th-229 7.3 x 103  Ra-225 (14.8 d) . E-209 
Ac-225 (10.0 d) 
Fr-221 (4.8 min) 
At-217 (32.3 ms) 
Bi-213 (45.6 min) 
[Po-213 (97.8%, 4 us) 
11-209 (2.2%, 2.2 min)] 
Pb-209 (3.25 h) 

Th.,23.0 7.7 x 104  Ra -226 1.60 x 10 3  

Th-232 1.41 x 10 10  411M Ra -228 5.76 

Pa-231 3.28 x 104  Ac -227 21.6 

U-232 72 •IM Th-228 1.9131 

U-233 1.592 x 105  Th-229 7.3 x 103  
U-234 2.45 .x 105  Th-230 8.0 x 104  
U-235 7.038 x 108  Th-231 (25.52 h) Pa-231. 3.28 x 104  
U-236 2.342 x 106  Th-232 1.41 x 101°  
U-238 4.468 x 10 9  Th-234 (24.10 d) 

Pa-234m (1.175 min) U-234 : 2.45 x 105  
Np-237 2.14 x 106  Pa-233 (27.0 d) U-233 1.592 x 10 5  
Pu-238 87.74 U-234 2.45 x 105  
Pu-239 
Pu-240 

2.41 x 104  
6.57 x 103  

1=1,  U-235 
U-236 

7.038 x 108  

2.342 x . 106  
Pu-241 14.4 MB Am-241 433 
Pu-242 3.76 x 	105.  IMP U-238 4.468 lc 109  
Am-241 433 IM• Np-237 2.14 x 	106  
AM-243 7.37.x Np-239 (2.35 d) Pu-239- 2.41 x 104  
Cm-243 28.5 Pu-239 2.41 x 10 4  
Cm-244 18.11 Pu-240 6.57 x 10 3  

' aRadionuclides with half-lives greater than 1 year that might be present at 
FUSRAP or SFMP sites. 

bThe chain of decay products of a principal radionuclide extending to (but 
not including) the next principal radionuclide or a stable nuclide. Half-
lives are given in parentheses. Branches are indicated by square brackets 
with branching ratios in parentheses. 

cThe principal radionuclide or stable nuclide that terminates an associated 
decay chain. Stable nuclides are indicated by an asterisk (*) in place of. 
the half-life. 
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contaminated zone is a mathematical construct used to calculate soil guide-

lines. A homogeneously contaminated zone is a volume within which deviations 

from uniformity of the actual radionuclide concentrations are considered small 

enough to allow the volume to be treated as if it were uniformly contaminated. 

Actual radionuclide distributions are nonuniform. The potential annual 

individual dose received through a particular pathway is an areal average of 

the nonuniform residual radioactivity over an area determined by the scenario 

activities, for example the area of daily activities for external radiation

•or the size of the garden for plant food pathways. For the purpose of 

deriving soil guidelines, it is assumed that this area is 100 m2 for all 

pathways. The effect of vertical nonuniformities is taken into account by 

averaging over the radionuclide concentrations in a 0.15-m-thick layer. Thus, 

the criterion for releasing a site for use without radiological restrictions 

is as follows: for any 100-m 2  area and 0.15-mrthick layer within the 

contaminated zone, 

TOO s 	i.(0)./C,(t) s 1, 
• 1  

< t < t
h (3.3) -  

Where 

R(t) = average mixture sum at time t (dimensionless), 

initial concentration of the i th  principal radionuclide averaged 

over a 100-m2  area and 0.15-m-thick layer (pCi/g), and 

single-radionuclide soil concentration guideline for the i th  

principal radionuclide in a uniformly contaminated zone at 

time t (pCi/g). • 
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Equation 3.3 is the homogeneous release criterion. 	It is directly 

applicable to homogeneous contamination, defined as contamination in a volume 

within which radionuclide concentrations in individual soil samples do not 

exceed the average concentrations by a factor larger than three. For a 

contaminated site, if the number and distribution of soil samples required by 

characterization and certification protocols result in only one soil sample 

from a contaminated region that is 100 m 2  in area and 0.15 m thick, then the 

contamination within the volume is assumed to be homogeneous and the average 

radionuclide concentrations are assumed to equal the concentrations in that 

sample. If no soil samples are taken from the volume, the radionuclide 

concentrations are assumed to be averages of concentrations in soil samples 

from the nearest neighboring volumes from which samples are taken. (See 

Ahrends [1987], DOE [1984], and ORNL [1982] for sampling protocols.) 

For field applications, the homogeneous criterion as specified by 

Equation 3.3 may be replaced by the criterion 

.11 - 	yo)/ci(tm)s 1 
	

(3.4) 	. 

where 

as defined for Equation 3.3, and 

Gi (tm ) = single-radionuclide soil guideline for the i t" principal radio-

nuclide in a homogeneous contaminated zone at the time t = t m 

within the interval t r  5 t < th  that the time-dependent value 

G1 (t) is minimum (pCi/g). 

Ci (tm ) should be obtained from RESRAD prior to the field actions. 	Equa- 

tions3.3And3.4zreecloivAlentsihentheminimain- Ci (t) for different 
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principal radionuclides all occur at the same time. Equation 3.4 is more 

restrictivedumEquAtion 3 . 3 becAusethemillimin - Gi (t) usually occur at 

different times for different principal radionuclides. 

For inhomogeneous contamination, defined as contamination in a volume 

within which the above-background concentration of a radionuclide at one or 

more sampling locations exceeds three times the average concentration, the 

average concentration gi(0) in Equation 3.3 may be conservatively replaced by 

where §i(0) is the maximum concentration in a soil sample taken from 

within the area. 

Alternatively, when sufficient data are available and conditions 

warrant, one may apply less conservative, inhomogeneous contamination criteria 

in place of homogeneous contamination criteria. The purpose of the 

inhomogeneous contamination criteria is to provide a more realistic guideline 

for cleanups in cases where the conservatism inherent in the homogeneous 

assumptions would cause excessive expenditures in comparison to the benefits 

associated with the more conservative approach. The inhomogeneous 

contamination criteria, which are discussed in Section 3.3.1, should not be 

confused with the field criteria or hot spot criteria, which are described in 

Section 3.3.2. 

The purpose of the hot spot criteria is to ensure that applying the 

• homogeneous criteria, in which the concentrations of residual radioactive 

material are averaged over a 100-m 2  area, does not result in the release of 

small areas that, due to averaging, contain unacceptably high concentrations 

• 

• 

of residual radioactive material. Although the inhomogeneous criteria may, 

under appropriate conditions, be used in place of the general guideline: the 

hot spot criteria must be used along with the general guidelines or authorized 

limits resulting from the homogeneous criteria. • 
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A single-radionuclide soil concentration guideline for a uniformly 

contaminated zone is defined as 

H /DSR.(t) 
1 	 EL 	1 

(3.5) 

where 

M
EL a basic dose limit (100 mrem/yr), 

DSRi (t) = 1 DSR. (0 = dose/soil-concentration ratio• for the•
th  1 

lp 
P 

• principal radionuclide in the contaminated zone at time t 

• [(mrem/yr)/(pCi/g)], and 

DSR.i  (t) = dose/soil-concentration ratio for the i th  principal radio- 

nuclide and pth  environmental pathway ((mrem/yr)/(pCi/g)]. 

The dose/soil-concentration ratios for individual principal radio-

nuclides and pathways are defined as 

• . DSRi. 	H . (t)/S.A (0) p 	E,ip  (3.6) 

where 

Hr • (t) = average annual effective dose equivalent received at time t 

• by a member, of the critical population group from the i th  

principal radionuclide transported through the p th  environ-

mental pathway together with its associated decay products. 

(mrem/yr) and 

SI.(0) m initial concentration of the i th  principal radionuclide in a 

uniformly contaminated zone (pCi/g). 
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The total annual effective dose equivalent to an individual is 

HE (t)= I I H . (t) E,Lp. p 
(3.7) 

Substituting Equations 3.5-3.7 into Equation 3.1 and rearranging terms leads 

to Equation 3.2. 

3.2 DOSE/SOURCE CONCENTRATIOR RATIOS FOR OVIFORM CONTAMINATION 

The dose/source (D/S) concentration ratios are calculated by first 

expressing them as products of dose conversion factors [dose/exposure-

parameter (DIE) ratios], environmental transport factors [exposure-parameter/ 

source-concentration (E/S) ratios], and source factors (ratios of the concen-

tration of a radionuclide at a given time to the initial concentration). The 

factored expression for a D/S ratio is 

DSR. (t) = 	DCF. ETF 	SF. lp 	
3,x(p) 	 • 

3. 1) 	2.3 

where 

dose conversion factor for the jth  principal radionuclide 

and x (p)th  exposure pathway [(mrem/yr)/(pCi/cm3 ) for 

external radiation from the contaminated zone; mrem/pCi for 

internal radiation from ingestion or inhalation of 

radionuclides], 

ETFjp(t) = environmental transport factor for the 5th  principal radio-

nuclide 	environmental pathway at time t (g/cm for nuclide and 	 3 

DC Fj ,x ( p ) = 
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external radiation from the contaminated zone; g/yr for 

internal radiation from ingestion or inhalation of radio-

nuclides), 

SF1 -(t) = factor for ingrowth and decay and 2 

principal radionuclide at time t from the i th  principal 

radionuclide present initially (dimensionless), 

z(p) 0 index label for exposure pathways, which is a function of 

the environmental pathway . p [for p = 1 (external radiation 

from the ground), z(p) • 1; for p = 2 (inhalation), 

x(p) = 2; and for p = 3, 4, 5, 6, and 7 (ingestion of 

plants, meat, milk, fish, and water, respectively), 

x(p) = 3], 

P index label for environmental pathways, and 

index labels for principal radionuclides. 

3.2.1 Dose Conversion Factors 

A dose conversion factor is the ratio 

DCF- = ix 	Epix ix (3.9) 

where 

= annual effective dose equivalent resulting from 

external radiation (x • 1) from the ith  principal 

and its associated radionuclides (mrem/yr) or 

committed effective dose equivalent resulting from 

50 years to internal radiation from the amount 

exposure to 

radionuclide 

the annual 

exposure for 

of the ith 

leaching of the jth 
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principal radionuclide and its associated radionuclides inhaled 

(x = 2) or ingested (x = 3) in 1 year (mrem/pCi) and 

E- = exposure parameter for the i th  principal radionuclide [concen-

tration of the i th  principal radionuclide in a standard source 

(for external radiation pathways) or the annual quantity of the 

.th principal radionuclide inhaled or ingested (for internal 

radiation pathways)] (pCi/cm3  for external radiation [z 1] 

from the contaminated zone; pCi/yr for internal radiation from 

inhalation [z 2] or ingestion [x = 3]). 

An internal dose conversion factor for any radionuclide includes the 

contribution from ingrowth following ingestion or inhalation. The internal 

dose conversion factor for a principal radionuclide includes, in addition, the 

contribution from inhalation •or ingestion of associated radionuclides along 

with the principal radionuclide. The additional contribution is significant 

only for associated radionuclides with half-lives that are not small compared 

to the biological half-life. The dose conversion factor for external 

radiation for a principal radionuclide is defined here to include the dose 

from all of its associated radionuclides, which are assumed to be in secular 

equilibrium. 

Dose conversion factors for external radiation from the contaminated 

zone, internal radiation from inhalation, and internal radiation from 

ingestion are given in Tables B.1, C.1, and D.1, respectively, of 

Appendixes B, C, and D. 

• 
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3.2.2 Environmental Transport Factors 

An environmental transport factor is the time-dependent ratio 

ETFi. 	= E.  p 	xp 
(3.10) 

where 

E. (t) = lp 
th exposure parameter value at time t for the . principal 

radionuclide (or radiation therefrom) transported through 

the pth environmental pathway (pCi/cm 3  for external 

radiation from the contaminated zone; pCi/yr for internal 

radiation), 

p index label for environmental pathways, and 

S i (t) Is average concentration of the i th  principal radionuclide in a 

uniformly contaminated zone at time t (pCi/g). 

The exposure parameter for external radiation from the contaminated 

•zone is the concentration of the .th principal radionuclide in the ground, 

adjusted for occupancy and the size and depth of the contaminated zone by 

means of multiplying factors. The exposure parameter for internal radiation 

pathways is the annual quantity of the i th  principal radionuclide that is 

inhaled or ingested after migrating through the p th  environmental pathway. 

There are only two internal exposure pathways (inhalation and ingestion); 

several environmental pathways can contribute to each. 

Models and formulas for calculating environmental transport factors are 

given in Appendixes B through E. 

• 
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3.2.3 Source Factors 

A source factor is the time-dependent ratio 

SF. (t) = s..(t)/s.(0) 
l j 	 lj 

(3.11) 

where 

S(t) = concentration at time t of the j th 	• principal radionuclide lj 

remaining in the contaminated zone after leaching and 

ingrowth from the i th  principal radionuclide, if j i 

(pCi/g); or the concentration at time t of the i th  principal 

radionuclide remaining in the contaminated zone after 

leaching, excluding contributions from ingrowth from other 

radionuclides, if j i (pCi/g), and 

initial concentration of the i th  principal radionuclide in 

the contaminated zone (pCi/g). 

Formulas for calculating source factors are given in Appendix F. 

3.3. GUIDELINES FOR INHOMOCENEOUS CONTAMINATION - 

Two separate formulations of inhomogeneous release criteria are 

developed: (1) the inhomogeneous criteria, intended for use during project 

"planning and review as an alternative to the homogeneous criteria, and (2) the 

hot spot criteria, intended for field use in conjunction with the homogeneous 

criteria or for use when determination of compliance must be made immediately. 

3.3.1 Inhomogeneous Criteria for Project Planning and Review 

A contaminated zone is inhomogeneous if it contains a contaminated • region within which the concentration of a radionuclide exceeds three times 



49 

the average for the contaminated zone. 	Inhomogeneous release criteria, 

described below, are generally more realistic and hence less restrictive than 

the homogeneous release criteria. In general, inhomogeneous contamination 

should be remediated in order to meet homogeneous contamination limits. 

However, the inhomogeneous contamination criteria may be used in cases where 

it is inappropriate to use the homogeneous contamination criteria. For 

example, homogeneous criteria might be inappropriate if the contamination 

exists under a roadway, railroad right-of-way, or building. Inhomogeneous 

criteria can also be used if an area 'of elevated contamination is found during 

the verification survey after equipment and crews have left the site. An area 

of elevated contamination must always be remediated before a site can be 

released for use without radiological restrictions if that area does not 

comply with inhomogeneous criteria. 

The mixture-sum release criterion for any zone of inhomogeneous con-

tamination is 

m ( t) + R (t ) s 1, (3.12) 

where 

M
*
(t) = mixture sum for area of elevated contamination (dimensionless), 

R(t) = mixture sum for averaging zone (dimensionless), and 

t r  and th  are as defined for Equation 3.1. 

The averaging zone for inhomogeneous contamination is an area of 100 m2  that 

encloses the elevated contamination. 
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The two.mixture sums are defined is follows: 

*(t) . I [S 1 (0) - i.(0))/e(t) 14  •

1  
1 

F(t) - 	i.(0 ) /C1 (t) 

(3.13) 

(3.14) 

S (0) -(0) = initial concentration of the i -  principal radionuclide in the 

area of elevated contamination (pCi/g), 

Gi(t) = single-radionuclide, time-dependent soil guideline for the i th 

principal radionuclide in the area of elevated contamination 

(pCi/g), 

gi(0) • average initial concentration of the i th  principal radionuclide 

in the averaging zone over a 100-m2 area and a 0.15-m-thick 

layer, excluding the area of elevated contamination (pCi/g), 

and 

single-radionuclide, time-dependent soil guideline for the i th  GI  

principal radionuclide in a uniformly contaminated zone 

(pCi/g). 

If the area of elevated contamination is inhomogeneous, one of two 

approaches may be used: (1) the area may be treated as if it were homogeneous 

with a concentration § i (0)/3, where § i (0) is the peak concentration of the i th  

principal radionuclide in a sample from within the area of elevated contami-

nation, or (2) the area may be divided into subzones using the same procedure 

that is used for a zone of inhomogeneous contamination. 
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When inhomogeneous release criteria are used, Equation 3.12 must be 

satisfied for every area' of inhomogeneous contamination and, in addition, 

Equation 3:3 must be satisfied for any region within the homogeneous portion 

of the contaminated zone. 

3.3.2 Hot Spot Criteria for Field Application 

Hot spots are small areas that have levels of residual radioactive 

material that are considerably above the levels in the surrounding area. The 

derivation of remedial action criteria generally , assumes homogeneous 

contamination of large areas (several hundred square meters or more), and the 

derived concentration guide is stated in terms of concentrations averaged over 

an area of 100 m2 . Because of thii averaging process, within these 100—m 2  

areas hot spots can exist that contain concentrations of radionuclides that 

are significantly higher than the authorized limit. Therefore, the presence 

of hot spots could potentially pose a greater risk of exposure to individuals 

using the site than the risk associated with homogeneous contamination. In 

order to ensure that individuals are adequately protected and to ensure that 

the ALARA process is satisfied, the following hot spot criteria must be 

applied along with the general criterion for homogeneous. contamination. The 

hot spot criterion for field application is 

** E I S! ** /e M 	Si 
1 1 

3. 
(3.15) 

where 

M**  = hot spot mixture sum for field use (dimensionless), 

S! = 'measured concentration of the i th  principal radionuclide in the 1 

hot spot (pCi/g), and • 



52 

** 
C- = single-radionuclide - soil • guidelirie for the 	th principal 

radionuclide in the hot spot (pci/g). 

The measured hot spot concentrations SI are the peak concentrations if 

the hot spot area is 1 m2  or less or the average concentrations if the hot 

spot area is larger than 1 m 2 . 

The formula for single-radionuclide, hot spot soil guidelines is 

** 
C. = C.(t ) x (100/A)

1/2 
2. 	 in 

(3.16) 

where 

C-(t ) = as defined for Equation 3.4, m 

- A = area of hot spot (m2 ), and 

(100/A) 1/2  = hot spot multiplication factor. 

Equations 3.15 and 3.16 apply to hot spots with areas of 25 m 2  or 

less. For larger hot spot areas, the homogeneous release criterion is 

sufficient. An area of A = 1 m2 is used in Equation 3.15 if the actual hot 

spot area is less than 1 m 2 . The average radionuclide concentrations for any 
• 	. 
100-m2  area must always comply with the homogeneous release criterion, 

irrespective of hot spot criteria. 

For general field applications, it is recommended that the ranges of 

hot spot multiplication factors provided in Table 3.2 be used. The hot spot 

guideline for radionuclide i is calculated for each specific site by 

Equation 3.16. The term C(t)  in Equation 3.16 can be substituted by Ci , the 

authorized limit at a specific site for the ith  principal radionuclide. 
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TABLE 3.2 Ranges for Hot Spot 
Multiplication Factors 

Factor 
(multiple of 

Range 	authorized limit) 

<1 m2 	 10a  

1 - <3 m2 	 6 

3 - <10 m2 	 3 

10 - 25 m2 	 2 

'Areas less than 1 m2  are to 
be averaged over a 1 m2  area, 
and that average shall not 
exceed 10 times the authorized 
limit. 

The authorized limit is considered adequate to protect the public for 

areas larger than 25 m 2 ; hence, no special hot spot limits are required for 

areas larger than 25 m2 . Averaging of hot spots less than or equal to 25 m 2  

shall be done only over the local hot spot area. 

Every reasonable effort shall be made to identify and remove any source 

that has a radionuclide concentration exceeding 30 times the authorized limit, 

irrespective of area. 
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4 USER'S GUIDE. FOR RESRAD 

The analytical method for deriving guidelines for allowable concen-

trations of residual radioactive material in soil is described in Chapters 2 

and 3 and Appendixes B through E. This method has been implemented in a 

computer code named RESRAD. RESRAD is .designed for use on an IBM or IBM-

compatible personal computer, with internal help files for information on 

input and output data. Instructions for installing and using the code are 

presented in Sections 4.1 through 4.8. 

4.1 INSTALLING 

An IBM (or IBM-compatible) microcomputer with a hard disk drive and 

approximately 400K of memory is required. A DOS 3.1 or equivalent operating 

system is needed; a mathematics coprocessor is optional but highly recom-

mended. A printer capable of 132-column output is desirable. Most PC 

printers have a condensed print option (17 characters per inch) that is 

satisfactory. A color monitor and a mouse are optional but recommended. 

However, a mouse may not work with all monitor and graphics cards. No 

problems have occurred with Microsoft Bus Mouse, Logitech Bus Mouse, or Mouse 

Systems PS/2 Mouse. Any hardware problems encountered should be reported to 

the contact address on the last RESRAD screen. 

The code is available either on two 360K 5.25-inch diskettes or on .a 

single 720K 3.5-inch diskette. One 5.25-inch diskette is marked "RESRAD 

SOURCE CODES." This diskette contains the source code for all RESRAD programs 

and other supplementary files; it is not necessary for the operation of RESRAD 

and need not be copied to the hard disk. On the 3.5-inch diskettes, a \SOURCE 

• 
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subdirectory contains the identical material. The steps for installing the 

code are as follows: 

1. Assuming the hard disk is the C disk, move to the C disk drive with 

the DOS commands 

C: 

CD\ 

2. Issue the DOS command 

PROMPT $P$C 

This adds the current subdirectory to the DOS prompt. 

3. Create 'a subdirectory called RESRAD on the hard disk (if an earlier 

version of RESRAD exists on the hard disk, this version will be 

replaced by the new version) and move to the new subdirictory using 

the commands 

MD\RESRAD 

CIARESRAD 

The prompt "C:\RESRAD >" should appear On the monitor. 

4. Insert either the 3.5-inch RESRAD distribution diskette or the 

5.25-inch diskette labeled "RESRAD SYSTEM DISK" into the A disk 

drive and issue the command 

COPY A:*.* 

to copy all necessary files to the hard disk. 

5. The RESRAD system is stored in a special, compacted format. To 

complete the installation, enter the command 

INSTALL 

• 
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6. At this point, all of the executable modules, forms, data, and 

files needed to run RESRAD will be on the hard disk. However, 

successful execution of the code will require a CONFIC.SYS file in 

the root directory of the hard disk that contains at least the 

following: 

FILES=20 

BUFFERS=16 

SHELL=C:\COMMAND.COM  /P/E:256 

A CONFIC.SYS consisting of the above lines will be found in. the 

\RESRAD directory. The existing CONFIC.SYS may be replaced by 

typing 

COPY C:\RESRAD\CONFIC.SYS  C:\  

or an existing CONFIC.SYS may be modified with a suitable editor 

such as EDLIN. Note' that the 256 in the SHELL command sets the 

size of the DOS environment-string table. If an out-of- .  . 

environment-space error occurs, increase the .size of the 

E parameter. A system reboot (Ctrl-Alt-Del) is needed whenever 

changes are made to the CONFIC.SYS file. 

4.2 RESRAD EXECUTION 

The prompts (in boldface) and responses for starting RESRAD are 

C:\> CD\RESRAD 

CARESRAD> RESRAD [ARGUMENT 1] [ARGUMENT 2] [ARGUMENT 31 

Up to three optional command line arguments may be included. The same infor-

mation can be supplied (or superseded) later via regular RESRAD form input; 

• 
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however, command line input, if different from the system defaults, is more 

efficient. The optional arguments are as follows. 

ARGUMENT 1: The name of the initial (template) site-specific data 

file. The default file for this purpose is RESRAD.DEF. 

It is supplied on the distribution diskette and contains 

the default values for all RESRAD parameters. It also 

serves as a sample test problem. In general, users are 

advised to specify an initial data file that more closely 

matches the specific site. 

ARGUMENT : The name of the final site-specific data file. This is 

the file that actually serves as input data for RESRAD. 

• In the menu phase of RESRAD (see Section 4.4), any of the 

parameters supplied by the initial site-specific data file 

• (ARGUMENT 1) may be modified. All changes are saved in 

the final site-specific data file (ARGUMENT 2). If there 

are no command line arguments, the default for ARGUMENT 2 

is SAMPLE.DAT. 	If only one argument is supplied, 

ARGUMENT 2 	ARGUMENT 1 is the default (except if 
• 

RESRAD.DEF is used, in which case the default for 

ARGUMENT 2 again is SAMPLE.DAT). Warning: if the initial 

site-specific data file is to serve as a template for . 
• 

additional runs, a different name must be supplied for the 

final site-specific data file. 
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ARGUMENT 3: The destination of RESRAD hard copy output.. The default 

is LPT1 for normal printer output. Or the user may 

specify a disk file name to save all or selected portions 

of RESRAD output. In the case of an existing disk file, 

the user can select to either overwrite the file or append 

to the end of the file. 

. All of the above arguments may include disk drive and path names up to 

a maximum of 36 characters each. As a special feature, the DOS wildcard•

characters "*" or "?" may be included in the file name(s). RESRAD will 

produce an appropriate directory listing(s) before starting normal output, and 

the user can then input the desired file name or try another wildcard 

directory listing. An example using all three possible arguments is 

GARESRAD> RESRAD MYSITE.DAT MYSITEl.DAT A:MYSITEl.PRN 

In the above example, MYSITE.DAT must exist in the default \RESRAD directory, 

MYSITEl.DAT will be produced (or overwritten) in the \RESRAD directory, and 

all hard copy output will be "printed" in MYSITEl.PRN on the A drive. 

