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ABSTRACT 

This report contains the results of a study sponsored by the U.S. 
Nuclear Regulatory Commission (NRC) of removable surface contamination 
on radioactive materials transportation containers. The purpose of the 
study is to provide information to the NRC during their review of exist
ing regulations. Data was obtained from both industry and literature on 

three major topics: 1) radiation doses, 2) economic costs, and 3) con
tamination frequencies. Containers for four categories of radioactive 
materials are considered including radiopharmaceuticals, industrial 
sources, nuclear fuel cycle materials, and low-level radioactive waste. 
Assumptions made in this study use current information to obtain realis
tic yet conservative estimates of radiation dose and economic costs. 
Collective and individual radiation doses are presented for each con
tainer category on a per container basis. Total doses, to workers and 
the public, are also presented for spent fuel cask and low-level waste 
drum decontamination. Estimates of the additional economic costs 
incurred by lowering current limits by factors of 10 and 100 are pre
sented. Current contamination levels for each category of container are 
estimated from the data collected. The information contained in this 
report is designed to be useful to the NRC in preparing their recommen
dations for new regulations. 
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1. INTRODUCTION 

In a report by the Comptroller General of the General Accounting Office 
(GAO) to the Congress (May 7, 1979), it is stated that "Federal actions 
are needed to improve safety and security of nuclear materials trans
portation." The GAO further stated that: 

11 0ver 2 million packages of radioactive materials are shipped 
each year. The Nuclear Regulatory Commission estimates that 
shipments will more than double to about 5.5 million annually 
by 1985 •.• GAO recommends several changes to existing pro
cedures that would improve safety and strengthen the security 
of nuclear shipments. 11 

The GAO specifically recommended that the chairman of the NRC and the 

Secretary of Transportation should 11 reduce permissible contamination 
levels for packages and vehicles to levels compatible with what industry 

can reasonably achieve. 11 This report contai.ns the results of a study 

sponsored by the U.S. Nuclear Regulatory Commission (NRC) to provide 
information about removable surface contamination levels on radioactive 
materials transportation containers. It also provides a general over

view of the current status of removable surface contamination relating 
to the transport of radioactive materials. The information is based on 

data collected from both industry and literature~ and addresses three 
major topics: 1) radiation doses, 2) economic costs, and 3) contamina
tion frequencies. Containers for four categories of radioactive mate
rials are considered including radiopharmaceuticals, industrial sources, 
nuclear fuel cycle materials, and low-level radioactive waste. 

1.1 Purpose 
The purpose of this study is to develop current information regarding re

movable surface contamination on shipping containers under existing regula
tions and to explore the impacts of regulatory change. This study was 
authorized to provide data to be used by the NRC in determining what 

reduced contamination levels can be 11 reasonably achieved~~ by industry. 
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It is not the purpose of this report to recommend such limits; however, 
data is provided on the estimated radiation doses and economic costs for 
a range of levels from 10 times the current limits down to 1% of the 
current limits. 

1.2 Current Regulations 
Current regulations concerning removable surface contamination on radio
active materials transportation containers are given in the U.S. Code of 
Federal Regulations, Title 49 part 173, 49 CFR 173 (1979). Removable 
contamination is considered to be significant if the contamination level 
averaged over 300 cmt of container surface exceeds the values given in 
Table 1.2-1. 

In addition to the maximum permissible levels listed in Table 1.2-1, 
the regulations state that 11 a sufficient number of measurements must be 
taken in the most appropriate locations so as to yield a representative 

assessment of the contamination situation11
• Also, it is stated that the 

removable contamination level may be determined by using an absorbent 
material to wipe the surface with moderate pressure {over 300 cm2 of 
surface area), and then measuring the activity on the wiping material. 

It may be assumed that the levels in Table 1.2-1 are not exceeded if the 
measured activity {per cm2) does not exceed 10 percent of those 
levels. For exclusive use shipments, as defined in 49 CFR 173.389(o) 
(1979), the removable contamination levels may not exceed 10 times the 
levels shown on Table 1.2-1. If such exclusive use shipments are made, 
a final radiation survey must be performed after each use. The results 
of this survey must indicate a radiation dose rate at any accessible sur
face of 0.5 millirem per hour or less, and removable surface contamination 
below the maximum permissible levels shown in Table 1.2-1 before the 
vehicle can be returned to service. 
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.:.T~AB~l~E~1-~2~-~1 Current Removable Surface CQntamination Limits for 
- Transportation Containers(aJ 

Maximum Permissible Level (b) 
Contaminant "Ci/cmZ dpm/cm2 

Natural or Depleted Uranium and 
Natural thorium: 

Beta-Garnna 
Alpha 

All Other Beta-Gamma Emitting 
Radionuclides 

All Other Alpha Emitting 
Radionuclides 

(a)49 CFR 173.397 (1979). 

2200 
220 

220 

22 

(b)For exclusive use shipments. these levels may be increased by a factor of 10. 

1.3 Application of Data 
The information contained in this report is designed to be used by the 

NRC in their review of current regulations. While we have had to make 
many assumptions in both the radiation dose and economic analyses, we 
have based these assumptions on current information obtained from both 

industry and the literature to obtain realistic yet conservative 

estimates. 

The radiation dose evaluation contains a discussion of the exposure 

pathways, scenarios, models, and results obtained for exposures result
ing from removable surface contamination on transportation containers. 

The potentially significant exposure pathways considered are ingestion, 
inhalation, and direct exposure. Radionuclides are selected for each 

category of container based on the maximum permissible concentration in 

air, {MPC)a· In some cases, a comparison is made of doses between high 
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and low toxicity radionuclides. The doses are calculated to 11 Composite 11 

workers, individuals, and population groups by summing the doses over 
all exposure pathways and scenarios. The resulting doses tend to be 

conservatively large since different individuals may be exposed by each 
pathway however, the results are believed to be valid for estimating 
collective doses. For the containers that mqy be transported as exclu
sive use shipments, only secondary exposure pathways to the public are 
considered. That is, a limited population group (of 10 people) is 
assumed to ultimately ingest a small fraction of the total surface con
tamination that remains on truck surfaces. Graphs of weighted total 
body dose versus contamination level are included. The results of an 
analysis of the potential dose impacts from decontamination of spent 

fuel casks and low-level radioactive waste drums are also plotted. From 
these plots the total collective doses to workers and the public associ
ated with a full year of operation at a specific removable surface con
tamination limit can be calculated. This can be done by estimating the 
total dose per container at a given contamination level and multiplying 
by the total number of containers of a specific category shipped per 
year. In this manner, the relative impact of different surface contam
ination limits can be estimated and compared for each container 
category. 

The economic cost analysis presents estimates of direct costs based on 
current industry estimates. Three basic contributors to direct costs 
are examined: 1} monitoring time costs, 2} instrumentation capital 
costs, and 3} decontamination costs. A primary cost component of moni
toring is the amount of time required to analyze a sample. The amount 

of time depends upon the level of the background radiation, the specific 
activity of the radioactive isotopes, the types and energies of the 
radiation emitted, and the detector efficiency of the instrument used. 
Costs are estimated for various instrumentation and condition-specific 
scenarios. Instrumentation costs are ~eveloped from manufacturer price 
lists and estimates obtained from industry contacts. Decontamination 
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costs are estimated for spent fuel casks and low-level waste drums and 
then added to the other direct cost factors to determine the total 

direct cost impacts of reducing allowable removable surface contamina
tion limits. An estimate of the annual direct cost impacts of reduced 
removable surface contamination limits down to 10 percent or 1 percent 

of current limits can be made for each type of container. This can be 
done by multiplying the estimated additional cost to achieve a given 

limit {per container) times the number of containers shipped per year. 
This procedure will result in a rough estimate only since many assump

tions have been made in support of the overall economic cost analysis. 

The frequency distribution analysis determined removable surface contam

ination levels from hundreds of containers measured in the field during 
this study. The data, collected from shipping records and actual smear 

samples taken from containers being transported, was collected during 
field trips to representative industries. Both alpha and beta-gamma 

data were collected for all four categories of containers considered. 
In order to quantify the amount of radiation detected over a given 

amount of time, a scaler was used instead of a count-rate (or dose-rate) 
meter. Contamination frequency distributions are given that relate the 

number of samples collected to the observed or reported removable sur
face contamination level. From the data we collected, it appears that 
only spent fuel casks currently have contamination levels that are fre
quently greater than 1% of the current limits. The number of spent fuel 
casks requiring further decontamination due to reduced limits, can be 
estimated from the percent of the casks in excess of the reduced limit 
and the number of shipments occurring per year. 

By combining the results of the radiation dose evaluation, economic cost 

analysis, and frequency distribution analysis, predictions can be made of 
the overall impact of reducing removable surface contamination limits. For 
an assumed reduction in the limits, the number of containers shipped that are 

in excess of the reduced limit for each container category can result using 

the frequency distribution data. From this information and the dose-per-
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container estimates discussed in the radiation dose evaluation, estimates 
of the total dose reduction associated with the assumed reduced limit can 
be made. Estimates of the total cost impacts for the same reduced limit 
can result using the cost-per-container data. Thus, a comparison can be 
made of the estimated dose and cost impacts associated with an assumed 
reduction in the limits. Estimates of the overall dose and cost impacts 
made from the data contained in this report should be useful in reviewing 
the basis of current removable surface contamination limits and in pre
paring recommendations for future limits. 
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2. GENERAL FINDINGS AND SUMMARY OF RESULTS 

The general findings and a summary of results obtained in this study of 

removable surface contamination on radioactive materials transportation 
containers are presented in this chapter. The categories of containers 

considered are for radiopharmaceutical, industrial source, nuclear fuel 
cycle material, and low-level radioactive waste shipment. Basic analy
sis is provided for radiation dose, economics, and contamination fre
quency. The principal findings and results given in this chapter are 

discussed in greater detail in Chapters 3 through 5 of this report. 

2.1 General Findings 
Based on our investigation and analysis of removable surface contamina

tion on radioactive materials transportation containers, we have found 
that currently the radiation doses, costs, and contamination levels are 
all quite low. Reducing the limits by factors of 10 or 100 may have a 

cost impact without causing a significant savings in dose. When decontami
nation of a container surface is required, the total collective dose may 

actually increase since the additional dose to workers from the contents 
of the shipping containers during decontamination greatly exceeds the 
reduction in public dose. 

On a per container basis at current Department of Transportation (DOT) 
limits, the collective occupational and public weighted total body 50-
year committed dose equivalents for either alpha or beta-gamma contami
nation are all less than 3 x lo-3 man-rem for all types of containers. 

This finding is based on the results of our radiation dose evaluation 
which attempted to obtain conservative, yet realistic, doses. 

Direct economic costs are estimated by considering monitoring time, instru
mentation equipment, and decontamination costs. Lowering the limits by 

factors of 10 or 100 would sharply increase these total direct costs. Addi

tionally, indirect costs caused by delays in production or shipping schedules 
and further decontamination could add significantly to the total shipping 
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cost. The largest direct cost element caused by reduced limits is to 

the monitoring time cost (labor), especially when alpha monitoring is 
required. 

Surface contamination data collected in this study from about 500 con
tainers of various types indicates that actual removable surface contam

ination levels are quite low. For all types of containers except spent 
fuel casks, our data indicates that these levels are generally less than 

1% of the current limit. The majority of spent fuel shipments (about 

70%) appear to have contamination levels less than 10% of the current 
limit. Spent fuel casks would require further decontamination efforts 

if the surface contamination limits are reduced. 

The problem of spent fuel cask sweating does not appear to be a signifi
cant problem at current limits; however, due to of the lack of available 
data on this topic prediction of the impacts associated with reduced 

surface contamination limits is not possible. 

2.2 Summary of Results 

The principal results obtained during the radiation dose evaluation, 

economic cost analysis, and contamination frequency distribution analy
sis are discussed in the following sections. More detailed information 

about the specific methods and assumptions used to obtain these princi
pal results are given in the chapters that follow. 

2.2.1 Radiation Dose Evaluation 
The potentially significant exposure pathways considered include direct 

external exposure and internal exposure via ingestion, and inhalation. 
Calculations indicated that direct exposure {from surface contamination 

only) was a minor contributor to the total dose, and it is not reported 
in the total dose tables or in the results presented here. Ingestion 

doses are calculated based on assumptions that compare with those made 
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in previous studies. These assumptions deal with the fraction of the 
total removable surface contamination that can be ingested by workers 
and members of the public. 

Inhalation of contaminants is assumed to result when contamination 
becomes airborne by the mechanisms of resuspension, incineration of con
tainer materials, and inhalation directly from contamination transferred 
to the hands. Since data on the physical and chemical characteristics 
of airborne contamination from containers is currently unavailable, 
assumptions are made so that radiation dose can be estimated. 

Reference transportation containers are defined for each of four cate
gories of containers considered. Reference radionuclides are selected 
for each container category based on the maximum permissible concentra
tions in air, (MPC)a. In some cases a comparison is made between the 
most restrictive radionuclide and a less restrictive radionuclide to 
demonstrate a possible range of dose impacts. For spent nuclear fuel, 
reference beta-gamma and alpha mixtures are defined for use in the dose 
calculations. 

First-year radiation dose equivalents and fifty-year committed radiation 
dose equivalents are calculated for 11 composite 11 workers, individuals, 
and population groups. These composite persons are defined in an 
attempt to obtain realistic yet conservative radiation dose estimates. 
They are calculated by summing the doses over all pathways and 
scenarios, even though different individuals may be exposed by each 
pathway. For ease of comparison, weighted total body doses are reported 
for the composite workers, individuals, and population groups defined 
for each container category. 

The radiation doses from optional exposure pathways are considered by 
applying weighting factors. For example, we have assumed that 5% of 
empty radiopharmaceutical containers are released to the public, 55% are 
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incinerated, and 40% are disposed of as low-level radioactive waste. 
Thus, total doses are found by summing the weighted fractional compo
nents of each optional use. 

The results of this study are summarized graphically for each category 
of containers in Section 3.6 of Chapter 3. An example of these summary 

figures is shown in Figure 2.2-1 for low-level radioactive waste. The 
. . m ~ 1n 60 dose relat1onsh1ps for Pu, Sr, I, and Co are shown to demon-

strate a range of radionuclide dependent doses. Collective doses to 

both workers and a limited population group are shown to be less than 
3 x 10-3 man-rem per container shipped at the current DOT Limits. For 
comparison, calculations are made for two beta emitters, 90sr and 129r. 
From the results shown in Figure 2.2-1, both the weighted total body 

occupational dose and the public dose for 90sr are larger than the cor

responding doses from 1291. Complete results for the other categories 
of containers and their exposure scenarios are given in Chapter 3. 

Several factors influence the analysis of radiation doses from decontam

ination, including: the exposure rate to workers from the contents of 
the container being decontaminated, the radionuclides considered in the 

surface contamination dose calculations, the surface contamination level 
at the start of decontamination, and the decontamination factor associ
ated with the technique used. The impacts of these factors on the total 
collective radiation dose (in man-rem) from decontamination of spent 
fuel casks and low-level radioactive waste drums are shown in Chapter 3. 
An example of the relative impacts of several of these factors are shown 

in Figure 2.2-2. This figure also shows the occupational and public 
components of the total dose. For the data shown in Figure 2.2-2, the 

optimum point between total dose and decontamination time is found where 
minimums in the curves occur. The only minimum that occurs is for the 

lowest direct exposure rate (1 mrem/h). Thus, no total dose reduction 
occurs for higher direct exposure rates. A decision on the importance 

of surface decontamination should be made by weighing an increase in 
occupational exposure against the potential savings in public dose. 

2.4 



10-2 

1-:z_ 
1.1..1~ 
--1(1) 

10-3 <c 
>·-- "' :::::~-
o§ 
1.1..1 u 
1.1..1 ~ 
V')<l> 

10-4 oo. 
OE 
0 (1) 
~.~..~~ 

~~ 
- "' ~E 

10-5 ~-
o>-uo 

0 
0::: co 
<__~ 
1.1..1< 
>-t-

60Co 'o 10-6 ~~--
1.1..10 
>1.1..1 
-1-
t-:I: 
U(.!) 
1.1..1-
_J 1.1..1 

10-7 cS~ 
u 

---OCCUPATIONAL 

---PUBLIC 

10-9 L----~,------L. ______ ..__ __ _, 

10-7 10-6 10-5 10-4 10-3 

SURFACE CONTAMINATION LEVEL (~Ci/cm2 l 

FIGURE 2.2-1 Example Collective Doses from Surface Contamination on 
Low-Level Radioactive Waste Transportation Containers 

2.5 



V'l_ 

;:, E 10-1 ~~ 
UJ I 
V'lc: 
o"' o..§ 
Zw 
OVl 
;::g 
:5>-
;:)o 
~0 
Oco 
~....J 
!z~ 
~~ 
<o 
>w 
-1-
;:)::t: 
Oc..:> 
UJ
UJLI.J 
VIS: gw 

V'l 
oo 
UJ 0 
~ . 
.::::z 
c::;O 
:EU ow 
uo 
o::....J 
<< wz 
>-0 .;:: 
0< 
""'~ -';:, 
~<..> 
o<-> 
1--0 

-- --:::··· 

' 1000 mrem/h 
IDIRECT EXPOSURE) 

\ :'/ ..............• OCCUPATIONAL DOSE 
X OF = 10 { ..--~ POPULATION DOSE 

./ \(per 5 min.) TOTAL DOSE 

i \OF= 2 ---TOTALDOSE 
! (per 5 min.) 
: \ 

10-5 ....__----.J...._\.,;_____,_ _ _ __.__ __ .._ _ ___. 
0 5 10 15 20 25 

DECONTAMINATION TIME (minutes) 

FIGURE 2.2-2 Example Total Dose Versus Decontamination Time for 
1291 Starting at a Level of 10-4 uCi/cm2 - Low Level 
Radioactive Waste Transportation Containers 

2.6 



All of the doses calculated and discussed in Chapter 3 are quite small on 
a per-container basis. The total dose associated with a full year of opera
tion at a specific surface contamination limit can be calculated for each 
type of container. This can be done by estimating the total dose per con
tainer at a given level (from the curves in Section 3.6) and multiplying 
by the number of containers of a specific category shipped in a year. In 
this manner, the relative impact of different surface contamination limits 
can be estimated for each container category. 

2.2.2 Economic Cost Analysis 
The purpose of the economic cost analysis is to provide information on the 
economic costs of reducing the removable surface contamination limits for 
transportation containers so that a general comparison between economic 
costs and health benefits is possible. The health benefits to be gained 
from reducing removable surface contamination limits are not measured in 
an economic sense in this study. Attaching a dollar value to health bene
fits is a complex problem that is beyond the scope of our analysis. The 
information summarized in this section is presented in detail in Chapter 4. 

The direct economic costs of reducing removable surface contamination limits 
are divided into three categories: monitoring-time costs, instrumentation 
capital costs, and decontamination costs. Direct cost measurements are 
estimated on the basis of quantitative information obtained from industrial 
representatives and from theoretical cost modeling. Monitoring time costs 
are the largest single direct cost component since the decontamination costs 
per container have been weighted by the frequency of decontamination as re
ported by our industry contacts. 

When the direct cost impacts are summed for the three cost categories, 
assuming both alpha and beta-gamma monitoring are done for each container, 
the total cost impacts are found . The estimated costs incurred by reduc
int the removable surface contamination limits by factors of 10 and 100 
are shown in Figure 2.2-3. These are direct costs associated with demon
strating compliance and are independent of existing contamination levels. 
Based on a monitoring cost of $27 per hour, the total cost impacts resulting 
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from limits 10 times below current limits are about $1.10 per container~for 
radiopharmaceutical and industrial source shipments, about $1.60 per drum 
for waste shipments, and about $160 per cask for spent fuel casks. The total 
cost impacts at 100 times below current limits are about $9.40 per container 
for radiopharmaceuticals and industrial source shipments, about $10.50 per 
drum for low-level waste shipments, and about $1330 per cask for spent fuel 
casks. The largest cost element in these totals is the cost of alpha radia
tion monitoring. 

The effects of reduced limits on vehicle monitoring and decontamination 
costs were also estimated. At $30 per hour for decontamination, the total 
cost impact weighted by the frequency of decontamination at 10 times below 
current limits would be about $5.40 per shipment for radiopharmaceuticals 
and industrial source shipments, about $25 per shipment for waste shipments 
and about $115 per shipment for spent fuel casks. At 100 times below cur
rent limits, the weighted costs are about $47 per shipment for radiopharma
ceuticals and industrial source shipments, about $213 per shipment for low
level waste shipments and $920 per shipment for spent fuel casks. 

An estimate of the annual direct cost impacts of reduced removable surface 
contamination limits can be made for each type of container. This can be 
done by multiplying the estimated additional cost to achieve a given limit 
(per container) times the number of containers shipped per year. This 
procedure will result in a rough estimate only since many assumptions have 
been made in support of the overall economic cost analysis. Further de
tails about the economic analysis for specific types of containers are found 
in Chapter 4. 

All of the industrial representatives contacted believed that the indirect 
costs of reduced contamination limits would probably exceed the direct 
costs. Some of the indirect costs would include delays in production 
and distribution schedules, increased transit costs because of longer waits 
for monitoring and decontamination, and increased administrative costs 
because of additional regulatory actions. 
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2.2.3 Contamination Frequency Distributions 
Information was collected from industry representatives on the present levels 
of removable surface contamination for the four categories of containers con
sidered. Both shipping records and measurements were used to produce data 
relating the number of smears to the measured or reported contamination level. 
This section contains a summary of the data presented in Chapter 5, which 
also details the instrumentation, procedures, and results obtained in this 
study. 

Data from a total of 498 shipping containers were collected during this study 
including data from 252 radiopharmaceutical containers, 43 industrial source 
containers, 40 uranium containers (UF6 or u3o8), 48 spent fuel casks, and 
116 low-level waste drums. Both the beta-gamma and alpha removable surface 
contamination levels for radiopharmaceutical, industrial source, uranium, 
and low-level waste shipments were all less than 1% of the current DOT limits. 
Only the data for spent fuel casks gave a frequency distribution of average 
surface contamination levels in a range greater than 1% of the current limits. 

Examples of the frequency distributions collected in this study are shown in 
Figures 2.2-4 and 2.2-5 for radiophasmaceuticals. These plots show the number 
of smears versus the removable surface contamination level in disintegrations 
per second per cm2 of surface area for alpha and beta-gamma contamination. 
All of the measured data in these example figures are significantly below 
the current DOT maximum permissible level. Similar figures for the other 
categories of containers and further details are found in Chapter 5. 

From our data it appears that all categories of containers, except for spent 
fuel casks, further container decontamination will be quite rare if the re
duction in limits does not go below 1% of the current limits. After surface 
decontamination, the removable surface contamination associated with a spent 
fuel cask may increase by a process known as sweating. Current information 
indicates that the problem has been reduced in newer generations of spent 
fuel casks and with administrative procedures. Because of the lack of 
quantitative data on sweating, we cannot predict the impacts associated 
with reduced surface contamination limits. 
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Further details about the recorded removable surface contamination levels 
for all four categories of containers are found in Chapter 5. 
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3. RADIATION DOSE EVALUATION 

This chapter contains a discussion of the pathways, models, scenarios 
and results obtained for the radiation dose evaluation of the radioac
tive surface contamination associated with containers used to transport 
radioactive materials. Radiation exposure pathways and dose scenarios 
are developed based on information obtained from the literature and from 
industry sources. Computer models used to calculate the radiation doses 
are described along with relevant information about the uptake and 
retention of radionuclides from the exposures pathways. Separate sec
tions contain discussions of the radionuclides, exposure scenarios, cal
culated doses and summary of results for each category of transportation 
container considered in this study. 

3.1 Radiation Exposure Pathways and Dose Models 
To estimate the radiation exposure associated with removable surface 
contamination on containers used to transport radioactive materials, 
consideration is given to the pathways by which workers or the public 
may be exposed. The potentially significant radiation exposure pathways 
considered in this study are: ingestion, inhalation, and direct expo
sure. The radiation dosimetry models used for these pathways are based 
on the recommendations of the ICRP (1959; 1966; 1966a). These models 
are used in computer programs designed to simulate the environmental 
behavior of radionuclides and to calculate pathway-specific radiation 
doses. Each computer program used in this study has been separately 
documented and used in other studies conducted by Battelle (Schneider 
and Jenkins 1977; Oak et al. 1980; Murphy and Holter 1980). The compu
ter programs access various standardized data libraries that contain 
pathway-specific data. Both first-year radiation dose equivalents and 
fifty-year committed radiation dose equivalents are calculated for this 
study using the computer programs referenced in Section 3.1 and the 
radiation dose scenarios outlined in Section 3.3. The organs of refer-. 
ences, for which radiation doses are calculated for this study are: 
bone, lung, thyroid and weighted total body using the weighting factors 
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defined by the ICRP (1977). In an attempt to obtain realistic yet con
servative radiation dose estimates, we have defined 11Composite 11 workers, 
individuals, and population groups. The radiation doses to these per
sons are calculated by summing the doses over all exposure pathways and 
scenarios. This process results in a conservatively large dose, or com
posite dose, since different individuals may be exposed by each pathway. 
Also, we have weighted the calculated doses from optional exposure sce
narios, such as incineration or release to the public of used container 
materials, to account for the disposition of empty containers by several 
alternative methods. Estimates of the total occupational dose are made 
by multiplying the dose to an individual worker by the size of the work 
force. The work force is defined to be four composite workers for each 
container category. By this method, we have assumed that all workers 
are equally exposed. This is done to obtain realistic averages of indi
vidual workers who may receive either larger or smaller doses. Esti
mates of the total number of people in a public population group are 
made for each exposure pathway and container category. 