One final feature is available for starting RESRAD. The standard IBM-

PC font, which uses ASCII characters 128-255, is assumed to be available on 

the printer. If strange characters appear on the printed output use RESRAD1 

instead of RESRAD to start the code, i.e., 

C: \MEAD> RESRAD1 [ARGUMENT 1] [ARGUMENT 2] [ARGUMENT 3] 

4.3 PRELIMINARY OUTPUT 

The initial RESRAD output is a banner page with a brief code defini-

tion. This is followed by a printer setup series that allows the user, if 

desired, to set the printer for output of 132 columns per page. The final • 
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• preliminary output will occur only if a mouse is available on the PC. In this 

case, the user is provided with RESRAD—specific . instructions on use of the 

mouse. Although optional, a mouse provides three unique RESRAD advantages: 

direct access to any menu item, instant review of a parameter's default value, 

and automatic restoration of a parameter's default value. 

4.4 MAIN MENU AND HELP FILES 

The true starting point for using RESRAD is the main menu (R010), 

reproduced in Figure 4.1. This appears as soon as the preliminary output 

(Section 4.3) is completed. The main menu is also the return point after 

completion •of RESRAD's calculation phase. By selecting the major data and 

function categories, all input data and output reports are accessible from the 

main menu. To terminate RESRAD, press "Esc" while the main menu is on screen. 

RESRAD: Residual Radioactive.  Material Program 	 • (R010) . 

RESRAD Main Menu 

You may. now acmes specific RESRAD data, or you may run the RESRAD code. 

Maj .= Data and Function Categories 

1. Title, user data files, and contaminated zone parameters 
2. Initial concentrations of principal radionuclides 
3. Contaminated zone hydrological data 
4. Saturated zone hydrological data 
S. Uncontaminated and unsaturated strata hydrological data 
6. Distribution coefficients and leach rates 
7. External gamma and dust inhalation parameters 
8. Ingestion pathway data, dietary parameters 
9. Ingestion pathway data, nondiatary parameters 

10. Execute the code 

11. View latest RESRAD output (or any ASCII file) 

Enter 1-11 from above list to select data or function category: Ck 
Or press "F1" or 0112" for KELP, or "Esc" to EXIT from RESRAD system. 

FIGURE 4.1 Main Menu for RESRAD 

• 
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Instructions for interactive use, of the code are provided in help files 

that can he displayed on the screen by pressing the "Fl" or "F2" function 

key. The "Fl" help screen contains information for positioning the cursor, 

scrolling displays, and restoring, deleting, or entering data. This help 

screen is the same for all RESRAD input forms. Descriptions of the input and 

output data are given in the "F2" help files .. In addition, the last line of 

every form is a help message for the current 'active field (cursor position). 

Menu items are selected in the main menu (R010) by entering the appro-. 

priate item number and pressing "Enter." Items 1-9 display input forms on the 

screen, item.10 calculates results for the current set of parameters, and 

item 11 displays the output-(summary or detailed report) from the last RESRAD 

run or the user may view any - selected-ASCII file. 

Input data needed by RESRAD are accessible in a series of input 

forms. Default input values. are provided for all input data except radio-

- nuclide concentrations. After an input form has been called for display, its 

input data can be reviewed and changed from the terminal. Pressing the 410". 

function key will record all displayed entries and return control to the main 

menu. The changes made after an input form has been modified (but before it 

has been recorded) can be canceled by pressing the escape ("Esc") key. 

• 

Recorded data are retained until changed again. 

When RESRAD is executed, output from the preceding run is replaced by 

output from the current run. Thus, output from each run must be reviewed and 

recorded before executing the next run. However, all input data and all or 

selected portions of the output can be saved in user-specified disk files. A 

saved data file can then serve as the default input for a new run, after 

review and modifications via the input forms. 

or 

• 
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The output is divided into two parts: 	(1) the sumMary report, 

(SUMMARY.REP), for determining compliance With soil guidelines.and-examining 

the relative contributions to the mixture sum from different pathways at 

different times, and (2) the detailed report, (DETAILED.REP), for examining 

the effect of different parameters and tracking down the cause of anomalies. 

Output forms can be viewed page by page and can be printed (or saved) in total 

or in consecutive page.groups. 

4.5 up= FORMS 

4.5.1 Title, User Data Files, and Contaminated Zone Parameters 

Input form R011 is used to access the title, user—specified data files, 

and contaminated zone parameters. Form R011 with default data is shown in 

Figure 4.2. 

RESRAD: Residual Radioactive Material Program (R011) 

• Title, User Data Files, and Contaminated Zone Parameters' 

You may now view or modify any of the following parameters. 

Title: 

  

' ,,,9Natotfil • • J 

 

   

Site-specific data file (initial): 
Site-specific data file (final): 
Printer output (LPT1 or file): 	lamt1„,„ 

Area of contaminated zone: INMECOMONE square meters 
Thickness of contaminated zone: 11: — :41.affigg meters 
Length parallel to aquifer flow: tiiiiir.76" 	meters 

Basic radiation dose limit: 	 millirem/year 

	

Times for calculations: 131= Ma Edam tiONS loodo 52= Wa: CLEL  	
(years since initial time, 32767 is maximum) 

Press Flm or °F2" for HELP, or "Esc" to IGNORE CHANGES and return to; main menu.. 
Press "P10" to SAVE DATA AND CONTINUE. 

FIGURE 4.2 Input Form R011 for Title, User Data Files, and Contaminated 

Zone Parameters 
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The TITLE used to identify the run can be up to 70 alphabetic or 

numerical characters. It is part of the header for every page of RESRAD 

output. 

The SITE-SPECIFIC DATA FILE (INITIAL) is the name of the data file used 

for initial site-specific RESRAD input. The default file for this purpose is 

RESRAD.DEF, as supplied with the system diskette. However, the user will 

probably have a data file closer to the current need. If so, the file name 

can be specified here, and the new data will be input as soon as "F10" is 

pressed. Disk drive and path can be included in the file name (36-character 

maximum). 

If the file name contains the wildcard character * or ?, RESRAD will 

supply a directory listing instead of attempting to read the file. Thus, 

A:*.DAT would list all files on the A disk with an extension of DAT. The user 

can then input the desired file or try another wildcard directory listing. 

The SITE-SPECIFIC DATA FILE (FINAL) is the name of . a file that contains 

the actual .  data used for a run. This "parameter" allows the user an easy 

method for saving the data used for each RESRAD calculation. The file name, 

again a 36-character maximum that can include drive and path, is included in 

the header of each page of RESRAD output. The final data file is updated 

every time a form is exited by pressing the "F10" function key. 

The PRINTER OUTPUT (LPT1 OR FILE) is the destination of RESRAD hard 

copy output, which is obtained using option 11 from the main menu. The 

default is LPT1 for normal printer output. Or the user may specify a disk 

file name, again a 36-character maximum, for the "printer" output. If an 

existing file is specified, the new output can either overwrite or be appended 

to the end of the file. The user may also include the wildcard * or ? in the 

file name, which will produce a directory listing when "F10" is pressed. • 
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The site-specific data file names and the printer output file can also 

be specified as arguments on the RESRAD command line (see Section. 4.2). This 

is actually the preferred method for the initial data file because otherwise a 

new data set must be read in. The printer output file can also be changed at 

any time via main menu option 11 and "F7" (see Section 4.7.3). 

After each RESRAD execution (main menu option 10) and return to the 

main menu, the initial site-specific data file is replaced with the final_ 

site-specific data file of the just-completed run. The final site-specific 

data file and printer output file remain unchanged. This allows the parameter 

input of the previous run to serve as the template for the next execution. 

The user, of course, may alter these automatic selections at any time. 

The AREA OF CONTAMINATED ZONE is a compact area, specified in square 

meters (m2 ), that contains the locations of all soil samples with radionuclide 

concentrations that are clearly above background and are separated from the 

locations of other above-background soil samples by a distance of at least 

100 m. The concentration of a radionuclide is clearly above background if it 

exceeds the background level measurements by at least.two standard deviations 

(see Section 3.1). Credible evidence that the intervening distance between 

any two contaminated 'zones is uncontaminated, based on radiological survey 

data, must be provided in order to justify the use of two or more contaminated 

zones; otherwise the contaminated zone should be characterized by a single 

Compact area that contains the locations of all soil samples with radionuclide 

concentrations that are above background. 

The THICKNESS OF CONTAMINATED ZONE is the distance, in meters (m),  

between the uppermost and lowermost soil samples with radionuclide concen-

trations that are clearly above background. 

• 
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• The LENGTH PARALLEL TO AQUIFER FLOW is the distance, in meters (m), 

between two parallel lines perpendicular to the direction of aquifer flow, one 

at the upgradient edge of the contaminated zone and the other at the down-

gradient edge. 

The BASIC RADIATION DOSE LIMIT is the annual radiation dose limit, in 

millirems per year (mrem/yr), used to derive all site-specific soil 

guidelines. 

The TIMES FOR CALCULATIONS are the times, in years, following the 

radiological survey for which the single radionuclide soil guidelines and 

mixture sums will be calculated. The default values are 1, 10, 100, 1,000, 

and 10,000 years. The guidelines require that the mixture sum be less than 

one at all times out to the time horizon; hence, exploratory calculations at 

other times should be carried out to ensure that no mixture sum maxima lie 

between the default times. A time horizon of 1,000 years is used for FUSRAP 

(see Appendix A); however, calculations can be carried out to greater periods 

to identify any delayed contributions from the groundwater or other pathways. 

RESRAD always calculates values for year O. All years must be input in 

ascending order. If fewer than ro time periods are selected, a zero must be 

input for the time period immediately following the last one desired. 

4.5.2 Initial Concentrations of Principal Radionuclides 

Input form R012, shown in Figure 4.3, is used to access the initial 

concentrations of principal radionuclides. The input fields on this form are 

broken into three parts, each with two columns. All radionuclides for which 

guidelines can be derived with the current version of RESRAD are listed in the 

first column of each of the three parts. Soil guidelines are calculated only 

for those radionuclides for which nonzero concentrations are entered. • 
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RESRAD: Residual Radioactive Material Program (R0 12). 
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Press ow or 172" for NEW, or "Esc" to IGNORE CHANGES and return to main menu. 
Press 1710e to SAVE DATA AND CONTINUE. 
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• 
FIGURE 4.3 Input Form R012 for Initial Concentrations of Principal 
Radionuclides 

A principal radionuclide is a radionuclide with a half-life longer than 

one year. An associated radionuclide is a decay product with a half-life of 

one year or less. The radionuclides "Associated" with a principal radio-

nuclide consist of all decay products down to but not including, the next 

principal radionuclide in. the chain. It is assumed that all associated 

radionuclides are in secular equilibrium with their principal radionuclide in 

the contaminated zone and also at the location of human exposure. 

The single-radionuclide soil guidelines do not depend on the soil con-

centrations; even if the concentrations are not known, values for these 

quantities can be obtained by entering any nonzero concentration. The mixture 

sums, however, depend on the concentrations; hence, calculated mixture sum 

values are valid only if the concentrations are known. 

• 
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If the contaminated zone is treated as . a single homogeneous contami-

nated zone, the mixture sum should be calculated using the radionuclide 

concentrations averaged over a compact 100-m 2  area or one-third of the peak 

radionuclide concentrations within the same area -- whichever gives the 

largest mixture sum. A 100-m2  area that gives the largest mixture sum should 

be used if the area of the contaminated zone is larger than 100 m 2 .. The 

entire contaminated zone area should be used if this area is less than 100 m 2  

but greater than 1 m2 . If the contaminated zone area is less than 1 m 2 , peak 

radionuclide concentrations should be used. 

If the contaminated zone is treated as an inhomogeneous contaminated 

zone, then the contaminated zone may be divided into subiones within each of 

which the peak concentration does not exceed the average concentration by a 

factor .  larger than three. The mixture sums for these subzones are then 

calculated ai if each subzone were an isolated, homogeneous contaminated zone. 

The total of the mixture sums for subzones within a 100-m 2  area must be less 

than 1 for any 100-m2 area within the contaminated zone. 

The current version of RESRAD will calculate the mixture sum only for a 

single homogeneous zone or subzone. For an inhomogeneous contaminated zone, 

the subzone contributions must be summed separately according •to the 

procedures described in Section 3.3. 

4.5.3 Cover and Contaminated Zone Hydrological Data 

Input form R013, shown in Figure 4.4, is used to access cover and 

contaminated zone hydrological data. The definitions of these data and 

information for determining appropriate site-specific values are given in 

Appendix E. The DENSITY OF COVER MATERIAL and COVER EROSION RATE appear on 

the form only if the cover depth is not zero. • 



RESRAD: Residual Radioactive Material Program 	 (R013) 

Cover and Contaminated Zone Hydrological Data 

Cover depth: 
Density of cover material: 

Cover erosion rate: 

Density of contaminated zone: 
Contaminated zone erosion rate. 

Contaminated zone total porosity: 
Contaminated zone effective porosity: 

Contaminated zone hydraulic conductivity: 
Contaminated zone b parameter: 

Evapotranspiration coefficient: 
Precipitation: 

Irrigation: 
Irrigation mode. 

Runoff coefficient: 
Watershed area for nearby stream or pond: 

11-:164.4v" 	meters 
WEEOENIirgrams/cubic centimeter 

'f'0014 =-"Zt meters/year 

IMEIBIRMIL 

ORMEMEMSCRE 
LUMMIEMBERM2R meters/year 

meters/year 

11111111 lor overhead; 1 for ditch) 

bilaNdESERIC square meters 

grams/cubic centimeter 
itialiUMENEM  

MEEEMet 
meters/year 

WidaIS   
taBNIOMPBASE 
INIMSRPoRMOP meters/year 

Press 0110  or 'TV for HELP, or "Esc ° to IGNORE CHANGES and return to main menu. 
Press °PIO° to SAVE DATA AND CONTINUE. 
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FIGURE 4.4 Input Form R013 for Cover and Contaminated Zone Hydrological Data 

The COVER DEPTH is the distance, in meters (m), from the ground surface 

to the location of the uppermost soil sample with radionuclide concentrations 

that are clearly above background. 

The bulk density of dry soil, specified in grams. per cubic centimeter 

(g/cm3 ), should be used for the DENSITY OF COVER MATERIAL and the DENSITY OF 

CONTAMINATED ZONE. A default value of 1.6 g/cm3. can be used for preliminary 

estimates. 

The COVER EROSION RATE and the CONTAMINATED ZONE EROSION RATE are the 

rates, in meters per year (m/yr), at which soil is removed by erosion. They 

can be estimated by means of the Universal Soil Loss Equation, as described in 

Appendix B. A default value •of 0.001 m/yr is used for screening estimates. 

The contaminated zone erosion rate is only significant if and when the cover 

depth becomes zero. All other parameters are discussed in Appendix E. 

• 



RESRAD: Residual Radioactive Material Program 	 • R014) 

Saturated Zone Hydrological Data 

You may now modify any of the following hydrological parameters. 

Density of saturated zone: 
Saturated zone total porosity: 

Saturated zone •ffactive porosity: 
Saturated zone hydraulic conductivity: 

Saturated zone hydraulic gradient: 
Saturated zone b parameter: 

Distance from surface to water table: 
Water table drop rate (WTDR): 

Well pump intake depth: 

OBTICOMMEEMO grams/cubic centimeters 

ki2231225=5 
10021122MOMM 
BotRIMMEMER 
stimmamomma 
6206=22=2 
202822E2ROM 
Id02101021131 

meters/year 

(only if WTDR .NE. 0) 

meters 
meters/year 
meter* below water table 

Model for Water Transport Parameters 

Nondispersion or Mass-Balance: OINNEMEMOMMI (0 for ND, 1 for MB) - 
Individual's use of groundwater: SHONSiaalialin 5**3/year (only if MB) 
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Typical parameter values for various soil materials are presented in 

Tables E.1 through E.7. 

4.5.4 Saturated Zone Hydrological Data 

Input form R014, shown in Figure 4.5, is used to access saturated zone 

hydrological data. The definitions and information for determining appro-

priate values are given in Appendix E. Parameters with special considerations 

are listed below. 

The DISTANCE FROM SURFACE TO WATER TABLE must equal the sum of the 

cover depth (menu R011), contaminated zone thickness (menu R011), and thick-

nesses of the unsaturated zone strata below the contaminated zone (menu R015). 

Immediately prior to the start of calculations (option 10 on the main menu), a 

consistency check is made to determine that the sum of the above parameters 

does in fact equal the specified distance to the water table. If the values 

Press "Flm or "F2" for HELP, or "Esc" to IGNORE CHANGES and return to main menu. 
Press "F100  to SAVE DATA AND CONTINUE. 

FIGURE 4.5 Input Form R014 for Saturated Zone Hydrological Data 
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• are not in balance, the user is prompted for corrections. The code will not 

execute until the imbalance is removed. 

The WATER TABLE DROP RATE is the rate, in meters per year (m/yr), that 

the depth of the water table decreases. If the water, table drop rate is not 

zero, the unsaturated zone thickness will be created or increased. The 

saturation of this newly created unsaturated zone is estimated by the hydro-

logical parameters of the saturated zone. The SATURATED ZONE b PARAMETER 

appears on the form only if the water table drop rate is greater than zero. 

The NONDISPERSION or MASS-BALANCE "parameter" selects which of two 

models will be used for water/soil concentration ratio calculations. .A .'"0" 

(default) selects the ND model, and "1" selects the MB model. The MB model is 

not recommended for contaminated zones with an area greater than 1,000 m 2 . 

. The ND model can be used for an area of any size. 

The INDIVIDUAL'S USE OF GROUNDWATER appears on the form only if the 

MB model is selected (see above). It is the total volume, of well water with-

drawn per year, in cubic meters per year (M 3 /yr) ., for use by.an  individual. 

The default value is. 150 m31yr. 

4.5.5 Uncontaminated and Unsaturated Zone Hydrological Data 

The uncontaminated and unsaturated zone is the portion of the uncon-

taminated zone that lies below the bottom of the contaminated zone and above 

the groundwater table. 	The code has provisions for up to five different 

horizontal strata within this zone. 	Each stratum is characterized by six 

radionuclide-independent parameters: thickness, soil density, total porosity, 

efiective porosity, soil-specific b parameter, and hydraulic conductivity. 

Input form R015 for these data is shown in Figure 4.6. 

• 



RESRAD: Residual Radioactive Material Program 
	

(R015) 

Uncc aminated and Unsaturated Zone Hydrological Data 

You may now modify the following hydrologicil parameters 
for the unsaturated zone below the contaminated zone. 

Set the thickness to > 0 to establish a stratum, or 
set the thickness ■ 0 to delete the stratum and erase all data. 

Unsaturated Strata 	 
1 
	

2 	3 	4 	5 • 

Thickness (meters): 
Soil density (grams/cubic cm): 

Total porosity: 
Effective porosity: 

Soil-specific b parameter: 
Hydraulic conductivity (meters/year): 

GOOMMI MEM MEMO amsam =Mlle 
NUMMI NORM ISIMMOO /MBE MPRISIE 
WIWI Naas= 13111135 CEMOISI 
0061111 MIMS MOM MINS MINK 
InMEMB 111422511 SE= 12:511110 2141:216 
stailMIC =MORK 111322M1 MEW SiNISISk 

Press "Fl° or er2" for HELP, or 0Escu to IGNORE CHANGES and return to main menu. 
Press °P10" to SAVE DATA AND CONTINUE. 
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F/CURE 4.6 Input Form R015 for.Uncontaminated and Unsaturated Zone 
Hydrological Data 

Data must be entered for each stratum used in the calculation. Enter-

ing a nonzero thickness. for a stratum activates, that stratum and, similarly, 

changing the thickness to zero deletes the stratum. Default Values will, be 

supplied by the code for all parameters of an active stratum; however, the use 

of true site-specific data is strongly recommended, 	Data for estimating. 

hydrological parameters for different soil types are given in Appendix E. 

4.5.6 Distribution Coefficients and Leach Rates 

Input form R016, shown in Figure 4.7, is used to access distribution 

coefficients and leach rates. If the radionuclide leach rates in the con-

taminated zone are known, these leach rates should be entered in the LEACH 

RATES fields. If a leach rate is entered (i.e., >0), it will be used to 

calculate the leaching of radionuclides from the contaminated zone; if a leach • 



RESRAD: Residual Radioactive Material Program (R016) 

Distribution Coefficients and Leach Rates 

You may now modify any of the following parameters. 

Distribution Coefficients (cmdr*3/g) 
(NI*" prefix on nuclide shows decay product only) 

Zone 	palm= n-tc" rabluate ofitignc Waal& L=Z1MM EMU= 

Contaminated NMENEM SOMME MAME lb 1,3,.. tbkbalEBB F45:3222MEM 
Unsaturated 2 t4=1404 001=2= tooVEEM ' , Aul 	joada= tfMnmAIU CUM= 

• 2 =NEES CSMEMS NMESEOB LW= CUM= ENOMMINS EMUS 
a 	3 ORM= 10=017,20 NEWECEN Y.'n 	002S3O1 =MOM 

• 
: 11111111 IFF:!!!! 122E021 KEMMIN2 SMECESI miasma 163325221 

=MEMO EzMammam gazamm =mom 
11  

 MOISIMOB 	 OIS WOW= UUME MONO=SatUrated 	MEM= UMW MOME 	MMIN  

Leach rates 
(yeerte-i): 	 . . ,, ,T  ■ s  MOO= SMIRSOME =MIMI 

Press 0P50  (or "PS") to view previous (or next) 7 radionuclides. 
Press aPla or °P2 6  for HELP, or °Esc " to IGNORE CHANGES and return to main IMWMU. 

Press 0710° to SAVE DATA AND CONTINUE. 
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FIGURE 4.7 Input Form R016 for Distribution Coefficients and Leach Rates 

rate is not entered (i.e., = 0), the program will calculate the leach rate 

using the distribution coefficient for the contaminated zone. 

In addition to the on-site principal radionuclides, form R016 allows 

parameters to be entered for decay product principal radionuclides. A 

prefix is added to the symbol of all principal radionuclides present as decay 

products only. 

The input form displays lines for the contaminated and saturated zones 

and for each unsaturated stratum below the contaminated zone with a nonzero 

thickness. Default distribution coefficients are provided automatically by 

the code for most nuclides. However, these values should be used with care 

because site-specific distribution coefficients can vary over many orders of 

magnitude depending on soil type, pH, redox potential, and presence of other 

ions. Replacement of the default values with site-specific data is always 

• 
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recommended. .Tables of generic distribution coefficients for various nuclides 

are given in Appendix E. 

Seven radionuclides are displayed at once on the screen, but the user 

can page through all the radionuclides, seven at a time, by pressing the "F5" 

(previous set) or "F6" (next set) keys. 

The on-site principal radionuclides can be changed by form R012, which 

is obtained by option 2 on the main menu. The decay product principal radio-

nuclides are added to form R016 automatically. The number of unsaturated 

strata can be changed by using form R015, which is obtained by option 5 on the 

main menu. 

The most critical groundwater transport data are the distribution 

coefficients. Site-specific data should be used whenever possible. 

4.5.7 External Gamma and Dust Inhalation Parameters 

Input form R017 for external gamma and dust inhalation parameters is 

shown in Figure 4.8. Values of these parameters applicable in the long term 

are not strongly site dependent; hence, in most circumstances the generic 

default values can be,used. 

4.5.8 Ingestion Pathway Data 

4.5.8.1 Dietary Parameters 

Input form R018 for dietary parameters of the ingestion pathway is 

shown in Figure 4.9. The default parameter values have been chosen to 

correspond to national averages. The parameters, other than the final two, 

are not strongly site dependent; hence, use of the generic default values is • 



External Gamma and Dust Inhalation Parameters 

You may now modify any of the following parameters. 

Inhalation rate: 10401101151002 cubic meters/year 

Mass loading for inhalation: 
	 grams/cubic meter 

Occupancy and shielding factor (external gamma): 201235=2; 

Occupancy factor (inhalation): 

Shape factor (external claim): 

Haight of mixing for airborne dust (inhalation): 

C4PontaXilkW,..': 

IMMEBEEIMM 

EMONSUMMIE meters 
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RESRAD: Residual Radioactive Material Program 	 (R017) 

Press %Flo or F2 6  for HELP, or °Esc to IGNORE CHANGES and return to main menu. 
Press '710 0  to 'SAVE DATA AND CONTINUE. 

FIGURE 4.8 Input Form R017 for External Casa and Dust Inhalation Parameters 

RESRAD: Residual Radioactive Material Program 

Ingestion Pathway Data, Dietary Parameters 

You may now modify any of the following paramaters. 