The following sections contain discussions of the assumptions made about 
each of these exposure pathways, the radiation dose models, and computer 
programs used to calculate radiation doses. 

3.1.1 Direct Ingestion 
Ingestion of radioactive surface contamination can occur when surface 
contamination is transferred from a surface to hands, foodstuffs, ciga
rettes, or other items that enter the mouth. Previous dose evaluations 
of the ingestion of surface contamination have been directed toward 
chronic occupational exposure situations. A review of previous work 
indicates that no quantitative data are available for relating surface 
contamination levels to the rate of ingestion. Because of the lack of 
data, previous studies have relied on assumed ingestion rates to per
form radiation dose evaluations. The specific assumptions used in these 
previous dose evaluations are listed in Table 3.1-1. 
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TABLE 3.1-1. Reported Surface Contamination Ingestion Scenarios 

Author and 
Reference(a) Scenario Ingestion Rate 

(Dunster 1962) Maximum permissible lQ-3 m2jday 
levels of skin con-
tamination 

(Gibson and Derived working limits lQ-3 m2jday 
Wrixon 1979) for surface contami-

nation by low-toxicity 
radionuclides 

(Healy 1971) Surface contamination lQ-4 m2jh (8 h) 
decision levels 

(a) References are listed at the end of this section. 

COIITIIents 

Chronic ingestion of(MPC)wvalues of 
226Ra, 90sr, and 210pb to derive 
permissible levels of skin contamination 

Chronic ingestion. No data available to 
improve upon Dunster's model -(MPC)wanalysis 

Chronic ingestion during 8 hrs for workers, 
24 hrs for members of the public. These are 
arbitrary assumptions in an effort to account 
for presumed higher intake by children, i.e., 
2.4x1o-3 mZjday. 



Dunster (1962, p. 3) stated that in practice it is convenient to measure 
contamination on each hand, and thus it is desirable to express limits 
for hand contamination in terms of the total activity per hand. He as
sumed that the average hand has an approximate surface area of 
3.0 x 10-2 m2 (palm and back), and that about 3.0 x 10-3 m2 could con
tain more concentrated radioactivity levels. This smaller area is 
approximately the area associated with the fingertips and edges of the 
palm. Dunster (p. 4) further assumed that 10-3 m2 of surface con
tamination could be ingested per day by the average worker. 

Healy (1971, p. 23) modified the ingestion model by assuming that 10-4 m2 

of surface contamination could be taken into the mouth per hour. Thus, 
for workers 8.0 x 10-4 m2/day and for the public 2.4 x 10-3 m2/day of 
surface contamination were assumed to be ingested. The higher ingestion 
rate for the public is presumed to allow for higher intake by children. 

Gibson and Wrixon (1979) discussed Dunster's method of calculating 
ingestion doses to workers. Dunster had considered only the most toxic 
radionuclides (e.g., 90sr, 210Pb, 226Ra, and 239Pu). Using Dunster's 
method and assumptions, Gibson and Wrixon calculated doses for some of 
the more commonly used low-toxicity radionuclides. They stated that for 
specialized uses of low-toxicity radionuclides, less restrictive surface 
contamination limits should apply. 

Since these previous studies were designed to model chronic exposure 
resulting from contact with uniformly contaminated surfaces, and since 
the results of this study are calculated on a dose-per-container basis, 
modifications to the previous models are required. To calculate inges
tion doses for the exposure scenarios of this study the following 
assumptions are made: 

• For workers, a total of 5 x 10-5 m2 of surface contamination is 
ingested per container per worker. This value compares to a 30 
minute exposure in the Healy (1971, p. 23) study. 
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• For containers that are released to the public after the contents 
have been removed, 1.0 x 10-3 mf of total container surface contam
ination is assumed to be ingested by an individual in contact with 

the container. The ingestion by the public assumes an individual 
who handles the container 20 times more than a worker, and this 
compares to 10 hours of exposure in the Healy (1971) study. NOTE: 
This amount of ingestion also accounts for the contamination that 
may be transferred to a truck surface and ingested by an individual 

by a secondary transfer to items entering the mouth. Also, the 
amount of ingestion is less than the surface area of the finger 
tips of both hands as defined in the Dunster (1962, p. 3) study. 

Dose factors for direct ingestion of surface contamination are calcu
lated using the ARRRG computer program (Napier et. al. 1980). It was 
designed to calculate internal dose to specific organs from liquid 
releases of radionuclides to the environment. Modifications to the 
input of the ARRRG program permit calculation of ingestion dose factors 
relating to the ingestion scenarios defined in this study. 

3.1.2 Inhalation 
Inhalation of radioactive surface contamination can occur when there is 
a mechanism that creates an airborne concentration. For this study, 
three mechanisms of creating airborne contamination for inhalation are 
reviewed: resuspension from container surfaces, incineration of used 
container materials, and inhalation directly from hands. Inhalation 
dose factors are calculated using the DACRIN computer program (Houston, 
Strenge and Watson 1976} and these air concentrations. The DACRIN com
puter program is based on the Task Group on Lung Dynamics Model (ICRP 
1966) for inhalation of radionuclides. Once radionuclides are trans
ferred from the lung to the bloodstream, the dose to organs other than 
the lung is calculated using a single exponential retention function. 
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Data on the physical and chemical characteristics of airborne contamina
tion from transportation containers is currently unavailable. Thus, 
assumptions are made so that radiation dose estimates can be calculated. 
For this study, a particle size of 1 ~ m activity median aerodynamic 
diameter (AMAD) is assumed. Radionuclides are also classified by the 
rate at which they are dissolved into body fluids in the lung after 
inhalation. Three classifications are generally used: Class D mate
rials, with a maximum biological half-life of less than 1 day; Class W 
material, with a maximum biological half-life ranging from a few days 
to a few months; and Class Y materials, with a maximum biological half
life of from 6 months to a few years (ICRP 1966). For this study, solu
ble classifications (either D or W) are assumed for all radionuclides 
and for all organs except for the lungs. Insoluble classifications 
(either W or Y) are assumed for the lungs. The solubi.lity classes for 
various elements are shown in Table 3.1-2 for all other body organs and 
for the lungs. 

The following sections contain detailed discussions of the assumptions 
made in calculating air concentrations from resuspension, incineration, 
and inhalation directly from hands. 

3.1.2.1 Resuspension 
Air concentrations of radioactive particulates can be determined by 
balancing the effects of resuspension with redeposition and removal 
factors for specific situations. A literature review of data on resus
pension indicates that resuspension factors or rates (summarized in 
Table 3.1-3) can vary over a wide range of measured values. This range 
strongly suggests that resuspension is a complex function of several 
condition-specific parameters. Since it is not within the scope of this 
study to perform actual resuspension measurements, resuspension rate 
assumptions are made based on these literature values. Healy (1971, p. 
79) concluded that in reasonably well ventilated buildings redeposition 
forces are small compared to room ventilation for reducing the air con
centration of respirable particles. Thus, the air concentration in a 
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TABLE 3.1-2. Solubility Classes for Elements 
from Literature Sources 

Solubility Class(a) 
Element (all other body organs/lungs) 

Hydrogen (H) DID 
Carbon (C) DID 
Phosphorus (P) D/W 
Chromium (Cr) W/Y 
Manganese (Nn) D/W 
Iron (Fe) W/Y 
Cobalt (Co) W/Y 
Nickel (Ni) W/W 
Zinc (Zn) WIY 
Strontium (Sr) D/Y 
Yttrium (Y) D/Y 
Zirconium (Zr) W/Y 
Niobium {Nb) WIY 
Technetium (Te) D/W 
Ruthenium (Ru) Y/Y 
Iodine (I) DID 
Cesium (Cs) DID 
Barium (Ba) DIW 
Lanthanum (La) W/Y 
Cerium (Ce) WIY 

Reference(b) 

ICRP 1966a 
ICRP 1966a 
ICRP 1966a 
ICRP 1966a 
K i 11 oush 1978 
Killoush 1978 
Killoush 1978 
ICRP 1966a 
ICRP 1966a 
Killoush 1978 
Killoush 1978 
Killoush 1978 
Ki lloush 1978 
Killoush 1978 
Ki lloush 1978 
Killoush 1978 
Killoush 1978 
ICRP 1966a 
ICRP 1966a 
ICRP 1966a 

(a) Solubility classes are for use in the ICRP Task Group Lung Model. 
(b) References are shown at the end of this chapter. 

room, X in Cilm3, can be expressed as a function of the resuspension 
rate and room ventilation rate by (Healy 1971, p. 80): 

X 
_ fAn - vn 
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TABLE 3.1-3. Reported Resuspension Information 

condition, Auttwr 
and R~f er~nc~ 

Wind Str~ss on: 

B~r~ Soll 

( St~wart 1964) 

(Steward 1964) 

(Steward 1964) 

(Mtshiooa and 
Schw~ndiooan 1972) 

Vegetation 

R~susp~n~ 
Contaolinant and form 

91y Aqueous Chloride 

210Po as Ox;~ 

U3Qa 

UOz Powder 

(Healy and Fuquay 19S9) Fluor~scent Pow~r 

(M1shulla and UOz Powder 
Schwend iman 1972 

(~holel and lloyd 19761 CalciUII Molyt>dat~ 

(Steward 1964) U309 

(S~M~el 1974) ZnS 

(Ansau9h 1974) Pu 

M~chanical Mixing: 

S~twart 1964) 

(~hooel 1976) 

(~hllltl 1974) 

(Milha• 1975) 

(Healy 1971) 

Pu 

ZnS 

ZnS 

Env I ronooenta 1 Pu 

Pu02 In Floors 

Factor or Rat~ Range 

8 x 10-9 to 2 x 10-11 (m-1) 

I x I0-7 to 9 x 10-8 (•-1) 

5 x lo-7 to 9 x 10-8 (m-1) 

1.6 • to-4 to 1.2 x lo-4 (h-1) 

2.9 x 10-8 to 6.0 x I0-7 (•-1) 

5.9 x 10-s to 1.0 x 10-1 (h-1) 

I 10-8 to I • 10-10 (sK-I) 

5 x 10-S to 3 x 10-8 (m-1) 

3.4 x 10-8 (sK-I) 

2.7 x 10- 12 to 4.8 x 10-10 (sK-I) 

Connents 

Various particle sh~s; various 
surfac~ areas 

Disturbed soli; var lous surface 
concentrations 

Concrete paving stones 

Accl~ntal fire conditions of 
resp.rabl~ s11e only; various wind 
speed 

Various concentrations; various 
w1nd speeds 

Acc idental fire conditions of 
resp.rab le s 11e only; various wind 
speeds 

As a function of wind speed 

Coarse desert grass 

Freshly deposited 

lOS vegetation cover; var lous wind 
spe~ds 

1.5 x 10-6 to 3.0 x 10-4 <•-1) Oust Created by P~~strlans 

1 x lo-S to 2 x I0-4 (fraction per pass) Various truck sp~~ds in cheatgrass 
area 

4.8 x 10-S 1.1 x I0-2 (fr.ctlon per pass) Various car speeds on asphalt 
roads 

3 x I0-9 to I x 10-6 (sK-I) Fr001 various far111lng activitl~s at 
Savannah River 

1 x 10-6 to 5 x I0-3 (h-1) Quiet through vigorous ~etivlty on 
urious floor surfaces 

~rences-are llst~d at tht end of this sKtlon. 



where: 

f • the resuspension rate, h-1 

A • the area of the package from which resuspension occurs, m2 

n • the surface contamination level, Ci/m2 

V • the volume of air in the room, m3 

n • the rate of room air exchange, h-1• 

(Note: fi = K, the resuspension factor, m-1) 

To calculate air concentrations from resuspension for the inhalation 
dose scenarios of this study, the following assumptions are made: 

• The average resuspension rate equals 3 x 10-4 h-1 (Healy 1971, 

p. 32). 
• The shipping or receiving room containing the transportation con

tainer is 10 x 10 x 2.4 m with a total air volume of 240m3• 
• The room ventilation rate is 2 air exchanges per hour respresenting 

a reasonably air-tight room with closed windows and doors. 

• The dimensions of the reference closed transport vehicle are 

12 x 2.4 x 2.4 m with a total volume of 69 m3 (Colton and Emerson 

1979, p. 3). 
• The ventilation rate of the open truck during cargo loading or 

unloading operations is 5 air exchanges per hour. 
• The workers are exposed for a total of 30 minutes per worker per 

container in both the shipping room and the closed transport 
vehicle (for consistency with the ingestion models of this study). 

• The individual in the public is exposed to released container 
material 10 hours (for consistency with the ingestion models of 

this study). 
• A room in a private family dwelling is assumed to be 5 x 3 x 2.4 m 

with a total air volume of 36m3• 
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3.1.2.2 Incineration 

Disposable containers used to transport some types of radioactive mate
rials, such as radiopharmaceuticals, could be incinerated after use. 
Incineration of used containers leads to a short-term airborne release 
of radioactive materials. The atmospheric diffusion model for calculat
ing airborne concentrations downwind is discussed in Regulatory Guide 
1.3 (U.S. Atomic Energy Commission 1974). For atmospheric diffusion 
from a ground-level point source release the air concentration is given 
by: 

where: 

Q' X = _ __,.;l, __ _ 

n u cr cr y z 

X • the short-term aver!ge centerline ground-level air 
concentration, Ci/m 

Q' • the amount of material released, Ci/sec 
u • the windspeed, m/sec 

cry • the horizontal standard deviation of the plume, m 
cr

2 
• the vertical standard deviation of the plume, m. 

(Note :· X/Q' the diffusion factor, sec/ m3) 

(3.2) 

Both cry and cr
2 

are found in a publication by Gifford (1961 p. 48). For 
short-term releases, less than 8 hr, PasquillType F conditions with 
1 m/sec windspeed in a uniform direction are used. Graphical solutions 

' of the diffusion factor X/Q value for the maximum-exposed individual 

are calculated using a building-wake model {Slade 1968). Assuming com
plete reflection of the plume by the ground plane, the ground level 

centerline air concentration from a ground-level release is calculated 
by the building-wake equation: 

( -) -1 X = Q' ~ to u n'"'y'"'z (3.3) 
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where: 

where: 

x • the short-term average centerline ground-level air 
concentration, Cifm3 

Q' • the rate of release from the source, corrected for 
decay during transit to the exposure point, Ci/sec 

u • the average ground-level wind speed in the direction 
of trave 1, m/s 

l:y' l:z • the building-wake diffusion coefficients, in meters, 
calculated by: 

l: = (cA/rr +02) 1/2 
y y {3.4) 

l: = ( cA/n + a 2) 1/2 z z (3.5) 

c • a factor estimating the relation of the cross-sectional 
area to pressure wakes (0.5 for this study) 

a • the crosswind lateral standard deviation of the cloud 
Y concentration, m 

a • the crosswind vertical standard deviation of the cloud 
z concentration, m. 

Note: The limit on l: Y and Zz is: l:Y l:z ~ 3 cry crz 

Minimum values of a Y and crz of '\[A/6 are assumed for this study. 

Using Equation 3.3, Pasquill Type F centerline diffusion factors calcu
lated for various distances and selected release source cross-sectional 
areas are shown in Figure 3.1-1 •. At about 500 m downwind, the curves 
for A~ 50 m2 converge. At distances close to the release source, 
the dependence of the building-wake modifications is illustrated by the 
divergence of the area-dependent curves. 

The solutions to this equation are at best only estimates of the actual 
diffusion factor, not exact solutions. Since it is unlikely that a 
person would intentionally stand in a smokey plume near the source, a 
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FIGURE 3.1-1 Pasquill Type F Centerline X/Q• Val ues for Building
Wake Modification Factors Versus Downwind Distance 
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distance of 100 m downwind is selected as the location of the maximum
exposed individual. A value of lo-1 sec/m3 is selected at this location 

I 

from Figure 3.1-1 as being representative of the X/Q values for various 
source cross-sectional areas. 

Thus, inhalation doses for the incineration exposure scenarios of this 
study are based on the following assumptions: 

• Air concentrations at distances greater than 200 m downwind (used 
for population dose scenarios) are found using the atmospheric 
diffusion factors given in Regulatory Guide 1.3 (USAEC 1974). The 
plume is assumed to travel uniformly within one downwind sector 
(22.5 degrees), and diffusion factors are found for ten distances 
out to 80 km. The population density is assumed to be a constant 
150 persons per square kilometer (Oak et al. 1980), with a total 
population of 1.9 x 105. 

• The maximum-exposed individual is located at a distance of 100 m 
downwind with diffusion factor of 10-l sec/m3• 

• The release fraction from the fire is assumed to be similar to 
that measured from burning radioactive waste, 1.5 x 10-4 

(Mishima and Schwendiman 1973). 
• Both the inside and outside of the transportation containers are 

assumed to have the same contamination level. 

3.1.2.3 Inhalation Directly from Hands 
In addition to inhalation from resuspension or incineration, inhalation 
of surface contamination transferred to the hands could occur. Breath
ing while rubbing the nose, changing clothes, or smoking cigarettes 
while surface contamination is present on the hands could produce a 
significant local airborne concentration in the vicinity of the nose and 
mouth. Available data comes from studies of airborne radioactive con
tamination while wearing or changing contaminated clothing. Healy 
(1971, pp. 21-23) gave a summary of previous studies and calculated 
decision levels based on the MPC in air for workers. The assumptions 
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that Healy used were based on inhaling 10-4 m2 of surface contamination 
per day for all types of activities, including changing from contami
nated clothing. Healy also stated that only continuous exposure was 
considered, and that no derivation for a single exposure was attempted 
since counter measures to such exposures are available. Dunster (1962, 
p. 4) indicated that the results of Bailey and Rohr (1953) showed that 
less than 0.1% of the contamination on the hands would be inhaled from 
a cigarette. Dunster further concluded that inhalation of radioactivity 
transferred from the skin would result in doses that are negligible by 
comparison to the dose received at the assumed rate of ingestion. 

Again, like the ingestion and resuspension analyses for this study, 
modifications to the assumptions made in previous studies are required 
to calculate the dose-per-container received by workers and the public. 
Direct inhalation doses for the exposure scenarios of this study are 
calculated using the following assumptions: 

• For workers, the equivalent of 5 x 10-5 m2 of surface contamination 
is directly inhaled per container per worker. This value compares 
to a 30 minute ingestion exposure in the Healy (1971, p. 22) study. 

• For containers released to the public after the contents have been 
removed, 1.0 x 10-3 m2 of total container surface contamination is 
assumed to be inhaled by the maximum-exposed individual in the 
public. The inhalation by the maximum-exposed individual in the 
public assumes an individual who is near the container 20 times 
longer than a worker, and this compares to 10 hours of ingestion 
exposure in the Healy (1971) study. 

3.1.3 Direct Exposure 
Direct exposure from surface contamination can occur when an individual 
is in the vicinity of or in contact with containers used to transport 
radioactive materials. Three direct exposure cases for these containers 
are considered: 1} exposure to individuals from surface contamination 
(container contents not included), 2) exposure to individuals who 
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acquire skin contamination from container surfaces, and 3) exposure to 

workers from the container contents during surface decontamination 
operations. 

Radiation exposures are calculated by multiplying calculated dose rates 
by the exposure times for each container category. The dose rates are 
calculated using the ISOSHLD computer program (Engel et al. 1966). The 
ISOSHLD program uses point kernel integrations and programmed analytical 
solutions to calculate dose rates for various geometries. The following 
sections contain discussions of the three direct exposure pathways 
considered in this study. 

3.1.3.1 Surface Contamination 
The exposure to workers or individuals from surface contamination is 
calculated by multiplying the exposure rate for each scenario by the 
total time of exposure. The following assumptions are made to help 
define direct exposure from surface contamination: 

• Each worker spends 30 minutes at an average distance of 1 m from 
each container. 

• For containers released to the public, individuals spend 10 hours 
at an average distance of 1 m from each container. 

3.1.3.2 Skin Contamination 
Radioactive contamination may be transferred from the surface of con
tainers to skin during handling. The skin area that will most probably 
be contaminated is the surface of the hands. The ICRP has set a maximum 
permissible dose of 75 rem/year to the hands (ICRP 1966). Previous 
studies have defined permissible skin contamination by calculating the 
level of contamination that would deliver this dose rate to the basal 
layer of the skin (Gibson and Wrixon 1978; Dunster 1962). However, it 
is unrealistic to assume that skin contamination may be present contin
uously at the maximum permissible level. It is quite difficult to model 
the behavior of skin contamination on a per-container basis since the 
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skin area contaminated, contamination level, and duration of exposure 

are all subject to uncertainity. It is also difficult to relate skin 

contamination on the hands to total body dose since only isolated small 

areas of the body are involved. Thus, because of previous work and the 
uncertainties involved, no attempt is made in this study to calculate 

the dose to the hands from skin contamination. As shown in previous 

studies, the total body dose resulting from skin contamination is 

assumed to be negligible compared to the total body doses from ingestion 

and inhalation. 

3.1.3.3 Decontamination 
Additional decontamination to lower the levels of surface contamination 

is considered for some of the categories of containers defined in this 

study. For these containers, the additional occupational exposure 

received during decontamination should be weighed against the savings 

in occupational and public exposure resulting from lower surface contam

ination levels. The following assumptions are made to help define the 

occupational exposure received during decontamination: 

• The direct exposure rates are controlled by the contents of the 

containers and are assumed not to exceed current DOT limits. 

• Each worker is located at an average distance of 1 m from the 

container being decontaminated. 

• The exposure rates and duration of operations are based on obser
vations of industrial procedures as defined in the radiation 

exposure scenarios of this study. 

3.2 Radiopharmaceuticals 

Because of the many diagnostic and therapeutic uses of radiopharmaceuti

cals, it is impossible to select the radiopharmaceutical of most concern 
without first reviewing the mast common ones in use today. Table 3.2-1 

contains a listing of twenty common radiopharmaceuticals and their phys

ical half-lives. Also included in this table are the maximum permissi

ble concentrations in air, (MPC) 3 , for a continuous (168-hour per week) 
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TABLE 3.2-1. Common Radiopharmaceuticals 

Radiopharmaceutical 

Physical 
Half-Life 

(Days) 

2.1x106 ' 
7.6 X 10-2 

1.6 X 101 

2.8 X 10° 
4.5 X 101 

2.7 X 102 

5.4 X 10-1 

1.8 X 101 

1.2 X 10 2 
-1 

2. 5 X 10 
7.1 X 10-2 

6.0 X 101 

8.1 X 10° 
5.3 X 10° 
2.7 X 10° 
2.7 X 10° 
3.0 X 10° 
4.6 X 101 

2.2 X 10° 
6.2 X 10° 

(MPC)a (a) 
( Ci/m ) 

1 X 10-7 

9 X 10-8 

1 X 10-9 

8 X 10-8 

2 X 10-9 

6 X 10-9 

4 X 10-8 

4 X 10-9 

4 X 10-9 

5 X 10-7 

2 X 10-7 

8 X 10-ll 
1 X 10-10 

3 X 10-7 

4 X 10-8 

8 X 10-9 

3 X 10-8 

2 X 10-9 

6 X 10-8 

5 X 10-9 

(a) The (MPC)a values are from Table II, Column 1 of 10 CFR 20, 1980, 
and are for the smallest value of either Soluble (S) or Insoluble 
(I) forms. 

exposure (10 CFR 20). It should be remembered that the optimum radionu
clide for a specific in vivo medical use is determined by considering 

both the types of radiation emitted and the chemical form used. Also, 
it is difficult to determine the relationship between the chemical form 
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and the properties of the contamination on the surfaces of transporta
tion containers. Therefore, the decision of which radiopharmaceutical 
to use in the radiation dose analysis is made based on the radiotoxicity 
as indicated by the (MPC)a from 10 CFR 20. From the data listed in 
Table 3.3-1, 1251 has the most restrictive (smallest) value of (MPC) , 
and 99mTc has the least restrictive (largest) value. As a compariso~, 
radiation doses are calculated for both of these radiopharmaceuticals. 

Radiation doses from surface contamination on containers used to trans
port radiopharmaceuticals are calculated and presented in the following 
sections. First, a reference radiopharmaceutical container design is 
defined. The reference container design is then used to help define the 
radiation exposure scenarios used in the dose calculations. Finally, 
the calculated doses are presented on a per-container basis for a con
tamination level equal to current DOT limits. 

3.2.1 Reference Radiopharmaceutical Container 
A wide variety of containers are used to ship radiopharmaceuticals from 
the manufacturer to hospitals or research laboratories. Most of these 
containers are made of cardboard and their size varies among 
manufacturers for different radiopharmaceuticals. For this study, a 
reference container, similar to containers used to ship 99rorc genera
tors, is defined and used in the radiation dose scenarios. This con
tainer is defined to be cubic with side dimensions of 0.61 m. The total 
surface area on the outside of the container is 2.2 rrf. The reference 
container is selected as being representative of the containers used 
today, and no further attempt is made to model the specific differences 

found in container design. 

3.2.2 Radiopharmaceutical Radiation Exposure Scenarios 
Radiation exposure scenarios for radiopharmaceutical containers are 
defined in this section for each exposure pathway considered. These 
scenarios define the composite transportation worker, individual in the 
public, and population group for each radiopharmaceutical container. 
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Total occupational doses are estimated by assuming that there are four 

individuals who are exposed equally at the same level as the composite 
individual transportation worker. For the public, three basic situa
tions are considered: empty containers that are released to the public 
( 5% of the total), empty containers that are disposed of by the 

receiver by incineration (55% of the total), and empty containers that 

are disposed of as low-level radioactive waste (40% of the total). The 
following sections contain the radiopharmaceutical exposure scenarios 

for direct ingestion, inhalation. and direct exposure. 

3.2.2.1 Direct Ingestion 
Specific assumptions for direct ingestion are discussed in Section 

3.1.1. Workers are assumed to ingest 5 x 10-5 m2 of surface contamina
tion from the container. An individual in the public is assumed to use 
an empty container at home and ingest the contamination from 
1.0 x 10-3 m2 of surface as defined in Section 3.1.1. Again, only 5% 
of the packages are assumed to be released to the public, and 55% are 
incinerated with 40% disposed of as low-level radioactive waste. This 

amount of ingestion is assumed to account for all pathways from the 
container surface to the mouth including transfer from hands, food

stuffs, cigarettes, and truck surfaces with secondary transfer to items 
entering the mouth. The composite individual in the public is also 

assumed to be a member of the composite population group. 

3.2.2.2 Inhalation 
Specific assumptions for inhalation are discussed in Section 3.1.2. For 
resuspended material from the container surface, the local air 

concentrations (in Ci per m3) are found using Equation 3.1. Where n 

equals the surface contamination level (in Ci/m2). the resulting air 
concentrations are calculated to be: [1.4 x 10-6 • n] in the shipping 
or rece1v1ng room, [1.9 x 10-6 • n ] in the closed transport vehicle, and 
[9.2 X 10-6 • Q) in a room at a private family dwelling. Again, it is 

assumed that only 5% of all containers are released to the public after 
their use. For incineration, it is assumed that it takes 3 minutes to 
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burn the cardboard shipping container, and that the plume travels in a 
straight-line direction downwind at ground level in one sector (22.5 
degrees). Atmospheric dispersion factors are found for the population 
at each of 10 downwind distances out to 80 km from Figures 3A and 38 in 
Reg. Guide 1.3. It is assumed that a constant population density of 150 
people per km2 are exposed in the downwind sector, for a total popula
tion of 1.9 x 105. With these assumptions, integrated air concentra
tions are calculated. The resulting air concentrations (in people 
Ci/m3) for incineration are: [ 3.7 x 10-l. n J and [1.5 x 10-6 • n] for 
the individual (located lOOm downwind) in the public and the population 
group. Again, n is the surface contamination level (in Ci/m2). No 
workers are assumed to be exposed during incineration, and only 55% of 
all containers are assumed to be incinerated. For direct inhalation 
from container surfaces, the assumptions are listed in Section 3.1.2.3. 
Workers are assumed to inhale the equivalent of 5.0 x lo-5 m2 of surface 
contamination, and an individual in the public is assumed to inhale the 
equivalent of 1.0 x lo-3 m2 of surface contamination. Only 5% of all 
containers are assumed to be released to the public. The individual who 
takes home the container is included as part of the composite population 

group. 

3.2.2.3 Direct Exposure 
The details of the direct exposure calculations are discussed in Section 
3.1.3. Each transportation worker spends 30 minutes at an average dis
tance of 1 m from the container, and the individual in the public spends 
10 hours at an average distance of 1 m. No decontamination exposure is 
considered for this case. 

3.2.3 Radiation Doses from Radiopharmaceutical Transportation 
Containers 

The results of radiation dose calculations performed for the surface 
contamination exposure scenarios for radiopharmaceutical containers are 
presented in Tables 3.2-2 through 3.2-4. These doses are calculated 
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TABLE 3.2-2. Individual and Collective Doses to Composite Workers from Surface Con
tamination - Radiopharmaceutical Transportation Containers (at lo-4 ~Ci/cm2) 

Radi onuc 1 ide/Pathway 

125r 

Inhalation 
Loading/Unloading 

Closed Vehicle 

Direct From Hands 

Ingestion 

Total ComPosite 
Worker 

Total Occupational(c) 
(man-rem) 

99mTc 

Inhalation 
loading/Unloading 

Closed Vehicle 

Direct From Hands 

Ingestion 

Total Composite 
Worker 

Total Occupational (c) 
(man-rem) 

1 .~irst-Year Dose Equivalent (rem) 
Weighted'y' 
Total Body Bone Lung Thyroid 

1.1 x w-8 ___ (b) 2.1 X 10-10 5.8 x l0-7 

2.4 X IQ-8 --- 2.9 x w-10 7.9 X lQ-7 

3.6 X lQ-10 --- 4.2 x 1o-12 1.2 X IQ-8 

2.4 X lQ-6 --- --- 8.0 x w-5 

2.4 X IQ-6 --- 5.0 X IQ-10 8.1 X lQ-5 

9.s x w- 6 --- 2.0 X IQ-9 3.3 x w-4 

J.o x w-Io a.o x w-14 2.5 X IQ-9 ---
4.1 x w-Io 1.1 X IQ-13 3.4 X IQ-9 ---

5.o x to-12 1.6 X IQ-15 5.0 X IQ-11 ---
1.4 x w-12 1.2 X IQ-11 --- ---

7.2 x 10-10 1.2 x w-11 6.0 x w-g ---

2.9x To-9 4.9 x w-10 2.4 x lQ-8 ---

5Drrear COI!JIIitted Dose Equivalent (rem) 
Weighted'"' 
Total Body Bone lung Thyroid 

1.7 x 10-8 ___ (b) 2.1 x 1o-IO 5.8 X 10-7 

2.4 X lQ-8 --- 2.9 X 10-10 7.9 X 10-7 

3.6 X IQ-10 --- 4.2 X 10-12 1.2 x 10-8 

2.4 x w-5 --- --- 8.0 X 10-5 

2.4 X lQ-6 --- 5.0 x 10-10 8.1 X IQ-5 

9.8 X lQ-6 --- 2.0 X 10-9 3.3 x w-4 

3.0 x 10-lO 8.0 X lQ-14 2.5 X lQ-9 

4.1 x 10-10 1.1 X lQ-13 3.4 X lQ-9 

6.0 X lQ-12 1.6 X lQ-15 5.0 x IQ-11 

1.4 x IQ-12 1.2 x IQ-11 

7.2 X IQ-10 1.2 x to-ll 6.0 x 10-9 

2.9 x lQ-9 4.9 x w-11 2.4 X IQ-8 

(a) Weighted total body doses are found by sulll'lling (over the reference organs) the products of the organ-specific doses and 
the weighting factors discussed in ICRP 26 (1977). The weighting factors used are 0.12 for Bone, 0.12 for lung, and 0.03 
for thyroid. 

(b) A dash indicates that no organ data was available for this radionuclide. 
(c) Based on the aSsliiiiPtion that the total occupational dose is four times larger than the composite worker's dose. 
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TABLE 3.2-3. Doses to the Composite Individual in the Public from Surface Con-
tamination - Radiopharmaceutical Transportation Containers (at lo-4 ~Ci/cm2) 

R adi onuc 1 ide/Pathway 

125r 

Inhahtion 
Private Family 
Dwelling 

Incineration 

Direct From Hands 

!11gest ion 

Total Composite 
Individual 

99mrc 

Inhalation 
Private Family 
Dwelling. 

Incineration 

Direct From Hands 

Ingestion 

Total Compqsite 
Individual 

(a~irst-Year Dose Equivalent (rem) 
We1ghted 
Total Body Bone Lung Thyroid 

1.2 x IQ-7 ---(b) },4 X lQ-9 3.9 x to-6 

2.4 X J0-10 ... 2.8 )( I0-12 a.o x w-9 

3.6 x w-Io ... 4.2 x IQ-12 1.2 x 10-8 

2.7 x w-6 ··- ... 9.0 x 1Q-5 

2.a x w-6 ... 1.4 X lQ-9 9.4 x w-5 

1.8 x w-9 55x1o-l3 t.s x w-8 ... 

8.0 x Io-12 2.1 x w-15 6.7 x 1o-ll ... 

6.0 x w-12 1.5 x w-15 5.o x 10-11 

7.2 x w-12 6.0 X J0-11 ... . .. 

1.8 x w-9 6.1 X 1Q-J1 1.5 X lQ-8 ... 

SOtXyar COTJrnitted Dose Equivalent (rem) 
Weighted 
Total Body Bone Lung Thyroid 

1.2 x w-7 ___ (b) 1.4 X lQ-9 3.9 X lQ-6 

2.4 )( I0-10 . .. 2.8 )( I0-12 8.0 X lQ-9 

3,6 X IQ-}Q . .. 4.2 X lQ-12 1.2 x }Q-8 

2.1 x 1o-6 ··- ... 9.0 X lQ-5 

2.8 X lQ-6 . .. 1.4 X lQ-9 9.4 x w-5 

1.8 x 10-9 s.5 x 1o-1J 1.5 x w-8 

8.0 X J0-12 2.1 X J0-15 6.7 x 1o-ll 

5.o x w-12 1.6 X J0-15 s.o x 10-11 

7.2 X J0-12 5.0 x 1Q-11 

1.8 X J0-9 6.1 x 10-ll 1.5 X lQ-8 

(a) Weighted total body doses are found by surrming (over the reference organs) the products of the organ-specific doses and 
the weighting factor discussed in ICRP 26 (1977). The weighting factors used are 0.12 for bone, 0.12 fDr lung, and 0.03 
for thyroid. . 

(b) A dash indicates that no organ data was available for this radionuclide. 
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TABLE 3.2-4. 

Radionuclide/Pathway 

tzsr 

Inhalation 
Private Family 

Dwelling 

Incinerdtion 

Direct From Hands 

Ingestion 

Total Composite 
Popul~tion 

99mrc 

Inhalation 
Private Family 

Dwelling 

Incineration 

Direct From Hands 

Ingestion 

Total Composite 
Population 

Collective Dose to the Composite Population Group from Surface Contam
ination - Radiopharmaceutical Transportation Containers(a) (at lo-4 ~Ci/cm2) 

,_~irst-Year Dose Equivalent (man-rem) 50rYear Conrnitted Dose Equivalent (man-rem) 
Weighted'"' Weighted'"' 
Total Body Bone Lung Thyroid Total Body Bone Lung Thyroid 

1.2 X IQ-7 ___ (c) 1.4 )( 10-9 3.9 )( lQ-6 1.2 X lQ-7 ___ (c) 1.4 )( lQ-9 3.9 x to-6 

1.0 x IQ-9 --- 1.3 )( lQ-ll ],5 X lQ-8 1.0 x ro-9 --- 1.3 )( lQ-11 ].5 X lQ-8 

3.6 x w-to --- 4.2 x IQ-12 1. 2- .. 1()-8 3.6 " Io-10 --- 4.2 • Io-12 1.2 " 10-8-

2.1 x w-6 --- --- g,o x w-5 2,7 X lQ-6 --- --- g,o " 10-5 

2.8 x w-6 --- 1.4 )( 10-g g,4 x w-s 2.8 x lo- 6 --- 1.4 )( IQ-g g,4 X IQ-5 

1.8 X lQ-g 5.5 x 10-lJ 1.5 )( IQ-8 4.5 )( IQ-10 5.5 x w-u 1.5 x 10-8 

1. g x 10-12 4,g )( IQ-16 1.6 x 10-ll --- l,g X IQ-12 4.9 )( IQ-16 1.6 x Io-11 

6.0 )( IQ-12 1.6 x 10-15 5.0 x 10-ll --- 6,0 x 10-12 1.6 x 1o-15 5.o x 1o-ll 

1.2 x w-12 6.0 x Io-n --- --- 7.2 X lQ-12 6.0 x to-11 

1.8 x w-g 6.1 x 10-11 15xi0-8 --- 1.8 X lQ-g 6.1 x 1o-ll 1.5 )( lQ-8 

(a) The population group considered includes 1.g x 105 people in one downwind sector out to 80 km for incineration, and the 
individual who takes home an empty container. Note: 55'1: of the packages are incinerated, 40% are disposed of as 
low-level waste, and 5'1: are released to the public. 

(b) Weighted total body doses are found by suJII!Iing (over the reference organs) the products of the organ-specific doses and 
the weighting factors discussed in ICRP 26 (lg77). The weighting factors used are 0.12 for bone, 0.12 for lung, and 0.03 
for thyroid. 

(c) A dash indicates that no organ data was available for this radionuclide. 



based on current DOT surface contamination limits for beta-gamma emit
ters (1 x 10-4 ~Ci/cm2 ). Table 3.2-2 contains the calculated doses to 
a composite worker. An estimate of the collective occupational dose from 
surface contamination is also listed in this table based on the assumption 
that the total occupational dose is four times larger than the dose 
calculated for the composite worker. This assumption appears to be 
consistant with current industry estimates of labor requirements. 
Radiation doses to members of the public are presented in Tables 3.2-3 and 
3.2-4. The radiation dose to a composite individual in the public is 
listed in Table 3.2-3, and the collective dose to the population group is 
listed in Table 3.2-4. The composite individual and population 
doses are controlled by the dose from the 5% of all empty containers that 
are released to the public. Incineration of 55% of the containers results 
in only a small increment of additional dose. 

All of the doses reported in these tables are for the inhalation and 
ingestion dose pathways. A preliminary calculation indicated that the 
dose from direct exposure is about three orders of magnitude less than the 
dose from ingestion. Thus, the doses from direct exposure to 
radiopharmaceutical surface contamination are omitted from these tables. 

The dose calculations are performed for both 125 I and 99~c to demon
strate the radionuclide dependence of the dose calculations. Specific
ally, the dose to thyroid from 125I is about four orders of magnitude 
larger than the dose from 99mTc to lung. The weighted total body doses 
for 1251 are about three orders of magnitude larger than those from 
99mTc. 

3.3 Industrial Sources 
A wide variety of radionuclides are used in industry for specific appli
cations. These applications include use in gauges, static eliminators, 
and industrial radiographic devices. Table 3.3-1 contains a summary of 
the more common radionuclides used by industry and their physical half
lives. Also included in this table are the MPC values in air from Table 
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II, Column 1, of 10 CFR 20. Since most of the radionuclides used in 
industry are shipped as encapsulated sources, there appears to be a low 
potential for surface contamination unless the capsule is broken. From 

the data listed in Table 3.3-1, the following radionuclides are -selected on the basis of their (MPC)a for use in the dose calculations: 
241 Am for alpha, 90sr for beta, and 00co for gamma-ray emitters. As a 
comparison, the dose calculations are also made for 63Ni, a less-toxic 
beta emitter. 

TABLE 3.3-1. Common Industrial Source Radionuclides 

Physical 
Half-Life 

Radionuclide (Years) 

1.2 X 101 

2.6 X 10° 
1.2 X 10-1 

5.3 X 10° 
9.2 X 101 

1.1 X 101 

2.8 X 101 

1.2 X 10° 
2.1 X 10° 

(MPC) a (a) 
(~C1/m ) 

2 X 10-7 

3 X 10-10 

2 X 10-10 
3 X 10-10 

2 X 10-9 

3 X 10-7 

3 X 10-ll 

2 X lQ-9 

4 X 10-10 

Physical 
Half-Life 

Radionuclide (Years) 
(MPC) (a) 
(~Ci/~ ) 

3.0 X 101 5 X 10-10 

2.6 X 10° 2 X 10-9 

2,0 X 10-1 9 X lo-10 
3.8 X 10-1 7 X 10-12 

2 1 101 4 X 10-12 • X 

1 6 103 2 X 10-12 
, X 

1 9 100 2 X 10-13 
, X 

4 3 102 2 X 10-13 
• X 

1 8 101 3 X 10-13 
, X 

(a) The (MPC)a values are from Table II, Column 1 of 10 CFR 20, 1980, and 
are for the smallest value of either Soluble (S) or Insoluble (!) forms. 

Radiation doses from surface contamination on containers used to transport 
industrial source materials are calculated and presented in the following 
sections. First, a reference transportation container design for indus

trial sources is defined. This container is used in radiation exposure 
scenarios to define radiation exposures to workers and the public. Fin
ally, the calculated radiation doses are presented on a per-container 
basis for a contamination level equal to current DOT limits. 
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3.3.1 Reference Industrial Source Container 
A wide variety of containers are used to ship industrial source mate
rials from manufacturers to users. A large fraction of the containers 
are made from cardboard and are simi~ to the containers used to ship 
radiopharmaceuticals. For this study, the reference container design is 
defined to be a cubic cardboard box with side dimensions of 0.61 m, the 
same box defined for radiopharmaceuticals. The total surface area on the 
outside of the container is 2.2 m2. The reference container is 
selected as being representative of the majority of the containers used 
today, and no further attempt is made to model the specific differences 
found in container design. 

3.3.2 Industrial Source Radiation Exposure Scenarios 
Since the same reference container is defined for both radiopharmaceuti
cals and industrial sources, the radiation exposure scenarios are also 
the same. The only difference is the radionuclides considered on the 
container surfaces. The empty containers are also assumed to be dis
posed of in the same manner: 5% are released to the public, 55% are 
incinerated, and 40% are disposed of as low-level radioactive waste. 
Specific details for the exposure pathways are found in Section 3.2.2.1 
for ingestion, Section 3.2.2.2 for inhalation, and Section 3.2.2.3 for 
direct exposure. No decontamination exposure is considered for this 
container category. 

3.3.3 Radiation Doses from Industrial Source Transportation Containers 
The results of radiation dose calculations performed for the surface 
contamination exposure scenarios for industrial source material con

tainers are presented in Tables 3.3-2 through 3.3-4. These doses are 
calculated based on current DOT surface contamination limits (i.e., 

-5 2 -4 2 
1 x 10 ~Ci/cm for alpha and 1.0 x 10 ~Ci/cm for beta-gamma emit-
ters). Table 3.3-2 contains the calculated doses to a composite worker 
and an estimate of the total occupational dose. This total is found by 
assuming that it is four times larger than the dose to the composite 
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TABLE 3.3-2. 

Radi onuc l I de{Path~•.r 

241..., 

lnhahtllll1 
loading/Unloading 1. w-6 

w-6 Clo•e<t Vehicle 

Oir-ect From Hand; 5.0 10-8 

Totol Co~po<1te 
Worker 

1.0 JQ-8 

o.t to-o 

Total OccupollOMilcl 2 ~ 10-5 

(man rem) 

90sr - 90y 

Inhalatioo 
looding/Unloading 3.0 JQ-7 

Clo<ed Ven11:le 

Ingest"'" 

Toto I Co-.oo>Jte 
Worker 

Total Oc<upatlO<,.l{C) 
(~M-r.,.) 

Inhalation 

4.0 J0-7 

w-9 

2.0 w-6 

J0•6 

loadlng/Unlaadlng 1.4 10 

Clo•ed Vehicle 

Direct from Hand' 

Total Lompn<>le 
Worker 

Total Occupationallc:- 1 J, 10 
(nl<ln·ren•} 

[nh!lat10n 
Load 1 ng/Un I oad 1ng 

Clo•e<J VehJCle 

Total c.,._,osite 
Wor<er 

2.2 10 

2. 10 

Total lkr.upat1on•l(c) 9 I ' 10 
("'on-~) 

Individual and Collective Doses to Composite Workers 
from Surface Contamination Industrial Source 
Material Transportation Containers (at lo-5 ~Ci/cm2 
for " and lo-4 "Ci/cmZ for B-y} 

1.1 :o-6 

JQ-6 

6.1 J0-8 

.1 Jo·l 

10·6 

0 J0·5 

5.1 lO 

0.5 10 

9.5 )0-9 

w-s 

.8 :o-5 

; . 

'. 
;. 

5.4 Ja-to 

1.8 )0-6 

.8 ]0-6 

1. 5 , w-6 

1.8 lO 

2. '; ID 

JO·I 

• w-s 

1.0 w-o 

Z .I 10 

4.0 10 

4.1 :o-6 

1. 9 1o-> 

1-: 

I Z , I o 

w-' 

.l 10-a 

. 9 w-Jo 

9 2 • to-8 

___ ( bi 

We1gnte~ 

Total 8ody 

w-s 
J.O JO·S 

4.4 10 

JD-1 

1.1 ' 10 

Jo-6 

.6 w-6 

w-a 

JQ-5 

to-s 

1.1 'JQ-4 

'" 
'' 

'" 

:o-il 

1.a w-a 
10 \0 

.8 10 

.8 JO·I 

1_ I , 10·6 

Comntted Oo;e Equioaleot (r..,) 

_4 w-4 

. 9 10-4 

1.a w-6 

0 10·6 

10-4 

1 4 , w-J 

w-5 

. > w-5 
1.1 w-1 

l. 9 )0-4 

8. 6 • to-9 

6. 5 10 

6.5 JQ-6 

2.1 , Jo-5 

4.5 10-5 

6.1 w-5 

9.0 to-1 

1.1 10 

4 l ' 10 

4 .B J0·6 

6.5 w-6 

9.5 w-8 

1.4 w-5 

4.6 , w-s 

1. 6 I 0 

3.1 10"6 

';.1 10-a 

6.1 10 

1 I , 10 

9.5 JQ-9 

.l 10-8 

. 9 w-10 

9.1 , :o-8 

(a) Weignted total body dO$es ore found by '"""""9 (over tr.e reference organs) the product< of the orgon-spet1f1< do<e; and 
tOe "'"!ght!ng factor< d!<cus.ed in ICRP 26 (1971). The ~eighting factOr$ u;ed are 0.11 for bone, 0.11 for lung, and 0.03 
for thyroid. 

(b) A d&<h lnd1cote; that no organ data ~•• av01lable for this rad1onuc11de. 
(c) Based on the '""mption th•t lhP tot•l ntcup•tHm•1 dose 1S fouc t1me< larqer '"'"the rompo"te worker'< dose. 
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TABLE 3.3-3. Doses to the Composite Individual in the Public from 
Surface Contamination - Industrial Source Material 
Transportation Containers (at lo-5 "Ci/cm2 for a and 
Jo-4 "Ci/cm2 for S-y) 

R ad! onuc 1 I de/Pat~way 

l41Aon 

lnhaht•oo 
Prwate familY 
Dwelling 

Incineration 

\leHfoteil 
(a~lrst-Vear Dose Equivalent (rem) 

Total B<>dy Bone Lung 

1. 7 )0-5 2.1 10-s 1.2 !0-4 

J.s w-a )0•8 2. 7 JQ·I 

Direct from Hands 5.1 10-8 6.1 lQ-8 1.6 to-7 

Ingestion 

Total [OOIJlosite 
Individual 

90sr - 90v 

lnll•lation 
Private Family 

[)welling 

2. J lQ-8 

1.9 w-6 

3.9 J0-9 

Ol,....ct from Hon<1s 5.9 x JQ-9 

Ingestion 

Toto I Composlte 
Individual 

lrlllalnion 
Prwate Fam1ly 
Owt.lling 

lncinerat 10<'1 

Ingest ion 

Total [OOIJlosite 
lnd1vldual 

63Ni 

Inhalation 
PrivHe Family 

Owe I ling 

Incineration 

Direct from hands 

Ingest ion 

Total Corllposite 

2. i' JQ-6 

4 .I l0-6 

9.6 , Jo-7 

9 X J0•9 

9 X JQ-9 

[.Q X lQ-5 

l.J X J0-5 

2.9 )0-8 

?..7. w-7 

1.9 10-1 

2.1 J0-5 

].(X J0•6 

6.3 J0-9 

J0•9 

1.8 x \Q·'i 

2\xJO·S 

1.8 w-1 

I o· liJ 

I0-11 

2 .o Jo-6 

2.2 JQ-6 

2 X JD-4 

1.1 to-s 

2.6 w-B 

0 JQ-8 

l • JQ•'i 

8.0 ' JQ-6 

\.6 X [Q·8 

2.4, JO·S 

8.0 X JQ-6 

6.0 10 

lO 10 

lG 10 

0 X JQ-8 

___ (b) 

Total Body 

\.5 X 1Q·4 

3.2 to-7 

4.4 w-7 

9.0 J0-1 

1.5 \Q-4 

1.2 JO•'i 

2.4 )0-8 

J.a x w-8 

2.5 10-'i 

1.1 w-s 

2.0' J0•6 

4.1 K J0-9 

8.2 J0-9 

1.0 IQ-5 

1.2 , w-s 

9 .I JO·B 

8.4 JO-l 

9.3 X 1Q-) 

Connltted Dose fguh<alent (rem) 

Bone 

9.4 , 10-4 

2.0 X \0-6 

2.8. JQ-6 

I.Sx!D-6 

9.5 X \Q-4 

7.0. J0-5 

1.4 w-7 

2.2 10-7 

2.1 w-4 

2.8 X lQ-4 

1.0 to-7 

7.7xJ0-6 

Lung 

3.1 w-4 

6.7 10-1 

9.0 • 10-7 

3.\. J0-4 

1.2 w-s 

6.3 10-8 

9.5 X J0-8 

3.2 , 1o·> 

1.7 x JO-S 

3.4 10-ll 

6.8 Jo-a 

1./x!0-5 

o x to-a 

6.0 , w-a 

Thyroid 

___ (b) 

(a) Weighted total body doses are found by ""'''""9 (over the reference organs) the products of the organ-specific doses and 
the ooeighting hctors di5Cussed '" !CRP 26 (1977). The weight1ng factor< u<ed are 0.12 for bone, 0.12 for lung, and 0.03 
for thyroid. 