Fruits, vegetables and grain consumption: ifil.t"tviet.W, kilograms/year 
Leafy vagetable consumption: 1,444410224M kilograms/year 

Milk consumption: stahrial=7= liters/year 

Meat and poultry consumption:10.74===.17. kilograms/year 

Fish consumption: sua=a;i1E kilograms/year 
Other aquatic food consumption: MSAAiiidi5212= kilograms/year 

Drinking water intake: kid3=02= liters/year 

Fraction of drinking water from site: 1ha...:41SEe (0-1) 
Fraction of aquatic foods from site: ;450222141 (0-1) 

Press "F1 0  or NF2" for HELP, or 'Esc" to IGNORE CHANGES and return to main menu. 
Press 0F10" to SAVE DATA AND CONTINUE. 

FIGURE 4.9 Input Form R018 for Ingestion Pathway, Dietary Parameters 
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usually acceptable. Adjustments for regional differences in diet may some-

times be appropriate. 

The FRACTION OF DRINKING WATER FROM SITE and FRACTION OF AQUATIC FOOD 

FROM SITE parameters allow specification of the fraction of contaminated 

intake for these pathways. The latter value applies to both fish and other 

aquatic foods. Off-site material is assumed. to be uncontaminated. Defaults 

for the two fractions are 1.0 and 0.5, respectively. 

4.5.8.2 Nondietary Parameters 

Input form R019 for nondietary parameters of the ingestion pathway is 

shown in Figure 4.10. 	The default parameter values have been chosen to 

correspond to the national averages. 	The parameters, other than the 

final three, are not strongly site dependent; hence, use of the generic 

RESRAD: Residual Radioactive Material Program 	 (R019) 
SIMNEL...OM 	  

Ingestion.  Pathway Data; Nondietary parameters 

You may now modify any of the following parameters. 

Livestock fodder intake for meat: SINNOINNINNOR kilograms/day 
U 	U 	6 	• milk: NNENIIIIINOOK kilograms/day 

Livestock water intake for meat: IIIMMICOMMI liters/day 
milk: imSINSONNIONNI liters/day 

• 
Mass loading for foliar deposition: anasmummoss grams/cubic meter 

Depth of soil mixing layer: egtairlaggii meters 
Depth of roots: GMBENNINICEMO meters 

Groundwater Tractional Usage (balance from surface water) 

Drinking water:"'.(0-1) 
Livestock water: WINNOW= (0-1) 

Irrigation: mamma= (0-1) 

Press wP1• or 6P2" for HELP, or •Esc 6  to IGNORE CHANGES and return to main menu. 
Press "P10" to SAVE DATA AND CONTINUE. 

FIGURE 4.10 Input Form 11019 for Ingestion Pathway, Nondietary Parameters 	• 
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default values is usually acceptable. Adjustments for regional differences in 

farming practices may sometimes be appropriate. 

The three groundwater fractional usage parameters -- drinking water, 

livestock water, and irrigation -- are included primarily to allow groundwater 

(well) and surface water (pond) scenarios. Hence, the fractions will usually 

be set at 1 or 0. A value of 1 selects 100% groundwater usage, and 0 selects 

100% surface water. The default for all three parameters is 1. For liveitock 

water and irrigation, all usage is assumed to be from the site. The fraction 

of contaminated drinking water, i.e., from the site, can be varied via a 

parameter in form R018. 

4.6 CONTROL OF RESRAD PATHWAYS 

RESRAD always computes the radiation dose resulting from seven poten-

tial pathways: (1) direct exposure to external radiation from the contami-

nated soil material, (2) internal radiation from inhalation, (3) internal 

radiation from ingestion of plant foods grown on-site and irrigated with water 

drawn from an on-site well or pond, (4) internal radiation from ingestion of 

meat from livestock fed with fodder grown on-site and water drawn from an 

on-site well or pond, (5) internal radiation from ingestion of milk from 

livestock fed with fodder grown on-site and water drawn from an on-site well 

or pond, (6) internal radiation from ingestion of aquatic foods from an 

- on-site pond, and (7) internal radiation from drinking water from an on-site 

well or pond. 

In many situations, certain of these pathways are not important or the 

user may deliberately wish to suppress selected pathways. Table 4.1 is a list 

of key parameters that if set to zero, will eliminate the indicated pathway. 
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TABLE 4.1 Key Parameters to Eliminate Pathways 

Pathway Menu . Parametera  

1 R017 Shape factor (external gamma) 

2 R017 Occupancy factor (inhalation) 

3 R018 Fruits, vegetables, and grain consumption b  

3 R018 Leafy vegetable consumptionb  

4 R018 Meat and poultry consumption 

5 R018 Milk consumption 

6 R018 Fraction of aquatic foods from site 

7 R018 Fraction of drinking water from site 

*Set indicated parameter(s) to zero to suppress pathway. 

bSet both parameters to zero for pathway 3. 

However, no savings in computation time will result by eliminating a pathway; 

only the dose contribution is set to zero. 

4.7 RESRAD OUTPUT 

When option 10 of the main menu is selected, RESRAD enters its RESMAIN 

computation and report generation phase. A number of brief progress reports 

will appear on the display monitor, ending with . 

RESMAIN program complete, elapsed time = 	xxxx.xxxx 	seconds. 

Shortly thereafter, the main menu, R010, will appear on the screen, and the 

_user may continue with any of the options discussed in Section 4.5. However, 

the customary course will be to examine the output reports just generated via 

main menu option 11. 00 

When option 11 is selected, the user is prompted to select for viewing 

the summary or detailed report from the last RESRAD run or any ASCII file. 

The last option is particularly useful for examining saved output from a prior 

RESRAD run. It should be noted that it is not necessary to execute RESRAD 
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(or, more strictly, RESMAIN) before using option 11. In general, SUMMARY.REP 

and DETAILED.REP files from the last RESRAD run will be available and may be 

examined at any time. However, if appropriate, the user will be warned that 

the report file may not match the current site-specific data file. 

4.7.1 Summary Report 

When the summary report option is selected, the first page (table of 

contents) of a multiple page summary report is displayed on the screen. The 

table of contents is shown in Figure 4.11. Subsequent report pages can be 

displayed by entering the page number and pressing either the "Enter" or "F10" 

function key. Pressing "Esc" will return to the main menu, R010. On-line 

help, primarily key strokes to aid in the page display, is available via the 

"Fl" function key. Function keys "F7" and "FS" can be used to produce hard 

copy output (see Section 4.7.3). 

Residual Radioactivity Program, Version 3.11 	05/15/89 15:06 	Page 1 
Summery : RESRAD Sample Data ' 	 File: SANPLE.DAT 

Table of Contents 

Part I: Mixture $ums and Single Radionuclide Guidelines 

Site-Specific Parmmeter Summery 	  
Contaminstel Zone and Total Dose Summery 	  
Total Dose Ccmcmnents 

2 
5 

Time 0 	  6 
Time 1 	  7 
Time • 10 	  a 
Time • 100 	  9 
Time • 1000 	  10 
Timm • 10000 	  11 

tinuitnuree Ratios and Radionuclide Soil Cuidelines 	 12 

FIGURE 4.11 Typical Table of Contents for Summary Report 
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The summary report starts with a listing.  of all site-specific parameter 

values, both as used and default, for the current run. This is followed by a 

brief summary of the contaminated zone. Summaries of the estimated total 

dose, TDOSE(t), and the total mixture sum, M(t), for the user-selected time 

periods, t, are listed next (TDOSE(t) in mrem/yr and t in yrj. If a total 

dose maximum occurred within the time frame selected, this maximum and its 

time of occurrence is determined by a standard iterative procedure (Press et 

al. 1986, p. 283). Convergence is ensured but caution is advised because more 

than one local maximum may exist within the time frame specified. Repeat runs 

with different time periods is the only check on the solution. The total dose 

maximum and time of occurrence (within the listed plus or minus range) will 

not change if the maximum is unique. 

The total mixture sum, 'M(t), is the estimated effective dose equivalent 

-- expressed as a multiple of the basic dose limit -- that a member of the 

critical population group might receive at time t following the radiological 

survey as a consequence of the residual radioactivity. A site may be 

certified in compliance with guidelines only if the mixture sum does not 

exceed the value of one at any time within the time horizon. 

The summary report continues with the total dose components for all 

individual pathways at different times. The results are presented both as 

actual dose (mrem/yr) and as percent contribution to the total. 

The final table series of the summary report presents: 

• Total dose/source ratios, DER(i,t) in (mrem/yr)/(pCi/g), 

summed over all pathways for radionuclide i and time t; 

• Single-radionuclide soil guidelines, C(i,t) in pCi/g, for 

radionuclide i and time t; and 

• 

• 
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• 

• Values of DSR(i,t) and C(i,t) for t equals the minimum 

0(i,t) for radionuclide i and for t equals the maximum 

total dose. 

The single-radionuclide soil guidelines are the concentration guide-

lines that would apply if only one radionuclide were present. A single-

radionuclide soil guideline, G(i,t), is the magnitude of the initial 

concentration of the i th  principal radionuclide that would result in a 

potential radiation dose equal to the basic radiation limit to a member of the 

critical population group at time t. Thus, if only the i th  radionuclide were 

present, the initial concentration S(i 3 O) would have to satisfy the inequality 

S(i 3 O)/G(i,t) S 1 for all times up to the time horizon. C(i,t) is readily 

obtained by dividing the basic radiation dose limit by the total dose/source 

ratio, DSR(i,t). The minimum .G(i,t) values, or more correctly the corres-

ponding maximum DSR(i,t), are obtained for each radionuclide i with the same 

iterative procedure used for the maximum total dose. 

The total mixture sum enables the user to determine whether the concen-

trations of residual radioactive material are in compliance with guidelines. 

The total dose components and single-radionuclide soil guidelines enable the 

user to identify the critical pathways and radionuclides, 

4.7.2 Detailed Report 

When the detailed report option is selected, the first page (table of 

contents) of a multipage detailed report is displayed on the screen. A 

typical table of contents is shown in Figure 4.12. Individual report pages 

can be displayed and printed (or saved) in the same manner as for the summary 

output displays. The detailed displays present all of the intermediate 

results used to evaluate the formulas in Appendixes B through E for the • 
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Residual Radioactivity Program, Version 3.11 

Detailed: RESRAD Sample Data 

05/15/89 15:06 	Page 1 

File: SANPLE.DAT 

 

Table of Contents 

  

    

Part II: Source Terms, Factors, and Parameters for Individuml Pathways 

Iteration Logs 

. 	Naximum U-234 	Dose/Source Ratio 	  2 

Maximum 11-238 	Dose/Source Ratio 	  3 

Maximum Total Dose 	  4 

Source Factors for Ingrowth and Decoy 	  5 

Ground Pathway 
Scum Term Parameters 	  6 

Time DependWnce of Source Geometry 	  7 
OceLpancy, Ares and Depth Factors 	  8 
Dose Conversion and Environmental Transport Factors 	 8 

Dose/Source Ratite 	  8 

Inhalation Pathway 

Dose/Source Ratios 	  9 

Pathway Factors 	  '9 

Growdboter and Surface Water Pathway Segments 

Transport Time Parameters for Unsaturated Zone Strata 10 

Dilution Factor and Ries Time Parametors for 

Randisperaion CND) Model 	  11 

Primary Parameters Used to Calculate Ratios 	 11 

Water/Soil Concentration Ratios 	  12 
Food Pathways 

Area and Depth Factors 	  13 
Water Exposure Factors 	  15 

Environmental Transport and Dose Conversion Factors 

Plant 	  18 
Meet 	  19 

Milk 	  20 
Fish 	  21 
Drinking Water 	  21 

Dose/Source Ratios 

Plant 	  22 
Plant Total 	  25 

Meat 	  24 

Meat Total 	  25 
Nflk 	  26 

Milk Total 	  27 
Fish 	  28 
Drinking Water 	  28 

Concentration Ratios 

Plant/Air and Plant/Water 	  29 

Plant/Soil 	  29 

Meat/Fodder, Faber/Air, Fodder/Water 	  31 

Fodder/Soil 	  32 

Meat/Soil 	  33 

Milk/Soil 	  34 

FIGURE 4.12 Typical Table of Contents for Detailed Report 
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different pathway contributions. Users will not normally make use of these 

tables. The detailed data are used for verifying the code and can be useful 

for gaining insight into the transport mechanisms by enabling a more detailed 

investigation of the effect of parameter changes on pathway factors, environ-

mental transport factors, and dose/source ratios for the different pathways. 

4.7.3 Bard Copy 

At any time while viewing RESRAD output (or any other ASCII file) via 

main menu option 11, hard copy can be produced (if the printer is turned on) 

by pressing the "F7" or "F8" function keys. The "F8" key produces an 

immediate copy of the current screen page only. 

The "F7" function is a more versatile but complicated option. The user 

is first informed of the current hard copy destination (printer or disk file 

name) and allowed to make a change, if desired. If an existing disk file is 

selected, the user can specify to overwrite or append. The following series 

of options can then be exercised repeatedly (until "Esc"): 

• Enter the first and last page numbers, separated by a space or 

comma, to print (or save). Enter a single page number to print that 

page only. 

• Press "Enter" key only to print current page (current page number 

will be displayed on screen). 

• Press "D" or "d" to print entire document (file). 

Press "P" or "p" to pass ASCII control characters to the printer. 

• Press "Esc" to resume normal RESRAD viewing of the file. 

To preserve an option of an earlier RESRAD version, the "*" key is identical 

to the "F7" key. 
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4.8 TECHNICAL SUMMARY 

This manual is not intended to be a programmer's guide, but a brief 

technical summary should be useful. For more information, the user is 

referred to RESRAD.DOC, which is included among the supplementary files in the 

distribution diskette. The following material is selected from that file. 

RESRAD consists of two main programs: RESPC and RESMAIN. RESPC is a 

compiled Basic program (Microsoft QuickBASIC 4.5) that handles all user 

interaction with RESRAD, and RESMAIN is the Fortran code (Lahey F77L, 

Ver. 3.0) that does the actual computations and generates the output tables. 

RESPC is loaded first (via RESRAD.BAT, NEXT.ORI, and NEXT.BAT). Within 

RESPC, the user may input selected site-specific data files, review and/or 

modify the parameters, save the data in a selected file, view and/or print 

selected results from the last RESMAIN computation, and run RESMAIN for a new 

computation. If RESMAIN is called, RESPC is reloaded automatically when 

RESMAIN completes, and the user may continue with any of the RESPC options. 

Most of the tasks accomplished by RESPC are actually performed by 

FORM.BAS and PAGER.BAS, a library of subroutines comprising the FORHPACK 

package developed by the Energy and Environmental Systems Division of Argonne 

National Laboratory. FORMPACK provides a standard system for menus, data 

entry, and output report display for microcomputer application programs. 

RESPC is the driving program. 

To conserve memory, RESMAIN is organized with an overlay structure. 

The code is highly optimal in that no overlay is called a' second time. 

PLINK86plus, Ver. 2.24, Phoenix Technologies Ltd., is the overlay linkage 

editor used. Object modules are produced as usual via the Lahey Fortran 

compiler, and the file RESMAIN.LNK automates the link process by the command 

PLINK86 @RESMAIN 
	 • 
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5 APPLICATION OF THE AS LOW AS REASONABLY ACHIEVABLE PROCESS • 	Application of the as low as reasonably achievable (ALARA) process is 
required in DOE environmental protection and health and safety orders and in 

the DOE residual radioactive material guidelines. The objective of the ALARA 

process is the attainment of dose levels that are as far below applicable 

limits as is practicable and reasonably achievable, taking into account many 

factors -- including technical, economic, safety, and social. Unlike the 

"below regulatory concern" or "de minimis" concepts, which can define a lower 

limit of cleanup that should be carried out before remedial action is taken, 

no set of defined dose levels exists for determining when ALARA is achieved. 

The ALARA process must be applied throughout the project, from planning to 

field work. Application of the ALARA process through planning activities 

occurs both in the development of guidelines and in the site-specific appli-

cation of the guidelines. This does not necessarily require a significant • level of additional effort. 

Application of the ALARA process to any radiation protection project is 

necessary but somewhat subjective. The success of the process depends on good 

judgment of the health physicists and managers who are responsible for its 

application. Applying the ALARA process to remedial actions is, in many 

cases, more complex than applying it to operating situations. In operating 

facilities, one can identify the waste streams, pathways, potential exposed 

individuals, and likely time periods for the operation of the facility; also, 

the dose reductions from specific control actions having specific costs over 

the expected time period can be estimated and compared. In the case of 

contaminated facilities requiring remedial action, it is more difficult to 

define all of these elements, particularly if potential effects must be • projected for many years into the future. 
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For sites to be certified in compliance with the guidelines, the intent 

is to reduce the concentrations of residual radioactive materials to as low as 

reasonably achievable considering technical, economic, and social factors. At 

sites where the residual materials are reduced to levels requiring that 

restrictions be placed on the use of the facility, the ALARA process includes 

the establishment of institutional controls to reduce exposure. 

In remedial action or decontamination and decommissioning work under 

DOE jurisdiction, the concentration limit or guideline for a particular . 

radionuclide in soil or on surfaces -- as derived from the basic dose limit by 

pathway analysis -- is generally assumed to be the upper limit of that nuclide 

for remediation at a site. Each remedial action will be different from 

another in some respect. In one situation, the contamination might be spread 

uniformly over the surface whereas, in others, hot spots of radioactive 

material might be buried at various depths below the surface. Also, a portion 

of the radioactive material might have been eroded to another area by wind or 

water or, in buildings, the contamination might be buried beneath paint or a 

covering wall. Nonuniform distribution of the contamination is usually the 

rule rather than the exception. In applying the ALARA process, the first task 

is to ensure that the area of concern is at or below the chosen limit and the 

second task is to determine that the remaining contamination is ALARA. 

• 

5.1 DETERMINING ALARA 

Two approaches are used for determining ALARA: (1) qualitative, or 

judgmental, procedures and (2) quantitative, or optimization, procedures. 

Both procedures involve consideration of economic, social, and technical 

factors to ultimately determine a limit for the site under consideration. The 

level of detail and documentation involved in a qualitative comparison can • 
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vary significantly. The effort should be commensurate with risk and cost. If 

overall risks are very low and costs for further reduction in potential doses 

are very high, the decision is obvious and minimal analysis and documentation 

are required. However, as potential doses approach levels that are signifi-

cant in comparison to the dose limit, more detail is warranted. The quanti-

tative procedure involves a cost-benefit analysis, as proposed by the ICRP 

(1973, 1977, 1983), to quantify the costs of improved radiological proteCtion 

and the costs associated with health detriment from radiation and from other 

factors not related to radiation. 

5.1.1 Qualitative Analysis 

The more traditional method for determining ALARA consists of making 

individual decisions for each situation encountered. A number of such 

decisions may be made for different parts of the overall area as work 

progresses; that is, it is not necessary to make ALARA decisions only after 

all of the work, has been completed. Frequently, there are subareas with 

difficult problems and, before moving to the next subarea, the work can be 

concentrated on these difficult areas until the ALARA process is satisfied. 

The temptation to set an "ALARA limit" should be avoided because ALARA is a 

process rather than a limit and, furthermore, unexpected developments may 

result in greatly increased costs to meet the derived limit or in even the 

inability to meet the limit. If an area cannot •be decontaminated to the 

derived concentration guideline, a decision must then be made as to whether 

the land can be used without radiologically based restrictions or whether 

controls will be required. A key factor in determining ALARA is the 

individual judgment of the responsible person, based on that person's 

understanding of the relevant economic, social, and technical factors. • 
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• Economic factors are primarily the concern of those responsible for the 

remedial action. The most important factor is, of course, the cost of doing 

the work. The cost of remedial action typically includes the initial planning 

cost as well as the cost of operation and associated labor, materials, 

equipment, energy, and services over the period of remediation. The initial 

planning cost includes all costs relative to planning and engineering tasks -- 

such as performance of radiation surveys; calculation of contamination 

inventories; performance of engineering studies; preparation of a remedial 

action plan, with descriptions and specifications; and preparation of detailed 

cleanup and removal procedures.. 	The operating cost includes all costs 

associated with physical tasks such as removal of contamination; removal of 

equipment and structures; storage, packaging, shipping, and burial of wastes; 

and final site and facility restoration or preservation. In addition to the 

cost of doing the work, economic factors should also include the potential 

impact on current facilities, operations, and the environment. The impact and 

'associated cost of either the action or no action may have a positive or 

negative effect on current operations or the environment, and such cost may be 

significant in comparison with the cost of performing the remedial action. 

Social factors involve the risk to the people exposed, i.e., the risk 

to persons carrying out the operations, the risk to persons in the vicinity of 

. the area during operations, and the perceived risk to those persons in the 

surrounding area after operations. It is easy to 'consideronly the potential 

exposure scenarios and the risk to those persons who might occupy the area 

immediately following cleanup; however, many of the sites are contaminated 

with long-lived radioactive materials, and cleanup will affect the potential 

risks received over many years and perhaps over areas away from the site. 

Therefore, in evaluating risks, these temporal and spatial factors must be 

• 

• 

o 
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• taken into account. In carrying out remedial actions on contaminated areas 

and vicinity properties, occupational exposures are likely to occur. 	Con- 

trolling the radiation exposure of the work force should be based on DOE 

guidance for occupational exposure, and all unnecessary doses should be 

eliminated. In applying the ALARA process, the reductions in risks to users 

of the site and to individuals in the area surrounding the disposal site 

following the remedial action should be compared with the incremental risks to 

individuals in the same area and to workers during remedial action activities. 

It is most desirable that such a comparison would result in a beneficial 

balance in overall risk. 

Technical factors are primarily related to technological alternatives 

for treatment and disposal of the contaminated materials. Also, the technique 

used to determine the level and extent of contamination is important. The 

number of soil samples that can be taken might be limited, and the methods of 

measurement might have limitations with regard to sensitivity. Increasing the 

number of samples taken and using state-of-the-art instruments or methods for 

all samples in order to accurately determine the above-background distribution 

of all radionuclides would be prohibitively expensive. A decision must be 

made regarding the number and location of samples and the sensitivity, of the 

instruments used for establishing compliance with concentration guidelines and 

for implementing the ALARA process. 

5.1.2 Cost-Benefit Analysis 	 • 

The ICRP has recommended the use of , cost-benefit analysis to determine 

the levels of population exposure that are reasonably achievable. This 

quantitative technique compares the cost of health detriment and other factors 

relative to radiation with the cost of radiation dose reduction. • 
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To apply cost-benefit analysis to radiation protection, a policy 

decision is often made that assumes the action is already justified (a net 

positive benefit); this decision may be based on a policy decision or on broad 

political, economic, or social considerations. 	Under this assumption, a 

simplified form of differential cost-benefit analysis can be used. 	The 

objective is to ensure that the resultant exposures are kept ALARA and below 

the dose limit. In this differential analysis, consideration shifts from the 

total benefit to the change in net benefit that might result.fro si requiring 

the action to be performed at one level of exposure rather than another. The 

benefit of a reduction in exposure is compared with the cost of achieving the 

reduction. The theoretical optimum is achieved when a marginal increase in 

the cost of protection is exactly balanced by a marginal decrease in the cost 

of detriment, i.e., 

where 

_ dY 
dS *. 	dS1 s* (5.1) 	1111 

cost of achieving a given level of protection and 

Y = cost of the radiological detriment at the level of 

protection. 

S* is the optimum level of collective dose equivalent, where the reduction of 

-detriment per unit dose equivalent balances the increase in cost of protection 

per unit dose equivalent. 

Such a cost-benefit analysis is a helpful procedure for quantifying 

both the costs of improved protection and the costs associated with radio- 

. logical detriment from alternative courses of action. This technique is 

particularly useful when extensive remedial action activities for radiological 

protection are being considered, when individuals are being exposed to levels • 



89 

close to the dose limit, or when potential collective doses are large. For 

small-scale problems, simplified analyses are sufficient. However, because a 

cost-benefit analysis does not encompass all judgments that might be involved 

in a specific decision concerning radiological protection, such an analysis is 

only one procedure for quantitatively determining some of the input to that 

decision. 

In order to implement the ALARA process using cost-benefit analysis, 

the costs of radiological protection and radiological detriment must be 

assessed. The degree of sophistication and effort given to a cost-benefit 

assessment should reflect the scale of the radiological problem being con-

sidered. For a large-scale problem, the assessment might be an evaluation 

combining engineering designs, control technologies, accounting techniques, 

and the use of mathematical models for pathway analyses and dose calcula-

tions. For a small-scale problem, the assessment might require only simple, 

intuitive estimates. The estimation of protection costs is generally 

straightforward. 

The assignment of costs to health detriment requires both scientific 

and other judgment. For example, the NRC established ALARA guidelines for 

radionuclide emissions from light-water reactors after several years of 

intensive study of the emissions and the proper levels to which exposures 

should be limited based on ALARA (NRC 1974). This was possible because the 

emissions from most light-water reactors are similar and the costs to control 

the emissions are similar. The cost/risk ratio for deriving ALARA guidelines 

was assumed to be $1,000 per person-rem. This same cost/risk ratio was also 

used by NRC in its proposed safety goals for nuclear power plants (NRC 1982); 

these safety goals were intended to set design objectives for the reliability 

of safety systems. The EPA has also used an ALARA approach when deriving many • 
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• of its regulations. Table 5.1 summarizes some examples of expenditures to 

limit cancer risk, derived from criteria and guidelines issued by the EPA and 

NRC. The costs range from $1 to $200 million per cancer averted. Using a 

lifetime cancer fatality risk estimate of 1.25 x 10-4  per person-rem, the 

cost/risk ratios in Table 5.1 are equivalent to economic values of about $125 

to $25,000 per person-rem of radiological detriment. However, the applica-

bility of these cost/risk ratios to remedial actions is limited at best. Long 

time periods and uncertainties in property use make them very difficult to 

use. 