(b) A dash indicates that no organ data was available for thi< rad1onuclide. 
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TABLE 3.3-4. Collective Dose to the Composite Population Group from 
Surface Contamination - IQdvstrial Source Ma~erial 
Transportation Containersl 3 J (at lo-5 ~Ci/cm for a and 
Jo-4 "Ci/cm2 for S-y) 

~·-~'!!-~ .. -~i_!a_!_e..'.'_t __ L".!•.~"'.L_-~~ 
We1ghted 
Total Body Bone Lun Thyrold 

24l,Q,n 

Inhalation 
Private Family 
llwell1ng J0-5 

w-7 

01rect from Kands 5.0 10·8 

Ingestion 

Total Compos,te 
Population 

Inhalation 
Private Fomily 

Dwelling 

[0-8 

w-'> 

1.6 Jo-6 

1.8 ;o-8 

01rect from Hands 5.9 J0-9 

IngeSt1on 

Toto' Comoo»:e 
Popu ~at 1 on 

60c0 

Inhalat10n 
Private Family 

D>t<> ll ing 

2.2 :a-6 
J.s 1o-6 

9. 6 JQ-1 

lncine'"tlon 8.9 Jo-9 

Direct from Hands 2.9 10-9 

!nge.t ion 

Total Composite 
Populauon 

Pri,.te Family 
Dwelling 

Jnc1neral1on 

Ingest,~, 

Total Cornpos,te 
Populat1on 

1.0 l0-5 

l. 1 J0-5 

2.9 x lO-B 

4 , w-7 

2. 7 , to-1 

2.1 w-5 1.2 w- 4 ---(c) 

w-7 

6 l JQ-7 

w-7 

2.1 w-s 1.2 , w- 4 

3.2 lQ-6 1. J JQ-5 

lQ-8 w-1 

9.5 1Q•9 o to-a 
1.8 10-5 

2 l JQ-5 LJ , JO·S 

8.0 JQ-6 

1 .-l w-B 

2.4 J0-8 

s.1 , :o-6 

1.8 JQ-7 o :c-8 

" 
10 ll 

o , ro-6 

2 ' lQ-6 6.1 , w-a 

We1ghted 
Dose Equivalent ("'an-reno) 

Total Body Bone Lung Thyroid 

w-5 
1.1 w-6 

4.4 1Q-7 

9.0 lQ-1 

4.0 w-5 

.2 w-5 
lQ-7 

w-B 

w-5 

1Q-5 

w-6 

1.9 1Q-8 

8.2 1Q-9 

1.0 10-5 

9.1 ' lQ-8 

I 0 I 0 

I 0 I 0 

s.4 10-7 

9.3 1J·I 

9.4 JQ-4 

a.J w-6 

2.8 JQ-6 

w-6 

9.6 JQ-4 

1.0 w-s 
10-7 

2.z w-7 
2.1 Jo-4 

2.8 JQ-4 

I.Oxl0-7 

0 ' J0-6 

I .I x 10-6 

1.1 Jo-4 

z. 1 to-6 

9.o w-7 

3.1 • JQ-4 

1.2 Jo-5 

2.9 J0-7 

9.5 JQ-8 

3.2 ' J0-5 

1.1 'J0-5 

1.6 , w-7 
6.8 , w-8 

1.7. 10-5 

6.0 ' !0-8 

s .a 1 o· 10 

. 9 l o·IO 

6.1 ' !0-8 

___ (c) 

l•lweigllted total body doses aee 
weighting factor< discussed in 

found by surmnng (over tile referencP organs) til d t f 
ICRP 26 (1971). The ""'qhtinn f.ctors are O. e pro uc 50 t~ organ-spe<:ific doses and the 

(b) The population group includes 
takes home M empty conta1ner. 
released to the public. 

, 12 for bone, O.ll for lung, and 0.03 for thyroid. 

1.9 x to-S people 1n one do..nwind sector out to 80 km for inc1neration, and the ind1vidual ~ho 
Note: 55\ of the packages ~.-e incinerated, 4ot '"" d1Sposed of as lo.,-level waste, and Sl are 

IdA dash ind1Cates that no "r"'" .,., ... ,. • "' ' ", u' n, """'' e or lh1S cad1onurl1de. 
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worker. Radiation doses to members of the public are listed in Tables 
3.3-3 and 3.3-4. The calculated radiation dose to a composite indivi

dual in the public is listed in Table 3.3-3, and the dose to the exposed 
population group is listed in Table 3.3-4. The radiation doses to the 
public are controlled by the dose from the 5% of the empty containers 
that are assumed to be released to the public. By comparison, only a 
small fraction of the total population dose comes from the 55% of the 
containers that are assumed to be incinerated. 

A preliminary calculation for 60co indicated that the dose from direct 

exposure defined in the exposure scenarios is about three orders of 
magnitude lower than the doses from inhalation and ingestion for all of 
the radionuclides considered. Thus, the doses from direct exposure to 
industrial source surface contamination are omitted from these tables. 

241 90 60 The dose calculations are performed for Am, Sr, and Co to demon-

strate the dose relationships for alpha, beta, and gamma emitters, 
respectively. As a comparison, the dose from 63Ni is calculated to show 

the dose response of a less-toxic beta emitter. As shown by the data in 
Tables 3.3-2 through 3.3-4, the doses from 63Ni are about an order of 
magnitude less than those from 90sr. 

3.4 Nuclear Fuel Cycle Materials 
Transportation of nuclear fuel cycle materials includes the shipment of 
u3o8, UF6, fresh fuel, and spent fuel. The radionuclides of concern in 
the fuel cycle range from the isotopes of uranium in fresh fuel to a 
complex mixture of fission products and transuranics found in spent 

fuel. A listing of typical radionuclides found in nuclear fuel cycle 
materials is given in Table 3.4-1 (Oak, et al. 1980; Schneider and 

Jenkins 1977). This table also contains the physical half-life for each 
radionuclide. It is difficult to determine the exact physical or chem
ical form of the radionuclides found on the surface of containers used 

to ship fuel cycle material. For u3o8,uF 6, and fresh fuel shipments, 
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the surface contamination is assumed to be 238u since the fuel is only 
slightly (3 to 4 percent) enriched. For spent fuel, we have based the 
dose calculations on the representative mixture of radionuclides shown 
in Table 3.4-1. The fractional contribution of each radionuclide to the 

total mixture is also shown. The mixture is divided into two groups for 

the dose calculations: beta-gamma emitters and alpha emitters. This 

TABLE 3.4-1. Common Nuclear Fuel Cycle Radionuclides(a) 

Radionuclide 

3H 
32p 

5lcr 
54Mn 

55 Fe 
59 Fe 
58 Co 

60Co 
63Ni 
65zn 
89sr 
90sr 
90y(b) 
91 y 

95zr 
103Ru 
1 06Ru 
11 OmAg 

Phys i ca 1 
Half-Life 

(Years) 

1.2 X 101 

3.8 X 10-2 

7.6 X 10-2 

8.3 X 10-l 

2.6 X 10° 
1.2 X 10-l 
2.0x10-l 

5.3 X 10° 
9.2 X 101 

6.7 X 10-l 
1.4x10-l 

2.8 X 101 

7.3 X 10-3 

1. 6 X 10-l 

1.8 X 10-l 
1. 1 X 10- l 

1.0 X 10° 
6 8 1 0-1 

• X 

Fraction 
Activity 

__ (c) 

1.5 x lo- 2 

3.8 X 10-l 

4.5 X 10-3 

7.5 X 10-2 

2.2 X 10-3 

1.5 X 10-2 

3.0 X 10-2 

7.5 X 10-5 

1.5 X 10-2 

7.5 X 10-3 

4.5 X 10-4 

4.5 X 10-4 

3.0 X 10-3 

5.2 X 10-4 

1.5 X 10-3 

2.2 X 10-4 

7.5 X 10-5 

Radionuclide 

129mTe 
131 I 

134cs 
136Cs 
137Cs 
140Ba 
140La(b) 

141 Ce 
144ce 
143Pr 

147Nd 
235u 
238u 

238Pu 
239Pu 
241Pu 
241Am 
244cm 

Physical 
Half-Life 

(Years) 

9.3 X 10- 2 

2.2 X 10-2 

2.0 X 10° 
3.8 X 10- 2 

3.0 X 101 

3.6 X 10-2 

4.6 X 10-3 

8.8 X 10-2 

7.7 X 10-l 

3.8 X 10-2 

3.0 X 10-2 

7.lx108 

4.5 X 109 

8.6 X 101 

2.fl X 104 

1.3 X 101 

4.6 X 102 

1.8 X 101 

Fraction 
Activity 

3.0 X 10-3 

3.8x10-l 

2.2 X 10-J 

1.5 X 10- 5 

5.2 X 10-3 

3.0 X 10-2 

3.0 X 10-2 

2.2 X 10-3 

3.0 X 10-3 

3.0 X 10-3 

2.2 X 10-4 

(d) 

(d) 

(d) 

(d) 

__ (d) 

__ (d) 

(d) 

(a} Based on the radionuclides listed in Table 5.2-8 from Oak et al. 1980, and 
selected radionuclides from Table 5.1-1 from Schneider and Jenkins 1977. 

(b) Short-lived daughter of parent with same mass number. 
(c) 3H is not included in the total. 
(d) This radionuclide is present in reactor fuel, but it is not found in measurable 

quantities in reactor coolant water. The alpha mixture considered in the dose 
calculations is 90% 238u and 10% 239Pu. 

3. 31 



is done so that representative doses will result for spent fuel ship

ments. Thus, the doses are not based on the most toxic radionuclides, 
but rather they are based on a reference mixture. Radiation doses from 

surface contamination on nuclear fuel cycle materials containers are 
calculated in the following sections. First, reference containers are 
defined for u3o8, UF6, fresh fuel, and spent fuel. Using these refer

ence containers, radiation exposure scenarios are developed and 
radiation doses are calculated in the following sections. 

3.4.1 Reference Nuclear Fuel Cycle Materials Containers 
An overview of the types of containers used to transport nuclear fuel 

cycle materials is given in a document by Rhoads (1977}. Uranium ore 
concentrate in the form of u3o8 classifies as Low Specific Activity 
(LSA) material requiring only strong, tight, industrial packaging in 
exclusive use vehicles. A standard steel drum is defined to be the 

reference u3o8 container with a volume of 0.21 m3 (55 gallons) and a 
surface area on about 2.3 m2 Uranium hexafluoride (UF6) is shipped from 

conversion plants to the gaseous diffusion plant for enrichment, then 
enriched UF6 is shipped to fuel fabrication plants. Natural UF6 is 

classified as LSA material, and the reference container is defined to be 

a 9-metric ton cylindrical container with an approximate surface area of 
II m2 (120 ft 2). Enriched UF6 is classified as fissile material and is 

shipped in quantities that require Type B containers. The reference 9-
metric ton container used for natural UF6 is also assumed to be used 
for enriched UF6 with the addition of an overpack. Fresh fuel elements 
are assumed to be shipped in protective Type B outer containers. These 
containers are cylindrical in shape with an approximate surface area of 

15 m2 (160 ft 2). Spent nuclear fuel contains residual 235u (about 0.9%), 
238u, plutonium isotopes, and highly radioactive fission products. 

Spent fuel casks are large and very massive since they must provide 
shielding from both gamma-rays and neutrons, and heat removal. These 

casks are classified as Type B containers and weigh about 22 
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metric tons empty. The 

mately 26 m2 (280 ft2). 

surface area of the reference cask is approxi
These reference containers are selected as 

being representative of the containers used in industry today, and no 

further effort is made to model the specific differences found in 
container design. 

3.4.2 Nuclear Fuel Cycle Materials Radiation Exposure Scenarios 

Radiation exposure scenarios are defined in this section for nuclear 
fuel cycle materials. Since the containers used in the nuclear fuel 

cycle are recycled, that is they are not released for public use, no 
public exposure pathways involving contact with the containers exist. 

Also, exclusive use shipments exclude contact by members of the public. 

However, a limited population group is assumed to contact the vehicle 
after the shipment, and they ingest a small fraction of contamination on 
the vehicle. Total occupational dose is estimated by multiplying the 

dose to composite individual worker by four, assuming that four workers 
are equally exposed. This is done to account for the possibility that 

more than four workers may be exposed, but that they receive less dose 
than the composite individual worker defined in this study. The follow

ing sections contain the radiation exposure scenarios used in dose 

calculations for nuclear fuel cycle materials. 

3.4.2.1 Direct Ingestion 
Transportation workers are assumed to ingest surface contamination from 

5 x 10~ 5 m2 of surface for each container. No direct ingestion by mem
bers of the public occurs since all of the containers are recycled and 
materials are shipped as exclusive use, but secondary ingestion could 

occur if food products or people come in contact with a truck surface 
after it has been in contact with a container. The dose to a limited 
population group (10 people for each category of container) is calcu
lated assuming that they ingest the contamination from a total surface 

area of: 2.4 x 10-3 m2 for u3o8 steel drums, 1.1 x 10-2 m2 for UF
6 

shipments, 1.5 x 1o-2 m2 for fresh fuel shipments, and 2.6 x 1o-2m2 for 
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spent fuel shipments. These numbers are for possible secondary pathways 
and are found by multiplying the surface area of each container by 
1 x 10-3 m2 per m2 of surface. It is assumed that the containers for 
all shipments, except for spent fuel shipments, are double stacked, and 
thus only 50% are in contact with truck surfaces. 

3.4.2.2 Inhalation 

The ~local air concentrations for workers are found for each container 

using Equation 3.1. Where n equals the surface contamination level (in 

Ci/m2), the resulting air concentrations in the shipping or receiving 
room are calculated to be: [1.4 x 10-6 • n] for u

3
o
8 

drums, 

[6.9 x 10-6 • n J for UF6 containers, [9.4 x 10-6 • n ]for fresh fuel 

containers, and [ 1. 6 x w-5 • n J for spent fue 1 containers. The ca lcu
lated air concentration inside a closed transport vehicle for u3o8 drums 
is [2 x 10-6 • n]. Since all of these containers are recycled, that is 

none are released to the public, there is no inhalation exposure to 
members of the public. For direct inhalation from hands, workers are 
the only ones in contact with the containers, and they are assumed to 
inhale the equivalent of 5 x lo-5 m2 of surface contamination. 

3.4.2.3 Direct Exposure 

Since none of the nuclear fuel cycle materials containers considered in 
this study are released for public use, only transportation workers are 
exposed. Dose to workers from surface contam1nation is calculated 
assuming that each worker spends 30 minutes at an average of 1 m from 
each type of container. 

3.4.3 Radiation Doses from Nuclear Fuel Cycle Materials Transportation 

Containers 
The results of radiation dose calculations performed for the surface 
contamination scenarios defined for nuclear fuel cycle materials trans
portation containers are presented in Tables 3.4-2 through 3.4-5. These 
doses are calculated based on current DOT contamination limits (i.e. 
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1 x 10-4 vCi/Cm2 for beta-gamma emitting radionuclides, and 
1 x 10-5 vCi/Cm2 for alpha emitting radionuclides). The doses in 
Tables 3.4-2 through 3.4-5 are calculated for ingestion and inhalation 
only. A preliminary calculation for the direct exposure pathway 
resulted in doses that were about three orders of magnitude less than 

the doses from inhalation or ingestion for all radionucides. Therefore, 

they have been omitted from all of the dose tables for fuel cycle 

materials. 

Tables 3.4-2 and 3.4-3 contain the doses calculated for shipments that 
contain uranium in either natural or enriched forms. The doses are cal
culated using 238u for u3o8, UF

6
, and fresh fuel shipments. Table 3.4-2 

contains the dose to a composite worker and an estimate of the composite 
collective occupational dose based on the assumption that the total is 
four times larger than the dose to a composite worker. This assumption 
is made based on current information from industry, and accounts for the 

dose to a greater number of workers who receive less dose than the 
composite worker. 

Since none of the transportation containers are released after their use 
and most shipments are exclusive use, no exposure pathways to a compo
site individual in the public are defined. The dose to a limited popu
lation group exposed after the shipment by contact with the vehicle is 
calculated by assuming that 10 people ingest a small fraction of the 

surface contamination that is transferred to truck surfaces. This is 
done to account for all secondary ingestion pathways that could involve 
members of the public. The doses obtained by this analysis may be con
servatively large, but they should provide a basis for comparison with 
other doses in this study. 

As a spent fuel cask drys after decontamination, the surface contamina
tion level may increase by a process known as sweating. Such-behavior 

is a complex function of many conditions including the specific cask 
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TABLE 3.4-2. Individual and Collective Doses to Composite Workers 
from Surface Contamination - Nuclear Fuel Cycle 
Materials Transportation Containers - 238U 
(at lQ-4 "Ci/cm2 for 235u Natural and lo-5 "Ci/cm2 
for Fresh Fuel) 

l rem) 
Weighted 

R ad1 onuc l ide/Pathway 

nsu - UJOs 

Total Body Bone Lung 

Inhalation 
Loadlng/Unloading 1.1 IQ-5 

Closed Vehicle 2.4 w- 5 

Dir-ect from Hand< 3.2 10-l 

2.6 to-6 

Tot. I composite 
Worker 4.4 J0-5 

Total Qccupationallb) I. A 10-4 
(man-rem) 

2l8u-Natural UF6 

Inhalation 

Loadlng/Unloading 9.8 J0-5 

D1rert from Hand< ).3 Jo-1 

Jngesl>on 

Total compos>te 
Worker 

2.6 w-6 

2.1 w-> 

Tohl QccupationaJ{b) ).6, 11-4 
(man-rem) 

Load>ng/Unload>ng 8.8 x to-6 

Direct from ~.ods 3.3 x 10-8 

lngest>on 2.6 • w-1 

Total Composite 9.1 x 10-6 
Worker 

Total occupatlon.J(b) 3.6 • 10-S 
(man-'"'") 

23Bu-Fresh Fuel 

Inhalation 
loading/Unloading 1.2 lQ-5 

Direct from Hands 3.3 10-8 

!ngest1on 2. 6 to-7 

Total Composite 
WorKer 1.2 10-5 

Total Occup•tionallb) 4.9 10·> 
(man-rem) 

!0-6 

6.1 to-6 

8.5 x J0-8 

2.2 x w-5 

1.2 w-s 
1.1 w-4 

2.2 to-s 

a.s w-a 
2.2 1o-5 

w-5 

I. 8 J0-4 

2.2 x w-6 

8.5, w-9 

2.2 w-6 

J0-6 

1.8 ' 10-5 

2.9 X J0•6 

a.s to-9 

2.2 !0-6 

5.! JQ-6 

2 .o to-6 

1.4 J0-4 

2.0 !0-4 

2.7' JQ-6 

3.4 w-4 

1.4 w-4 

7.1 w-4 

2.1 w-6 

1.1 x w-4 

2.8. J0-3 

1 1 w-5 

2.1 w-7 

1.1 • w-5 

2.a x w-4 

9.3 w-5 

Jo-7 

9.3 lQ-5 

3.7 J0-4 

Thyroid 

--- (b) 

Total Body 

4.2 lQ-5 

6.0 w-5 

8.4 , w-7 
4.6, to-6 

1.1 w-4 

4.3 10-4 

1.0 • !0-5 

8.4 • I0-7 

4.6, w-6 

1.5 X J0-5 

6.2 , w-5 

1.0 • 10-6 

a.4 x w-8 
J0-7 

1. s 10-6 

6.2 !0-6 

2.8 , to-5 

8.4 to-8 

4.6 Jo-1 

2.8 to-s 

1.1 10-4 

Coomitted Dose Equivalent (r..,) 

Bone 

8.1 to-6 

1.2 Jo-5 

1.6 , w-1 

3.8 • JQ-5 

5.8 x 1o-s 

2.1 , w-4 

4.2 10-5 

1.6 w-7 

3.8 ' 10-5 

8.0 !0-5 

3.2 I0-4 

4.2, w-6 

1.6 , to-B 

J.s Jo-6 

8.o w-6 

1.2 w-5 

5.6 10-6 

1. 6 10-8 

3.8 J0-6 

9.4 10-6 

3.8 !0-5 

lung 

3.4 x lo-4 

4.9 x I0-4 

6.8 x 10-6 

8.4 x w-4 

3.6 X JO-l 

1.8 x 1o-J 

6.B • w-6 

1.6 X JO•l 

1.2 x 1o-J 

l.B x 10-4 

6.8 x to-? 

1.a w-4 

1.2 I0-4 

2.3 x I0-4 

6.8 , to-7 

2.1, lo-4 

9.2 x to-4 

Thyroid 

___ ( 1) 

lalwe1ghted total bo-dy doses are found by sunwning (over the reference organs) the products of the organ-specHic doses and the 
weighting factors discussed in ICRP 26 (1911). The weigi1t1ng factors used are 0.12 for bone, 0.12 for lung, and 0.03 for t~yrold. 

(b)A da<h indicote< that no organ data was available for till< radionucl1de. 

{c)sased on the a<Sumption that the total occupat1on dose i< four times hrger than the CC>'llposite worKer's dose. 
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TABLE 3.4-3. Collective Dose to the Composite Population Group from Surface 
Contamination - Nycjear Fuel Cycle M~teria1s Transportation 
Contai~ers - 238u\a (at lo-4 "Ci/cm for 38u Natural and lo-5 
"Ci/cm for fresh fuel) 

Flr~t-Ye~r Dose Equivalent (man-rem) 50-Y~~I;' CoTIII1itted Dose Equivalent (man-rem) 
weT9ntediDJ 

Material Form Total Body Bor~e Lung Thyroid 
Weighted \IT/ 
Total Body Bone Lung_ Thyroid 

UJOa 

UFij-Natura 1 

UFij-Enriched 

Fresh Fuel 

1.6 x w-4 

72xl0·4 

7.2 )( IQ-5 

9.6 x w-s 

l.J X IQ-3 ___ (c) --- (c) 

6.0 )( lQ-3 

G.o x w-4 

e.o x Io-4 

z.s x w-4 
l.J X lQ-3 

l.J x w-4 
1. 7 X lQ-4 

2.3 X IQ-J 

1.1 x 1o-2 

1.1 x IQ-3 

1.4 x lQ-3 

___ (a) ___ (c) 

(a)The composite population group consists of 10 people who ingest a total of 1.2 x Io-2 m2 of surface contamir~ation that is 
transferred to truck surfaces. Note: the containers are double staded, thus only 50% are in contact with truck surfaces. 

(b)Weighted total body doses are found by surrrning (over the reference organs) the products of the organ-specific doses and the 
weighting factors d1scussed in ICRP 26 (lg77). The weighting factors used <~re 0.12 for bone, 0.12 for lung, <~nd 0.03 for thyroid 

(c}A dash indicates that no organ data are <lvailable for this radionuclide. 
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TABLE 3.4-4. Individual and £o11ective Doses to Composite Workers from 
Surface Contamination - Nuclear Fuel Cycle Materials 
Transport~tion Co~tainers- Spent Fuella (at lo-5 "Ci/cm2 
a and lo- "Ci/cm for s-y) 

Radion~clide Type 
Pathway 

(~jrst-Year Dose Equivalent (rem) 
Weighted 

5?-Jear Committed Dose Equivalent (rem) 
Weighted a 

Total aody Bone Lung Thyroid Total Body Bone Lung Thyroid 

Beta-Gaflllla 

Inhalation 
loading/Unloading 7.5 x lQ-7 

Direct from Hands 1.3 x lQ-9 

Ingest ion 

Tot a 1 Composite 
Worker 

2.6 x w-6 

3.4 x IQ-6 

Total Occupational (d) l .3 x l()-5 
(man-rem) 

Alpha 

Inhalation 
Loading/Unloading 1.9 x JQ-5 

Direct from Kands 3.4 x 10-8 

Ingest ion 

Total Composite 
Worker 

2.6 x w-7 

1.9 x w-5 

Total Occupational(d) 7.7 x 10-5 
{man-rem) 

s.7 x w-7 

1.4 X JQ-9 

J.O x Io-6 

3.9 x to-6 

1.6xi0-5 

6.1 X lQ-6 

1.1 X 1Q-8 

2.6 x lQ-6 

8.7 X 1Q-6 

3.5 x w-s 

5.0 x 10-6 

8.9 X lQ-9 

--- (c) 

5.0 X lQ-6 

2.0 X I0-5 

1.5 X jQ-4 

2.7 X I0-7 

1. 5 x w-4 
6.o x w-4 

1.4 X 10-6 4.1 X lQ-6 

2.3 x Io-9 6.3 x 1o-9 

7.4 x 10-5 6.2 x Io-6 

7.5 x IQ-5 1.0 x Io-5 

3.0 X !Q-4 4.1 X J0-5 

5,6 X 1Q-5 

9.4 x w-8 

4.7 x !Q-7 

5.6 X lQ-5 

2.2 X J0-4 

1.9 X lQ-5 

3.2 X lQ-8 

3.2 x I0-5 

5.1 x w-5 

2.0 x w-4 

8.8 x I0-5 

1.5 X 1Q-7 

3.9 X lQ-6 

9.2 X lQ-5 

3.7 x I0-4 

1.2 X Io-5 

2.0 x w-a 
___ (c) 

1.2 x w-5 

4.8 x w-s 

3.8 x !0-4 

6.3 x lQ-7 

3.8 x IQ-4 

1.5 X IQ-3 

1.4 x w-5 
2.3 X I0-9 

7.9 x I0-5 

8.o x ro-5 

3.2 x J0-4 

(a)rhe doses shown are based on the beta-garmra radionuclide mixture shown in Table 3.4-1. For alpha, a mixture of 95% 238u and 5% 
239pu was asslJlled. 

(b)Weighted total body doses are found by surrming (over the reference organs) the products of the organ-specific doses and the 
weighting factors are 0.12 for bone, 0.12 for lung, and 0.03 for thyroid. 

(c)A dash indicates that no orga11 data was available for this radionuclide. 

(d)8ased 011 the assumption that the total occupational dose is four times larger than the composite worker's dose. 
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TABLE 3.4-5. Collective Dose to the Composite Population Group from Surface 
Contamination - Nuclear(Fvel Cycle Materia~s Transportation 
Containers - Spent Fuel a} (at lo-5 pCi/cm for a and lo-4 
~Ci/cm2 for S-y) 

Radionuclide(b) 
Type 

F!rst-Year Dose Equivalent (man-rem) 50-Year Committed Dose Equivalent (man-rem) 
Weighted\ C) Wef§hte~J 
Total Body Bone lung Thyroid Total Body Bone lung Thyroid 

Beta-Ganma 

Alpha 

1.2 X lQ-3 

1.2 X lQ-4 

1.4 X 1Q-3 

1.0 X 1Q-3 

___ (d) 3.5 X 1Q-2 2.9 X 1Q-3 

2.2 x 1o-4 

1.5 X lQ-2 

1.8 X lQ-3 

___ (d) 

(a)The composite population group consists of a group of 10 people who could ingest a total of 2.6 x 10-2 m2 of surface 
contamination that is transferred to truck surfaces. 

3.5 X lQ-2 

(b)The doses shown are based on the beta-ganma radionuclide mixture shown in Table 3.4-1. For alpha, a mixture of 95% 238u and 
5% 239pu was assumed. 

(c)weighted total body doses are found by summing (over the reference organs) the products of the organ-specific doses and the 
weighting factors discussed in ICRP 26 (1977). The weighting factors used are 0.12 for bone, 0.12 for lung, and 0.03 for thyroid. 

(d) A dash indicates that no organ data was available for this radionuclide. 



surface design, the chemical form of the radioactive material involved, 
and the decontamination technique used. No attempt is made in the dose 
calculations to account for a possible increase in surface contamination 
on spent fuel casks after decontamination; since all surfaces are 
assumed to be at the current limits. 

3.4.4 Spent Fuel Cask Decontamination 
The impact on total collective radiation dose from decontaminating spent 
fuel shipping casks is discussed in this section. The following factors 
that influence the analysis of total collective radiation doses are con
sidered: the total time spent decontaminating at a constant decontami
nation rate, the exposure rate to workers from the contents of the spent 
fuel cask, the reduction in population dose resulting from reduced sur
face contamination levels, and the decontamination factor associated 
with the technique used. The relative impacts of these factors on the 
total 50-year committed dose equivalents are shown in Figure 3.4-1 
through 3.4-3. These figures contain graphs of the total 50-year com
mitted dose equivalent (population dose plus occupational dose from 
decontamination) versus decontamination time. The population dose is 
considered to be the same as that calculated by the dose scenarios 
described in the previous section reduced as a function of the assumed 
decontamination factor and time. The occupational dose is found by 
assuming that two workers are exposed at an average distance of 1 m away 
from the spent fuel cask they are decontaminating. 

Records from industry of spent fuel cask decontaminations are used as a 
basis for estimating decontamination methods, factors, and costs in 
Section 4.3 of this report. The records reviewed indicate that all 
casks are routinely decontaminated before any surface contamination 
levels are recorded. This initial decontamination takes about two 
hours, and subsequent decontamination of ••hot" spots takes about 30 
minutes each. From the data on multiple decontamination of spent fuel 

casks (shown in Figures 4.3-1 and 4.3-2 of Chapter 4) average decontami
nation factors are estimated to range between 2 and 15 per 30 minutes of 
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effort. The dose comparisons in this section are made by assuming 

decontamination factors of 2 and 10 per 30 minutes. These assumed OF 
values are representative of the data reviewed in Chapter 4. 

Figure 3.4-1 shows the total 50-year committed dose equivalent (for 
weighted total body) versus decontamination time plotted for beta-gamma 
surface contamination starting at a level of 1 x 10-4 ~ Ci/Cm2 . A uni
form OF of 10 per 30 minutes is assumed. The results are plotted for 
three direct exposure rates to workers ranging from 100 mrem/h down to 
1 mrem/h at 1m from the cask. The optimum decontamination time and 
total dose relationships are found where minimum values occur on these 
curves. Since the only minimum that occurs is for a direct exposure 
rate of 1 mrem/h, the curves in this figure indicate that a total dose 
savings is possible only when there is a low direct exposure rate. 

The impact of using a different OF for decontamination is illustrated in 
Figure 3.4-2. The dose calculations are made for a OF of 2 per 30 
minutes of effort. A comparison of the curves in Figure 3.4-1 and 
Figure 3.4-2 shows that there is somewhat less dose savings for the same 
amount of decontamination time when a lower OF is used in the calcula
tions. Thus, decontamination efforts using a technique with a low OF 
result in a less significant dose savings. 

An example of the occupational and population dose contributions to the 
total dose relationships plotted in Figures 3.1-1 and 3.4-2 is shown in 
Figure 3.4-3. The curves in this figure indicate that, for the beta
gamma mixture used in this study, the total dose response is almost 
completely controlled by the occupational dose received during 
decontamination. 

3.5 Low-Level Radioactive Waste 
Because of the many types of radioactive waste, it is first important 

to establish the radionuclides of concern in this study. Table 3.5-1 
contains a listing of the more common radionuclides found in waste 
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TABLE 3. 5-l. Representative Radion~cJides in Low-
Level Waste Shipments a 

Physical (b) Physical (b) 
Half-Life (MPC)a Half-Life (MPC)a 

Radi onuc 1 ide {Years~ { Ci/m ~ Radionuclide {Years~ { Ci/m ~ 

3H 1. 2 X 101 2 x w-7 135cs 3.0 X 106 3 X lQ-9 

14c 5.7 X 103 1 x w-7 137cs 3.0 X 101 5 X lQ-10 

51cr 7.6 X 10 8 X IQ-8 144ce 7.8 X lQ-1 2 X lQ-10 

54Mn 8.3 x 10-1 1 x 10-9 222Rn(d) 1.0 x 10-2 3 x 10-9 

55fe 2. 6 X 100 3 x 10-8 226Ra 1.6 X 103 2 X 10-12 

58 co 2.0 x 10-1 2 x 10-9 230Th 8.0 X 104 8 x Io-4 

60co 5.3 X 100 3 x 10-10 232Th 1.4 X 1010 1 x 1o-12 

59Ni 8.0 X 104 3 X IQ-8 235u 7.1 X 108 4 x 10-12 

63Ni 9.2 X 101 2 x 10-9 238u 4.5 X 109 3 X lQ-12 

65zn 6.7 x 10-1 2 x 10-9 237Np 2.1 X 106 1 x Io-13 

90sr 2.8 X 101 3 X lO-ll 238pu 8.6 X 101 7 X 10-14 

90y(c) 7.3 x 10-3 3 X lQ-9 239pu 2.4 X 104 6 x w-14 

95zr 1.8 x 1o-1 1 X lQ-9 240pu 6.6 X 103 6 x w-14 

99Tc 2.1 X 105 2 X 10-9 24lpu 1.3 X 101 3 X lQ-12 

106Ru 1.0 X lQO 2 X lQ-10 242pu 3.8 X 1Q5 6 X 10-14 

124sb 1.6 X lQ-1 7 X 10-10 241Am 4.6 X 102 2 X lQ-13 

125sb 2. 7 X 100 9 x w-lo 243Am 8.0 X 103 2 X lQ-13 

1291 1. 7 X 107 2 X 10-ll 242cm 4.4 X lQl 4 x w-12 

134cs 2.0 X lQO 4 x w-10 244cm 1.8 X lQl 3 x Io-13 

(a) Based on the radionuclides listed in Table 7.3-3 from Murphy and Holter, 1980. 
(b) The (MPC)a are from Table II, Column 1 of 10CFR20, 1980, and are for the smallest 

value of either Soluble (S) or Insoluble (I) forms. 
(c) Short-lived daughter of oarent with same mass number. 
(d) Short-lived daughter of 226Ra. 
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shipments. The physical half-life and (MPC) for each radionuclide are a 
also listed. It should be remembered that waste containers in a ship-
ment rarely contain only one radionuclide, but rather they contain an 
assorted mixture of many different radionuclides. This is especially 
true for wastes coming from operating nuclear reactor power stations, 
where a complex mixture of fission products can originate. 

It is difficult to determine the most hazardous radionuclides present in 
low-level radioactive waste shipments since many physical and chemical 
forms may be present. In this study we will consider three groups of 
radionuclides in the dose calculations: alpha, beta, and gamma-ray 
emitters. From the data in Table 3.5-1, the most restrictive (smallest) 
value of (MPC)a is found for 239Pu and other isotopes of plutonium. 
This radionuclide is used in the dose calculations for alpha emitters. 
The most restrictive beta emitters based on the (MPC) values listed in 
Table 3.5-1 are 129I and 90sr. These radionuclides a~e used in the dose 
calculations to determine the most restrictive beta emitter. For common 
gamma emitters, 60co has the most restrictive value of (MPC)a' and is 
used in the dose calculations. 

Radiation doses from surface contamination on low-level radioactive 
waste containers are calculated in the following sections. First, a 
reference low-level waste container is defined. The design of this 
reference container is then used to help define radiation exposure sce
narios. The exposure scenarios define a composite transportation 
worker, individual in the public, and population group. The doses from 
several pathways and scenarios are combined to create these composite 
individuals or groups. 

3.5.1 Reference Low-Level Waste Container 
Standard containers that are commonly used to transport low-level radio
active waste are listed in Table 3.5-2. The most common types of con
tainers encountered are: steel cask liners, plywood boxes, and standard 
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TABLE 3.5-2 Standard Low-Level Radioactive Waste Shipping Containers(a) 

Description Volume (m3) 

Steel Cask Liner 0.33 
0.63 m O.D. x 1.02 m 
high, 150 kg empty 

Steel Box Variable 
Specially Fabricated 

Fiberglassed Plywood 3.64 
Box, 1.2 m x 1.2 m x 
2.4 m, 175 kg empty 

Fiberglassed Plywood Variable 
Box, Specially Fabri-
cated 

Steel Cask Liner 
1.38 m 0.0. x 1.9 m 
high, 680 kg empty 

Standard Steel Drum 
0.21 m3, 23 kg empty 

2.84 

0.21 

Application Unit Cost ($)(b) 

Shallow-Land Burial of 450 
Activated Reactor Com-
ponents 

Shallow-Land Burial of 6,000 
Large or Odd-Shaped 
Activated Reactor Com-
ponents 

Low Specific Activity 400 
Materials - Piping, 
Concrete, Contaminated 
Components 

Low Specific Activity 281m2 
Material, Over-Sized or of surface 
Extra Heavy 

Solidified Wet Solid 
Wastes 

Compacted Dry Solid 
Wastes/Radio
pharmaceuticals 

550 

20 

(a) From Table M.2-1 of Oak et al. 1980. 
(b) Adjusted to early 1978 dollars. 

steel drums. For this study, the reference low-level waste container 
is defined to be a standard steel drum. The volume of this drum is 0.21 
m3 (55 gallons), and the estimated surface area is 2.3 m2. This 
reference container is selected as being representative of containers 
used today, and no further attempt is made to model the specific 
differences found in container design. 

3.5.2 Low-Level Waste Radiation Exposure Scenarios 
Radiation exposure scenarios are defined in this section for low-level 

waste shipments. Three exposure pathways (ingestion, inhalation, and 
direct exposure) are considered to define the composite transportation 

3.47 



worker, individual in the public, and population group. Since the con
tainers used for shipment of low-level radioactive waste are disposed 
of in the burial grounds, none are assumed to be released to the public. 
Total occupational dose is estimated by multiplying the individual 
worker dose by four, assuming that four workers are equally exposed. 
This is done to account for all workers who may receive less dose than 
the composite individual worker defined in this study. The following 
sections contain the radiation dose scenarios for the exposure pathways 
considered. A special section is included to discuss the accumulated 
total dose to the public and to workers during decontamination of waste 
drums. 

3.5.2.1 Direct Ingestion 
Transportation workers are assumed to ingest surface contamination from 

-5 2 5.0 x 10 m of surface. Since none of the waste containers are 
released to the public and since exclusive use shipments are common, no 
direct ingestion by an individual in the public could occur from contact 
with a container surface. Secondary ingestion could occur if food 
products or people are in contact with a truck surface after contact 
with a container surface. The dose to a limited population group is 
calculated assuming that 2.3 x 10-3 m2 of surface contamination (1 x 10-3 

m2 per m2 of container surface times 2.3 m2 of container surface) is 
ingested. A total of 10 people are assumed to be in the population 
group and they are assumed to ingest equal amounts of this surface con
tamination. The waste drums are assumed to be double stacked in the 
closed transport vehicle, and thus 50% of them do not have contact with 
truck surfaces. 

3.5.2.2 Inhalation 
For the resuspension of material from waste container surfaces, the 
local air concentrations (in Ci/m3) are found using Equation 3.1. Where 
Oequals the surface contamination level (in Ci/m2), the resulting air 

concentrations are calculated to be: [1.4 x 10-6 • n] in the shipping 
or receiving room, and [1.9 x 10-6 • n ] in the closed transport vehicle. 
Since the shipment of low-level waste is usually done in exclusive use 
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closed transport vehicles, and since no containers are released to the 
public, there is no inhalation exposure to either the individual or a 
population group other than transport workers. There is also no 
incineration of empty containers, and thus no dose calculations are 
required. For direct inhalation, workers are the only ones that are in 
contact with the containers, and they are assumed to inhale the 
equivalent of 5 x 10- 5 m2 of surface contamination. 

3.5.2.3 Direct Exposure 
Since none of the low-level waste containers are released to the public, 
only transportation workers are exposed. The dose component associated 
with surface contamination on the outside of the reference drum is cal
culated assuming that each transportation worker spends 30 minutes at 
an average of 1 m from the container. 

3.5.3 Radiation Doses from Low-Level Radioactive Waste Transportation 
Containers 

The results of radiation dose calculations performed for the surface 
contamination scenarios for low-level radioactive waste transportation 
containers are presented in Tables 3.5-3 and 3.5-4. All of these doses 
are calculated based on current DOT contamination limits (i.e. 10-4 

~Ci/cm2 for beta-gamma emitting radionuclides, and 10-5 ~Ci/cm2 for all 
alpha emitting radionuclides except for natural or depleted uranium or 
thorium). The doses in Tables 3.5-3 and 3.5-4 are calculated for inges
tion and inhalation doses only. A preliminary calculation for the 
direct exposure pathway indicated that the doses were about three orders 
of magnitude less than the doses from inhalation or ingestion. They 
have been omitted from further consideration for the low-level radioac
tive waste category on this basis. 

Table 3.5-3 contains the calculated dose to a composite worker and an 
estimate of the collective occupational dose based on the assumption 

that this total is four times larger than the dose to the composite 
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TABLE 3.5-3. Individual and Collective Doses to Composite Workers 
from Surface Contamination - Low-Level Radioactive 
Waste Transport~tion Containers (at lo-S ~Ci/cm2 a 
and lo-4 ~Ci/cm a-y) 

hJirtt·Year Dose Equivalent (,...) 
llilihtid llilflitiil 

hdiOIIIICllcltt'atlloMz Total lodz a- L""' Thzrold Total lodz a- Lung Thzrold 

Utpu 

tnhalttiCIII 
Loadlnt/UIIloadlng 2.4 • to·6 

Clostd Ytlllclt 3.2 • to·6 

Direct fi"OII Minds 4.8 • to·• 

5.8 • to·' 

Tot:!,.f~sltt 5•6 • tO-' 

Total OcCUIIItiCIIIIl(C) 2.3 a to·5 
<-· .... ) 

t29t 

lnhalatiCIII 
Loadtn9{Unloadlng 1.4 • to·7 

Clostd Ytlltclt 1.8 • to·7 

Direct fi"OII Hands 2.7 a to·9 

1.0 • to·5 

3.0 • to·' 1.1 • to·5 

•.o • to·6 2.3 • to·S 

5.9 • to·8 3.4 • to-7 

•.a • to·• 

1 .t • to-6 4. o • to·5 

2.a • to-5 1.6 • to·• 

••• (b) 2.2 • to·5 

2.4 • to·5 

4.4 • to-7 

2.4 • to·7 

4.7 • to-5 

1.9 x to·• 

1.4 • to·• 4.2 • to·5 ••• (b) 

1.4 • to·• 5.a • to·5 

2 .a • to·6 a.• • to·7 

2.0 • to·6 

2.8 • to·• 1.0 • to·• 

t.t • to-3 4.o • to·• 

1.6 • to-to 6.2 x to-to 4.5 • to·6 1.& • to-7 1.& • to·9 &.2 • to-to 5.5 • to-' 

2.2 • to-to a.5 x to-to 6.t • to·6 2.2 • to-7 2.2 • to-to a.5 • to-to 7.5 • to-6 

3.2 • to·lO 1.2 • to·ll 9.0 • to·• 3.3 x to·9 3.2 x to·t2 1.2 • to·ll t.t • to-7 

t.& • to-7 3.4 • to·• l.t • to-5 1.6 x to-7 3.6 • to-4 

Total C011110sltt 
110rter 1.0. to·5 1.6. to-7 1.5 • to·' 3.5. to·• l.t • to-5 1.6 • to-9 1.5 • to·' 3.7 • to·• 

Total OccupattCiftallcl 4.t • to-5 6.6. to-7 5.9 • to-t 1.4 • to-3 4.5 • to-5 6.6. to-7 5.9 • to·9 1.5 x 10·3 
<-· .... ) 

lnhalttlon 
Loadln9{Unloadlng 3.0 • to·7 

Clostd Yelllclt 4.0 • to·7 

otrect fi"OII Hands 5.9 • to·' 

Jngtstton 2.0 x to·& 

Total COIIIIOSIU 2.7 a to-6 
llorttr 

Total Occupattonal(c) l.t x 1o·5 
<-· .... ) 

60co 

Inhalation 

Loadtn9{Unl01dln9 1.4 x to-7 

Closed Ythtcle 2.0 x to-7 

Direct fi"OII Hands 2.9 x to·9 

lngtstlon 

Total COIIIIOSitt 
Worker 

s.2 • to·7 

8.6 • to-7 

Total OcCUIIattCiftal(b) 3.4 • to-' 
(.., ..... ) 

4.8 • to·7 2.0 • to·' 

6.5 • to-7 2.1 • to·' 

9.5 • to·' 4.o • to·• 

t.7 • to-5 

1.a • to·5 4.7 • to·' 

1 .o • to-5 t.t • to·5 

1.2 • 10·6 

1.7 • to-6 

2.4 • to·• 

2.9 • 10·6 

1.9 • to·& 

9.6 • to-7 

3.8 • to·• 

2.3 • to-5 

2.6 • to-5 

1.0 • to·• 

3.t • to-7 

4.2 • to-7 

6.2 • to-9 

5.2 • to-7 

1.2 • t0·6 

5.o • to-6 

l.t • to-5 4.a • to-6 

1. 5 • to·S 6. s • 1o·6 

2.2 • to-7 9.5 • to·• 

1.9 • to-4 

2.2 • to·• t.t • 10·5 

a.& • to·• 4.5 • to·5 

2.6 • to·6 

3.5 • 10-6 

5.2 x to·• 

6.2 • to-6 

(allletllflttd total 1>0c11 dOses art fOUftd b1 s-Ing (over tile reference orgons) tile products of tile organ-specific dOses and the 
11ttg11ttng factors discussed tn lCltP 26 (1977). The wtghttng hctors used ne O.t2 for bone, O.t2 for lung, and 0.03 for thyroid. 

(b)A tksh tndtcates tiMt no organ tkta .. , ava ilable for thts radtonuclldt. 

(c)aastd on the ass.,..tlon that tile total occupational dOse ts four tt•s larger than the COIIIIOStte worker's base. 
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(.,..) . 
Vl ...... 

TABLE 3.5-4 . Collective Dose to the Composite Population Group from Surface 
ContaminatjoQ - Low-Level Radioactive Waste Transportat ion 
Conta iners~aJ (at 10-5 ~Ci /cm2 a and l o-4 Ci / cm2 B- y) 

50-Y~ar Committed Dose Equivalent (man-rem) 

Radionuclide 

239pu 

129I 

90sr _ 90y 

60co 

1.4 X 1Q-7 

2.4 X lQ-4 

4.8 X 1Q-5 

5.4 X 1Q-5 

Bone Lung 

1.2 X 1Q-6 ___ (c) 

4.0 X lQ-6 

4.0 X lQ-4 

Weighted\ 0 1 
Thyroid Total Body Bone Lung Thyroid 

6.0 X lQ-6 

8.0 X lQ-3 2.6 X lQ-4 

5.5 X lQ-4 

5.4 X 1Q-6 

5.0 X lQ-5 

4.0 X lQ-6 

4. 6 X lQ-3 

___ (c) 

8. 6 X lQ-3 

(a)The population group consists of 10 people who ingest a total of 2.3 x 1Q-3 m2 of surface contamination that is transferred to 
truck surfaces. Note: only 50% of the waste containers are in contact with the truck since they are assumed to be double stacked. 

(b)weighted total body doses are found by summing (over the reference organs) the products of the organ- specific doses and the 
weighting factors discussed in ICRP 26 (1977). The weighting factors used are 0.12 for bone , 0.12 for lung, and 0.03 for thyroid. 

(c)A dash indicates that no organ data was available for this radionuclide. 



worker. This assumption is made based on current information from 
industry, and it is assumed to account for a greater number of workers 
who receive less dose than the composite worker. 

Since none of the transportation containers are released after their use 
and since exclusive use shipments are common, no public exposure path
ways that involve direct contact with the containers exist. Thus, the 
dose to a composite individual in the public is not calculated, but 
rather the dose to a limited population group is calculated and listed 
in Table 3.5-4. The people in this population group are assumed to 
ingest a fraction of the surface contamination from each container that 
remains on truck surfaces. The doses obtained by this anlysis may be 
conservatively large, but they should provide a basis for comparison 
with the other doses calculated in this study. 

3.5.4 Low-Level Radioactive Waste Container Decontamination 
The impact on total collective radiation dose (in man-rem) from decon
tamination of low-level radioactive waste containers is discussed in 
this section. Several factors influence the analysis of decontamination 
radiation exposures including the exposure rate to workers from the 
waste container contents, the radionuclides considered in the surface 
contamination dose calculations, the surface contamination level at the 
start of decontamination, and the decontamination factor associated with 
the technique used. The relative impacts of these factors are shown in 
Figures 3.5-1 through 3.5-3, and are discussed in the following para
graphs. All of these figures contain graphs of the total 50-year com
mitted dose equivalent (population dose plus occupational dose from 
decontamination) versus decontamination time. The collective population 
dose is considered to be the same as that calculated in the previous 
section, and it is reduced as a function of decontamination factor and 
time. The occupational dose is found assuming that two workers are 
exposed at an average distance of lm away from the container that . they 

are decontaminating. In practice, several waste drums are decontami
nated at the same time prior to shipment as discussed in Section 4.3.3 
of Chapter 4. 
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Figure 3.5-1 shows the total dose versus decontamination time plotted 
for 129 r surface contamination at a starting level of 1 x 10- 4 ~Ci/Cm2 . 
Uniform decontamination factors (OF's) of 10 per 5 minutes and 2 per 5 
minutes are assumed and the results are plotted for four occupational 
direct exposure rates ranging from 1000 mrem/h down to 1 mrem/h. The 
optimum decontamination time and total dose points on these curves are 
found where minimum values occur. For example, at an exposure rate of 
1000 mrem/h no minimum occurs, indicating that no total dose savings 
results from decontamination. For an exposure rate of 1 mrem/h a mini
mum does occur, and net total dose savings may result. For a direct 
exposure rate of 1 mrem/h, both the occupational and public components 
to the total dose are also shown. 

Since the dose savings that results from decontamination is to the com
posite population group, the surface contamination level present prior 
to decontamination determines the total potential public dose savings . 
By starting at a lower surface contamination level, lower dose savings 
may result as shown by the curves plotted in Figure 3.5-2. The curves 
in this figure are calculated for 129r and OF's of 2 and 10 per 5 minutes, 
similar to the curves in Figure 3.5-1. By comparison of the curves in 
Figures 3.5-1 and 3.5-2, it is seen that there is in fact less potential 
for dose savings if the initial surface contamination level is lower. 

Figure 3.5-3 shows curves similar to those in Figure 3.5-1 calculated 
based on 1 x 10-4 ~Ci/cm2 of 60co. A OF value of 10 per 5 minutes is 
assumed. For this case, no minimum values occur, thus no total dose 
savings results from decontamination efforts. This figure demonstrates 
the fact that the radionuclide used in the dose calculations makes a 
difference in the calculated dose reduction obtained from decontamination. 
Since direct exposure received by the decontamination workers controls the 
shape of the total dose curves, no minimum values occur, indicating that 
no total dose savings results for 60co surface contamination. 
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As the curves in Figures 3.5-1 through 3.5-3 demonstrate, the dose 
response associated with decontamintion of low-level radioactive waste 
drums is a complex function of several important factors. It is there
fore difficult to present a meaningful discussion that represents the 
current status of the decontamination techniques in use today. The data 
presented and discussed in this section does appear to demonstrate the 
nature of the factors that need to be considered, however. 