TABLE 5.1 Examples of Expenditures to Limit Cancer Risk 

Example Agency 

Cost per 
Cancer 

Averteda  
(106  $) 

Lifetime 
Risk Level 

Routine radioactive 
releases from light-
water reactor effluents .  

NRC 10 x10-5  

Dioxin contamination at EPA 2-160 1 	x 	10-Z 	"‘ 
Times Beach, Missouri 

Drinking water criteria EPA 20-200 1 x 10-5  

Safety goals for 
nuclear power plants 

NRC 10 x 10-4 

Proposed asbestos ban EPA 1 4 x 10  

Comments 

1975 dollars; no 
correction for 
inflation; only 
fatal cancers 

Includes nonfatal " 
cancers 	. 

Includes nonfatal 
cancers 

1982 dollars; infla-
tion correction in-
cluded; only fatal 
cancers 

cancers 

aEstimated cancers, not actual incidence. 

Source: McRone (1986). 



• 

• 

91 

5.1.3 Summary 

In applying the ALARA process, •based on either qualitative or quanti-

tative analysis, the social risks incurred from implementing remedial action 

must first be justified by the reduction in risk that will result. The ALARA 

process requires that the responsible persons use judgment with respect to 

what is "reasonably achievable." The economic, social, and technical factors 

influencing this judgment are highly variable and site specific. At a mini-

mum, the following parameters should be evaluated to the extent practicable 

before making a decision: 

• Maximum dose to an individual member of the public; 

• Collective dose to the population; 

• Time and duration of exposure of the affected individual Or 

population; 

• Likelihood of a specific use scenario occurring at a site; 

• Technological alternatives, such as alternative methods for 

treatment and disposal of the contaminated materials, 

alternative operating methods for conducting cleanup 

• activities, or alternative institutional controls for 

reducing exposure; 

• Demographic data; • 

• Occupational doses associated with each technological •  

alternative; 

• Costs of each technological alternative; and 

• Variations in social impact associated with the various 

alternatives. 

In allocating resources relative to ALARA considerations, the total 

value should depend on the size of the affected population, the level of risk 
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already experienced from background radiation. sources, and the magnitude of 

risk for each individual. More cost should be assigned to collective doses 

made up of individual doses approaching the dose limit than to doses made up 

of individual doses far below the limit. 

Because most radionuclides considered for FUSRAP/SFMP sites have long 

half—lives, the potential radiation risk must be calculated for populations 

that might exist in hundreds or thousands of years. This calculation becomes 

increasingly uncertain as the time period of radiological dose assessment 

increases. To realistically account for these uncertainties, it is reasonable 

to attach more weight to doses predicted for the present or the near future 

than to doses predicted for the far future, especially when use scenarios 

appear unlikely. 

5.2 DOCUMENTING ALARA 

The documentation of any decision regarding the ALARA process in 

remedial action provides an invaluable record to show that the process was 

applied. Because DOE is responsible for the work being done, any judgment 

regarding the ALARA process is ultimately the responsibility of DOE, and DOE 

personnel should be involved in the decisions or alternatively in plans that 

document how the process will be applied for the project and in the field. It 

As, therefore, essential that ALARA decisions be well documented, including 

those made in the field and those made prior to or following field work. 
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APPENDIX A: DOE GUIDELINES FOR RESIDUAL RADIOACTIVE MATERIAL 

[reproduced from U.S. Department of Energy, 1987, U.S, Department 

of Energy Guidelines for Residual Radioactive Material 
at Formerly Utilized Sites Remedial Action Program and 
• Remote Surplus Facilities Management Program Sites .  

(Revision 2, March 1987)] 

A. INTRODUCTION 

This document presents U.S. Department of Energy (DOE) radiological 
protection guidelines for cleanup of residual radioactive material and 
management of the resulting wastes and residues. It is applicable to sites 
identified by the Formerly Utilized Sites Remedial Action Program (FUSRAP) and 
remote sites identified by the Surplus Facilities Management Program (SFMP).* 
The topics covered are basic dose limits, guidelines and authorized limits for 
allowable levels of residual radioactive material, and requirements for 
control of the radioactive wastes and residues. 

Protocols for identification, characterization, and designation of FUSRAP 
sites for remedial action; for implementation of the remedial action; and for 
certification of a FUSRAP site for release for unrestricted use are given in a 
separate document (U.S. Department of Energy 1986) and subsequent guidance. 
More detailed information on applications of the guidelines presented herein, 
including procedures for deriving site-specific guidelines for allowable 
levels of residual radioactive material from basic dose limits, is contained 
in "A Manual for Implementing Residual Radioactive Material Guidelines" 
(U.S. Department of Energy 1987), referred to herein as the "supplement". 

"Residual radioactive material" is used in these guidelines to describe 
radioactive material derived from operations or sites over which DOE has 
authority. Guidelines or guidance to limit the levels of radioactive material 
and to protect the public and the environment are provided for (1) residual 
concentrations of radionuclides in soil,** (2) concentrations of airborne 

*A remote SFMP site is one that is excess to DOE programmatic needs and is 
located outside a major operating DOE research and development or production 
area. 

**"Soil" is defined herein as unconsolidated earth material, including rubble 
and debris that may be present in earth material. 
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radon decay products, (3) external gamma radiation levels, (4) surface 
contamination 'levels, and (5) radionuclide concentrations in air or water 
resulting from or associated with any of the above. 

A "basic dose limit" is a prescribed standard from which limits for 
quantities that can be monitored and controlled are derived; it is specified 
in terms of the effective dose equivalent as defined by the International 
Commission on Radiological Protection (ICRP 1977, 1978). The basic dose 
limits are used for deriving guidelines for residual concentrations of radio-
nuclides in soil. Guidelines for residual concentrations of thorium and 
radium in soil, concentrations of airborne radon decay products, allowable 
indoor external gamma radiation levels, and residual surface contamination 
concentrations are based on existing radiological protection standards 
(U.S. Environmental Protection Agency 1983; U.S. Nuclear Regulatory Commission 
1982; and DOE Departmental Orders). Derived guidelines or limits based on the 
basic dose limits for those quantities are used only when the guidelines 
provided in the existing standards cited above are shown to be inappropriate. 

A "guideline" for residual radioactive material is a level of radio-
activity or radioactive material that is acceptable if use of the site is to 
be unrestricted. Guidelines for residual radioactive material presented 
herein are of two kinds: (1) generic, site-independent guidelines taken from 
existing radiation protection standards and (2) site-specific guidelines 
derived from basic dose limits using site-specific models and data. Generic 
guideline values are presented in this document. Procedures and data for 
deriving site-specific guideline values are given in the supplement. The 
basis for the guidelines is generally a presumed worst-case plausible-use 
scenario for the site. 

An "authorized limit" is a level of residual radioactive material or 
radioactivity that must not be exceeded if the remedial action is to be 
considered completed and the site is to be released for unrestricted use. The 
authorized limits for a site will include (1) limits for each radionuclide or 
group of radionuclides, as appropriate, associated with residual radioactive 
material in soil or in surface contamination of structures and equipment, 
(2) limits for each radionuclide or group of radionuclides, as appropriate, in 
air or water, and, (3) where appropriate, a limit on external gamma radiation 
resulting from the residual material. Under normal circumstances, expected to 
occur at most sites, authorized limits for residual radioactive material or 
radioactivity are set equal to guideline values. Exceptional conditions for 
which authorized limits might differ from guideline values are specified in 
Sections D and F of this document. A site may be released for unrestricted 
use only if site conditions do not exceed the authorized limits or approved 
supplemental limits, as defined in Section F.1, at the time remedial action is 
completed. Restrictions and controls on use of the site must be established 
and enforce a if site conditions exceed the approved limits, or if there is 
potential to exceed the basic dose limit if use of the site is not restricted 
(Section F.2). The applicable controls and restrictions are specified in 
Section E. 

• 
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DOE policy requires that all exposures to radiation be limited to levels 
that are as low as reasonably achievable (ALARA). For sites to be released 
for unrestricted use,. the intent is to reduce residual radioactive material to 
levels that are as far below authorized limits as reasonable considering 
technical, economic, and social factors. At sites where the residual material 
is not reduced to levels that permit release for unrestricted use, ALARA 
policy is implemented by establishing controls to reduce exposure to levels 
that are as low as reasonably achievable. Procedures for implementing ALARA 
policy are discussed in the supplement. ALARA policies, procedures, and 
actions shall be documented and filed as a permanent record upon completion of 
remedial action at a site. 

B. BASIC DOSE LIMITS 

The basic limit for the annual radiation dose received by an individual 
member of the general public is 100 mrem/yr. The internal committed effective 
dose equivalent, as defined in ICRP Publication 26 (ICRP 1977) and calculated 
by dosimetry models described in ICRP Publication 30 (ICRP 1978), plus the 
dose from penetrating radiation sources external to the body, shall be used 
for determining the dose. This dose shall be described as the "effective dose 
equivalent". Every effort shall be made to ensure that actual doses to the 
public are as far below the basic dose limit as is reasonably achievable. 

Under unusual circumstances, it will be permissible to allow potential 
doses to exceed 100 mrem/yr where such exposures are based upon scenarios that 
do not persist for long periods and where the annual lifetime exposure to an 
individual from the subject residual radioactive material would be expected to 
be less than 100 mrem/yr. Examples of such situations include conditions that 
might exist at a site scheduled for remediation in the near future or a 
possible, but improbable, one-time scenario that might occur following 
remedial action. These levels should represent doses that are as low as 
reasonably achievable for the site. Further, no annual exposure should exceed 
500 mrem. 

C. GUIDELINES FOR RESIDUAL RADIOACTIVE MATERIAL 

C.1 Residual Radionuclides in Soil  

Residual concentrations of radionuclides in soil shall be specified AS 
above-background concentrations averaged over an area of 100 m 2 . 	Generic 
guidelines for thorium and radium are specified below. 	Guidelines for 
residual concentrations of other radionuclides shall be derived from the basic 
dose limits by means of an environmental pathway analysis using site-specific 
data where available. Procedures for these derivations are given in the 
supplement. 

• If the average concentration in any surface or below-surface area less 
than or equfl to 25 m2  exceeds the authorized limit or guideline by a factor 
of (100/A) 1/2 , where A is the area of the elevated region in square meters, • 
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limits for "hot spots" shall also be applicable. Procedures for calculating 
these hot .  spot limits, which depend on the extent of the elevated local 
concentrations, are given in the supplement. In addition, every reasonable 
effort shall be made to remove any source of radionuclide that exceeds 
30 times the appropriate limit for soil, irrespective of the average 
concentration in the soil. 

Two types of guidelines are provided, generic and derived. The generic 
guidelines for residual concentrations of Ra-226, Ra-228, Th-230, and Th-232 
are: 

- 5 pCi/g, averaged over the first 15 cm of soil below the surface 

- 15 pCi/g, averaged over 15-cm-thick layers of soil more than 15 cm 
below the surface 

These guidelines take into account ingrowth of Ra-226 from Th-230 and of 
Ra-228. from Th-232, and assume secular equilibrium. If either Th-230 and 
Ra-226 or Th-232 and Ra-228 are both _present, not in secular equilibrium, the 
appropriate guideline is applied as a limit to the radionuclide with the 
higher concentration. If other mixtures of radionuclides occur, the concen-
trations of individual radionuclides shall be reduced so that (1) the dose for 
the mixtures will not exceed the basic dose limit or (2) the sum of the ratios 
of the soil concentration of each radionuclide to the allowable limit for that 
radionuclide will not exceed 1 ("unity"). Explicit formulas for calculating 
residual concentration guidelines for mixtures are given in the supplement. 

• 
C.2 Airborne Radon Decay Products 

Generic guidelines for concentrations of airborne radon decay products 
shall apply to existing occupied or habitable structures on private property 
that are intended for unrestricted use; structures that will be demolished or 
buried are excluded. The Applicable generic guideline (40 CFR Part 192) is: 
In any occupied or habitable 'building, the objective of remedial action shall 
•be, and a reasonable effort shall be made to achieve, an annual average (or - 
equivalent) radon decay product concentration (including background) not to 
exceed 0.02 WL.* 	In any case, the radon decay product concentration 
(including background) shall not exceed 0.03 'IL. Remedial actions by DOE are 
not required in order to comply with this guideline when there is reasonable 
assurance that residual radioactive material is not the cause. 

*A working level (WL) is any combination of short-lived radon decay products _ 
in one liter of air that will result in the ultimate emission of 
1.3 x 105  MeV of potential alpha energy. • 
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C.3 External Gamma Radiation  

The average level of gamma radiation inside a building or habitable 
structure on a site to be released for unrestricted use shall not exceed the 
background level by more than 20 IIR/h and shall comply with the basic dose 
limit when an appropriate-use scenario is considered. This requirement shall 
not necessarily apply to structures scheduled for demolition or to buried 
foundations. External gamma radiation levels on open lands shall also comply 
with the basic dose limit, considering an appropriate-use scenario for the 
area. 

C.4 Surface Contamination 

The generic surface contamination guidelines provided in Table 1 are 
applicable to existing structures and equipment. These guidelines are adapted 
from standards of the U.S. Nuclear Regulatory Commission (NRC 1982)* and will 
be applied in a manner that provides a level of protection consistent with the 
Commission's guidance. 	These limits apply to both interior and exterior 
surfaces. 	They are not directly intended for use on structures to be 
demolished or buried, but should be applied to equipment or building 
components that are potentially salvageable or recoverable scrap. If a 
building is demolished, the guidelines in Section C.1 are applicable to the 
resulting contamination in the ground. 

C.5 Residual Radionuclides in Air and Water  

Residual concentrations of radionuclides in air and water shall be 
controlled to levels required by DOE Environmental Protection Guidance and :  
Orders, specifically DOE Order 5480.1A and subsequent guidance. Other Federal • 
and/or state standards shall apply when they are determined to be appropriate. 

D. AUTHORIZED LIMITS FOR RESIDUAL RADIOACTIVE MATERIAL 

Authorized limits shall be established to (1) ensure that, as a minimum, 
the basic dose limits specified in Section B will not be exceeded under the 
worst-case plausible-use scenario consistent with the procedures and guidance 
provided or (2) be consistent with applicable generic guidelines, where such 
guidelines are provided. The authorized limits for each site and its vicinity 
properties shall be set equal to the generic or derived guidelines except 
where it can be clearly established on the basis Of site-specific data -- 
including health, safety, and socioeconomic considerations -- that the guide-
lines are not appropriate for use at the specific site. Consideration should 
also be given to ensure that the limits comply with or provide a level of pro-
tection equivalent to other appropriate limits and guidelines (i.e., state or 

*These guidelines are functionally equivalent to Section 4 -- Decontamination 
for Release for Unrestricted Use -- of NRC Regulatory Guide 1.86 (U.S. Atomic 
Energy Commission 1974), but they are applicable to non-reactor facilities. • 
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TABLE 1 SURFACE CONTAMINATION CU/DELINES .  

Allowable Total Residual Surface 
Contamination (dpm/100 cm2 )a  

100 cm2 . 

Radionuclides b  

Transuranics, Ra-226, Ra-228, Th-230, 
Th-228, Pa-231, Ac-227, 1-125, 1-129 

Th-Natural, Th-232, Sr-90, Ra-223, 
Ra-224, U-232, 1-126, 1-131, 1-133 

U-Natural, U-235, U-238, and 
associated decay products 

Seta-gamma emitters (radionuclides 
with decay modes other than alpha 
emission or spontaneous fission) 
except Sr-90 and others noted above 

Averagec  t d  Maximumd g e  Removabled,f  

' 	100 300 20 

1,000 3,000 200 

5,000 a 15,000 a 1,000 a 

5,000 8-1 15,000 0-Y 1,000 8-Y 

• a  As used in this table, dpm (disintegrations per minute) means the rate of 
emission by radioactive material as determined by correcting the counts 
per minute measured by an appropriate detector for background, efficiency, 
and geometric factors associated with the instrumentation. 

b Where surface contamination by both alpha- and beta-gamma-emitting radio-
nuclides exists, the limits established for alpha- and beta-gamma-emitting 
radionuclides should apply independently. 

C Measurements of average contamination should not be averaged over an area 
of more than 1 m2 . For objects of less surface area, the average should 
be derived for each such object. 	 • 

d  The average and maximum dose rates associated with surface contamination 
resulting from beta-gamma emitters should not exceed 0.2 mrad/h and 
1.0 mrad/h, respectively, at 1 cm. 

e  The maximum contamination level applies to an area of not more than 

The amount of removable radioactive material per 100 cm2  of surface area 
should be determined by wiping that area with dry filter, or soft absorbent 
paper, applying moderate pressure, and measuring the amount of radioactive 
material on the wipe with an appropriate instrument of known efficiency. 
When removable contamination on objects of surface area less than 100 cm2  
is determined, the activity per unit area should be based on the actual 
area and the entire surface should be wiped. The numbers in this column 
are maximum amounts. 



105 

other Federal). Documentation supporting such a decision should be similar to 
that required for supplemental limits and exceptions (Section F), but should 
be generally more detailed because the documentation covers the entire site. 

Remedial action shall not be considered complete unless the residual 
radioactive material levels comply with the authorized limits. The only 
exception to this requirement will be for those special situations where the 
supplemental limits or exceptions are applicable and approved as specified in 
Section F. However, the use of supplemental limits and exceptions should be 
considered only if it is clearly demonstrated that it is not reasonable to 
decontaminate the area to the authorized limit or guideline value. The 
authorized limits are developed through the project offices in the field and 
are approved by the headquarters program office. 

E. CONTROL OF RESIDUAL RADIOACTIVE MATERIAL AT FUSRAP AND REMOTE SFMP SITES  

Residual radioactive material above the guidelines at FUSRAP and remote 
SFMP sites must be managed in accordance with applicable DOE Orders. The DOE 
Order 5480.1A and subsequent guidance or superceding Orders require compliance 
with applicable Federal and state environmental protection standards. 

The operational and control requirements specified in the following DOE 
Orders shall apply to interim storage, interim management, and long-term 
management. 

a. 5000.3, Unusual Occurrence Reporting System 

b. 5440.1C, Implementation of the National Environmental Policy Act 

c. 5480.1A, Environmental Protection, Safety, and Health Protection 
Program for DOE Operations, as revised by DOE 5480.1 change orders 
and the 5 August 1985 memorandum from Vaughan to Distribution 

d. 5480.2, Hazardous and Radioactive Mixed Waste Management 

e. 5480.4, Environmental Protection, Safety, and Health Protection 
Standards 

f. 5482.1A, Environmental, Safety, and Health Appraisal Program 

g. 5483.1A, Occupational Safety and Health Program for Government-
Owned Contractor-Operated Facilities 

Ii. 5484.1, Environmental Protection, Safety, and Health Protection 
Information Reporting Requirements 

i. 5820.2, Radioactive Waste Management 
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E.1 Interim Storage 

a. Control and stabilization features shall be designed to ensure. to 
the extent reasonably achievable, an effective life of 50 years and, 
in any case, at least 25 years. 

b. Above-background an-222 concentrations in the atmosphere above 
facility surfaces or openings shall not exceed (1) 100 pCi/L at any 
given point, (2) an annual average concentration of 30 pCi/L over 
the facility site, and (3) an annual average concentration of 
3 pCi/L at or above any location outside the facility site (DOE 
Order 5480.1A, Attachment XI-1). 

c. Concentrations of radionuclides in the groundwater or quantities of 
residual radioactive material shall not exceed existing Federal or 
state standards. 

d. Access to a site shall be controlled and misuse of on-site material 
contaminated by residual radioactive material shall be prevented 
through appropriate administrative controls and physical barriers -- 
active and passive controls as described by the U.S. Environmental 
Protection Agency (1983--p. 595). These control features should be•
designed to ensure, to the extent reasonable, an effective life ,of 
at least 25 years. The Federal government shall have title to the 
property or shall have a long-term lease for exclusive use. 

E.2 Interim Management 

a. A site may be released under interim management when the residual 
radioactive material exceeds guideline values if the residual 
radioactive material is in inaccessible locations and would be 
unreasonably costly to remove, provided that administrative controls 
are established to ensure that no member of the public shall receive 
a radiation dose exceeding the basic dose limit. 

b. The administrative controls, as approved by DOE, shall include but 
not be limited to periodic monitoring as appropriate, appropriate 
shielding, physical barriers to prevent access, and appropriate 
radiological safety measures during maintenance, renovation, 
demolition, or other activities that might disturb the residual 
radioactive material or cause it to migrate. 

c. The owner of the site or appropriate Federal, state, or local 
authorities shall be responsible for enforcing the administrative 
controls. 
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E.3 Long-Term Management  

Uranium, Thorium, and Their Decay Products 

a. Control and stabilization features shall be designed to ensure, to 
the extent reasonably achievable, an effective life of 1,000 years 
and, in any case, at least 200 years. 

b. Control and stabilization features shall be designed to ensure that 
Rn-222 emanation to the atmosphere from the wastes shall not 

(1) exceed an annual average release rate of 20 pCi/m 2/s and 

(2) increase the annual average Rn-222 concentration at or above any 
location outside the boundary of the contaminated area by more than 
0.5 pCi/L. Field verification of emanation rates is not required. 

c. Prior to placement of any potentially biodegradable contaminated 
wastes in a long-term management facility, such wastes shall be 
properly conditioned to ensure that (1) the generation and escape of 
biogenic gases will not cause the requirement in paragraph b. of 
this section (E.3) to be exceeded and (2) biodegradation within the 
facility will not result in premature structural failure in viola-
tion of the requirements in paragraph a. of this section (E.3). 

d. Groundwater shall be protected in accordance with appropriate 
Departmental Orders and Federal and state standards, as applicable 
to FUSRAP and remote SFMP sites. 

e. Access to a site should be controlled and misuse of on-site material 
contaminatedby residual radioactivity should be prevented through • 
appropriate administrative controls end phyaical barriers -- active 
and passive controls as described by the U.S. Environmental 
Protection Agency (1983--p..595). These controls should be designed 
to be effective to the extent reasonable for it least 200 years. 
The Federal government shall have title to the property. 

Other Radionuclides  

f. Long-term management of other radionuclides shall be in accordance 
with Chapters 2, 3, and 5 of DOE Order 5820.2, is applicable. 

F. SUPPLEMENTAL LIMITS AND EXCEPTIONS  

If special site-specific circumstances indicate that the guidelines or 
authorized limits established for a given site are not appropriate for a 
portion of that site or for a vicinity property, then the field office may 
request that supplemental limits or an exception be applied. In either case, 
the field office must justify that the subject guidelines or authorized limits 

410 are not appropriate and that the alternative action will provide adequate 
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protection, giving due consideration to health and safety, the environment, 
and costs. The field office shall obtain approval for specific supplemental 
limits or exceptions from headquarters as specified in Section D of these 
guidelines and shall provide to headquarters those materials required for the 
justification as specified in this section (F) and in the FUSRAP and SFMP 
protocols and subsequent guidance documents. The field office shall also be 
responsible for coordination with the state or local government of the limits 
or exceptions and associated restrictions as appropriate. In the case of 
exceptions, the field office shall also work with the state and/or local 
governments to ensure that restrictions or conditions of release are adequate 
and mechanisms are in place for their enforcement. 

F.1 Supplemental Limits  

The supplemental limits must achieve the basic dose limits set forth in 
this guideline document for both current and potential unrestricted useE of a 
site and/or vicinity property. Supplemental limits may be applied to a 
vicinity property or a portion of a site if, on the basis of a site-specific 
analysis, it is determined that (1) certain aspects of the, vicinity property 
or portion of the site were not' considered in the development of •the 
established authorized limits and associated guidelines for that vicinity 
property or site and, (2) as a result of these unique characteristics, the 
established limits or guidelines either do not provide adequate protection or 
are unnecessarily restrictive and costly. 

F.2 Exceptions  

Exceptions to the authorized limits defined for unrestricted use of a 
site or vicinity property may be applied to a vicinity property or a portion 
of a site when it is established that the authorized limits cannot be achieved 
and restrictions on use of the vicinity property or portion of the site are 
necessary to provide adequate protection of the public and the environment. 
The field office must clearly demonstrate that the exception is necessary and 
that the restrictions will provide the necessary degree of protection and will 
comply with the requirements for control of residual radioactive material as 
set forth in Section E of these guidelines. 

F.3 Justification for Supplemental Limits and Exceptions  

Supplemental limits and exceptions must be justified by the field office 
on a case-by-case basis using site-specific data. Every effort should be made 
to minimize use of the supplemental limits and exceptions. Examples of 
specific situations that warrant use of the supplemental standards and 
exceptions are: 

a. Where remedial action would pose a clear and present risk of injury 
to workers or members of the general public, notwithstanding 
reasonable measures to avoid or reduce risk. 