3.6 Radiation Dose Evaluation Summary 
The calculated radiation dose relationships for each of the radioactive 
materials categories are graphically summarized in Figures 3.6-1 through 
3.6-5. The weighted total body collective 50-year committed dose equi
valents (in man-rem) are shown in these figures to both workers and mem
bers of the public. The doses are shown over a range of several orders 
of magnitude of surface contamination level (in ~Ci/Cm2 ) so that an 
analysis of specific changes in limits can be made. 

For radiopharmaceuticals, the doses to workers and members of the public 
are shown in Figure 3.6-1. Dose relationships are shown for both 1251 
and 99mTc to illustrate the radionuclide dependence of the dose calcu
lations. The weighted total body dose from 1251 is about 3.5 orders 
of magnitude larger than the dose from 99~c. 

The calculated dose relationships for industrial source materials trans
portation containers are shown in Figure 3.6-2. The dose relationships 
for 241Am, 90sr, 60co and 63Ni are shown. Two beta emitters (90sr and 
63Ni) are considered to show a range of doses depending upon radiotox
icity. Here the doses vary over three to four orders of magnitude 
depending upon the radionuclide considered in the dose calculations. 

Figures 3.6-3 and 3.6-4 show the calculated dose relationships for vari
ous nuclear fuel cycle material transportation containers. Two basic 

types of containers for nuclear fuel cycle materials are considered: 
first, containers that are used to transport natural or enriched urani-

um, and second, spent fuel casks. Figure 3.6-3 shows both collective 
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occupational and collective public doses for u3o8, UF6 (natural or 
enriched), and fresh fuel containers. The differences in these doses 

are due to the different surface areas of the reference containers 

defined for each material, and how these areas are used in the dose sce
narios. For spent fuel shipments, the calculated doses are based on 
defined reference mixtures of beta-gamma and alpha emitters. The path

way dependence of the dose calculations can be seen in Figure 3.6-4 by 

the difference in the behavior of collective public doses between beta
gamma and alpha emitters. For beta-gamma radionuclides, the dominate 

exposure pathway is ingestion, which results in large public doses com
pared to occupational doses. For alpha radionuclides, inhalation is the 
dominant pathway, and since only ingestion by the public is considered, 

the public doses are not much larger than the occupational doses. 

For low-level radioactive waste shipments, the calculated dose relation
ships are shown in Figure 3.6-5. The dose relationships for 239Pu, gQSr, 
129r, and 60co are shown to demonstrate a range of radionuclide
dependent doses. For comparison, the doses from 90sr and 129r are cal

culated. The weighted total body occupational and public doses for 90sr 
are both larger than the corresponding doses from 1291. 
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4. ECONOMIC COST ANALYSIS 

Cost-benefit analysis is a technique which is beginning to find 

increasing use in many areas of scientific research, including health 
systems analysis (Klarman 1973). The problem of analyzing removable 
surface contamination levels for radioactive materials transportation 

containers is a type of health systems problem, in that the primary 
reasons for establishing maximum contamination limits are health pro
tection for workers and the general public and prevention of the spread 
of radioactive contamination. In applying cost-benefit analysis to this 

problem, the costs of reducing allowable removable surface contamination 
levels should be weighed against the health benefits to be gained from 
this reduction. 

The health benefits to be gained from reducing removable surface con
tamination limits are not measured in an economic sense in this study. 
Attaching a dollar value to health benefits is a complex problem 

involving bidding schemes and other techniques which are beyond the 

scope of this study. The health impacts in terms of radiation doses of 

reducing the limits were considered in Chapter 3. The purpose of this 

Chapter is to provide information on the economic costs of reducing 
removable surface contamination limits, so that at least a general 

comparison between economic costs and health benefits is possible. 

The direct economic costs of reducing removable surface contamination 
limits are divided into three distinct categories: monitoring time 
costs to demonstrate compliance with new limits, monitoring instrumen
tation capital costs for demonstrating compliance, and decontamination 

costs. Direct cost measurements are done on the basis of information 
obtained from industrial representatives and theoretical cost modeling. 
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Detailed questions were asked of industry representatives to obtain 
quantitative information that would be useful in measuring direct costs. 
Thus, all cost information given in this chapter is based on constant 

1980 dollars. All assumptions made in the cost calculations are clearly 
stated. Direct costs are measured quantitatively for both containers 

and vehicles. While the indirect costs of reducing contamination limits 

(including production delays, etc.) were not quantified, some qualita
tive statements on these indirect costs are included at the end of this 

chapter. 

4.1 Monitoring Time Costs 
It is believed that monitoring time costs to demonstrate compliance will 

constitute a substantial proportion of the direct economic costs of 
reducing removable surface contamination limits. While some containers 

may have to be decontaminated as a result of modified limits, theoretic
ally every container will have to be monitored more closely to demon

strate compliance with the new limits. Some writers have taken the 
position that modifying the limits would have little impact on the labor 

costs of monitoring, as with slight modification of smearing techniques, 

current instruments would be able to detect levels 100 times below the 
current levels with few problems (Nickols 1978). Nickols advocates 

limits that are as low as "reasonably achievable 11
• What is reasonably 

achievable, however, depends to a great degree on the amount of money a 
firm spends for monitoring time and instrumentation. Clark (1975) 
states that the costs of maintaining ALARA conditions may be quite 
large, especially when indirects costs are included. 

0 i ck son et a l. ( 1980) reported that the costs of performing a radiation 

survey increase with decreasing dose limits and that the cost can be 
very high for a survey near the state-of-the-art detection limits. His 

study also reports that there is a dose limit so low that no amount of 
expenditure could produce a satisfactory confirmation that the radiation 

levels are below this limit. 
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A primary cost component of monitoring costs is the amount of time spent 
in taking and counting the removable surface contamination smear. While 

the amount of time spent taking the smear does not vary much with the 
allowable levels for removable contamination, the amount of time spent 
counting the smear to verify compliance with the levels may vary a great 

deal. 

Several factors influence the ability to detect the levels of radiation 
required to demonstrate compliance with removable surface contamination 

limits. These factors include the level of background radiation, the 
specific activity of the radiation source, the types and energies of the 

radiation emitted from the source, the source-detector geometry, the 
instrument time constant, the speed at which the detector probe is moved 

across the source, and the detection efficiency of the instrument used. 
Recent studies have addressed the problem of measuring radioactive con
tamination with common field instrumentation (Bush and Handal 1971; 

So11111ers 1975; Iles et al. 1977). In general these studies have reported 

that special problems arise when low-energy emitting radionuclides are 
present in the mixtures. 

The counting time required to achieve a given counting error can be 
derived from the basic equations for a Poisson distribution. For a 
Poisson distribution, the mean value equals the variance (m.,. a 2 .,. n), 

and if n is the number of counts recorded by an instrument over time t 
the counting rate is r = n/t. The count rate + its standard deviation 
is: 

r + cr = n + (n)l/2 = r :!:(!:t )1/2. 
r t- t 

In terms of percentage error: 

r + 100 % 
(rt)1/2 

4.3 

= r + 100 % 
- 1/2 n 

( 4.1) 

(4.2) 



Thus, the percentage error of a counting measurement is determined by 
the total number of counts accumulated (Price 1964). 

When several independent quantities are combined by addition or 
subtraction, the standard deviation is: 

2 1/2 
a ) 

n (4.3) 

Thus, for a background counting rate of rb ~ ab and a total counting 

rate (source p 1 us background) of rT _:.aT' the source counting rate is: 

r + a s - s 

By substitution from Equation 4.1 into Equation 4.3: 

(4.4) 

( 4. 5) 

To determine the optimum use of counting time, Equation 4.5 is differen
tiated with respect to time, and solved for minimum error (das/dt = 0) 

assuming a constant time (tb + tT = a constant) (Price 1964). The result 

is: 

(4.6) 

The relative counting error, d, is found by: 

= 
(r /t + r /t )112 

b b T T ( 4. 7) 

Solving this equation for the sample counting time, tT' using Equation 4.6 
gives: 
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(4.8) 

Thus, the required counting time associated with various levels of con
tamination for given relative counting error, d, can be estimated. How

ever, in the field it is difficult to maintain a constant source
detector geometry that matches the time constant of the instrument used 

when long counting times are required. Detector response can be 
improved by lowering the background count rate, but this usually means 

that a laboratory with a shielded counting volume is required. The 

selection of a more sensitive detector can also improve detection 

ability and reduce the time required to achieve the necessary detection 
level. 

Because of uncertainty and variation in the parameters of the counting 
time equation, a scenario approach is followed in this study. Monitor

ing time cost calculations are estimated for five scenarios involving 

assumptions concerning the detection efficiency of the detection instru
ment, the background radiation count rate at the time the sample radia

tion count is undertaken {rb), the smearing technique used, the mix of 
beta and gamma radiation in the sample, the costs per hour for monitor
ing, and the acceptable relative counting error of the counting 
measurement (d). 

So far as possible, each scenario is constructed on the basis of instru
ments and techniques that are currently being used or are currently 

available for use in the industry. A summary of data used in the five 
monitoring time scenarios considered in this study is shown in 

Table 4.1-1. Each of the assumptions and how they are arrived at will 

be described in detail in the following sections. 
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TABLE 4. 1-1. Summary of the Data Used in the Monitoring Time Scenarios 

Beta-Gamma AJ.E_ha __ Fully-Burdened Costs( a) 
4·· Beta Detect ion 4,- Gamma Detection T~ Alpha Detection (Dollars ~er hour) 

Scenario Background (CPM) Efficiency I<) Efficiency (%) Background (CPM) Eff1ciency(%) Lo• Middle High 
~ 

25 50 0. 3 1 50 22 30 39 

2 110 31 0 ~ 2 4 31 22 30 39 

" 3 30 18 0.15 3 18 ?l 29 37 
~ 

4 100 17 0.1? 7 18 10 27 35 

5 250 !7 0.08 8 15 10 17 35 

(a)All costs are based on 1980 dollars. 



4.1.1 Detection Efficiency 
Assumptions regarding the detection efficiency of radiation detection 

instruments are constructed on the basis of information gathered from 
conversations with industrial radiation safety personnel and from 

instrument manufacturers' specifications. 

Detection efficiencies vary according to whether the counting is done 
under laboratory conditions or with portable instruments in the field. 
Detection efficiencies also vary with the amount of radioactive energy 
emitted from the isotope that is being sampled. Most detection effi
ciencies are measured and listed for the isotope 90sr. Because this 
isotope is a common one, the detection efficiencies for it were used as 

basis for the efficiencies defined for use in the scenarios. However, 
the scenario estimates were lowered slightly to reflect the fact that 
90sr has a relatively high energy level, causing its detection 

efficiencies to be higher than those of other isotopes. 

According to instrument specification information sheets obtained from 
industrial contancts, a 4n counting geometry efficiency of 50 to 55 
percent is about the highest efficiency obtainable from commonly used 

stationary laboratory instruments. The lower bound on this estimate is 
used as the counting efficiency in Scenario 1 for both beta and alpha 

radiation. 

Manufacturer's specifications indicated that the highest efficiency 
obtainable from a semi-portable detector is between 32 and 39 percent. 
These detectors are of the same type as those used in determining fre
quency distributions in Chapter 5. The lower bound on the above esti
mate is used as the counting efficiency for both beta and alpha 

radiation in Scenario 2. 

The primary advantage of a shielded detector is the reduction of 

background radiation. The efficiency of portable shielded detectors is 
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reported to be between 15 and 20 percent which is not much higher than 

that obtainable from most handheld probes. Thus, a detection efficiency 
of 18 percent was chosen for Scenario 3 for both beta and alpha 
radiation. 

The final two scenarios involved obtaining efficiencies for simple hand

held field instruments. On the basis of manufacturer 1 s specifications, 
efficiencies of 17 percent for beta detection and 18 to 15 percent for 

alpha detection were chosen for these scenarios. 

The counting efficiency for gamma radiation is generally much lower than 
the counting efficiency for beta and alpha radiation. According to 

industrial sources the highest gamma detection efficiency that can be 
expected from a detector which may also be used for beta radiation 
detection is about 0.3 percent. Higher efficiencies may be obtained 

from sophisticated counting systems using sodium iodide or lithium 
drifted germanium diode detectors with single or multi-channel ana

lyzers, but such instruments are normally found only at facilities which 
handle large amounts of gamma sources, and these instruments are rarely 
used for contamination detection. This is because it is rare that a 
facility uses or transports pure gamma-emitters, and most facilities 

rely on detecting the beta components in a given surface contamination 
mixture. Thus, 0.3 percent is selected as the gamma detection effi
ciency for Scenario 1, and efficiencies of 0.2, 0.15, and 0.12 and 0.08 
percent are chosen for the other scenarios. 

4.1.2 Background Radiation 
In uncontrolled environments, the background radiation count will vary 
according to counting site location, the day the count is taken, and 

even the time of day the count is taken. Thus, all background counts 
described below are simply 11 typical average 11 background counts. 
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The background count for beta-gamma radiation in a field situation, 
according to our industrial sources, normally varies from 120 counts per 
minute to 250 cpm. Because all scenarios except Scenario 1 are field 
situations, the assumed background counts are 120 cpm for Scenario 2, 
and 200 and 250 cpm for Scenarios 4 and 5. Because Scenario 3 assumes 
a portable shielded detector is used, a background count of 30 cpm is 
used for this scenario. Scenario 1 (the laboratory situation) assumes 

a background count of 25 cpm. 

Information on alpha radiation background counts was difficult to 
obtain, since at most facilities alpha background is assumed to be so 
low that it is not normally measured. For scenario construction, alpha 

background counts varying between 2 and 8 cpm, are selected for the five 
scenarios. 

4.1.3 Smearing Technique 
Smearing techniques may vary tremendously depending on the type of con
tainer being analyzed, company policy, and even the individual taking 

the smear. For purposes of this study, however, the assumed smearing 
technique used is based on 49 CFR 173.389(f} and 173.397(a}. These 

regulations stipulate the amount of allowable radiation in terms of a 

300 cm2 area and thus this study assumes that a smear is taken over 
only this amount of surface area. The allowable limits of 66,000 disin
tegrations per minute for beta-gamma radiation and 6600 dpm for alpha 

radiation on each smear covering 300 cm2 are assumed. Counting times 
are estimated down to 66 dpm with a 10% relative counting error for the 
various scenarios, using Equation 4.8. No analysis was attempted to 
describe smear collection efficiencies. 

4.1.4 Mix of Beta-Gamma Radiation 
Current regulations are stated in terms of beta-gamma removable contami

nation levels, but the characteristics and counting efficiencies for 
beta radiation and gamma radiation are markedly different. In 

4.9 



practice, what is usually done in measuring smearable contamination on 

transported containers is to concentrate on beta radiation and place 
less emphasis on determining the amount of gamma radiation that may be 
present. Thus, an arbitrary mix of 95 percent beta radiation and 5 per
cent gamma radiation was assumed for all scenarios. Aggregate counting 

efficiencies were computed for beta-gamma radiation, but assuming only 

5 percent gamma radiation caused these aggregate efficiencies to differ 

little from the beta radiation efficiencies listed previously. A higher 
percentage of gamma radiation than what is assumed will lower the count

ing efficiencies and raise the counting times above the equation esti
mates. However, in practice mixtures of beta emitters are far more 
common sources of surface contamination than pure gamma emitters. 

4.1.5 Monitoring Costs Per Hour 
In an effort to ascertain the true costs of monitoring time, a concept 
known as the 11 fully burdened 11 cost is utilized. Fully burdened costs 
reflect the total costs of business operation including taxes, overhead, 
and maintenance of equipment, as well as labor wage costs. In essence, 
the fully burdened cost of monitoring assumed in this study reflect the 

total costs of radiation monitoring to the firm, except for the capital 

costs of the radiation detection instruments. All fully burdened costs 

are estimated based on 1980 dollars. 

Some of the firms contacted could not provide any information on their 
fully burdened costs of monitoring. Of those that could provide this 
information, the costs of monitoring ranged from $25 an hour to $40 an 
hour. All firms contacted were able to provide their labor wage costs 

for monitoring. Comparison of the labor wage costs for the firms that 

were able to provide a fully burdened cost figure to those that were not 

revealed that labor wage costs were generally lower for those firms that 
were not able to provide a fully burdened cost figure. Thus, fully 
burdened costs in the scenarios are lowered slightly from what the 
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respondents reported to reflect the results of this comparison. The five 
cost scenarios are estimated for base fully burdened costs of $20, $27, and 

$35 per hour, modified for instrument technical complexity. 

In addition, it was felt by many (though not all) of the industrial 
respondents that hourly costs rise as the technical complexity of the 
detection operation is increased. To reflect this assertion, the fully 

burdened base costs listed above are raised by approximately 10 percent 
for Scenarios 1 and 2 and by approximately 6 percent for Scenario 3 

since the technical complexity of the instruments is somewhat higher for 
these scenarios. 

4.1.6 Relative Counting Error of the Counting Measurement 
An arbitrary relative counting error of 5% is assumed for all scenarios. 
While this level of error maybe high for most laboratory testing, it is 
probably low relative to most field testing. The assumed level is 

thought to be an appropriate average. 

4.1.7 Monitoring Cost Results 
The monitoring time and monitoring costs per smear for the five scenar

ios and three cost cases for the various levels of removable contamina
tion are presented in Tables 4.1-2 through 4.1-5. 

The data in these tables indicate that the monitoring costs per smear 
for counting time are quite low under the current regulations. The 
highest costs per smear calculated under the current regulations for 
beta-gamma (Table 4.1-2) and for alpha (Table 4.1-3) given the scenario 
assumptions, are $0.03 and $0.26 (Scenario 5- $35 Cost). 

Decreasing the current limits for beta-gamma by 10 times (Table 4.1-3) 
allows the costs per smear to remain fairly low at $0.39 per smear in 

the worst case (Scenario 5- $35 Cost). The counting time is still 
below 1 minute, and thus this surface contamination level could be 

detectable with handheld field instruments. 
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TABLE 4.1-2. 

Beta-Gamma 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 
($35 Base Cost) 

Alpha (a) 

Counting Time 

Costs Per Sample 
( $20 Base Cost) 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 
($35 Base Cost) 

Counting Times and Counting Costs Per Samole 
at Current DOT Beta-Gamma Limits (lo-4 uCi/cm2) 

Scenario 
1 

0.8 sec 

$0.01 

$0.01 

$0.01 

0. 7 sec 

$0.01 

$0.01 

$0.01 

Scenario 
1 

1. 3 sec 

$0.01 

$0.01 

$0.01 

1. 2 sec 

$0.01 

$0.01 

$0.01 

Scenario 
3 

2.24 sec 

$0.01 

$0.02 

$0.02 

l. 85 sec 

$0.01 

$0.01 

$0.01 

Scenario 
4 

2.6 sec 

$0.01 

$0.01 

$0 .OJ 

2.1 sec 

$0.01 

$0.02 

$0.03 

Scenario 
s 

2.65 sec 

$0.01 

$0.02 

$0.03 

2.5 sec 

$0.01 

$0.01 

$0.03 

{a)These values are for a factor of 10 times higher than the current DOT 
alpha limits. 

TABLE 4. l-3. Countinq Times and Counting Costs Per Sample at Levels 10 
Times Below Current DOT Beta-Gamma Limits (lo-5 uCi/cm2) 

Beta-Gamma 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 
( $35 Base Cost) 

Alpha( a) 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 
($35 Base Cost) 

Scenario 
1 

8. 4 sec 

$0.05 

$0.07 

$0.09 

7. 5 sec 

$0.05 

$0.06 

$0.08 

Scenario 
1 

15.7 sec 

$0.10 

$0.13 

$0.17 

11.9 sec 

$0.07 

$0.10 

$0.13 

Scenario 
3 

25.3 sec 

$0.15 

$0.20 

$0.26 

19.1 sec 

$0.11 

$0.15 

$0.20 

(alrhese values are for current DOT alpha limits. 
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Scenario 
4 

37.4 sec 

$0.21 

$0.28 

$0.36 

21.9 sec 

$0.12 

$0.16 

$0.21 

Scenario 
5 

39.9 sec 

$0.22 

$0.30 

$0.39 

26.6 sec 

$0.15 

$0.20 

$0.26 



TABLE 4.1-4. Counting Times and Counting Costs Per Sample at Levels 
100 Times Below Current OOT Beta-Gamma Limits (lo-6 uCi/cm2l 

Beta-Ganma 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
( $27 Base Cost) 

Costs Per Sample 
($35 Base Cost} 

Alpha( a) 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
($27 Base Cost} 

Costs Per Sample 
{$35 Base Cost) 

Scenario Scenario Scenario Scenario 
l 2 3 _c_4 __ 

1.75 min 5.13 min 6.54 min 19.5 min 

$0.64 $1.88 $2.29 $6.50 

$0.88 $2.57 $3.16 $8.77 

$1.14 $3.34 $4.03 $11.37 

1.31 min 2.19 min 3.56 min 4.41 min 

$0,48 $0.80 $1.25 $1.47 

$0.66 $1.10 $1.72 $!. 98 

$0 .85 $1.43 $2. 20 $2.57 

Scenario 
5 

23.1 min 

$7.69 

$10.38 

$13.45 

5.56 min 

$1.85 

$2.50 

$3.24 

(a)These values are for a factor of 10 below current DOT alpha limits. 

TABLE 4.1-5. Counting Times and Counting Costs Per Sample at Levels 
1000 Times Below Current DOT Beta-Gamma Limits(1o-7 pCi/cm2) 

Beta-Gamma 

Counting Time 

Costs Per Sample 
($20 Base Cost) 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 
($35 Base Cost) 

Alpha (a) 

Counting Time 

Costs Per Sample 
($27 Base Cost) 

Costs Per Sample 

Scenario Scenario Scenario Scenario 
l 2 3 4 

38.19 min 4.46 hr 4 he 24.4 hr 

$14.00 $98.20 $83.99 $487.75 

$19.10 $133.91 $115.99 $658.46 

$24.82 $174.09 $147.99 $853.56 

15.93 min 31.52 min 53.19 min 1.43 hr 

$5.84 $11.56 $18.62 $28.70 

$10.35 $20.49 $32.80 $50.22 

(a)These values nre for a factor of 100 below current DOT alpha limits. 
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Scenario 
5 

75.6 hr 

$605.18 

$817 

$1059.07 

2. 03 hr 

$40.63 

$71.10 



If the limits for alpha are lowered to 10 times below the current lim
its, however, the counting times would increase to a point where hand
held probes would no longer be a valid means of counting. Holding a 
sample over a handheld probe for more than a minute would probably not 
be feasible because of cost and accuracy considerations. Thus, we 

assume that for levels requiring counting times longer than 1 minute, a 
firm would require more complex instruments than simple handheld probes. 

In addition, for any counts longer than 1 minute, we assume a scaler 
would be necessary to accurately verify beta-gamma and alpha levels for 

every scenario except Scenario 1, where the complexity of the counting 
instrument would negate the need for an additional scaler instrument. 
With the above criteria, counters in Scenarios 1, 2 and 3 remain valid 

detection methods because they do not involve the used of handheld 
probes, while Scenarios 4 and 5 are eliminated. The lowest possible 

cost per sample for alpha at 10 times below current levels (Table 4.1-4) 
are $0.48 (Scenario 1 - $22 Cost), which is greater than the highest 

calculated cost for beta-gamma in moving to 10 times below current 

limits. 

Moving to 100 times below the current limits would cause substantial 

monitoring time cost increases for both beta-gamma (Table 4.1-4) and 
alpha radiation (Table 4.1-5). The lowest possible costs in moving to 

these limits for beta-gamma are $0.64 per sample for the highly complex 
detection instruments assumed in Scenario 1. The lowest possible costs 
for alpha are $5.84 per sample. The cost impacts of verifying compli
ance to 1000 times below the current limits are shown only for beta
gamma and they would be very substantial. It is also questionable 
whether detection of this level of radiation would even be technically 

feasible for any of the assumed scenarios except Scenario 1, given 

counting times of 4 hours or more. 

Converting the time of counting per smear to a time of counting per 

container is not straightforward. Different firms use different 
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sampling techniques and may take one or many smears from an individual 
container. In addition~ not every container in an individual shipment 
is always smeared, but randomized checking procedure may be used. 

A simplifying assumption for this problem is to assume that one smear 
is taken on every container shipped for all types of containers, except 
spent fuel casks. While this assumption might underestimate the time 
needed to monitor an individual container (because more than one smear 

is often taken) it would probably overestimate the amount of containers 
smeared (because not all containers are always smeared). Spent fuel 

casks, however, are a special case. The possibility of contamination 
on these shipments is higher than for other shipments and thus, they are 
monitored extensively. The average number of smears taken on spent fuel 
casks shipped and received is found to be 89. In this study, we assume 

that 50 additional smears are taken at the reactor site where the cask 
shipment originated. 

The monitoring time cost impacts of reducing the current limits on a per 
smear basis are presented in Table 4.1-6. To estimate the total 

monitoring cost impacts utilizing the above assumptions, the number of 
containers shipped in all categories except spent fuel casks should be 
multiplied by the costs shown in Table 4.1-6. For spent fuel casks, the 

number of shipments should be multiplied by 139 (the average number of 
smears taken on a spent fuel cask) and then multiplied by the costs 
shown in Table 4.1-6. 