• 

• 
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b. Where remedial action -- even after all reasonable mitigative 
measures have been taken -- would produce environmental harm that is 
clearly excessive compared to the health benefits.to  persons living 
on or near affected sites, now or in the future. A clear excess of 
environmental harm is harm that is long-term, manifest, and grossly 
disproportionate to health benefits that may reasonably be 
anticipated. 

c. Where it is clear that the scenarios or assumptions used to 
establish the authorized limits do not, under plausible current or 
future conditions, apply to the property or portion of the site 
identified and where more appropriate scenarios or assumptions 
indicate that other limits are applicable or necessary for 
protection of the public and the environment. 

d. Where the cost of remedial action for contaminated soil is 
unreasonably high relative to long-term benefits and where the 
residual radioactive material does not pose a clear present or 
future risk after taking necessary control measures. The likelihood 
that buildings will be erected or that people will spend long 
periods of time at such a site should be considered in evaluating 
this risk. Remedial action will generally not be necessary where 
only minor quantities of residual radioactive material are involved 
or where residual radioactive material occurs in an inaccessible 
location at which site-specific factors limit their hazard and from 
which they are costly or difficult to remove. Examples include 
residual radioactive material under hard-surface public roads and 
sidewalks, around public sewer lines, or in fence-post foundations. 
A site-specific analysis must be provided to establish that it would 
not cause an individual to receive a radiation' dose in excess of the 
basic dose limits stated in Section B, and a statement specifying 
the level of residual radioactive material must be included in the 
appropriate state and local records. 

e. Where there is no feasible remedial action. 
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APPENDIX B: EXTERNAL GROUND RADIATION PATHWAY FACTORS • 	Models, formulas, and data for calculating pathway factors for the 
external ground radiation pathway are presented in this appendix. Exposure to 

external radiation occurs primarily as a result of radiation emanating from 

radionuclides in a contaminated zone. Exposure can also occur from radiation 

emanating from radionuclides in the air, water, or ground surface that have 

been transported from their original location in the contaminated zone. In 

general, the radiation dose resulting from these secondary sources is 

negligibly small compared with the dose resulting from direct exposure to the 

primary source. Therefore, these secondary sources are not taken into account 

in deriving soil concentration guidelines. 

The contribution to the effective dose equivalent from the external 

ground radiation pathway for the i th  principal radionuclide at time t follow-

ing the radiological survey is given by the dose/source ratio DSR il (t). This • ratio may be expressed as •a sum of products of dose conversion factors, envi-

ronmental transport factors, and source factors (see Equation 3.8). Tables of 

dose conversion factors for the external ground radiation pathway are given in 

Section B.1. Models and formulas for calculating the environmental transport 

factors are given in Section B.2. Formulas for calculating the source factors 

are given in Section 3.2.3 and Appendix F. 

B.1 DOSE CONVERSION FACTORS 

The dose conversion factor DCFi l  for the external ground radiation 

pathway is the annual effective dose equivalent received from exposure to 

radiation from the i th  principal radionuclide present at unit concentration in 

• 
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a uniformly contaminated zone of infinite •depth and lateral extent. The 

radiation field is assumed to be equal to the radiation level at a distance of 

1 m above the ground surface. The DCFs for surface contamination (infinite 

thinness and lateral extent) were taken from a DOE report (DOE 1988). The 

DCFs for volume contamination (infinite depth and lateral extent) were 

calculated using the methods of Kocher and gjoreen (1985). The results are 

given in Table B.1. 	In the RESRAD code, the volume contamination dose 

conversion factors are used. 	Values for densities other than 1.0 and 

1.8 g/cm3  are obtained by linear interpolation or extrapolation of log(DCF). 

8.2 ENVIRONMENTAL TRANSPORT FACTORS 

The environmental transport factor ETFi l  for the external ground 

radiation pathway is the ratio of the effective dose equivalent for the actual 

source to the effective dose equivalent for the standard source, multiplied by 

an occupancy and shielding factor. The standard source is a contaminated zone 

of infinite depth and lateral extent with no cover. The actual source is 

approximated by a cylindrical contaminated zone of radius R and depth T 

located at distance Cd below the ground surface (see Figure 2.1). 

Calculations by Napier et al. (1984) have indicated that the dependence 

on source size can be approximated reasonably well by an area factor. The ETF 

for the external ground radiation pathway is expressed as the product 

(CZ) 	• 
• m o ETF11 (t) 	X F01 

 
FA X FD. (t) X . 	• (0 ' 1 	F 11 	

FC11 

• 



Radionuclide Surface Factorsa  
(mrem/yr)/(pCi/cm2 ) 

Volume Factors a  
(mrem/yr)/(pCi/cm3 ) 

Pb  = 1.0 g/cm3  = 1.8 g/cm3  

H-3 

C-14 

Fe-55 

Co-60 

0 

0 

2.21 x 10-4  

2.27 

0 

0 

0 

2.27 x 10 1  

0 

0 

0 

1.25 x 10 1  

Ni-59 4.16 x 10-4  0 0 

111-63 0 0 0 

Sr-90+D 0 0 0 

Nb-94 1.59 1.42 x 10 1  7.83 

Tc-99 6.26 x 10-7  1.68 x 10-6  9.32 x 10-7  

1-129 2.20 x 10-2  3.24 x 10-2  1.75 x 10-2  

Cs-135 0 0 0 	. 
Cs-137+D 6.11 x 10-1  5.03 2.77 

Eu-152 1.11 9.91 5.47 

Eu-154 1.21 1.10 x 10 1  6.06 

Pb-210+D 3.00 x 10-3  4.87 x 10-3  2.31 x 10-3  

Ra-2264.0 1.69 1.55 x 10 1  8.56 

Ra-228+D 9.10 x 10-1  8.18 4.51 

Ac-227+D 4.70 x 10-1  2.76 1.52 

Th-228+D 1.45 1.33 x 10 1  7.36 

Th-229+D 3.44 x 10-1  2.20 1.21 

Th-230 9.07 x 10-4  2.11 x 10-3  1.03 x 10-3  

Th-232 6.66 x 10-4  1.35 x 10-3  6.04 x 10-4  

Pa-231 3.58 x 10-2  2.21 x 10-1  1.21 x 10-1  

U-232 1.03 x 10-3  2.19 x 10-3  1.01 x 10-3  

U-233 5.00 x 10-4  1.40 x 10-3  7.12 x 10-4  

U-234 8.07 x 10-4  1.58 x 10-3  6.97 x 10-4  

U-235+D 1.90 x 10-1  8.94 x 10-1  4.90 x ln-1  

U-236 7.33 x 10-4  1.35 x 10-3  5.80 x 10-4  

U-238+D 2.46 x 10-2  1.27 x 10-1  6.97 x 10-2 

• 
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TABLE 8.1 Effective Dose Equivalent Conversion Factors (DCF i  
for External Gamma Radiation from Contaminated Ground 

• 
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TABLE B.1 (Cant d) 

Radionuclide Surface Factors a  
(mrem/yr)/(pCi/cm 2 ) 

Volume Factors a  
(mi-em/yr)/(pCi/cm 3 ) 

p b  = 1.0 g/cm3  o b  = 1.8 g/cm3  

Np-237+D 2.68 ; 10-1  1.61 8.90 ; 10-1  

Pu-238 8.58 ; 10-4  • 1.56 ; 10-3  6.65 ; 10-4  

Pu-239 3.78 ; 1O  ; 10-4  3.76 X 10-4  

Pu-240 8.20 ; 10'4  1.48 ; 10  ; 10-4  

Pu-241 0 	0 	. . 0 0 

Pu-242 6.82 ; 10-4 124 ; 10-3  5.29 x 10-4  

Am-241 2.99 ; 10-2  4.79 ; 10-2  2.58 ; 10-2 

Am-243+D 2.58 ; 10  5.95 ; 10-1  

Cm-243 1.46 ; 10-1  7.26 ; 10  ; 10-1  

Cm-244 8.29 ; 10'4  1.51 ; 10-3  6.67 	;: 10-4  

aSurface factors represent infinite thinness; volume factors represent 
infinite depth. 

where* 

pLcz) = bulk density of soil material in the contaminated 

zone (1.6 g/cm 3 ), 

FO = occupancy and shielding factor (0.6, dimensionless), 

FS1 = shape factor (1.0, dimensionless), 

FA1  = area factor (dimensionless), 

T(t)) = depth factor for radionuclide i (dimensionless), 

FC.11
[0 	C

d  (t)] = cover factor for radionuclide i at time t (dimension- 
() 
b
cv

' 

less), 

*Numbers preceding the units in parentheses are default values, given only for 
parameters for which site-specific input values can be provided by the user. 
If the units are not preceded by a number, the parameter is a derived 
quantity. 
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T(t) = thickness of contaminated zone at time t (m), 

(cv) 
b 	

= bulk density of cover material (1.6 g/cm 3 ), and 

Cd (t) = thickness of cover at time t (m). 

The area factor is calculated in the RESRAD code by linear interpolation using 

the contaminated zone area (as input parameter)- and the values listed in 

Table B.2. The area factor calculated is for a circular-area-equivalent -

contaminated zone. A shape factor (input parameter) is used to correct for 

the noncircular-shape area factor. The shape factor for a circular contami-

nated area is 1.0. oFor an irregularly shaped contaminated area, the shape 

factor may be obtained by enclosing the irregularly shaped contaminated area 

in a circle, multiplying the area factor of each annulus by the fraction of 

the annulus area that is contaminated, summing the products, and dividing by 

the area factor of a circular-area-equivalent contaminated zone. The area 

TABLE B.2 Area Factors for External 
Gamma Radiation from Contaminated 
Ground°  

Contaminated 
Area 
(m2) 

Radius b  
(m) 

Area Factor, c  
FA1 

1 0.56 0.016 

• 	25 2.8 0.4 

100 5.6 0.55 

500 13 0.8 

1,200 20 1.0 

°Napier et al. (1984). 

bRadius for a circular contaminated 
area. 

cIntermediate values may be obtained 
by linear interpolation. 
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factor of an annulus is the area factor from an annular zone bounded by the 

radii tabulated in Table B.2. For example, the area factor is 0.2 for the 

annulus with inner and outer radii of 13 m and 20 m, respectively; 0.25 for 

the annulus with radii of 5.6 and 13 m; and so forth. 

B.2.1. Depth Factor 

The depth factor FD il  for a specified contaminated zone thickness is 

obtained by interpolation or extrapolation from Table B.3. It is assumed that 

the depth factor can be approximated by the equation 

FD. [0
1 b 

(cz) , T(t)] 4. 1 - exp[-k.0 (cz) 
1 	 T(t)] b (E.2) 

where 

= an empirical constant (m2 /kg), and ki  

oLcz)  es bulk density of soil material in the contaminated zone 

(1,600 kg/m3 ), 

and the other parameters are as defined for Equation B.1. Note that the units 

for oLcz)  in Equations 8.1 and $.2 are different. The empirical constant k i  

for radionuclide i is a function of soil material density; it is determined 

from the tabulated values of the quantityFD [p (cz) 
T(t)] in Table 3 .3. 

The 	 Lcz) e equation used to calculate ki for 	equals 1,000 and 1,800 kg/m3  is 

k.(0).= -loge (l - 	
(cz) 

 FDii (o b 	0.15)]/(0.15o (cz)
) 1 b 	• ( B. 3 ) 



• • 
TABLE 8.3 Depth Factors (F14 1 ) for External Camma Radiation from Contaminated Ground 
as a Function of Thickneas (T) of a Contaminated Layer Exposed at the Ground Surface 
and Soil Density (pb) for Principal and Associated Radionuclides 

Radionuclide 
.a 

pb  ==i 1.0 g/cm3  pb  1.8 g/cm3  

T = 0.15 m T = 0.5 m T = 1.0 m T 	0.15 m T = 0.5 M T = 1.0 m 

H-3 
C-14 
Fe-55 

1.0 
9.6 x 1071  
1.0 

1.6 
t.0 
1.0 .  

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

Co-60 6.8 x 107  1 1.0 1.0 8.6 x 10
-1 

 1.0 
Ni-59 1.0 1.0 1.0 1.0 1.0 1.0 

Ni-63 1.0 1.0 1.0 • 1.0 1.0 1.0 

Sr-90+D 8.1 x 1071  9.8  1.0 9.0 x 1071  1.0 1.0 

Mb-94 7.2 x 1071  1.0 1.0 8.9 x 10-1  1.0 1.0 

TC-99 9.6 x 1071  1.0 1.0 1.0 1.0 1.0 
1-129 1.0 1.0 1.0 1.0 1.0 1.0 

Cs-135 • 9.6 x 	10-1  1.0' 1.0 1.0 1.0 1.0 

Ca-137+D 7.2 x 	10-  1 9.8 x.1071  1.0 9.i .x 1071  1.0 1.0 

Eu-.152 6.8 x 1071  9.6.x 	1071  1.0 8.5 x 1071  1.0 1.0 

Eu-154 
Pb-210+D 

•  6.9 x 10-1  
- 8.8 x 10 1  

9.8 x 1071  
1.0. 

1.0 
1.0 

8.6 x 
9.7 x 

1071  
lo T 1  

1.0 
1.0 

1.0 
1.0 

Ra-226+D 6.3 x 1071  9.2 x10 1  1.0 8.5 K 10-1  1.0 1.0 

Ra-228+D 6.8 x 1071  9.7 x 	1071  1.0 8.5 K 10-1  1.0 1.0 

Ac-227+D 7.9 x 	1071  . 9.7 	x 	1071  1.0 9.1 	x 10-1  1.0 1.0 

Th-228+D 6.1 	1071  .x 9.4 K 1071  1.0 7.5 :x 1 0-1  1.0. 1.0 

Th-229+D 6.5 x 	1071  9.5 x 1071  1.0 8.5 K 10-1  9.9 x 10-1 1.0 



TABLE B.3 (Coned) 

Radionuclide 
.a 

Pb = 	.0 . g/cm3  pb s 1.8 g/cm3  

T = 0.15 m T = 0.5 m • T = 1.0 m T • 0.15 m T = 0.5 rn T = 1.0 m 

Th-230+D 
Th-232+D 

9.3 x 10-1  
9.5 x 10-  1 

1.0 
1.0 

1.0 
1.0 

• 1.0 	• 
1.0 

1.0 
1.0 

1.0 
1.0 

Pa-231 7.9 x 10-1  1.0 1.0 9.2 x 10-1  1.0 1.0 
U-232 8.8 x 10-1  1.0 1.0 1.0 1.0 1.0 
U-233 9.6 x 10-1  •1.0 1.0 1.0 1.0 1.0 

U-234 9.0 x 10-1  1.0 1.0 1.0 1.0 1.0 
U-235+D 8.7 K 10-1  1.0 1.0 1.0 1.0 1.0 
U-236 9.4 K 10-1  1.0 1.0 1.0 1.0 1.0 
U-238+D 7.8 K 10-  1.0 1.0. 8.8 x 10-1  1.0 1.0 
Np-237+D 8.2 K 10-  1.0 1.0 9.3 x 10-1  1.0 1.0 

Pu-238 9.3 K 10-1  1.0 1.0• 1.0 1.0 1.0 
Pu-239 9.2 K 10-  1.0 1.0 1.0 1.0 1.0 
Pu-240 9.2 K 10-1  1.0 .  1.0 1.0 1.0 1.0 
Pu-241+D 9.4 K10-1  1.0 1.0 1.0 1.0 1.0 
Pu-242 9.6 K 10-1  1.0 1.0 1.0 1.0 1.0 

Am-241 9.4 x 	10-1  1.0 1.0 1.0 1.0 1.0 
Am-243+D 9.0 x 	10-  1 1.0 1.0 . 9.7 x 	10-1  • 1.0 1.0 
Cm-243 8.7 x 	10-1  1.0 1.0 R.6 x 10-1  1.0 1.0 
Cm-244 9.6 x 	10-1  1.0 1.0 1.0 1.0 1.0 

aA u+D" signifies that the contributions from the associated decay chain are included; 
radionuclides in the associated decay chain are identified in Table 3.1. 
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• Linear interpolation is then used to obtain k. 	 actual soil b k(o) for the 

density. If FDi1 (4cc) , 0.15) = 1.0, then the tabulated value is replaced by 

0.15) = 0.995. b 

The time dependence of the contaminated zone thickness is given by 

T(t) = 
	

0 5Ht 5 t
c C. 
	 (B. 4 ) 

= T(0) - v
(cz) (t - t ), 	t < t 

where- 

T(t) = thickness of the contaminated zone at time t (m), 

T(0) = initial thickness of the contaminated zone (1 m), 

t = C (0)/v( cv) = time for the cover to be removed by erosion (yr), 

•v ( cv)  = erosion rate of cover material (0.001 m/yr), and 

v(cz) erosion rate of contaminated zone (0 m/yr). 

Erosion rates for both the cover and the contaminated zone may be esti-

mated by means of the Universal Soil Loss Equation (USLE), an empirical model 

that has been developed for predicting the rate of soil loss by sheet and rill 

erosion. If sufficient site-specific data are available, a site-specific 

erosion rate can be calculated. Details are discussed in Wischmeier and Smith 

(1978) and Foster (1979). Estimates based on the range of erosion rates for 

typical sites in humid areas east of the Mississippi River (based on model 

site calculations for locations in New York, New Jersey, Ohio, and Missouri) 

may also be used (Knight 1983). For a site with a 2% slope, these model 

.calculations predict a range of 8 x 10 -7  to 3 x 10-6  m/yr for natural 

succession vegetation, 1 x 10 -5 to 6 x 10-5  m/yr for permanent pasture, and • 9 x 10-5  to 6 x 10-4 m/yr for row-crop agriculture. The rate increases by a 
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factor of about 3 for a 52 slope, 7 for a 10% slope, and 15 for a 152 slope. 

If these generic values are used for a farm/garden scenario, in which the dose 

contribution from food ingestion pathways is expected to be significant, an 

erosion rate of 0.06 cm/yr should be assumed for a site with a 22 slope. This 

would lead to erosion of 0.6 m of soil in 1,000 years. A proportionately 

higher erosion rate must be used if the slope exceeds 2%. An erosion rate of 

6 x 10-5  m/yr, leading to erosion of 0.006 m of soil in 1,000 years, may be 

used for a site with a 2% slope if it can be reasonably shown that the 

farm/garden scenario is unreasonable, e.g., because the site is, and will 

likely continue to be, unsuitable for agricultural use. 

The erosion rates are more difficult to estimate for arid sites in the 

West than for humid sites in the East. Although water erosion is generally 

more important than wind erosion, the latter can also be significant. Water 

erosion in the West is more difficult to estimate because it is likely to be 

due to infrequent heavy rainfalls for which the empirical constants used in 

the USLE may not be applicable. Long-term erosion rates are generally less 

for sites in arid locations than for sites in humid locations; hence, values 

estimated in the manner described above for humid sites can be used because 

they can be expected to provide conservative values. The cover factors and 

the formula for time dependence of the cover depth are described in 

. Section B.2.2. 
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• B.2.2 Cover Factor 

The cover factor for •radionuclide i in the contaminated zone with a 

cover thickness of C d (t) and a cover density of 
•p(cv) is approximated by the 

formula 

FC1. [0 (cv) C (t)] = exg-k.0
(cv) 

Cd (0] 1 b 	d 	 b 
(B.5) 

where 

kl  • • empirical constant (m 2/4), 

•(cv) 3 
0b 	

= bulk density of the cover material (1,600 kg/m ), and 

Cd (t) = cover depth at time t (m). 

The empirical constant ki  for radionuclide i is a function of soil material 

density. 	Linear interpolation is used to obtain k.(p (cv) ) for the actual 
b 

cover density (see Section B.2.1). 

The time dependence of the cover depth is given by 

Cd (t) = Cd (0) - 
	cv) t, 	0 S t < t c 
	 (B.6) 

= 0, 	 t
c 

St 

where 

Cd (t) = cover depth at time t (m), • 

Cd (0) = initial cover depth (0 m), 

v(cv) = erosion rate of the cover material (0.001 m/yr), and 

tc = time for the cover to be removed by erosion (yr). 

• 
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APPENDIX C: INHALATION PATHWAY FACTORS 

Models, formulas, and data for calculating pathway factors for the 

inhalation pathway are presented in this appendix. Inhalation exposure can 

occur from inhalation of dust, radon and radon decay products, and other 

gaseous airborne radionuclides. The radon pathway is not included in the 

current version of the RESRAD code because generic soil guidelines have been 

established for radium (Ra-226 and Ra-228), which is the source of all radon 

(see Appendix A). The other gaseous airborne decay products are primarily 

tritium (in tritiated water vapor) and C-14 (in CO 2 ): these are not included 

in the current version because they constitute only a small, usually 

negligible, fraction of the residual radioactivity at FUSRAP and SFMP sites 

and are unlikely to contribute significantly to the dose received by any .  

individual. 

The contribution to the committed effective dose equivalent from the 

dust inhalation pathway for the ith  principal radionuclide at time t following 

the radiological survey is given by the dose/source ratio DSR1 2 (t). This 

ratio may be expressed as a sum of products of dose conversion factors, 

environmental transport, factors, and source factors (see Equation 3.8). A 

tabulation of dose conversion factors for dust inhalation 'is presented in 

Section C.1. Models and formulas for calculating the environmental transport 

factors are given in Section C.2. Formulas for calculating the source factors 

are given in Section 3.2.3 and Appendix F. 

C.1 DOSE CONVERSION FACTORS 

A dose conversion factor for inhalation is the dose/exposure ratio 

DCFi2  = HE, i2/Ei 2  for the committed effective dose equivalent11E12  that is , 
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incurred by an individual from exposure by inhalation of a quantity E 12  of the 

ith principal radionuclide in ...-.ontaminatec dust. Values of dose conversion 
	• 

factors for inhalation were taken from a DOE report (DOE 1988) and are listed 

in Table C.1. Similar values are given in an EPA report (Eckerman et al. 

1988). The values listed in Table C.1 are for dust particles with an activity 

median aerodynamic diameter (AMAD) of 1 micron. 	Values for different 

inhalation classes are also listed in Table C.1. The inhalation class for 

inhaled radioactive material is defined according to its rate of clearance 

from the lung. The three inhalation classes D, V, and Y correspond to 

retention half-times of less than 10 days, 10 to 100 days, and greater than 

100 days, respectively. If the inhalation class for a radionuclide is not 

known, the largest dose conversion factor for that radionuclide should be 

used. The default value for a radionuclide used in the RESRAD code is the 

largest dose conversion factor for that radionuclide. 

C.2 ENVIRONMENTAL TRANSPORT FACTORS 

An environmental transport factor for dust inhalation is the ratio 

ETF12 (t) = E12(t)/Si(t) of the annual intakeEi2 (t) of the i th  principal 

radionuclide by dust inhalation to the concentration S i (t) of that radio-

nuclide in the soil for the t th  year following the radiological survey. It 

can be expressed as the product 

ETF1  (t) = ASR
2 
 x FA .  x FCD

2 (t) x FO x FI 
2 	

2 	 2 . 	2 (C.1) 

where 

ETF12  (t) = environmental transport factor at time t for dust inhalation 

for the ith  principal radionuclide (g/yr), 
	 • 
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TABLE C.1 Committed Effective Dose Equivalent Conversion Factors (DCF1 2 ) 

for Inhalationa  

	

Radio- 	 Radio- 

	

nuclide 	 nuclide 	 DCF 1 2 

	

nuclide 	Inhalation 	 .Inhalation 
ib 	Class c 	(mrem/pCi) 	 -b Class c 	(mrem/pCi) 

H-3 

C-14 

Fe-55 

Co-60 

Ni-59 

Ni-63 III  

Sr-90+D 

Nb-94 

* (1120) 6.3 x 10-8  Eu-152 W 2.2 x 10-4  

* (organic) 2.1 x 10-6  Eu-154 2.6 x 10-4  

* (CO) 2.9 x 10-9  

* (CO2 ) 2.4 x 10-8  Pb-210+D D 2.1 x 10-2  

D 2.6 x 10-6  Ra-226+D W  •7.9 x 10 -3 

W 1.2 x 10-6  
Ra-228+D W 4.5 x  10-3  

V 3.0 x 10-5  

Y 1.5 x 10-4  Ac-227+D D 6.7 

W 1.7 

D 1.3 x 10-6  Y 1.2 
W 7.0 x 10-7  

* (vapor) 2.7 x 10-6  Th-228+D W 2.5 x 10-1  

3.1 x 10-1  
D 3.0 x 10-6   
W 1.9 x 10-6  Th-229+D W 2.0 

* (vapor) 6.3 x 10-6  1.7 

D 2.3 x 10-4  Th-230 V 3.2 x 10-1  
Y 1.3 x 10-3  Y 2.6 x 10-1  

W 2.6 x i0  W 1.6 
Y 3.3 x 10-4  1.1 

D 8.4 X 10  W 1.3 
W 7.5 x 10-6  Y 8.6 •x 	10-1  

D 1.8 x 10-4  U-232 D 1.2 x 	10-2  

1.3 x 10-2  
4.5 w 10-6  6.7 	x 	10-1  

3.2 x 10  D 2.7 x 10-3  

7.1 	x 	10-3  

1.3 x 10-1 

Tc-99 

1-129 

Cs-135 

Cs-137+D 

• 
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TABLE C.1 (Cont'd). 