A problem arises in determining total impacts because it is difficult to 

predict which scenario is most likely to occur. While monitoring time 
costs decrease from Scenario 5 to Scenario 1 because of increased detec

tion efficiency and reduced background, the capital costs necessary to 

purchase the instruments which provide these conditions increase. Thus, 

there appears to be a tradeoff between higher capital costs necessary to 
purchase technically complex detection instruments and the lower 
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TABLE 4.1-6. Suggested Monitoring Cast Impacts per Smear of Lowering 
Removable Contamination Levels for Alpha and Beta-Gamma 
to 10 and 100 Times Below Current Limits 

Monitoring Costs at Levels 10 Times Below C~rrent Limits (1980 Dollars) 

Cost Changes Per Sample Scenario 1 Scenario 2 Scenario 3 

Cost Changes Per Sample 
($20 Base Cost) 

Cost Changes Per Sample 
($27 Base Cost) 

Cost Changes Per Sample 
($35 Base Cost) 

A 1 ha 

Cost Changes Per Sample 
($20 Base Cost) 

Cost Changes Per Sample 
($27 Base Cost) 

Cost Changes Per Sample 
($35 Base Cost) 

$0.05 

$0.06 

$0.08 

$0.43 

$0.60 

$0.77 

$0.09 $0.14 

$0.12 $0.18 

$0.16 $0.24 

$0.72 $1.14 

$1.00 $1.57 

$1.30 $2.00 

Scenario 4 Scenario 5 

$0.20 $0.20 

$0.26 $0.28 

$0.33 $0.36 

Not Feasible( a) Not Feasible( a) 

Not Feasi-'ole(a) Not Feasible(a) 

Not Feasible( a) Not Feasible(a) 

Monitoring Costs at Levels 100 Times Below Current Limits (1980 Dollars) 

8eta-GaiTIIla 

CQ~t Changes P~r Sample 
(liLO Base cost; 

Cost Changes Per Sample 
($27 Base Cost) 

Cost Changes Per Sample 
($35 Base Cost) 

Al ha 

Cost Changes Per Sample 
($20 Base Cost) 

Cost Changes Per Sample 
($27 Base Cost) 

Cost Changes Per Sample 
($35 Base Cost) 

$0.64 

$0.87 

$1.13 

$5.79 

$7.91 

$10.27 

$1.87 $2.28 Not Feasible{ a) 

$2.56 $3.14 Not Feasible( a) 

$3.33 $4.01 Not Feasible( a) 

$11.49 $18.51 Not Feasible{a) 

$15.66 $22.74 Not Feasible( a) 

$20.33 $32.60 Not Feasible( a} 

{a}Not feasible with handheld probes because of counting time >1 minute. 
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Not Feasible(a) 

Not Feasible(a) 

Not Feasible( a) 

Not Feasible(a) 

Not Feasible(a) 

Not Feasible( a) 



monitoring time costs incurred in using these instruments. How firms 
will operate given this tradeoff depends on the relative costs of 

monitoring time and instrumentation at a given contamination level. 

4.2 Instrumentation Costs 
The capital costs for the various instruments that may be used for 

detection of removable surface contamination vary significantly. 
According to the industrial sources contacted, laboratory detectors of 

the complexity of those assumed in Scenario 1 may cost as much as 
$25,000. Simple handheld detectors and probes of the type assumed in 
Scenarios 4 and 5 may cost as little as $500 for both detector and 

probe. 

A first step in determining the instrumentation costs as a result of 
reduced limits is to determine what instruments are currently being used 
for radiation detection and how many of these instruments are necessary 

to monitor a given number of containers. It is felt that the best 
source of answers to these questions are obtained through contacts with 

industrial representatives. 

Currently, most industrial sites contacted employ a mix of portable and 
laboratory instruments. The detection instruments used, the approximate 
number of containers monitored anually, and estimates of the number of 

containers monitored per instrument for the industrial sites contacted 
are presented in Table 4.2-1. Note that Table 4.2-1 contains informa
tion for each category of container considered in this study (i.e., 
shippers of radiopharmaceuticals, industrial sources, nuclear fuel cycle 
materials, and low-level radioactive wastes). 

The measurements of the number of containers handled per instrument are 
obviously very rough approximations. The number of containers a given 

instrument may monitor is theoretically very large, but repair time and 
other considerations will reduce this number in practice. Most firms 
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TABLE 4.2-l. 

SITE 1 

Number of lnstr,Jments: 

25 Available 

Description: 

• 

An LSD Counter 

Shielded G-M Iodine 
Probes for Beta-Ga...,a 

Internal Proportional 
Gas Flow Counters for I 

Containers Handled Annually: 

182,000 Radiopharma
ceutical; 

1,800 Hot Waste Drums 

Containers Handled Annually 
Per Instrument: 

1,350 Radiopharma
ceutical; and Waste 
Shipments 

Detection Instruments Currently in Use at Representative Industrial Sites 

SITE 2 

21 Available 

. 15 Min1-Monitors which 
are used only for alpha 
detection 

. 6 Liquid Scintillation 
Counters which are 
used for both beta-
ga1m1a and alpha counting 

• 104,000 Radiopharma
ceutical; and Indus
trial Use Container; 

4,950 RadlOpharma
ceuticals and Indus
trial Use Containers 

. 

• 

SITE 3 

4 Available 

Gas Proportional 
Planchet Counter 

G-M Pancake 
Probes with 
Scalers 

)3,000 Industrial 
us~ CMtainers 

7,000 RadlO
pharmaceuticals 

• 5,000 Radiophar
maceutical; and 
Industrial Use 
Containers 

SITE 4 

2 Available 

. Shielded Gas Flow • 
Proportion a 1 
Counter 

. G-M Probe Backup . 

210 Fuel Casks 

• 105 Fuel Casks 

SITE 5 

6 Available 

PAC-6 Air Flow 
Proportional 
Counters for alpha 

Pancake Probes and 
G-M Detectors for 
beta-gaiTI'11a with 
Scalers 

100,000 0/aste 
Contain<:>rs 

17,000 0/aste 
Shipments 

SITE 6 

8 Ava1lable 

• 2 Gas Flow propor-
tiona! Counters 

. 5 Alpha Scintillation 
Counters 

Not An1labl~ 

Not Available 



generally have a pool of instruments to draw from so that they will have 

an adequate number of instruments in peak shipping periods or if some of 
their instruments should break down. Differences in sampling techniques 

and the radioactivity associated with different types of containers will 
also cause the frequency of use for detection instruments to vary 

significantly from one facility to another. 

However, in order to estimate the capital costs for monitoring on a per 
container basis, it is necessary to 
monitored by a typical instrument. 

approximate 
The numbers 

the number of containers 
presented in Table 4.2-1 

are based in the assumption that every container handled by a firm is 
monitored with an instrument. While these numbers are only rough 
estimates, they are based on industry experiences. 

In the monitoring time cost calculations, it is assumed that all con
tainers except spent fuel casks are smeared once over a 300 cm2 area, 
as stated in the current regulations. To maintain consistency with this 
approach, the frequency of instrument use is assumed to be equal for all 
types of containers except spent fuel casks. This assumption allows for 
an averaging of the numbers presented in Table 4.2-1 to yield an average 

number of approximately 8600 containers (excepting spent fuel casks) 
monitored per instrument per year. 
number of 105 per year is obtained 

For spent fuel casks, an average 

from reported industrial data. 

The useful life of a detection instrument is also a very difficult prob
lem to assess. Variation in the frequency of use and maintenance prac
tices causes the useful life of a detection instrument to vary from one 
facility to another. On the basis of information gathered from instru
ment manufacturers the useful life of a field instrument is assumed to 

be five years and the useful life of a laboratory instrument is assumed 
to be seven years. 
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Information on the useful life of the instrument may be combined with 

the annual number of containers monitored by a typical instrument to 
yield the total number of containers monitored over the useful life of 
the instrument. In this study, these numbers are 735 spent fuel casks 
or 60,200 containers of other categories for a laboratory instrument, 

and 525 spent fuel casks or 43,000 containers in other categories for 
less complex field instruments. 

Using the above numbers, the per container capital costs for the instru
mentation assumed in the five scenarios are presented in Table 4.2-2, 
along with the approximate total capital costs. The numbers in 
Table 4.2-2 are combined with the numbers in Table 4.1-6 to obtain an 
idea of how firms would be likely to act given the tradeoffs between the 
increased capital costs of deciding to use a more complex detection 
instrument and the reduced monitoring time costs of such a decision. 

In reducing the limits to 10 times below the current beta-gamma limits, 
Scenario 2 would be the least-cost choice for a firm to make. At these 

limits, scalers are not assumed to be necessary to detect the allowable 
surface contamination levels. The total cost impacts of reaching this 

level under Scenario 2 would vary between $14.31 and $24.04 per con
tainer for spent fuel casks (assuming 139 smears) and between $0.11 and 
$0.18 per container for all other container categories, the lowest of 
any of the scenarios (see Table 4.2-3). 

In reducing the limits to 10 times below current limits for alpha, Sce
nario 1 would be the least-cost choice for spent fuel casks, with total 
cost impacts varying between $86.98 and $134.24 per cask. For other 

containers the least-cost choice would depend on the monitoring costs 

of the firm. At a $20 cost of monitoring, Scenarios 1 and 2 would be 
equal in cost impact at $0.76 per container (this assumes a scaler would 

be necessary to utilize the instrument assumed in Scenario 2). At 
higher time costs, Scenario 1 would be the least-cost choice. 
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TABLE 4.2-2. Approximate Capital Costs for Typical Laboratory and Field 
Radiation Detection Instrumentsla) 

liquid Scintillation 
and Other State-of
the-Art Counters 

(7-Year LifeJ 

Approximate 
Capital Cost 

Costs per Con
tainer Over the 
L1fe of the 
Instrument: 

Fuel Cas~s 

All Others 

S20,000 

S27 .21 

$0.33 

Unshielded 
Chamber 

Counters 
(beta Crystal) 
(7-Year Life) 

$1,325 

$1.80 

$0.02 

Unshielded 
Chamber 
Counters 

(Alpha Crystal) 
(7 Year Life) 

$1' 325 

Sl.BO 

$0.03 

Sh1elded 
8eta-Ga1m1a 
Counters 

(7-Year L He) 

$1,750 

$2.38 

$0.02 

'" Proportion a 1 
Alpha-Counters 

(7 Year Life) 

Sl,200 

$1.63 

$0.02 

Portable 
Scalers 

(7-Year Life) 

$1,300 

$1.77 

$0.02 

Beta-Garm1a 
Handheld 
Detectors 

(5 Year Life) 

$500 

$0.95 

$0.02 

Air 
Proportional 
Alpha Counters 
{5-Ye~r L 1fe) 

$650 

Sl.24 

(~)The instrument life for laboratory 1~struments is defined to be 735 spent fuel casks or 60,200 shipping containers. For field instruments, the instrlK!Ient 
life is defined to be 525 spent fuel casks or 43,000 shipping cont~iners. All cost estimates ~re based on constant 1980 dolhrs. 



Scenario 1 would be the least-cost choice in reducing the limits to 100 
times below current limits for both beta-gamma and alpha. The higher 
capital costs involved in purchasing instruments of the complexity 

assumed in Scenario 1 are more than compensated for by the reduced 
monitoring time costs of using these instruments. 

The least-cost amounts for reaching levels 10 and 100 times below the 
current limits are presented in Tables 4.2-3 and 4.2-4. It is obvious 
from the results presented in Tables 4.2-3 and 4.2-4 that lower contami
nation limits would provide significant incentive for a firm to purchase 
detection instruments with higher detection efficiencies. The differ
ences in monitoring time costs between low and high efficiency instru

ments clearly outweigh the capital cost differences between the two 
types. In fact, there is evidence that firms in the industry are 

already beginning to purchase and use more complex instruments. because 
of license requirements and other factors not directly related to DOT 

regulations. 

4.3 Decontamination Costs 
At a first glance. decontamination costs would appear to be a substan

tial part of the costs of reducing removable surface contamination lim

its. When a problem is detected related to removable surface contami

nation. it would seem that the costs of alleviating the problem would 
be significant. However. under the current limits very few instances 
of such problems have been discovered and for some types of containers. 
the direct costs of decontamination are relatively small. 

4.3.1 Radiopharmaceutical and Industrial Source Containers 
Recent surveys indicate that the frequency of decontamination for radio

pharmaceuticals and industrial use shipments under the current limits is 
very low. One survey taken in eight states and New York City found only 

2 of 2593 radioactive containers had detectable surface contamination 
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TABLE 4.2-3. Least Cost per Container for Reaching Levels 10 
Times Below Current Limits 

least Cost to Attain Levels 10 Times Below Current limits (1980 Dollars) 

Beta-GarTITla 

Fue 1 Casks 
($20 Base Time Cost) 

All Others 
($20 Base Time Cost) 

Fue 1 Casks 
($27 Base Time Cost) 

All Others 
($27 Base Time Cost) 

Fuel Casks 
($35 Base Time Cost) 

All Others 
($35 Base Time Cost) 

Alpha 

Fuel Casks 
($20 Base Time Cost) 

All Others 
($20 Base Time Cost) 

Fue 1 Casks 
($27 Base Time Cost) 

All Others 
($27 Base Time Cost) 

Fuel Casks 
($35 Base Time Cost) 

All Others 
($35 Base Time Cost) 

Least Cost 
Scenario 

Number 

2 

2 

2 

2 

2 

2 

1 

1 or 2 

1 

1 

l 

1 

Monitoring 
Time Cost 

Impact 

$12.51 

$0.09 

$16.68 

$0.12 

$22.24 

$0.16 

$59.77 

$0.43 or 
$0.72 

$83.40 

$0.60 

$!07 .03 

$0.77 

4. 23 

Instrumentation 
Cost Impact 

$1.80 

$0.02 

$1.80 

$0.02 

$1.80 

$0.02 

$27.21 

$0.33 or 
$0.04 

$27.21 

$0.33 

$27.21 

$0.33 

Tot a 1 Cost 
Impact 

$14.31 

$0.11 

$18.48 

$0.14 

$24.04 

$0.18 

$86.98 

$0.76 

$110.6! 

$0.93 

$134.24 

$1.!0 



TABLE 4.2-4. Least Cost per Container for Reaching Levels 
100 Times Below Current Limits 

Least Cost to Attain Levels 100 Times Below Current Limits (1980 Dollars) 

Beta-Garrvna 

Fue 1 Casks 
($20 Base Time Cost) 

All Others 
($20 Base Time Cost) 

Fue 1 Casks 
($27 Base Time Cost) 

All Others 
($27 Base Time Cost) 

Fuel Casks 
($35 Base Time Cost) 

All Others 
($35 Base Time Cost) 

Alpha 

Fuel Casks 
($20 Base Time Cost} 

All Others 
($20 Base Time Cost} 

Fue 1 Casks 
($27 Base Time Cost} 

All Others 
($27 Base Time Cost} 

Fue 1 Casks 
($35 Base Time Cost} 

All Others 
($35 Base Time Cost) 

Least Cost 
Scenario 

Number 

I 

I 

I 

I 

I 

I 

1 

I 

1 

I 

I 

I 

Monitoring 
Time Cost 

Impact 

$88.96 

$0.64 

$120.96 

$0.87 

$157.07 

$1.13 

$804.81 

$5.79 

$1099.49 

$7.91 

$1417.53 

$10.27 
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Instrumentation 
Cost Impact 

$27.21 

$0.33 

$27.21 

$0.33 

$27.11 

$0.33 

$27.21 

$0.33 

$27.21 

$0.33 

$27.21 

$0.33 

Total Cost 
Impact 

$116.17 

$0.97 

$148.14 

$1.20 

$184.28 

$1.46 

$832.02 

$6.12 

$1126.70 

$8.24 

$1454.74 

$10.60 



greater than current DOT limits (Los Alamos 1978). Another study in 

Illinois (Illinois Department of Public Health 1980) found no detectable 
surface contamination on 51 containers wiped and a study in South 
Carolina discovered no excessive contamination on 80 radiopharmaceutical 
containers (South Carolina 1978). The results of other studies (South 
Carolina 1980; Carter et al. 1980), pointed to the same conclusion that 
the incidence of contamination in excess of current limits is very low. 
Two of the industrial representatives contacted cited the frequency of 
decontamination for radiopharmaceuticals and industrial use shipments 
at their facilities at about 1 in 15 million containers. 

In addition, the procedures for dealing with contamination in excess of 
the current limits are relatively simple for many of the types of con

tainers being examined in this study. If excess contamination is found 

on radiopharmaceuticals or on most industrial use shipments, the normal 
procedure would be to open the container, examine its contents for leaks 

and, if this examination were satisfactory, repackage the material. The 
direct costs of such procedures, in terms of labor and materials are 

expected to be quite low (for example, the material cost of replacing a 
large radiopharmaceutical container is only about $1.15). 

Thus, because the frequency of decontamination is so low and because the 
costs of decontamination are also low, the total direct cost impacts for 
decontamination of radiopharmaceuticals and industrial source shipments 
limits is assumed, for purposes of this study, to be negligible. 

4.3.2 Spent Fuel Casks 
For spent fuel casks and waste drums, the containers (i.e., the casks 
and the drums) appear to have a significant economic value. Thus, when 

contamination is found on a container, it would be decontaminated rather 
than replaced. For spent fuel casks in particular, decontamination is a 

normal procedure and a major cost element of cask shipping (Anderson et 

al. 1978). Designs which facilitate easier decontamination are given 
significant weight in cask design (Rhoads 1977). 
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The materials costs for decontaminating metal containers are quite low. 

Normally, simple alcohol or soap solutions are used to wash down the 
casks or drums. Thus, the primary cost of decontamination is labor 
time. 

Our industrial contacts indicated that the costs per hour for decontami
nation of spent fuel casks and waste drums are normally the same as the 
costs per hour for monitoring such containers. The same workers are 

usually involved in both operations and radiation monitoring is per
formed after each decontamination to insure that the decontamination was 

successful in getting the container surface contamination below required 
levels. Thus, $30 an hour was chosen as an average fully burdened cost 

per hour for decontamination. 

To determine the decontamination cost impacts of reduced limits for 
removable contamination, the frequency of decontamination under the 

current regulations must first be estimated. Once this is done~ an 
additional problem is to determine the reduction in contamination level 
each time a decontamination is performed (i.e.~ the decontamination 
factor). 

Industrial records on spent fuel cask decontamination are used as a 
basis for estimating decontamination factors and costs. These records 
included approximately 77 observations on spent fuel cask shipments made 

between March, 1979 and August, 1980. Contamination levels were 
recorded for every area of the cask and transporting vehicle by taking 
smear samples after decontamination. These records are quite extensive~ 
and an average of 89 smears were normally taken from the surface of the 
cask and transporting trailer after initial decontamination. Note that 

all of the numbers and records discussed in the remainder of this decon
tamination analysis are for beta-gamma radiation only. The records of 

alpha radiation indicated that the levels found on spent fuel casks are 

very low or nondetectable. 
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No records are available on contamination levels prior to decontamina
tion, since all casks are routinely decontaminated once before the con
tamination levels are measured. In addition, a policy that requires 
removable contamination levels that are 10 times below the current non
exclusive use levels is often used in the industry. This is done to insure 

that any 11 sweat i ng 11 of the cask surf ace during transport wi 11 not result 
in surface contamination levels that are in excess of current DOT 

limits. 

To reach surface contamination levels equal to or less than the current 
DOT limits, initial decontamination of the cask usually requires about 
two hours of labor time for two men. This leads to a base cask decon
tamination cost of $120 per cask, assuming an hourly fully burdened cost 
of $30. Only 4 of the 77 casks were found to have contamination levels 
in excess of the current limits after one decontamination. This means 
that only about 5 percent of the casks would require further decontami
nation under current regulations after the initial washdown. Further 
decontamination is estimated to require two men and 30 minutes of 
effort, for an additional cost of $30. Thus, assuming that one total 
washdown would always be necessary, the average cost of reaching the 
current levels is calculated as follows for nonexclusive use shipments: 

(

Base Cask ) 
Decontami
nation Cost 

(

Frequency) 
+ of Further 

Decontami
nation (

Cost of ) (Tot a 1 ) • Further . = Costs to 
Decontam1- reach 
nation current 

1 imits 

or: $120 + (0.05) · ($30) = $121.50 

(4.9) 

To reach surface contamination levels 10 times below current DOT limits, 

spent fuel casks require another spot decontamination of certain areas 
about 90 percent of the time. Because only certain areas require a 

second decontamination, the time required averages about 30 minutes for 
two men, leading to an additional cost of $30 per cask. Infrequently 

4. 27 



(about 12 percent of the time), a third spot decontamination is 

required, which also requires about 30 minutes for two men and another 
cost of $30. Thus, in reaching levels 10 times below the current 

limits the average cost of decontamination per cask is calculated as 
follows: 

(
Base Case ) (Frequency of ) ~ost of ) 
Decontami- + Second Dec on- • Second 
nation Cost tamination Decontam-

ination 

(

Total Costs ) 
to Reach 10 

= Times Less 
Than Current 
Limits 

(

Frequency) (Cost of ) + of Third • Third 
Dec?ntami- ~eco~tam-
nat10n 1nat1on 

(4.10) 

or: $120 + (0.90)·($30) + (0.12)·($30) = $151 per cask 

The average contamination levels after one, two and three decontaminations 

are illustrated in Figures 4.3-l and 4.3-2. A bar graph representation is 
used since the post-decontamination levels shown are for averaged cases. 
The dotted lines connecting the costs on these figures are added to show 
the trend of the data, and they should not be used to estimate costs to 
achieve intermediate levels of decontamination, since the costs of reach

ing levels 100 times below the current limits are calculated on the 
basis of extrapolated decontamination factors. 

Note that Figures 4.3-1 and 4.3-2 present information for two separate 
cases: the case where two decontaminations are required to get below 
required levels and the case where three decontaminations are required. 
This is done since combining the two cases gives the distorted picture 

that contamination levels after three decontaminations are greater than 

contamination levels after two decontaminations. This occurs because 
those cases where three decontaminations are necessary appear to be 

cases where the contamination was not easily reduced, rather than cases 
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where contamination was abnormally high. Those cases that required 
three decontaminations actually had a lower contamination level after 
the initial decontamination than those that required two decontamina
tions, but the contamination reduction of the second decontamination 
for these cases was much lower. Thus, the effects of decontamination 
are very dependent not only on the technique used, but also on the 
specific surface involved. 

The numbers illustrated in Figure 4.3-1 and 4.3-2 are averages. The 
median contamination reduction numbers for the case of two decontamina
tions are 3030 dpm per 100 cm2 and 545 dpm per 100 cm2 after each 
decontamination. The median contamination reduction numbers for the 
case of three decontaminations are 3570 dpm, 2907 dpm, and 930 dpm after 
each decontamination. These medians demonstrate that the majority of 
shipments are below the average numbers illustrated in Figures 4.3-1 and 

4.3-2 for each decontamination. 

The cases illustrated in Figure 4.3-1 represent a large majority of the 
total cases and demonstrates that the contamination reduction from a 
second decontamination is usually quite substantial. The reduction in 
these cases is about 8841 dpm per 100 cm2. The information presented 
in Figure 4.3-2 represents a much smaller percentage of the total cases 
and illustrates that the decontamination factor declines as more 
decontaminations are performed, but the decline is not great. 

Figures 4.3-1 and 4.3-2 demonstrate that the reduction in contamination 
is less for three decontaminations than it is for two, but the differ
ence is small. The amount of decontamination time and resulting costs 
of reducing the limits by a factor of 100 can only be roughly estimated, 

as it is expected that at some level of contamination, the reduction 
achieved from each decontamination will become very small and the con
tamination-cost line will become asymptotic. The contamination level 
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where this will occur is unknown, but the information presented in 
Figures 4.3-1 and 4.3-2 demonstrates that it is not happening at the 
levels reported in our available data. 

From the curves in Figures 4.3-1 and 4.3-2 it appears that one extra 
decontamination would be enough to get the surface levels on the casks 

to 220 dpm per 100 cm2. The cost of this extra decontamination is 
assumed to be $30 and, $30 was added to the cost of decontamination for 
the 90 percent requiring two decontaminations and the 12 percent 

requiring three. Thus, the costs of reaching levels 100 times below 
the current levels is approximated as follows: 

(
Base Case ) (Frequency) (Cost of ) (Frequency} (Cost of ) Decontami- + of Second • Second + of Third • Third 
nation Cost Dec?ntami- ~eco~tam- Dec?ntami ~eco~tam-

natlon 1nat1on nat1on 1nat1on 

( 

Tota 1 Costs ) 
To Reach 100 

= Times Less 
Than Current 
Limits 

$120 + (0.90)·($60) + (0.12)·($60) = $181 

(4.11) 

This cost estimate· is developed from the information collected from 
industry contacts in 1980 dollars. According to this information about 
90 percent of all shipments must be decontaminated twice to reach levels 
10 times below the current allowable levels and 12 percent of total 
shipments must be decontaminated three times. From the information 
presented in Figures 4.3-1 and 4.3-2 an extra decontamination would be 
all that is necessary to reach levels 100 times below the current 
limits. 