Radio- Radio- 
nuclide Inhalation . nuclide . Inhalation 12 

.b1 Class c  (mrem/pCi) .b 1 Classc (mrem/pCi) 

U-234 D 2.7 x 10-3  Pu-239 V 5.1 x 10-1  

7.1 	o' Y 3.3 x 10-1  

1.3 x 10-1  
• Pu-240 W 5.1 	x. 10-1  

U-235+D D 2.5 x •0-3  Y 3.3 x 10-1  

W 6.7 x 10-3  

Y 1.2x 10-1  Pu-241 W 1.0 x 10-2  

Y . 

	

5.7'x 	10-3  

U-236 D 2.5 x 10-3  

W 6.7 x 10-3  Pu-242 • W 4.8 x 10-1  

Y 1.2 x 10-1  Y 3.1 x 10-1  

U-238+D D 2.4 x 10-3  Am-241 V 5.2 x 10-1  

-6.2 x 10-3  

1.2 x 1O  V 5.2 x 10-1  

Np-237+D W 	. 4.9 x 10  3.5 x 10  

.Pu-238 .4.6 x 10-1 Cm-244 x 1071  
Y. 3.0 x 10-1  

aInhalation factors are for an AMAD of 1 micron. 

bDose conversion factors for ,entries labeled by "+D" are aggregated dose 
conversion' factors for intake of a principal radionuclide together with 
radionuclides of the associated decay chain in secular equilibrium (see 
Section 3.1 and Table 3.1). 

An asterisk (*) indicates a gaseous material. The three inhalation 
classes D, W, and Y correspond to retention half-times of less than 
10 days, 10 to 100 days, and greater than 100 days, respectively. 
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• 

ASR2  = air/soil concentration ratio = average mass loading of airborne 

- contaminated soil particles (2 x 10 4  g/m3 ), 

FA2  = area factor (dimensionless), 

FCD2 (t) = cover and depth factor (dimensionless), 

F02  = occupancy factor (0.45, dimensionless), and 

FI2  = annual intake of air (8,400 m 3 /yr). 

The mass loading is a conservative estimate that takes into account 

short periods of high mass loading and sustained periods of normal activity on 

a typical farm (Gilbert et al. 1983, Appendix A). 

Three models are commonly used for the process by which dust becomes 

airborne (Healy and Rodgers 1979, Appendix E; Oztunali et al. 1981, Appen-

dix A; Gilbert et al. 1983, Appendix A). One is a resuspension factor model 

in which the airborne dust concentration (C dust)  is given as.a function of an 

empirically determined resuspension factor (R f ), the effective depth of the 

layer of dust from which resuspension occurs (d r ), and the bulk soil density 

(Pb)- The formula relating these variables is 

Cdust = Rf  dr  ob  

The second is a resuspension rate model in which the airborne dust concen-

trition is given as a function of an empirically determined resuspension rate 

(Rr ), surface dust concentration (a s  = ob. d r ), and average deposition velocity 

(vd)- The formula is 

Cdust = Rr as /7d 
	 (C.3) 

• 
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The third is a mass loading model in which an average value of the airborne 

dust concentration is specified on the basis of empirical data. 

The resuspension factor and resuspension rate are related by the 

equality Rr  = vd  Rf ; hence, the resuspension factor and resuspension rate 

models are not independent. Both resuspension models require two parameters 

that must be determined empirically and can vary over a wide range: (1) a 

resuspension factor or rate and (2) the thickness of the resuspendable layer. 

(The deposition velocity can also vary because of dependence on particle size, 

but the uncertainty in assigning a value is somewhat smaller.) The mass 

loading model uses a single parameter that is more directly measurable and for 

which empirical data are more readily available. The mass loading model has, 

therefore, been used in RESRAD for estimating the airborne dust concentration 

near the source. 

For on-site exposure, the transport process may be regarded as a 

dilution process in which the resuspended contaminated dust is mixed with 

uncontaminated dust blown in from off-site. This dilution can be modeled by .a 

Gaussian plume model (using an area distribution of point sources with zero 

release height) or by a simple mixing model that assumes perfect mixing of 

resuspended on-site contaminated dust with off-site uncontaminated dust within 

a volume defined by a mixing height and the area of the exposed contaminated 

zone. The Gaussian plume model, as applied to annual average meteorological 

data, using sector averages, is generally regarded as applicable over 

distances from one hundred meters to several thousand meters; it has not been 

validated for on-site exposure in which the exposure occurs immediately above 

the source. There are uncertainties regarding exposure in the immediate area, 

primarily because of possible air turbulence or downdrafts created by 

buildings and structures. Considering these uncertainties regarding the • 
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Gaussian plume model for on-site exposure and the large increase in the size • of the code that incorporation of an area-source Gaussian plume model would 

entail, a simple mixing model has been used in the current version of 

RESRAD. 

The area factor represents the fraction of airborne dust that is 

contaminated. It is calculated using a mixing model for estimating the 

dilution of contaminated dust that is resuspended on-site by uncontaminated 

dust blown in from off-site and is given by the formula 

FA
2 

= A1'2 /[Al/2 + 
	

(G.4) 

where 

A = area of contaminated. zone (10,000 m 2 ) and 

DL = dilution length (3 m). • The dilution length depends on the wind speed, mixing height, resuspension 

rate, and thickness of the resuspendable dust layer (Gilbert et al. 1983, 

Appendix A). Estimates of lower and upper bounds of DL for bounding values of 

the independent variables are 0.03 m and 250 m, respectively. The geometric 

mean f the bounds, DL 3 m, is used as the default value. The model has not 

been tested experimentally; hence, the accuracy and range of values of A and 

DL for which the model is applicable are not known. 

The cover and depth factor is the fraction of resuspendable soil 

particles at the ground surface that are contaminated. It is calculated by 

assuming that mixing of the soil will occur within a layer of thickness d m  at 
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the surface. The cover and depth factor FCD i  (t) is calculated by the formula 

FCD. (t) = 1, 	 c(t) = 0, T(t) 	dm 12 

= T(t)/d , 	 Cd 	+ T(t) < dm 

= 1 - Cd(t)/dm , 	Cd
(t) < dm

, C
d
(t) • T(t) 	d m. 

0, 	 cd  (t) > d m 

where 

= depth of soil mixing layer (0.15 m), 

Cd (t) = cover depth at time t (m), and 
	

• 

T(t) = thickness of contaminated zone at time t (m). 

The default occupancy factor of F0 2  = 0.45 used in the RESRAD code is 

based on the assumption that 50% of a person's time is spent indoors [where 

the dust level is 40% of the outdoor level (Alzona et al. 1979)], 25% is spent 

outdoors in the contaminated area, and 25% is spent in uncontaminated areas. 

The annual air intake of 8,400 m 3/yr used in the RESRAD code is the 

value recommended by the International Commission on Radiological Protection 

(1975). 
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APPENDIX D: INGESTION PATHWAY FACTORS 

1111 	Ingestion pathways consist of five environmental pathways and the 
common exposure pathway to which they contribute (see Table 2.1). The doses 

from these pathways are specified by the dose/source ratios described in 

Chapter 3. Dose/source ratios may be analyzed into sums of products of dose 

conversion factors (which characterize the exposure pathways), environmental 

transport factors (which characterize the environmental pathways), and source 

factors (which characerize ingrowth and decay and leaching of the radio-

nuclides) (see Equation 3.8). Dose conversion factors for ingestion are 

described in Section D.1. Environmental transport factors and the models and 

formulas used to calculate them are presented in Sections D.2-D.4. Formulas 

for calculating the source factors are given in Section 3.2.3 and Appendix F. 

D.1 DOSE CONVERSION FACTORS 

III/ 	 A dose conversion factor for ingestion is the dose/exposure ratio 

DCF0  = HE,i3 /Ei, where •HE, 13 is the committed effective dose equivalent 

incurred by an individual from intake by ingestion of a quantity E i  of the i th  

principal radionuclide. Values of dose conversion factors for ingestion were 

taken from a DOE report (DOE 1988) and are tabulated in Table D.1. Similar 

values are given in an EPA report (Eckerman et al. 1988). Dose conversion 

factors depend on the chemical form, which determines the fraction f 1 °f a 

radionuclide entering the gastrointestinal (CI) tract that reaches body 

fluids. Data on the appropriate fractions for different chemical forms are 

given in Publication No. 30 of the International Commission on Radiological 

Protection (ICRP 1979-1982). The dose conversion factors used in RESRAD are 

the values corresponding to the largest values of f i  in Table D.1. If the • chemicalformaaradionuclideisknownandadifferentvalueofDCF.is 
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TABLE D.1 Committed Effective Dose Equivalent :onversion Factors ( Fi3 ) 

Radio- 
nuclide 

-a 
Li 

DC Fi3  
(mrem/pCi) 

Radio-
nuclide 

.a 1 b 
'1 

DCFi3  
(mrem/pCi) 

H-3 1.0 6.3 x 10-8 U-232 5 x 10-2  1.3 x 10-3  

C-14 1.0 2.1 x 10-6  2 x 10-3  6.8 x 10-5  

Fe-55 1 •x 	10-1  5.8 x 10-7  U-233 5 x 10-2 2.7 x 1074  

Co-60 3 x 10-1  2.6 x 10-5  2 x 10-3  . 2.5 x 10-5  

5 x 10-2  . 1.0 x 10-5  U-234 5 x 10-2  2,6 x 10-4  

Ni-59 x 10-2  240 x 10-7  2 x 10-3  2.5 x 1075  

Ni-63 .5 x 10-2  5.4 x 10-7  U-235+D -5 x 10-2 2.5 x 10-4  

Sr-90+D 3 x 10-1  1.4 x 10-4  2 x 10-3  2.6 x 1075  

1 x 10-2  1.2 x 10-5  U-236 5 x 10-2  2.5 x 10-4  
Nb-94 1 x 10-2  5.1 x 10-6  2-x 10-3  2.4 x 10-5  
Tc-99 8 x 10-1  1.3x 10-6  U-238+D 5 x 10-2  2.5 x 10-4  
1-129 1.0 2.8 x 10-4  2 x 10-3  3.8 x 10-5  
Cs-135 1.0 7.1 x 10-6  Np-237+D 1 N 10-3  3.9 x 10-3  
Cs-137+D 1.0 5.0 x 10-5  Pu-238 1 x 10-3  3.8  
Eu-152 1 x 1073  6.0 x 10-6  1 .x 10-5  5.4 x 10-5  
Eu-154 l'x 10-3  9.1 x 10-6  Pu -239 1 x . 10-3  4.3 x 1073  
Ph-210+D 2x. 10  x 10-3  1 x 10-5  5.8 x 1075  
Re-226+D 2 x 10  x 10-3  Pu -240 1 x 10-3  4,3.i 1073  
Ra-228+D 2 x 10  x 10-3  1 x 10-5  5.8 x 10-5  
Ac-227+D 1 x 10-3  * 1.5 x 10-2  Pu -241 1 x 10-3  8.6 	x . 1075  
Th-228+D. 2 x 10-4  7.5 x 10-4  1 X 10-5  9.2 x 10-7  
Th-229+D 2 x 10-4  4.3 x 10-3  Pu -242 1 4.1 x 10-3  
Th-230 2 x 10  x 10-4  1 x 107 5  5.6 x 10-5 
Th-232 2 x 10-4  2.8 x 10-3  Am-241 1 x 1073  4.5 x 1073  

-Ra-231 1 x 10-3  1.1 x 10-2  Am-243+D 1 x 10-3  4.5 x 10-3  
Cm-243 1 x 10-3  2.1 x 1073  

Cm-244 1 x 10-3  2.3 x 1073  

aDose conversion factors for entries labeled by "-D" are aggregated dose 
conversion factors for intake of a principal radionuclide together with 
radionuclides of the associated decay chain in secular , equilibrium (see 
Section 3.1). 

bFraction of a stable element entering the GI tract that reaches body 
fluids. - 

for Internal Radiation from Ingestion 
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needed, the value can be entered by modifying the DCF i3  data file contained in 

the RESRAD package .. 

D.2 ENVIRONMENTAL TRANSPORT FACTORS 

D.2.1 Plant, Meat, and Milk Pathways 

D.2.1.1 Environmental Transport Factor Components 

Environmental transport factors for the plant, meat, and milk pathways 

can be factored into the product 

ETF. (t) = FA x FCD. (t) x 	DF 	x FSR. 	(t) 	 (D.1)' 
ipq 	p 	lpq 	pk 	ipqk 

where . 

ETFim(t) = environmental transport factor for the i th  principal radio-

nuclide and pq th  environmental pathway at time t (g/yr) 

p = primary pathway index for the plant (p = 3), meat (p = 4), 

and milk (p = 5) pathways, 

q = secondary index for root uptake (q 7 ) foliar deposition 

(q = 2), ditch irrigation (q = 3), overhead irrigation 

• (q = 4), and livestock water (q = 5), 

FA 'area factor for pth  primary pathway (dimensionless), 

FCD1  •pq  (t) = cover and depth factor for the i th  principal radionuclide 

and pqth  ingestion pathway at time t (dimensionless), 

DFpk = dietary factor = annual consumption of the k th  food class 

for the pth food pathway (g/yr), 

k = food class index, and 
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FSRiptik (t) = food/soil concentration ratio for the i th  principal radio-

nuclide , pq th  ingestion pathway, and kth  food class at 

time t (dimensionless). 

The sum is over the applicable food classes. The plant pathway consists of 

two food classes: (1) fruit, nonleafy vegetables, and grain (k = 1) and 

(2) leafy vegetables (k = 2). For the meat and milk pathways only a single 

food class is used in the current version of RESRAD. Dietary factors are 

commonly given in kg/yr; they must be converted to g/yr before substitution 

into Equation D.1 in orcer for FSR = C/S to be a dimensionless quantity when 

the soil concentration S is specified in pCi/g. 

For water-dependent pathways (pathways with q = 3, 4, or 5 -- which 

include a groundwater or surface water pathway segment), the food/soil concen-

tration ratios can be factored into the products 

 

FSR. 	(t) = FWR.* 	x WSR. (t) tpqk- 	tpqk 	tr (D.2) • 

where* 

• 

 

food/water concentration ratio for the -th principal 

radionuclide, pqth  water-dependent pathway, and k th  food 

class (L/0', 

WSRir(t) = water/soil concentration ratio for the r th  water pathway 

segment (g/L), and 

r = water pathway segment index for groundwater (r = 1) or 

surface water (r = 2). 

Substituting Equation D.2 into Equation D.1, one obtains 

i  FWR pcik   = 

• 

• 
ETF. 	(t) =WEF. 	x WSR. 	 (D.3) tpqr 	tpq 	tr 
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WEF. 	= FA x FCD. (t) x 	DF 	x FWR. 	 (D.4) 
lpq p 	ipq 	 pk 	ipqk 

is the water exposure factor for the pcI th pathway in units of L/yr, and the 

quantities on the right are as defined for Equations D.1 and D.2. A water 

exposure factor is equal to the ratio of the annual intake of the i th  

principal radionuclide_ in food contaminated through the pq th  water—dependent 

pathway to the concentration of the radionuclide in the contaminated water. 

Water/soil concentration ratios are defined and discussed in Appendix E. 

D.2.1.2 Area Factors 

The area factor for the plant (FA 3 ), meat (FA4), and milk (FA5 ) 

pathways is given by 

FA3  = A/2,000, 	0 5 A 5 1,000 m2  

= 0.5, 	. A > 1,000 m2  

FA4  = FA5  = A120,000, 	0.5 A 5 20,000'm2 .  

= 1, . 	 A > 20,000 m2  (D.5) 

where A = area of contaminated zone (10,000 m 2 ).* An area of 10,000 m2  = 

1 hectare (ha). 

*If a number is included with the unit identification, the variable is an • 	input variable and the number is the default value. 
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• 	 D.2.1.3 Cover and Depth Factors 

The cover and depth factors FCD.ipq  for q = 1 through q = 4 are 

applicable to the plant (p = 3), meat (p = 4), and 'milk (p = 5) pathways. The 

cover and depth factor FCDip5  for the livestock water pathway is applicable 

only to the meat and milk pathways. 

Root Uptake. The cover and depth factor for root uptake (q 1) is 

where 

FCD . (t) = 1, 	 C(t) = 0, T(t) 	d1p1 	 d 	 r 

= T(t)/dr 	
Cd 	+ T(t) <'dr 

= 1- Cd(t)/dr' 	
C
d 
 (t) < dr' Cd (t) + T(t) 	dr -  

my 0, 	 C (t) 	d d 	r (D.6) 	• 

Cd (t) = cover depth at time t (m), 

T(t) = thickness of contaminated zone at time •t (m), and 

dr = maximum root depth (0.9 m). 

The cover depth is given by Equation B.6. 	Equation D.6 is based on the 

assumption of a sharp boundary between the bottom of any uncontaminated cover 

and the top of the contaminated zone. The effect of mixing uncontaminated and 

_contaminated soil in a surface layer by plowing or other disturbance of the 

soil close to the ground surface is not taken into account. • 

Foliar Deposition. The cover and depth factor FCDip2 (t) for foliar 

deposition for the ingestion pathways is the same as the cover and depth 

factor FCDi2 (t) for the inhalation pathway (see Equation C.5). 
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Ditch Irrigation, Overhead Irrigation, and Livestock Water. 	The 

contributions from ditch irrigation (q = 3), overhead irrigation (q = 4), and 

livestock water (q = 5) are independent of the depth of the contaminated zone 

in the models used because the infiltrating water will carry the contamination 

to the aquifer and contaminate the water regardless of the depth, and the 

subsequent contamination mechanisms do not depend on depth. Hence, the cover 

and depth factors for these subpathways are 

FCDip3 (t) = FCDip4(t) = FCDip5 (t) = 1 
	

(D.7) 

D.2.1.4 Dietary Factors 

The dietary factor for human food consumption is a tabulated quantity. 

The values used are given in Table D.2. 

TABLE D.2 Dietary Factors (DFpk) for Human Food Consumption 

Primary 
Pathway 
Index, 

• 

Ingestion 
Pathway 	, 

Food 
Class 
Index, 

k. Class Description 

• Dietary 
Factor, 
DFpk 

3 Plant foods 1. Fruits, vegetables, and grain 160 kg/yr 

3 Plant foods 2 Leafy vegetables 14 kg/yr 

4 Meat 1 Meat and poultry 63 kg/yr 

5 Milk 1 Milk 92 L/yr 

6 Aquatic foods 1 Fish •5.4 kg/yr 

6 Aquatic foods 2 Crustacea and mollusks 0.9 kg/yr 

7 Drinking water 1 Drinking water 410 L/yr 

• 
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-D.2.1.5. Food/Soil Concentration Ratios for Plant Foods 

Root Uptake. The plant-food/soil concentration ratios for root uptake 

are given by 

FSRolic  = Biv 	 (D.8) 

where B. are the vegetable/soil transfer factors listed in Table D.3. It is 11, 

assumed that the same root uptake transfer factors can be used for nonleafy 

vegetables (k = 1) and leafy vegetables (k = 2). 

Foliar Deposition. The plant-food/soil concentration ratio for uptake 

from airborne contaminants that deposit on foliage is given by 

FSILFAKFAR.,(1011 
132k 	2 	.132k 	3 (D.9) 

where 

FSR02k  = plant-'food/soil concentration ratio forfoliar. 	deposition for 

the i th  principal radionuclide and k th  food class (dimension-

less), 

FA2  = area factor for dilution of resuspended contaminated dust 

(dimensionless), 

FARi32k  = plant-food/air , concentration ratio for radionuclide transfer 

by airborne foliar deposition for the i th  principal radio-

nuclide and kth  food class (m3/g), and 



149 

TABLE D.3 Vegetable/Soil Transfer Factors (B iv) for Root Uptake 

Element Biv  Element Biv  Element Bi v  

H 0 Sr 2.0 x 10-1  Pm 2.5 x 10-3 

Be 4.7 x 10-4 Y 2.5 x 10-3 Sm 2.5 x 10-3 

C 0 Zr 1.7 x 10-4  Eu 2.5 x 10-3  

N 7.5 Nb 9.4 x 10-3  Tb 2.6 x 10-3  

F 2.0 x 10-2  Mo 1.3 x 10-1  No 2.6 x 10-3  

Na 5.0 x 10-2  Tc 2.5 	x . 10  W 1.8 x 10-2  

P 5.0 x10. Ru 1.0 X 10-2  Ir X r4  9.9 	1 

Ar 0 Rh 1.3 x 10-1  Ng 3.8 x 10-1  

Ca 4.0 x 10-2  Pd 5.0 Pb 6.8 x 10-2  

Sc 1.1 x 10-3  Ag 1.5 x 10-1  Bi 1.5 x 10-1  

Cr 2.5 x 10-4  Cd 3.0 x 10-1  Po 9.0 x 10-3  

Mn 3.0 x 10-2  Sn 2.5 x 10-3  Rn 0 

Fe 4.0 x 10-4  Sb 1.1 x 10-2  La 1.4 x 10-3  

Co 9.4 x 10-3  Te 1.3 Ac 2.5 x 10-3  

Ni 1.9 x 10-2  I 2.0 x io 2  Th 4.2 x 10-3  

Cu 1.3 x 10-1  Xe 0 Pa 2.5.x 

Zn 4.0 x 10-1  Cs 2.0 x 10-3  .0 2.5 x 10-3  

As 1.0 x 10-2  Ba 5.0 x 10-3  lip 2.5 x 10-3  

Se 1.3 	• La 2.5 x 10-3  Pu -4  2.5 x 10 

Br 7.6 x 10-1  Ce 5.0 x 10-4  Am 2.5 x 10-4  

Kr .  0 Pr 2.5 x 10-3  Cm 2.5 x 10-3  

Rb 1.3 x 10-1  Nd 2.4 x 10-3  . 	Cf 2.5 x 10-3 

• 
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ASR3 = air/soil concentration ratio, specified as the average mass 

loading of airborne contaminated soil particles in a garden 

during the growing season (1 x 10 -4  g/m3 ). 

The area factor for dilution of resuspended contaminated dust by mixing with 

uncontaminated dust blown in from off-site is given by Equation C.2. The 

formula for the plant-food/air concentration ratio is 

[V .xf xT. ][1 	exp(-).wt Fe 
= 3.16 x 10

4  di 	r 	ivk  
ARimk 	 Yvk x w 

 

•D.10) 

 

where 

Vdi = deposition velocity of contaminated dust (0 m/s for H, C, Ar, 

Kr, and Xe; 1 x 10-2  m/s for F, Br, I, and Cl; and 

1 x 10 for all remaining elements listed in Table D.3), 

= fraction of deposited radionuclides retained on the 

vegetation (0.25, dimensionless), 

= foliage-to-food radionuclide transfer coefficient for the i th  Tivk 

principal radionuclide and kth  food class (T 1v1  = 0.1, T1v2  

1.0, and Tio  = 1.0, dimensionless), 

Yv = wet-weight crop yield for the kth  food class (Y 

0.7 kg/m2 , Yv2  = 1.5 kg /m2 , and Yv3 = 1.1 kg/m2 ), 

Aw  = weathering removal constant for vegetation (20 yr -1 ), and 

tek • time of exposure of the kth  food class to contamination 

during the growing season(tel = 0.17 yr, t e2  = 0.25 yr, and 

te3  = 0.08 yr). 
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The numerical factor 3.16 x 10 4  (kg/g)(s/yr) is used to convert FAR i32k  

to units of m3 /g. The foliage-to-food transfer coefficient T ivk  is assumed to 

be !radionuclide independent in the current version of the code. The weather-

ing removal constant corresponds to a contaminant removal half-time of two 

weeks. The values for k = 3 are for fodder; they are not included in the sum 

over k in Equation D.1. 

Ditch Irrigation. The plant-food/soil concentration ratio for ditch 

irrigation is given by 

FsR 
	

imple,tim.(0 	4. xF11w.(t) x (1 - FI1)] 	(0.11) 
i33k (  

O 	. 
I33k 	11 	

SR12 

where 

FSR.133k (t) = plant-food/soil concentration ratio for ditch irrigation 

for the i th  principal radionuclide and k th  food class at 

time t (dimensionless), 

FWRim  = plant-food/water concentration ratio for ditch irrigation 

for the -th principal radionuclide and the kth  food class 

WSR j 1 (t) = well-water/soil concentration ratio for the i th  principal 

radionuclide (g/L), 

FIl = fraction of well water used for irrigation (balanced from 

surface water; 1.0, dimensionless), and 

WSR1  • 2  (0 = surface-water/soil concentration ratio for the 

principal radionuclide (g/L). 

th 
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Plant-food/soil concentration ratios for root uptake are assumed to be the 

same for all food classes. The formula for the plant-food/water concentration 

ratio, FWRink , for ditch irrigation is 

I 	B. 	[1 -exp(- L.t )1 FWR. 	=  rr iv 	 1 ek  
133k Y 	x L. vk 

(D.12) 

where 

Irr = irrigation rate (0 m/yr), and 

Li • leach rate constant for radionuclide i ( - 1 

FWRink  is in dimensions of L/g (m3/kg), Biv  is as defined for Equation D.8, 

and tek  and Yvk  are as defined for Equation D.10. The leach rate constant L. 

is discussed in Appendix E. The default value used in the RESRAD code for 

fraction of well water used for irrigation is 1.0, i.e., 1001 of irrigation 

water is well water. A value of 0.5 means 50% of irrigation water le well 

water and 501 is surface (pond) water. The water/soil concentration ratios 

are discussed in Appendix E. 

Overhead Irrigation. 	The factoring of the plant-food/soil concen- 

tration ratio for overhead irrigation, FSRi uk, is the same as the factoring 

for ditch irrigation in Equation D.11. That is, 

FSRiuk(t) = FWRiuk  x 1WSR1 1 	x FIl + WSR .12  (t) x (I - FI1)1 	(D7 13) 

• 
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The only difference is that, for overhead irrigation, the plant-food/water 

concentration ratio is given by 

[I 	x f x T. ][1 - exp -Xt ek rr 	r 	ivk 	 w  = 
Yvk x Aw FWRi34k i33k 

(D.14) 

where FW.1(134k  is in units of L/g (m
3/kg) Irr is as defined for Equation D.12, 

and the remaining quantities are as defined for Equation D.10. 

D.2.1.6 Food/Soil Concentration Ratios for Meat and Milk 

Thefood/soilconcentrationratios FSR 1. pq (t ) for meat and milk can be 

factored into the product 

FSRipq (t) = FQR. x FI
Pq 

 x. 	
iQSR. pq(t) 	 (D.15) 

.  

where 

FQRi  . = radionuclide transfer factor for meat (p'= 4) or milk p 

(p = 5) = ratio of the concentration of the i th  principal 

radionuclide in meat or milk in pCi/kg to the rate of 

intake in fodder or water by livestock of the .th principal 

radionuclide in pCi/d (d/kg), 

FIPq = daily intake of fodder (q = 1, 2, 3, and 4) or water 

(q = 5) by livestock (kg/d -- see below for default 

values), and 

QSRipq  (t) = fodder/soil or livestock-water/soil concentration ratio for 

meat (p = 3) or milk (p = 5) for the ith  principal radio-

nuclide and th  q 	subpathway (dimensionless). 

• 
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The radionuclide transfer factors FQR. are listed in Table D.4. The 

livestock fodder intake rates are FI 4c1  = 68 kg/d and FI 511  = 55 kg/d for q  = 1, 

2, 3, and 4 for meat and milk, respectively, and the livestock water intake 

rates are FI45 = 50 L/d and FI 55 = 160 L/d for q = 5. (Note that 1 L of water 

weighs 1 kg; hence, units of kg/d may be used for all intakes.) 

The expressions for the fodder/soil concentration ratios are the same 

as the expressions for the food/soil concentration ratios given earlier; the 

only difference is in a few parameter values. QSRIpti  is time independent for 

the water-independent pathways (q = 1, 2) and depends on time only through the 

water/soil concentration ratio WSR1  • 1  (t) for the water-dependent pathways 

(q = 3, 4 and 5). The formulas for the fodder/soil concentration ratios are 

as follows. . 

QS R141  QSR. 	= H. Ri41 	151 	iv 0).16, 

is the ratio for root uptake by fodder, where Bi v  is the vegetable/soil 

transfer factor for root uptake, tabulated in Table D.3. 

QSR.
42 	1 

= QSR.
52 
 = FA x FAR. 	x ASR

3 1 	 2 	1323 (D.17) 

. is the ratio for foliar deposition on fodder, where FA 2  is an area factor and 

ASR3  is the air/soil concentration ratio, both defined for Equation D.9, and 

FARi323  is the plant-food/air concentration ratio defined by Equation D.10. 

QSRi43 (t) = QS 	(0 Ri53  

= FWRi333  x [WSRil (t) x FIl + WSRi2  x (1 - FI1)] 	(D.18) • 



Beef (FQRi4 ) Milk (FQRi5) 
Element 
	

(d/kg) 	(d/L) 

0 

8.0 x 10-4  

9.9 x 10-4  

2.0 x 10-2  

Na 5.0 x 10-2  

5.0 x 10-2  

Ar 

Ca 3.3sx 10-3  

Sc 6.0.x 10-3  

Cr 9.9 x 10-4  

Mn 5.0 x 10-3  

Fe 2.0 x 10-2  

Co 1.0 x 10-3  

Ni 1.0 x 10-3  

Cu 1.0 x 10-2  

Zn 5.0 x 1072  

As 1.5 x 10-3  

Se 1.0 

Br 2.0 x 10-2  

Kr 

Rb 1.5 x 10-1  

Sr 3.0 x 10-4  

5.0 x 10-3  

Zr 5.0 x 10-4  

Nb 5.0 x.10-4 • 

Mo 1.0 x .  10-2  

Tc 9.9 x 10-4  

Ru 1.0 x 10-3  

Rh 1.0  

Pd 1.0 x 10-3  

Ag 9.9 x 10-4  

Cd 1.6 x 10-2  

0 

2.0 x 10-6  

0 

1.0 x 10-2  

7.0 x 10-3  

4.0  

1.2 x 10-2  

o . 
8.0 . 

2.5 x 10-6  

1.1 x 10-3  

1.0 x 10-4  

6.0  

5.0 x 10-4  

3.4 

7.0 x 10-3  

6.0 x 10-3  

3.0 x 10-3  

.2.3 x 10-2 .  

2.5 x 10-2  

. 10-2  

1.5 i 10-3  

5.0'x 10-6  

2.5 x 10-6  

1.2 

4.0 x 10-3  

1.2 x 10-2  

5.0 x 10-7  

5.0 .  x 10-3  

5:0 x 10-3  

2.5 x 10-2  

6.2 x 10-5  

Be 

• 
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TABLE D.4 Meat (FQR1 4) and Milk (PQR0) Transfer Factors for Root Uptake 

• 

Element 
Beef (FQR i4 ) 

(d/kg) 
Milk (FQRi5) 

(d/L) 

Sn 9.9 	10-4 1.3 	10-3  

Sb 3.0 	10-3  7.5 	10-4 

Te 5.0 	10-2  5.0 	10-4  

2.0 	10-2  1.0 	10-2  

Xe 0 

Cs 3.0 x 10-2  5.0 .x 	10-3  

Ba 5.0 X 11:C4  4.0 x 1074  

La 5.0 X 1r3  2.5 x 10-6  

Ce 1.0 	1r3  1.0 x 

Pr 5.0 X 1r3  2.5 x 10-6  

Nd 5.0 X 2.5 x 10-6  

Pm 5.0 X 	10.'3  2.5 x 10-6  

Sm 5.0 X 1r3  2.5 x 10-6  

Eu 5.0 X 1r3  2.5 x 10-6  

Tb 5.0 X IC.3  2.5 x 10-6  

Ho 5.0 X 10.'3  2.5 x 10-6  

N. 9.9 X 1r4  2.5 x 10-4  

Ir 9.9 X 1r4  9.9 x 10-4  

Hg •1.0 X 1071  1.9 x 	10-2.  

Pb 9.9 X 10'4  1.0 x 10 5-  

Si 9.9 X 	10.'4  2.5 x 10-4 

Po 9.9 X 10.4  1.2 	10-4  

Rn .0 

Ra 9.9 x 10-4  2.0 . xs 10-4  

Ac 5.0 x 10-3  2.5x 10-6  

Th 5.0 x• 10-3  2.5 x 1076  

Pa 5.0 x 10-3  2.5 x 10-6  

U. 5.0 x 10-3  6.0 X 11r4  
Np 5.0 x 10-3  • 

.205 X 10-6  

Pu 5.0 x 10-3  2.5 x 10-8  

Am 5.0 x 10-3  2.5 x 10T6  

Cm 5.0 x 10-3  2.5 x 10-6  

Cf 5.0 x 10-3  7.5 x 10 -7  
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• is the ratio for ditch irrigation of fodder, where FWR 1333  is theplant-food/ 

water concentration ratio given by Equation D.12; WSRi l (t) and WSRi2  are the 

water/soil concentration ratios for well water and surface water, respec-

tively, as derived in Appendix E; and FIl is as defined for Equation D.11. 

QS11.144 (0 QS Ri54(0 

= FWRi343  x [WSRil (t) x Fl].- + WSR 12  (1 - Fl])) 	(D.19) 

is the ratio for overhead irrigation of fodder, where FWR 1343  is the fodder/ 

water concentration ratio for overhead irrigation given by Equation D.14. 

011. 0. 0 	0.w FL].)145
( 	Ri55 ( 	Ril(0 m + WSR12.  (1  - FL 

	
(D.20) 

is the ratio for intake of contaminated livestock water, where FL] is the 

fraction of well water used for feeding livestock (balanced from surface 

water; 1.0, dimensionless). • 

D.2.2 Aquatic Food Pathway 

The environmental transport factor for the aquatic food pathway (p = 6) 

can be factored into the product 

6 	[ k 
ETFi6 (0 = FR x 	x FVR. J  x WSRi  (t) 2  (D.21) 

where the summation is over the aquatic food classes (see Table D.2) and 

ETF1 6 (t) = environmental transport factor for the aquatic food pathway 

(fish, crustacea, and mollusks) (g/yr), 
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DF6k  = dietary factors for annual consumption of fish (k = 1) and 

crustacea and mollusks (k = 2) (kg/yr), 

FR6  = fraction of aquatic food consumed that is contaminated (0.5, 

dimensionless), 

FWRi6k  0 fish/water (k = 1) and crustacea-mollusk/water (k = 2) con-

centration ratios (bioaccumulation factors) (L/kg), and 

WSRL2  • (0 = water/soil concentration ratio for surface water (g/L). 

Dietary factors are given in Table D.2. Bioaccumulation factors are given in 

Table D.5. The water/soil concentration ratio for surface water is calculated 

using the surface-water model described in Appendix E. 

The environmental transport factors may also be written as products of 

a water exposure factor and a water/soil concentration ratio 

(t)= .(t) 	 (D.22) ETF16. 	IEF% 16  ,( WSR
12  

where 

WEFi6 (t) = FR6  x [1 DF6k  x FWRi6k ] 	 (D.23) 

D.2.3 Drinking Water Pathway 

The formula for the environmental transport factors for the drinking 

water pathway is 

Em(o.uxmixiimi.(0,,m+.(t) x (1' FD1) 
17 	 1 1 	 WSR

12 (D.24) 

• 
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TABLE D.5 Aquatic Bioaccumulation Factors (FWR i6k) for Fresh Water 

Element 
Fish (k=1) 

(L/kg) 

Crustacea and 
Mollusks (k=2) 

(1./kg) Element 
Fish (k=1) 

(1./kg) 

Crustacea and 
Mollusks (k=2) 

CL/kg) 

9.0 x l0  x 10  3.0 x 103  1.0 x 103  

Be 2.0 1.0 x 101  Sb 1.0 1.0 x 10 1  

4.6 x 103  9.1 x 103  Te 4.0 x 102  7.5 x 101  

N .0 0 I 1.5 x .  10 1  5.0 

. 	F 1.0 x 10 1  1.0 x 102  Ke 1.0 1.0 

Na 1.0 x 102  2.0 x 102  Cs 2.0 x 10 3  1.0. x 102  

P 1.0 x 105  2.0 x 104  Ba '4.0 2.0.x 102  

Ar 1.0 ' 1.0 La 2.5 x 10 1  1.0 x 103  

Ca 4.0 x 101  3.3 x 102  Ce 1.0 1.0 x 103  

Sc 2.0 1.0 x 103. Pr 2.5 x 10 1  1.0 x 103  

Cr 2.0 x 101  2.O 'x 103  Nd 2.5 x 10 1  1.0 x 103  

Mn 4.0 x 102  9.0 x 104  Pm 2.5 x 101  1.O 'x 	103  

Fe 1.0 x 102  3.2 x 103  Sm 2.5 x 10 1  . 1.0 x 103 

Co 5.0 x 101  2.0 x 102  Eu 2.5 x 10 1  1.0 x 103  

Ni 1.0 x 102  1.0 x 102  Tb 2.5 x 10 1  1.0 x 103  

Cu 5.0 x 101  4.0 x 102  Ho 2.5 x 10 1  1.0 x 103  

Zn 2.0.X 	103 - 1.0 x 104 : W 1.2 x 103 	• 1.0. x 	101! 

As 3.0 x 102  ' .3.0 x-102  Ir 5..0 . x . 10 1  2.0  

Se 1.7 x 102  1.7 x 10 2  Hg 2.0 X 104.  2.0 x 104  

Br 4.2 x 102  3.3 x 102  Pb 1.0 . x 102  1.0 x 102  

Kr 1.0 1.0 Bi 1.5 x 10 1  1.0 x 	101 . 

Rb 2.0 x 103  1.0 x 103  Po 5.0 x 102  

Sr 3.0 x 101  1.0 x•102  Rn 5.7 x 101 

21::  

Y 2.5 x 10 1  1.0 x 103  Ra 5.0.x 	101  ' 2.5 x 	102 .  

Zr 3.3 6.7 Ac 2.5 x 10 1  1.0 x 103  

Nb 3.0 x 104  . 1.0 . x 	102  Th 3.0 x 10 1  ' 5.0 x 102  

Mo 1.0 x 101  1.0 x 10 1  Pa' .. . 1.1 x 10 1  1.1 x 102  

Tc- 1.5 x 	101  5.0. U 2.0 6.0 x 10 1  

Ru 1.0 x 101  3.0 x 102  Np 1.0 x 10 1  4.0 x 102  

Rh 1.0 x 101  3.0 x 102  Pu 3.5 1.0 x 102  

Pd 1.0 x 10 1  3.0 x 102  Am 2.5 x 10 1  1.0 x 10 3 

Ag 

Cd 

2.3 

2.0 x 102  

7.7 x 102  

2.0 x 103  

Cm 

Cf 

2.5 x 

2.5 x 	001 1  

1.0  x 103 

1.0 x 103  



where 

159 

• 

ETFi7 (t) = environmental transport factors for the drinking water .  

pathway (g/yr), 

DF7  = annual intake of drinking water (410 L/yr), 

FDW = fraction of drinking water from site (dimensionless), 

WSR1  •1  (t) = water/soil concentration ratios for well water (g/L), 

▪ ( WSR12 t) =  water/soil concentration ratios for surface water (g/1.), *and 

FD] = fraction of well water used for drinking (balanced from 

surface water; 1.0, dimensionless). 

The annual intake of drinking water is a dietary factor from Table D.2. The 

water/soil concentration ratios are calculated using the models described in 

Appendix E. 
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• 
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APPENDIX E 

WATER PATHWAY FACTORS 

, 

• 
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APPENDIX E: WATER PATHWAY FACTORS 

Water pathway factors are components of the environmental transport 

factors for water-dependent ingestion pathways. A water-dependent ingestion 

pathway can be divided into two segments: (1) a water pathway segment, 

extending from the contaminated zone to a point where transport through the 

food chain begins (a well or surface water body), and (2) a food chain pathway 

segment, extending from the point of entry of a radionuclide from water into 

the food chain to a point of human exposure. Transport through the water 

pathway segment is characterized by a water/soil concentration ratio, defined 

as the ratio of the concentration of the radionuclide in water used for 

drinking, irrigation, or livestock water to the concentration in the 

contaminated zone. Transport through the food chain pathway segment is 

characterized by a water exposure factor, defined as the ratio of the quantity 

of a radionuclide ingested annually to the concentration in water used for 

drinking, irrigation, or livestock water. The environmental transport factor 

for the water-dependent ingestion pathway can be expressed as a product of a 

water exposure factor and a water/soil concentration ratio: 

ETF: 	= WEF. 	x WSR. 
ipqr 	ipqr 	• ir 

(E.1) 

where 

ETF4141.(0=Eimr(0/S-(t) = environmental transport factor at time t 

for the i th  principal radionuclide transported through the 

pqrth  ingestion pathway (g/Yr) Ei pqr (t) is the rate of 

ingestion (pCi/yr) at time t of the i th  principal radio-

nuclide transported through the pqrth pathway from the 

• 
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contaminated zone to a point of human exposure and Si(t) 

is the average concentration (pCi/g) at time t of the i th  

principal radionuclide in the contaminated zone, 

p, q, r = pathway indices -- the indices p and q identify the food 

chain segment of the pathway (see Table 2.1 and Equa-

tion D.1) and the index r identifies the water pathway 

segment, i.e., the segment from the contaminated zone to 

well water Cr = 1) or surface water (r = 2), . 

= ir t)/W (t) 0 water exposure factor at time t for the 

ith 

pathway frJm the point of water use to the point of expo-

sure (L/yr) Eipqr(t) is the rate of ingestion (pCi/yr) 

at time t of the i th  principal radionuclide transported 

through the pqrth  pathway, and Wi r(t) is the concentration 

in water (pCi/L) at time t of the i th  principal radio-

nuclide transported through the rth  water pathway segment 

at the point of entry into the pq th  food chain, and 

WSRir(t) = Wi r (t)/S-(t) = water/soil concentration ratio at time t 

for the rth  water pathway segment (g/L) W-ir  (t) is the 

concentration in water (pCi/L) at time t of the i th  

principal radionuclide transported through the rth  water 

pathway segment at the point of entry into a food chain 

pathway segment, and Si(t) is the average concentration 

(pCi/g) at time t of the i th  principal radionuclide in the 

contaminated zone. 

WEFipqr(t)  

principal radionuclide transported through the pqr th  
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The water exposure factor WEFi pqr (t) is discussed in Appendix ID. 	The 

water/soil concentration ratio WSR ir (t) is discussed as follows. 

A WSR is determined by the rate at which a radionuclide is leached from 

the contaminated zone, the time for this radionuclide to be transported along 

the water pathway from the boundary of the contaminated zone to the point of 

water use, and the dilution that occurs along this pathway. The model for 

estimating radionuclide leaching and formulas for calculating the leach rate 

are given in Section E.1. Formulas that relate the radionuclide concentration 

in water at the point of use to parameters that characterize the leaching and 

transport processes are derived in Section E.2. 

E.1 RADIONUCLIDE LEACHING FROM THE CONTAMINATED ZONE 

Radionuclides adsorbed in soil are subject to leaching by infiltrating 

water. Radionuclide leaching from the contaminated zone is the source for . 

groundwater contamination. Therefore, the first step in calculating 

radionuclide concentrations in groundwater is to estimate the leaching of 

radionuclides from the contaminated zone. 

A sorption-desorption, ion-exchange leaching model is used in the 

RESRAD code. This model is characterized by a nuclide-dependent, first-order 

leach rate constant, Li , which is defined as the fraction of available 

radionuclide i leached out per unit time. The radionuclide release .  rate 

(source strength, in Ci/yr), i i (t), can be written as (Yu 1987): 

i.(t) = L. o (")  A T(t) .(t) 1 	1 b 	 1 ( E.2) 
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where • 

• = leach rate for radionuclide i (yr -1 ), LI  

(cz) p
b 	

= bulk density of the contaminated zone (kg/m 3 ), 

A = area of the contaminated zone (m2 ), 

T(t) = thickness of the contaminated zinc at time t (m), and 

S•(t) = average concentration of the ith  principal radionuclide in the 

contaminated zone available for leaching at time t (pCi/kg). 

The first-order leach rate constant used in the current version of 

RESRAD is a time-independent radionuclide leach rate constant that is 

estimated based on the soil residence time for the initial thickness of the 

contaminated zone. A time-dependent radionuclide leach rate constant for 

radionuclide i, Li(t), may be written as 

411 
Li (t) = 	 (E.3) 

• (cz) 	(cz) 0 	T(t) R d. 1 
• 

where 

• I = infiltration rate (m/yr), 

e(cz) = volumetric water content of the contaminated zone, and 

(cz) 
R
d. 	= retardation factor in the contaminated zone for radionuclide i 1 

(dimensionless). 

The infiltration rate is given by 

I = (1 - C
e
)](1 - C )P + I ] 

r r 	rr (E.4) 



• 
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where 

= evapotranspiration coefficient (0.7, dimensionless), 

Cr  = runoff coefficient (0.6, dimensionless), 

Pr = precipitation rate (annual rainfall, 1.0 m/yr), and 

I rr = irrigation rate (0 m/yr). 

To calculate the infiltration rate, the average evapotranspiration 

coefficient is used rather than the average evapotranspiration rate (see 

Geraghty et al. [1973] for U.S. average). Using the average evapotranspi-

ration rate does not take into account the correlation between precipitation 

and evapotranspiration and, for arid regions, can give a spurious negative 

infiltration rate. 	The evapotranspiration coefficient is related to the 

evapotranspiration rate by the .formula Ce  = Et /[(1 - C r )Pr  + I rr-  1' 	Runoff -  

coefficients for a specific site may be obtained from Table E.I. 	It is 

assumed that irrigation water is controlled by ditching or by the duration of 

application so that none will be lost by runoff. The default irrigation rate 

is for humid regions where irrigation is unnecessary; an appropriate generic 

value for arid regions would be I rr  = 1 m/yr. Site-specific values for the 

precipitation and irrigation rates should be used whenever possible. 

The volumetric water content of the contaminated zone, e(cz),  is the 

product of the saturated water content of the contaminated zone 0 (c2)  and 
' 	sat, 

the saturation ratio of the contaminated zone R
(cz) 

The saturated water 
' 	sat 

content is the water content when the soil material is saturated. Hence, e sat 

• 



Moderately steep, residential area -- about 50% 
impervious 

Moderately steep, built-up area -- about 70% 
impervious 

Cr 

Cr 
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TABLE E.1 Runoff Coefficient Values 

Coeffi- 
 

• 

Type of Area 	 cient 
	

Value 

Agricultural Environment a  

Flat land, with average slopes of 0.3 to 0.9 m 
	

0.3 
per mile 

Rolling land, with average slopes of 4.6 to 6.1 m 
	

0.2 
per mile 

Hilly land, with average slopes of 46 to 76 m 
	

0.1 
per mile 

Open sandy loam 	 C .  
2 
	0.4 

Intermediate combinations of clay and loam 	 c 	 0.2 
2 

Tight, impervious clay 	 C 	 0.1 
2 

Woodlands 

Cultivated lands 

Urban Environment  

Flat, residential area -- about 30% imprevious 

3 

. 	3 

0.2 	• 

0 .1 

0.4 

0.65 

0.8 	• 

aThe runoff coefficient for an agricultural environment is given by 
C = 1 - c - c 	c . r   

1 	2 	3 

Source: Data from Gray (1970). 
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equals pt , where pt  is the total porosity of the soil material, that is 

e sat = Pt 
(E.5) 

The saturation ratio, Rs , is defined as the ratio of 8 over e sat , that is 

R
s 

= e/e sat =9/p 
	

(E.6) 

When the medium is saturated, Rs  equals unity. Under unsaturated infiltration 

conditions, the saturation ratio is a function of the infiltration rate, the 

saturated hydraulic conductivity, and the texture of the soil. The saturation 

ratio can be estimated using the following equation (Clapp and Hornberger 

1978): 

1 

R a r I 12b + 3  L----) 
S 	K sa.t 

(E.7) 

where: 

I = infiltration rate (m/yr), 

Ksat = saturated hydraulic conductivity (m/yr), and 

b = soil-specific exponential parameter (dimensionless). 

Representative values of Ksat, sat' and b for various soil textures are 

listed in Table E.2. 

*The superscript is omitted for a general definition. The definition applies III, for all zones. 



• 	

. 	

0

b 

K

d. 1 R 	1 + 
d.

= 	
p R 1 	 t s 

b Kd. 
1 = (E.8) 
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TABLE E.2 Representative Values of Saturated Hydraulic 
Conductivity, Saturated Water Content, and the 
Soil-Specific Exponential Parameter 

Texture 

Hydraulic 
Conductivity, 
Ksat (m/yr) 

Saturated 
Water Content, 

0 sat 

Soil-Specific 
Exponential 
Parameter, b 

Sand 5.55 x 103  0.395 4.05 

Loamy sand 4.93 0.410 4.38 

Sandy loam 1.09 x 103  0.435 4.90 

Silty, loam 2.27 x 102  0.485 5.30 

Loam 2.19 	102  0.451 5.39 

Sandy clay loam 1.99 x 102  0.420 7.12 

Silty clay loam 5.36 x 10 1  0.477 7.75 

Clay loam 7.73 x 10 1  0.476 8.52 

Sandy clay 6.84 	•x  101 ' 0.426 10.40 

Silty clay 3.26 x 10 1  0.492 10.40 

Clay 4.05 x 10 1  0.482 11.40 
_■■•■■••■"- 	 

Source: Data from Clapp and Bomberger (1978). 

The retardation factor for radionuclide i, RA. , is the ratio of average . 1  

pore water velocity to radionuclide transport velocity. Assuming that the 

adsorption-desorption process can be represented with a linear Freundlich 

isotherm, the retardation factor can be calculated with the formula (Yu 1987) 

where 

ob bulk soil density (0=3 )1 

Kd. = distribution coefficient 
1. 

(cm3/g), and 

for the -th principal radionuclide 

e volumetric water content (dimensionless). 
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The distribution coefficient is the radionuclide equilibrium concentra-

tion ratio of the adsorbed radionuclide (in soil) to the desorbed radionuclide 

(in water). Representative distribution coefficients are given in Tables E.3 

through E.6. 

E.2 WATER/SOIL CONCENTRATION RATIOS IN TERMS OF 
NUCLIDE WATER-TRANSPORT PARAMETERS 

A water/soil concentration ratio can be expressed in terms of functions 

that characterize the source terms and transport processes and are applicable 

for both simple and complex hydrogeological strata. By introducing simpli-

fying approximations for the functional form of the breakthrough curve* that 

are generally applicable even for complex hydrogeological structures, the 

transport and source functions can be specified by a small number of nuclide 

water-transport parameters, and various models can be used to derive relations 

between these parameters and measurable quantities. The analysis is 

applicable to either the groundwater or surface water pathway; hence, in the 

following derivation, the subscript r Used to identify different water 

pathways has been omitted in order to simplify the expressions. 

Let OW) be the average concentration at time t' of the .th radio-

nuclide in water that has percolated through the contaminated zone, measured 

at the lower boundary of the contaminated zone. This source of groundwater 

contamination will result in a concentration W 1 (t) at time t (t t') of the 

i th  radionuclide in water at the point of use (e.g., a well or surface water•

body). One may express the relation between the source concentration 0(C) 

*The breakthrough curve is the concentration of a radionuclide in water at the • 	point of use as a function of time. 
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water/soil concentration ratio for the i th  principal radionuclide in the 

contaminated effluent water from the contaminated zone: 

e (cz) "s,_1./r 0 (cz) s.( c)1 
Wi" 	

%tc rli b 	I (E.13) 

• where 

O(t') = average volume concentration of the i th  principal radio-

nuclide in effluent contaminated water at the beginning of 

the water pathway as it crosses the lower boundary of the 

contaminated zone at time t' (Ci/m3 ), and 

-(e) = average concentration of the i th  principal radionuclide in 

the soil in the contaminated zone at time t', including 

contributions from ingrowth from other principal radio- 

nuclides and the decrease due to removal by radioactive decay 

and leaching (Ci/kg). 

101 (e)canbeestimatedastheratinathesourcereleaseratelL(t') and the 

water flow rate IA. That is, 

O(t') = á.(t')/IA. 	 1E.-14) 

Substituting Equations E.2 and E.14 into Equation E.13 yields 

1 
-7707  • 
R
d. 

(E.15) 

Thus, the leaching ratio for a sorption-desorption, ion-exchange leaching 

model is a constant. 

• 

• 

• 
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If the change in the hydrogeological environment within the time 

horizon is small, the nuclide water-transport function will depend onl y  on the 

time difference t - t', and the nuclide water-transport function will have the 

functional form G i (t,t') = Gi (t - t'). If it is assumed that all deca y  

products migrate at the same rate as the parent radionuclide, the nuclide 

water-transport function can be written as 

where 

G1 (t,t 1 )=Ip1 (t,C)g 1 (t - t ') 
	

(E.16) 

ID.(t t') = ingrowth and decay correction factor for radionuclide i from 

time t' to time t (dimensionless) 

at II 9.(0) ID..(01/1/ S.(0) ID..(tI)), and 
Ji 	 J1 

.3 

gi (t - t') = ingrowth- and decay-independent nuclide water-transport 

function for the ith  principal radionuclide (1/yr). 

The term IDji (t) is defined in Appendix F. 

By using the source factor SF ji (t) (defined in Appendix F), the average 

concentration of the ith principal radionuclide in the contaminated zone at 

time t can be written as 

s.()= 	s.(0) sF..( t ) 	 (E.17) . 	 )1 

In order to simplify Equation E.12, it is further assumed for the 

groundwater pathway that the source factor SF(t) can be replaced b y  an 
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ingrowth and decay factor IDii(t) and a leaching factor 11. (t) that is 	• 
SF. AO = OD..(t) Lf. (t) 	 (E.18) 

JI 	JI 

The leaching factor may be written as 

11. (t) = exp(-- L.t) 
	

(g.19) 

where. is the leach rate for a first-order, ion-exchange leaching mechanism LI  

as defined in Section E.1. 

The expression for the water/soil concentration ratios (Equation E.12) 

then reduces to 

p CZ) 

WSRi (9 = -7=1 	-- 
8 	L 	

f 
0  g

i (t t').Q1 (t 1 ) L 
"-" f '(t). 

t' dt' (E.2011110 

Equation E.20 is used in this manual for deriving formulas for estimating the 

concentrations of radionuclides in water used for drinking or irrigation. 

The general form of the nuclide water-transport function is such that, 

if a short pulse of contaminated water is released from the contaminated zone 

during the time period 0 5 t' S dt', there will be a time interval La i  (the 

breakthrough time) before the contamination reaches the point of use. Follow-

ing breakthrough, the concentration of the ith  radionuclide at the point of 

use will increase to a maximum and then decrease back to a near-zero value in 

a time interval 6t.. This time is referred to as the rise time because it is 

also the time for the contamination at the point of use to increase from zero 

to a maximum value when the pulse release is replaced by a steady release • 
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starting at the same time.* The pulse of contamination at the point of use 

may be idealized as a rectangular pulse of duration ot i . Thus, the nuclide 

water-transport function may be approximated by a function of the form 

g1 (t) = 0, 	 t 5. At- 

= g i , 	At i  < t < at i  +.6t i  

= 0, 	 At- + 6t- 	t 
	

(E.21) 

where 

£t 1  breakthrough time for i th  principal radionuclide (yr), 

gi  = 

 

f 1 /6t i  = rate of change of the concentration of  ith principal 

radionuclide at the point of water use for a unit input pulse 

(1/yr), 

At- = rise time for i th  principal radionuclide (yr), and 

fi  = steady-state dilution factor = ratio of average concentration 

of ith principal radionuclide in water at the point of use to 

the average concentration in effluent water at the contami-

nated zone boundary for a steady-state release when there is 

no ingrowth or decay (dimensionless). 

Using Equations E.15, E.20, and E.21, the time dependence of the 

water/soil concentration ratio for the groundwater pathway, after being 

*The rise time 6ti and the release pulse duration At' are independent 
quantities when the pulse duration is small; 6t i  is determined by the 
transport properties of the groundwater pathway and will remain finite as • dt • 0. 
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L. ( t - At.))], (cz)(cz) 	

At. < t 

d. 

(cz) 
Db fi • E.23) 
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corrected for radionuclide leaching, is 

wsR.(t) = 0, 	 s at. 
3. 

o f. 
b 1  [1 - ezp[- (L.(t -  

	

e (cz)R(cz) 6t.L. 	 1 	1 	 1 
■ 

d.13. 

	

1 	 At. < t 5 At. + At. 
1 	1 	1 

o f. 

	

b 	1  m 
8 ( )R()6t.L. 

[exPl -  I- 	1t 	1 t - at. - 6t- ) ] - exPN ( 1. 	.n -(t - At]] 9 

	

czcz 	 1 	1 

	

d. 	ii 

	

I 	 At1  + 6t. < t 	 (E.22)•  1 

where the various parameters are as defined before. 

If the rise time is negligibly small (6t1 st 0), Equation E.22 reduces 

to 

	

WSRi (t) a 0, 	 t I At. . 

Formulas for calculating the transport parameters (dilution factors, 

fi; breakthrough times, ato and rise times, Ati) for simple hydrogeological 

systems are derived in Section E.3. 

E.3 WATER TRANSPORT .  PARAMETERS 

8.3.1 On-site Groundwater Pathway 

The water transport parameters for radionuclide i are the breakthrough 

time Ati (the time following the radiological survey at which radionuclides • 
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first appear in the water at the point of use), the rise time 6t1 (the time 

following the breakthrough time for the radionuclide concentration in the 

water toattainamaximumvalue),aluithedilutionfactorf.(the ratio 

between the concentration in the water at the point of use to the concen-

tration in the infiltrating water as it leaves the contaminated zone). Two 

models are used for calculating these parameters: a mass-balance (MB) model 

and a nondispersion (ND) model. In the MB model, it is assumed that all of 

the radionuclides released from the contaminated zone are withdrawn through 

• the well. In the ND model, it is assumed that the dispersivity is nil, the 

unsaturated zone consists of one or more horizontal homogeneous strata, the 

saturated zone is single homogeneous stratum, and water withdrawal introduces 

only a minor perturbation in the water flow. These assumptions lead to a 

pattern of flow lines from which the dilution factor can be estimated by 

geometric considerations. 

The user has the option to select Which model to use. Usually,-the MB 

model is used for smaller contaminated areas (e.g., 1,000 m 2  or less), and the 

ND model is used .for larger areas. The breakthrough times are the same for 

both models; the rise times and dilution factors are different. 

E.3.1.1 Breakthrough Time 

The well .from which water is withdrawn for domestic use or irrigation •  

is conservatively assumed to be located either in the center of the contami-

nated zone (in the MB model) or at the downgradient edge of the contaminated 

zone (in the ND model). For either location, radionuclides are assumed to 

enter the well as soon as they reach the water table; hence, the transport 

time through the aquifer is nil and the breakthrough time is equal to the 

transport time through the unsaturated zone, which is the sum of the times 
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for a radionuclide to be transported through those strata 

zone that lie below the contaminated zone. 

the 

n+1 
(uz) At. =  im m=1 

where 

number of distinct horizontal strata in the unsaturated 

below the contaminated zone at time 0, and 

(uz) 

	

At. 	= transport time for the i th  principal radionuclide through tk 
/ID 

stratum (yr). 

The upper bound, n+1, of the summation in Equation E.24 is for ' 

(n+l) th  unsaturated stratum created by the decrease in the water table. / 

thickness of this (n+1) th  stratum, Aztol , is equal to the product of th 

table drop rate, vwt , and time. That is, 

Az
n+1 	x t 	 S ( .7' 

where v = water table drop rate (0 m/yr). . wt 

The hydrogeological and hydrogeochemical properties of the (n+l) t1  

unsaturated stratum are assumed to be the same as those of the saturate, 

stratum. The RESRAD code allows up to five horizontal strata below thf 

contaminated zone, i.e., n 5. If n = 0 the contaminated zone extends dowr 

to the aquifer. 
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The formula for the transport time is: 

(uz) 	uz)  
= z 

(uz) 
R
( uz 

At. 	A m 	 /I lm 	 im  Pem 	sm 
(E.26) 

Azm = thickness of the m th  stratum (Az 1 = 4 m Az2' "' ' Az5 = 0) 

R (uz) = retardation factor of the i th  principal radionuclide in the 
d. 

mth stratum of the unsaturated zone, 

(uz) effective porosity of the mth  stratum of the unsaturated zone 
Pem 

(0.2, dimensionless), and 

(uz) 
R
sm 

= saturation ratio of the mth  stratum (0.5, dimensionless). 

The unsaturated zone retardation factors, Rl uz) , are calculated by the 
im 

formula 

• 

R

(uz) (uz)  
d 	* b 	

R
(uz r n(uir it (uz) 

. 	 d. 	 S 
1M 	 1M 	M 	M 

(E271 

where 

(uz) 
p
bm 

= bulk soil density in the mth  stratum (1.6 g/cm3 ), 

K(uz) 
= distribution coefficient for the i th  principal radionuclide in d. 

1 M 

the mth  stratum (cm3 /g), and 

(uz) 
pt 	= total porosity of the mth  stratum (0.4, dimensionless). 

The saturation ratio, RI),  can be determined using Equation E.7. sm 
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1111  

Data that may be used to estimate breakthrough times when site-specifi 

measurements are not available are given in Tables E.2 through E.7, a 

follows: saturated water contents (porosities), soil-specific exponential 

parameters, and saturated hydraulic conductivities in Table E.2; distribution 

coefficients in Tables E.3 through E.6; and total porosities and effective 

porosities in Table E.7. 

Hydraulic conductivity is a critical hydrological parameter that can 

differ by several orders of magnitude from one site to another. Site-specific 

values should be used for deriving soil guidelines. Default values of the 

distribution-coefficient values used in the RESRAD code are the values for 

soils and clays from Table E.3. The default distribution coefficient for 

technetium is zero. The default distribution coefficient for plutonium in 

Table E.3 is used for all transuranic elements. For other elements not listed 

in Table E.3, the default value is the value of the nearest listed element in 4111  
the same column of the periodic table. If there are no other elements in the 

same column, a zero value is assumed. 

Distribution coefficients depend strongly on soil type, the pH and Eh 

of the soil, and the presence of other ions (see Tables E.4 through E.6). 

Thus, the uncertainty introduced by using default values for the distribution 

coefficients can be very large. This is a critical matter, especially in 

those cases where the water-dependent pathways are the dominant contributors 

to the total dose/source concentration ratios; the single-radionuclide soil 

guidelines will be directly proportional to the distribution coefficients for 

the contaminated zone. Default values for the distribution coefficients are 

provided only for the purpose of obtaining preliminary estimates; site-

specific values should be used for deriving soil guidelines whenever possible. 
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TABLE E.7 Representative Porosity. Values 

• 

Material 

Total Porosity, p t  Effective Porosity, p e  

Range 
Arithmetic 

Mean Range 
Arithmetic 

Mean 

Sedimentary Material 
Sandstone (fine) 0.02 - 0.40 0.21 

Sandstone (medium) 0.14.- 0.49 0.34 0.12 - 0.41 0.27 

Siltstone 	 . 0.21 - 0.41 0.35 0.01 - 0.33 0.12 

Sand (fine) 0.25 -0.53 0.43 0.01 - 0.46 0.33 

Sand (medium) - - 0.16 - 0.46 0.32 

Sand (coarse) 0.31 - 0.46 0.39 0.18 - 0.43 0.30 

Gravel (fine) 0.25 - 0.38 0.34 0.13 - 0.40 0.28 

Gravel (medium) - - 0.17 - 0.44 0.24 

Gravel (coarse) 0.24 - 0.36 0.28 0.13 - 0.25 0.21 

Silt 0.34 - 0.51 0.45 0.01 - 0.39 0.20 

Clay 0.34 - 0.57 0.42 0.01 - 0.18 0.06 

Limestone 0.07 - 0.56 0.30 -0 - ' 0.36 0.14 

Wind-Laid Material 
Loess - - 0.14 - 0.22 0.18 
Eolian sand - 0.32 - 0.47 0.38 
Tuff - 0.02 - 0.47 0.21 

Igneous Rock 
• Weathered granite 0.34 - 0.57 0.45 

Weathered gabbro 0.42 - 0.45 0.43 
Basalt • 0.03 - 0.35 0.17 

Metamorphic Rock 
Schist 0.04 - 0.49 0.38 0.22 - 0.33 0.26 

Source. : Data from McWorter and Sunada (1977). 

• 
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The distance from the ground surface to the water table, D wt (t), at • 

time t is 

n+1 
D (t) 	cd 	+ T(t) + 1 Az wt m=1 

(E.28)  

where 

Cd (t) = cover depth at time t (m), 

T(t) • thickness of contaminated zone at time t (m), and 

Azm  is as defined in Equations E.25 and E.26. 

When the RESRAD code is being run, the code will check Equation E.28 

for •the accuracy of the input data. If Equation E.28 is not satisfied for 

t = 0 -- i.e., incorrect input data for Dwt (0), Cd (0), T(0), or Azm -- the 

user will have to modify the input data before the code can be executed. In 

the current version of RESRAD, the water table is assumed to be below the • 
contaminated zone, i.e., D(0) a Cd(0) + T(0). 

E.3.1.2 Rise Time 

When the well is located at the downgradient edge of the contaminated 

zone, as shown in Figure E.1 (i.e., if the ND model is used), the rise time is 

given by the formula 

At. a 
1 

d
w 	(t) a Cd (t) + T(t) 

m T /(C/d), 	C > dw , Dwt (t) 2 Cd (t) + T(t) L. 

se 0, 	 D (t) c Cd (t) + T(t) wt (E.29) • 
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. Contaminated Inflow 

FIGURE E.1 Dilution of Contaminated Inflow by Uncontaminated 
Inflow in the Nondispersion Model for a Well Adjacent to the 
Contaminated Area 

where 

C = (I/Vwfr)11. = distance from water table to lower boundary of 

contamination in aquifer at the downgradient edge of the 

contaminated zone (0, 

= infiltration rate (m/yr), 

J = hydraulic gradient (0.02, dimensionless), 

K(sz)  = saturated hydraulic conductivity of saturated zone (100 m/yr), 

I. m length of contaminated zone parallel to the hydraulic gradient 

(maximum distance from upgradient edge to downgradient edge 

parallel to the hydraulic gradient, 100 m), 

dw = distance of well intake below the water table (10 m), 

n (sz) R(sz) t/V 	= time for the ith  principal radionuclide to be 1 1,. = =e - d-wfr 

transported from the upgradient edge to the downgradient edge of 

the contaminated zone (yr), 
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= retardation factor for the ith  principal radionuclide 

saturated zone (dimensionless), and 

= effective porosity of aquifer (0.2, dimensionless). 

• 
Equation E.29 is used only in the ND model. Representative porosities 

are given in Tables E.2 and E.7. The infiltration rate is given by Equa 

tion E.4. Representative saturated hydraulic conductivities are given it 

Table E.2. Representative distribution coefficients are given in Tables E.3 

through E.6. 

If the well is in the center of the contaminated zone (i.e., if the MB 

model is used), the rise time is assumed to be zero. That is, for the MS 

model, 

6t. 15 0 . 	 (E.30) 

E.3.1.3 Dilution Factor 

It is assumed that the water flow is vertically downward from the 

bottom of the contaminated zone to the water ti.,1e; hence, no dilution will 

occur in the unsaturated sone. The dilution in the saturated zone is 

estimated using the conservative assumption that the dispersivity, is zero. 

The dilution factor for the MB model is a radionuclide-independent 

factor given by the formula 

f i  = A I/U10. 
	

A I < Uw  

= I, . 	 A I t Uw 	 (E.31) 
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where 

A = area of contaminated zone (m2 ), 

I = infiltration rate (m/yr), and 

Uw  = annual volume of water withdrawn from well for use by a single 

individual (150 m 3 /yr). 

The infiltration rate is calculated by Equation E.4. 

For a well located at the downgradient edge of the contaminated zone, 

the dilution factor for the ND model is given by the formula 

c < dw  

C ?dw,  (E.32) 

where the parameters are as - defined for Equation E.29. 

The dilution factors for a well that is located away from the edge of 

the contaminated zone can be significantly smaller than dilution factors • estimated by Equations E.31 and E.32 for a well located in or immediately 

adjacent to the contaminated zone. The one-dimensional models used to obtain 

Equations E.31 and E.32 cannot be used to estimate this reduction; a two- or 

three-dimensional model, such as the FEWA and FEMA codes developed by Yeh and 

Huff (1983, 1985), must be used to estimate a more realistic dilution 

factor. In addition, the assumption of no dispersivity may be unnecessarily 

conservative if the well is not located very close to the contaminated zone. 

E.3.2 Surface Water Pathway 

The surface water pathway will consist of an on-site groundwater • 

pathway segment that extends to the edge of the contaminated zone, an off-site 

groundwater pathway 'segment that extends from the edge of the 'contaminated 

• zone to a location where surface seepage occurs, and a surface water segment 
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in which the contaminated groundwater is mixed with uncontaminated su 1111 

water. Contamination of the surface water can also occur as a consequence of 

erosion as contaminated soil is deposited in a nearby streambed Or pond. This 

pathway is not included in the current version of RESRAD. 

The derived water transport parameters for the surface water pathway 

are identified by primes -- Ati, 6t1 and fi -- in order to distinguish them 

from the corresponding groundwater pathway parameters -- At i , 6t i , and 

E.3.2.1 Breakthrough Time 

The breakthrough time for the surface water pathway is assumed to be 

the same as that for the groundwater pathway, i.e., 

	

At! e at. 	 (E.33) 

where At- is calculated using Equations E.24 through E.27. 

E.3.2.2 Rise Time 

The rise time for the surface water pathway is assumed to be the same 

as that used in the ND model for the groundwater pathway, i.e., 

	

= 6t1 	 (E.34) 

where 6t- is given by Equation E.29. 
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E.3.2.3 Dilution Factor 

The dilution factor for the surface .water pathway is based on the 

assumption that the surface water is a pond and (1) the inflow and outflow for 

the pond are in steady-state equilibrium and (2) the annual inflow of radio-

activity into the pond is equal to the annual quantity of radioactivity 

leached from the contaminated zone. With these assumptions, the dilution 
• 

factor is the ratio of the annual volume of water that percolates through the 

contaminated zone to the annual total inflow of water into the pond. If, in 

addition, it is assumed that the infiltrating water flow is vertically 

downward, the dilution factor is given by the formula 

f •  = A/Aw 	 (E.35) 

where 

A = area of contaminated zone (10 4 m2 ) and 

Aw  =.area of.watershed (10 6  m2 ). 
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APPENDIX F: SOURCE FACTORS 

The time dependence of dose/source ratios due to radioactive ingrowth 

and decay and infiltration leaching is taken into account by introducing 

source factors, SF—W. Radionuclides are divided into two groups: those 1.1 

with half-lives longer than 1 year (principal radionuclides) and those with 

half-lives of 1 year or less (associated radionuclides) (see Table 3.1). It 

is assumed that the associated radionuclides are in secular equilibrium with 

their principal radionuclide and that the leach rate of the associated 

radionuclides is the same as the leach rate of their principal radionuclide. 

Hence, only the source factors for the principal radionuclides need to be 

calculated. 

- Let S11 (0) be the initial concentration of the 	th  principal 

radionuclide and let S--1.3(t)  be the concentration at time't of the jth 

principal radionuclide that results from ingrowth from the initial inventory 

of the ith  principal radionuclide. 	S1-(t) is the concentration of the 1 

undecayed portion that is available for leaching of the i th  principal 

radionuclide. [Sii(t), which does not include any contribution from ingrowth, 

shouldbedistinguishedfromS.(t) = I S (t), 	which does include the 
3 .3 

contribution from ingrowth.] S--(0) = 0 unless i = j, and S 1 (t) = 0 unless•1j 	 j 

i = j or the j th  principal radionuclide is a decay product of the i th  

principal radionuclide. The source factor is defined as 

sFij ( t) = s ij ( )/ s i ( 0 ) 	 (F. 1) 
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The initial values of the source factors are SF1j (0) 	0 unless i = j, 1111 

SFii(0) .= 1. 	For . t > 0, SF 	 jth ..(t) = 0 unless i = j or the 	principal lj 

radionuclide is a decay product of the i th  principal radionuclide. When 

i = j, the inequality 1 > SFii (t) > 0 will be satisfied for t > 0. 

The source factor is a correction factor for the source term (radio-

nuclide concentration in the contaminated zone), which includes the contri-

bution from ingrowth and the removal due to radioactive decay and leaching. 

If leaching is negligible, the source factor reduces to a factor that accounts 

for ingrowth and decay only. This factor is called the ingrowth-and-decay 

factor, ii  ID..(t). 

Formulas for calculating source factors and ingrowth-and-decay factors 

are given below. Because all of the branching radionuclides are associated 

radionuclides and the longest half-life is 18.7 days (see Table 3.1), the 

branching radionuclides are assumed to be in equilibrium with their principal ' III 

radionuclide. 	Thus, branching need not be considered in deriving source 

factors and ingrowth-and-decay factors. 

The equation for ingrowth and decay and leaching of a nonbranching 

chain, assuming a first-order ion-exchange leaching (see Appendix E), is 

dAk/dt = Xk  Ak_i  - (Xk  + Lk) Ak 	 (F.2) 

Where 

A = activity concentration of the kth  radionuclide in the chain 

(pCi/g), 

radio- 

nuclide 

= tn(2)/Th ,k  = radioactive decay constant of the kth 

nuclide (yr-1), 
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Lk= 

radioactive decay half-life of the k th  radionuclide Ayr), and 

• • • - 
leach rate of the kth  radionuclide (yr - :"); the .radionuclide . 

leach rate is defined in Appendix E (Equation E.3). 

The solution to Equation F.2 is 

Ak(t) = 	akt  x exp1-(x t  + Lt )t1 
t=0 

(F.3). 

where 

a00  

akt  = fx /(xk  + Lk 7  XL - L2, )1 ak-10. 

k-1 

akk = alit" ) 	/ a. 
t0 t=0 

1 = 0,1, 	k-1; . and 

The iscnn-ce factor 	--(t) can .be calculated as 

SF. .(t) = A
t(ij) (t)/A (0) 1 •3 0 

(F.4) 

where t(ij) is the sequence number for the jth  principal decay product of the 

ith principal radionuclide, numbered from the i th  principal radionuclide 

It(ii) 	0]. 	The ingrowth-and-decay factor ID--(t) is the source factgr ij 

SF--(t) when the leach rates L t and Lk are set to zero. ij 
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