4.3.3 Low-Level Waste Drums 

The data on decontamination of waste drums is not as readily available 
as that for spent fuel casks. Only one waste shipper provided 
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information on decontamination costs under current conditions. They 
estimate that it requires two laborers about two hours for an initial 
decontamination of a shipment of waste drums and the average shipment 
is about 70 drums. In addition to the initial decontamination, about 5 
percent of the drums require further decontamination to get below cur
rent limits and this usually requires about 10 minutes per drum for two 
men. Thus, using a fully burdened charge of $30 per hour the costs of 
decontaminating waste drums under the current levels is calculated as 
follows: 

Base Case) (Frequency) (Number) (Cost) Decontam- + of Second • of • per 
ination Decontami- Drums Drum 
Cost for nation 
all drums 

Number of Drums 

Total Costs to 
= Reach Current 

Limits 

or $120 + (0.05)·(70)·($10) = $2.21 per drum 
70 

(4.12) 

Since that no decontamination factors are available for waste drums, the 
costs of decontaminating to levels lower than the current limits can 
only be roughly estimated by extrapolating from the information on spent 
fuel casks. For spent fuel casks, the costs increased by 25 percent for 
levels 10 times below the current limits and 49 percent for levels 100 
times below the current limits. Extrapolating these percentages to 
drums results in a decontamination cost of $2.76 per drum at 10 times 
below the current limits and $3.29 per drum at 100 times below the 
current limits. 

4.4 Total Direct Cost Impacts of Reducing the Limits for Removable 
Contamination 

The total direct cost impacts per container of reducing the limits for 
removable surface contamination are summarized in Table 4.4-1 for a 
monitoring base cost of $27 per hour and decontamination time cost of 
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TABLE 4.4-1. Total Direct Cost Impacts per Container 
Instrument~tion, and Decontamination of 
Category(a) 

Total Direct Costs To Attain Levels 10 Times Below 
Current L1m1ts (1980 Dollars) 

Beta-Gamma 
Radiation 
Type of Monitoring Instrumentation Decontamination 
Package Cost Cost Cost 

Radiophar- $0.12 $0.02 
maceJJticals 

Industr ial $0.12 $0.02 
Source 
Shipments 

Waste $0.12 $0 .02 so. 54 
Shipments 

Fuel Casks $16.68 $1.80 S29.50 

Aleha Radiation 

Radiophar- $0.60 $0.33 
maceut i c a 1 s 

Industrial $0.60 S0.33 
Source 
Shipments 

Waste $0.60 S0.33 
Shipments 

Fuel Casks $83.40 $27.21 

Total Direct Costs to Attain Levels 100 Times Below 
Current l1mits (1980 Dollars) 

Beta-Gamma Radiation 

Radiophar- $0.87 
maceuti~:als 

Industrial $0.87 
Source 
Shipments 

Waste $0.87 
Shipments 

Fuel Casks $120.93 

Aleha Radiation 

Radiophar
mace •J ticals 

Industrial 
Source 
Shipments 

Waste 
Shipments 

Fuel Casks 

$7.91 

$7.91 

$7.91 

$1099.49 

$0.33 

$0.33 

$0.33 $1.06 

$27.21 $59.50 

$0.33 

S0.33 

$0.33 

$27.21 

(a) Based on monitorin9 costs of $27 per hour per workpr and 
decontamination costs of $30 per hour per worker. 

4.33 

for Monitoring, 
Each Container 

Total 
Cost 

$0.14 

$0.14 

$0.68 

S47.98 

S0.93 

$0.93 

S0.93 

SllO. 61 

$1.20 

$1.20 

$2.26 

$207.64 

$8.24 

$8.24 

$8.24 

$1126.70 



$30 per hour. Note that these estimates assume that a firm would persue 
a least-cost policy in relation to monitoring for reduced limits of 
contamination. 

From the information presented in Table 4.4-1 it can be seen that the 
cost of verifying radiation levels below the current limits would be the 
largest single cost element in most cases. The total costs of modifying 
the current limits for alpha are greater than that for beta-gamma pri
marily because the current limits for alpha are 10 times below those for 
beta-gamma. Lowering these limits further would make detection 
increasingly difficult and raise monitoring time costs substantial ly. 

The data presented in Table 4.4-1 represent the direct costs of reducing 
removable contamination limits on a per container basis. Additional 
costs would be incurred in the areas of vehicle monitoring and decon
tamination and the indirect costs of reduced surface contamination 
limits . These cost elements are discussed in the next sections. 

4.5 Vehicle Contamination 
The monitoring cost impacts of vehicle contamination at levels 10 and 
100 times below current limits should be expected to be the same as that 
for containers on a per smear basis. However, the number of smears 
taken from a vehicle appears to be more variable than for containers 
since the vehicles have a larger surface area. To calculate the total 
impact on vehicle monitoring costs of lowered surface contamination 
limits, the number of smears taken per vehicle must be calculated or 

assumed . 

Industrial shippers contacted indicated that the number of smears taken 

from a transporting vehicle depends on the type of container being 
transported. For radiopharmaceutical and industrial source shipments, 
the number of smears taken from the transporting vehicle is relatively 
small. One shipper of radiopharmaceuticals and industrial use shipments 
stated that they did not routinely monitor vehicle contamination. 
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The number of smears taken from vehicles transporting spent fuel casks 

and industrial use shipments is appreciably higher. One shipper 
normally takes 28 smears from an incoming spent fuel cask transporting 
vehicle and 36 smears on an outgoing trailer. In addition, 30 smears 
are assumed to be taken at the other end of the fuel cask vehicle•s 

trip. At one low-level waste site 11 smears are routinely taken from 
the inside and outside of a vehicle transporting waste shipments. Thus, 
by using the numbers from Tables 4.2-3 and 4.2-4 and assuming that 5 
smears would be taken per transporting vehicle for radiopharmaceuttcal 
and industrial source shipments, 11 smears at each end for waste ship
ments, and 94 smears taken per vehicle for spent fuel casks, the 
monitoring cost impacts per shipment (not per container) are calculated. 

Adding monitoring and instrumentation costs as listed in Tables 4.2-3 
and 4.2-4 for a $27 base time cost and multiplying by the above number 
of smears yields total cost impacts for vehicle monitoring for all types 
of shipments except spent fuel casks. For spent fuel casks, the numbers 
listed in Tables 4.2-3 and 4.2-4 should be divided by 139 (the number of 

smears taken on a cask) and then multiplied by 94. Estimated vehicle 
monitoring cost impacts are presented in Table 4.5-1. 

The frequency of vehicle contamination in excess of current limits also 
depends on the type of container being transported. The frequency for 
radiopharmaceutical and industrial use shipments is very low. One 
shipper reported that in the last 10 years only three instances of 

vehicle contamination in excess of the current limits have been 
discovered. 

The frequency of vehicle contamination levels above current limits is 
higher for spent fuel casks and waste shipments. About 6 percent of 
these trailers are currently reported by industry records to be in 

excess of current limits. Assuming that one decontamination would 

reduce the surface contamination levels below current limits, the 
decontamination costs (assuming labor costs of $30 per hour per worker 
and 30 minutes per trailer for 2 workers) are: 
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TABLE 4.5-1. Total Estimated Impacts on the Cost of Vehicle 
Monitoring per Shipme~t for Reduced Surface 
Contamination Limit{aJ 

Industrial 
Radiophar- Use Waste 

Beta-Gamma macuticals Shiements Shiements 

Levels 10 Times Below $0.70 $0.70 $3.08 
Current Allowable Limits 

Fuel 
Casks 

$12.50 

Levels 100 Times Below $6.00 $6.00 $26.40 $100.18 
Current Allowable Limits 

Aleha 

Levels 10 Times Below $4.65 $4.65 
Current Allowable Limits 

Levels 100 Times Below $41.20 $41.20 
Current Allowable Limits 

(a) Based on 1980 dollars. 

(Decontami- ) (Frequency ) ( Tota 1 Costs ) 
nation Costs of Decon- = per Shipment 

tamination to Reach 
Current Limits 

$20.46 

$181 . 28 

or: ($30)·(0.06) = $1.80 per shipment 

$74.80 

$761.94 

{4.13) 

The frequency of vehicle trailer contamination from spent fuel casks in 
excess of 10 times below current limits was reported in records obtained 
from industry to be 88 percent. Because detailed records are available 
on spent fuel cask trailer vehicle contamination, the decontamination 
costs for these vehicles under reduced limits could be estimated in the 
same manner as for the casks . It is estimated that it requires about 
30 minutes for two people to decontaminate a cask hauling vehicle. 
Thus, at a cost of $30 per hour, an 88 percent frequency of occurrence 
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for one decontamination, and a 12 percent frequency of occurrence for a 
second decontamination, the decontamination costs of reaching levels 10 

times below the current limits are calculated as follows: 

(
Decontam-) (Frequency) (Decontam-) (Frequency) 
ination • of First + ination • of Second = 
Costs Decontami- Costs Decontam-

nation ination 

Total Costs 
To Reach 10 
Times Less 
Than Current 
Limits 
(Trailers) 

or: ($30)·(0.88) + ($30)·(0.12) = $30 per shipment 

(4.14) 

The decontamination costs at levels 100 times below current limits can 
be extrapolated from records of contamination levels in the same manner 
as was performed for spent fuel casks. The cost-contamination relation

ships for cask transporting trailers are illustrated in Figures 4.5-1 
and 4.5-2. Again, a bar graph representation is used in these figures 
for the contamination levels. The dotted lines connecting the points 
on these figures are added to show the trend of the data; and they 

should not be used to estimate costs to achieve intermediate levels of 

decontamination. Figure 4.5-1, which represents the vast majority of 
cases, illustrates that one decontamination is normally enough to obtain 

removable surface contamination levels that are quite low. The median 

contamination level on trailers for this case was 475 dpm per 100 cm2 

with one decontamination, indicating that the majority of shipments had 
even lower radiation levels than the 640 dpm average number. 
Figure 4.5-2 demonstrates that removal of contamination becomes more 
difficult with each decontamination. The median contamination for this 

case after the second decontamination was 550 dpm. The generally low 
contamination levels after decontamination illustrate that levels of 100 

times below current limits would probably be achievable with one extra 
decontamination. Thus, the average decontamination costs at these 
levels for vehicles hauling spent fuel casks are approximately $60. 

4.37 



~ 40 
-~ 
.s:::. .... 
> 
.... 640 .... 
0. 

30 "' .... 
"' 
~ ' ..... ' VI 20 0 

' u 
z 

' 0 
..... ' ~ lO 

' :E 
< ' ..... 
~ ~ 6577 
u 0 ..... 
0 0 2 3 4 5 6 7 8 9 10 

REMOVABLE SURFACE CONTA~INATION LEVEL 
no3 dpm/100 em ) 

FIGURE 4.5-1 Cost-Contamination Relationship for Vehicles 
with One Decontamination 

..... 
~ 
u 
z 
0 
..... 
< z 
:E 
< ..... z 
0 
u ..... 
0 

524 
60 

\ 

40 

20 

\ 
\ 
\ 

2451 

o~~~~~~~~~--~~--~~ 

0 1 2 3 4 5 6 7 8 9 10 

REMOVABLE SURFACE CONTAMINATION LEVEL 
no3 dpmllOO cm2) 

FIGURE 4.5-2 Cost Contamination Relationship for Vehicles 
with Two Decontaminations 

4.38 



Several waste sites have encountered instances of vehicle contamination 
on vehicles hauling waste shipments. The cause of part of the problem 
with waste shipments is that wooden truckbeds, which can absorb contami-
nation, are often used. 
buildup of contamination 
levels to exceed current 

Continuous hauling of shipments can cause a 
in the wooden truckbed, causing contamination 
limits at some point. 

The costs of decontamination for vehicles hauling waste shipments are 
difficult to assess. Our contact stated that the time spent decontami
nating a vehicle under the current limits may vary from a few minutes 
up to about 40 hours. This occurs because decontamination may require 
simple cleaning of a localized area or complete replacement of the 
truckbed. The time required to decontaminate depends on how much 
contamination has been absorbed into the vehicle surfaces. 

The decontamination cost impacts from reducing current limits are diffi
cult to predict, but they are probably not substantial, because lower 
limits would simply mean that decontamination would have to be performed 
before significant contamination buildup occurred. 

Thus, the total impacts per shipment of reducing surface contamination 
limits are estimated in the figures listed in Table 4.5-1 except for 
beta-gamma radiation on spent fuel casks and waste shipments. For spent 
fuel casks, an extra cost of $28.00 should be added for beta-gamma 
decontamination at 10 times below current limits and $58.20 should be 
added for beta-gamma decontamination at 100 times below limits. For 
waste shipments, an extra charge of $1 and $5 would probably be 
adequate. 

4.6 Comments from Industry on Indirect Costs 
Almost every industrial representative contacted felt that the indirect 
costs of reduced limits for removable surface contamination would be 
higher than the direct costs. These indirect costs are difficult or 
impossible to quantify but they can be discussed in qualitative terms. 
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The principle indirect cost, according to the sources contacted, is 
delays in production and distribution schedules caused by increased 
monitoring and decontamination time. These delays can be particularly 
crucial for radiopharmaceutical, because many radioactive isotopes have 
short half-lifes, causing their economic value to be based partially on 
how fast they are delivered from producer to customer. Thus, if every 
container required additional monitoring time, the loss in the economic 
value of the container contents caused by these delays could be 
substantial. 

Another indirect cost caused by delay is increased transit costs. Most 
radioactive shipments are contracted to a specialized transit firm for 
delivery. The lost time incurred by these transit firms because of 
longer waits for radiation monitoring and decontamination work would 
have to be paid for. 

A change from portable field detection instruments to more sophisticated 
detection instrumentation would involve additional monitoring costs 
besides the increased capital costs already referred to. Using these 
instruments to monitor samples would increase total monitoring costs 
because of the extra time necessary to transport smears to the labora
tory facilities from the sampling area where they were taken. In addi
tion, the costs of building new facilities to house the instrumentation 
could be significant. 

If a container or vehicle is found to be in noncompliance with required 
contamination levels, the indirect costs of dealing with the problem can 
be substantial. One estimate of the indirect costs resulting from one 
container being found in noncompliance was $7000, while the direct costs 
of decontaminating the container were estimated to be only $360, meaning 
that indirect costs were over 19 times as great as direct cost. These 
indirect costs were primarily composed of the costs of site visits, 
report preparation, meetings with regulatory agencies and other 
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administrative costs associated with providing information to 
regulatory agencies on the problem and how it was being corrected. An 
additional cost was the impounding of the hauling vehicle until it 

could be verified that the contamination problem had been corrected. 

4.7 Economic Cost Analysis Summary 
The direct economic cost of reducing removable surface contamination 
limits were divided into three categories for analysis in this chapter: 

1) monitoring time costs, 2) instrumentation capital costs, and 3) 
decontamination costs. All direct cost estimates were made on the basis 
of constant 1980 dollars, information obtained from industrial 

representatives, and from theoretical cost modeling. 

Based on a least-cost analysis of the 5 scenarios defined in Section 

4.1, the monitoring-cost impacts of verifying compliance for levels 10 
times below current limits were found to vary (depending on the cost of 
monitoring time) between $14.31 and $24.04 per cask for beta-gamma moni

toring of fuel casks and between $0.11 and $0.18 per container for other 
types of container. The costs for monitoring at levels 100 times below 
current limits were found to vary between $11.17 and $184.28 per spent 

fuel cask and $0.97 and $1.46 per container, for all other types of 

containers. 

The costs of monitoring alpha contamination levels for these reduced 
limits would be substantially higher, primarily because current limits 

for alpha are 10 times below those for beta-gamma. At 10 times below 
current limits for alpha, the estimated cost impacts are between $86.98 
and $134.24 for spent fuel casks and between $40.76 and $1.10 per con
tainer for all other types of containers. At 100 times below current 

limits, these impacts increase to between $832.02 and $1454.74 per spent 
fuel cask and between $6.12 and $10.60 for all other types of 
containers. 
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The costs of decontaminating spent fuel casks and waste drums were ana

lyzed. Based on the information obtained, decontamination costs for 

radiopharmaceutical and industrial-use shipments were assumed to be 

negligible. Decontamination costs for spent fuel casks were a signifi

cant cost component. Detailed records of contamination levels after 

decontamination were used to estimate the costs of decontamination if 

the current limits were 

attaining levels 10 and 

to be $29.50 and $59.50 

reduced. 

100 times 

The decontamination cost impacts of 

below current limits were estimated 
additional cost per spent fuel cask. 

Information on the decontamination of waste drums was limited, but costs 
under current limits were estimated to be $2.21 per drum. The decontam

ination records for fuel casks were used to extrapolate decontamination 
costs impacts on waste shipments for lower limits. These additional 

costs were estimated to be $0.54 per drum at 10 times below current 

limits and $1.06 per drum at 100 times below current limits. 

Decontamination costs were added to monitoring costs to determine the 

total cost impacts of reducing removable surface contamination limits. 

When the cost impacts for beta-gamma and alpha contamination are summed 

and a base monitoring cost of $27 per hour is assumed, the total cost 

impacts resulting from levels 10 times below current limits are $1.07 
per container for radiopharmaceutical and industrial source shipments, 

$1.61 per drum for waste shipments, and $158.59 per cask for spent fuel 
casks. The total cost impacts at 100 times below current limits are 

$9.44 per container for radiopharmaceuticals and industrial use ship
ments, $10.50 per drum for low-level waste shipments, and $1334.34 per 

cask for spent fuel casks. The largest cost element in these totals is 

the cost of alpha radiation monitoring. 
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The effects of reduced limits on vehicle monitoring and decontamination 
costs were also estimated. At $30 per hour for monitoring and decontam

ination, the total cost impact estimates at 10 times below current lim
its would be $5.35 per shipment for radiopharmaceuticals and industrial 
use shipments, $24.54 per shipment for waste shipments and $115.30 per 

shipment for spent fuel casks. At 100 times below current limits, the 
cost estimates are $47.20 per shipment for radiopharmaceuticals and 

industrial use shipments, $212.68 per shipment for waste shipments and 
$920.32 per shipment for spent fuel casks. 

All of the industrial representatives contacted believed that the 
indirect costs of reduced contamination limits would probably exceed the 
direct costs. Some of the indirect costs would include delays in pro
duction and distribution schedules, increased transit costs because of 
longer waits for monitoring and decontamination, and increased 
administrative costs because of additional regulatory actions. 
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5. CONTAMINATION FREQUENCY DISTRIBUTIONS 

The purpose of this chapter is to quantify the present levels of remov
able surface contamination associated with the shipment of radioactive 
materials. To accomplish this purpose, field trips were required to 
collect information from industries representing each category of trans

portation container considered in this study. Information was collected 
during these trips from both industry shipping records and from actual 

measurements of smears taken from container surfaces. Both alpha and 
beta-gamma data were collected and used to develop contamination fre
quency distributions that relate the number of smears to the observed 
or reported contamination level. This chapter contains sections that 
discuss the instrumentation, procedures, and results for the four cate
gories of radioactive shipments: radiopharmaceuticals, industrial 

sources, nuclear fuel cycle materials, and low-level radioactive waste. 

5.1 Instrumentation 
The radiation detection instruments used to determine the activity on 

the smear samples collected fa~ this project were selected based on 
several criteria. First, in order to quantify the amount of radiation 

detected over a given amount of time it was necessary to use a scaler 
instead of a rate meter. A scaler records the activity as a given num
ber of counts per total time while a rate meter only gives the instan
taneous activity which fluctuates over time. A second criterion was 
that the active area of the alpha detector and the beta-gamma detector 
be similar in size so the same smear could be counted on both detectors. 
Finally, it was necessary to select semiportable instruments that could 
be transported between sites. 

A detection system that fulfulled these requirements was the Eberline 

smear counting system consisting of two model MS-2 miniscalers and two 
model RD-13 scintillation detectors. One detector contained an alpha

type scintillation crystal and the other contained a beta-type 
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scintillation crystal. Both detectors had an active detector diameter 

of 4.3 em, thereby, allowing for standardization of smear size and geo

metry. This enabled the operator to analyze both alpha and beta-gamma 
radiation using the same smear sample. 

The MS-2 miniscalers used were single channel pulse height analyzers. 
The six decade scaler allowed the sample to be counted for a set length 
of time. Automatic timing could be used for specific count times 
between 0.1 and 50 minutes. The threshold setting on both miniscalers 
was 500 volts. No window was set on either miniscaler, thereby allowing 

a full range of alpha and beta energies to be detected. The high vol
tage for the alpha detector was set at 450 volts, and for the beta-gamma 
detector it was set at 500 volts. 

The instruments were initially calibrated with eight different sources. 
The counting efficiencies that were determined are given in Table 5.1-1. 

A 137cs (2.16 x 10-3 " Ci) source manufactured by Westinghouse and a 
230Th(l.96 x 10-2 " Ci) source from Eberline were used to verify that 

the instruments were operating at the efficiencies previously determined. 

5.2 Procedures 
The smear samples were 

a diameter of 4.25 em. 

taken using Whatman No. 5 filter paper which has 
The area smeared was approximately 300 cm2 

which is equivalent to that prescribed by the Department of Transporta
tion regulations in 49 CFR 173. The smears were numbered consecutively 
and placed separately in correspondingly numbered envelopes immediately 

after each smear was taken. 

The activity on each smear was counted for 5 minutes which allowed the 

detection of 0.22 dpm/cm2 alpha and 2.2 dpm/cm2 beta-gamma (from a 
smear covering 300 square centimeters of surface) with a relative 
counting counting error of less than 10% (based on calculations made 

5.2 



TABLE 5.1-1 Calibration of the Eberline MS-2 Miniscaler With the 
Eberline Alpha RD-13 and Beta RD-13 External Probes 
Probes 

Calibration of Eberline MS-2 Miniscaler and Eberline 
Alpha RD-13 External Detector 

Nuclide Energy (MeV) Counting Efficiency % 

239Pu 5.15 41.7% 

230Th 4.68 42.3% 

Calibration of ~berline MS-2 Miniscaler and Eber 1 i ne 
Beta RD-13 External Detector 

Nuclide Energy (MeV) Counting Efficiency % 

14c 0.155 10. % 

99Tc 0.290 24. % 

36cl 0.714 44.5% 

210Bi 1.17 36. % 

234Pa 2.32 16. % 

90sr-Y 0.56-2.27 54. % 

using Equation 4.8 from Chapter 4). The current maximum permissible 
level for removable radioactive contamination is 2200 dpm/cm2 beta

gamma and 220 dpm/cm 2 alpha for natural or depleted uranium and 

natural thorium. Therefore, a factor of 1000 exists between detection 
level of the instruments (with less than 10% relative counting error} 
and the current contamination limits. For all other beta-gamma emitting 
radionuclides the maximum permissible level is 220 dpm;crnf and for all 

other alpha emitting radionuclides it is 22 dpm/cm2. Both measurements 

are a factor of 100 above the detection level of the system (with 10% 
relative counting error). Background counts were calculated by 

averaging over a 20 minute period prior to each use of the instruments. 
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The gross counts per minute were converted into net dpm/cm2 using the 
efficiency of 90sr- 90v for beta-gamma radiation and 239Pu for alpha 
radiation since the actual isotopes present on the smear were unknown. 
90sr-90v and 239pu efficiencies were used because these isotopes are 

considered 11 Worst case isotopes 11 due to their relative toxicity and 
radiobiological damage potential. The counting efficiency of the beta 

detector is higher for 90sr- 90v than for other isotopes and thus the 
reading was a lower estimate of the amount of beta-gamma contamination 
on the smear. Since the energies of most alpha emitting isotopes are 

within a narrow range, the measurements made were good estimates of the 
amount of alpha contamination present on the smear independent of the 

actual isotope present. 

A limited gamma-spectra analysis using a Ge-Li detector was conducted 
on the low-level waste smear which contained a detectable amount of con
tamination {1.23 dpm/cm2). The results showed very small amounts of 
137 58 54 60 Cs. Co, Mn and Co barely measurable above background. No 
further spectra analyses were conducted since only one smear sample 
contained activity significant enough to analyze. 

5.3 Radiopharmaceuticals 
Removable surface contamination frequency distribution data for remov
able surface contamination on 142 radiopharmaceutical shipping con
tainers is listed in Table 5.3-1. Containers from three different sites 
were examined. These containers consisted of cardboard boxes and metal 
cans. All measurements were below the statistical detection limit of 
the instrumentation for a 10% relative counting error, and most beta

gamma data points were at least three orders of magnitude below the 
current DOT limits. The level of alpha contamination was also well 

below the current DOT limits. An additional 110 data points were 
obtained from seven sites during a related study being conducted for the 
NRC by Reynolds Electric and Engineering Co. Inc. (REECO), on radiation 

exposures to workers during transportation of radiopharmaceuticals. These 
data points are included at the end of Table 5.3-1 with REECO listed in 
place of the sample number. 
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TABLE 5.3-1 Frequency Distribution Data for Radiopharmaceuticals 

Sample Package Labeled Bet a -G alllTla Alpha 
Number Type Contents ( dpm/cm2) (dpm/cm2 ) 

120 Cardboard 1251 Bkgrd( a) Bkgrd(b) 

121 " " " 
127 " 99Mo .14 " 
128 " " .09 " 
129 " 169 Yb(25mCi) .19 " 
130 " " .44 " 
131 " " .15 " 
132 " " Bkgrd " 
133 " " " " 
134 " " " " 
135 " " " " 
136 " " " " 
137 " " " " 
138 " 

125 I(31mCi) " " 
139 " " ( .065Ci) .02 " 
140 " " ( .l68Ci) Bkgrd " 
141 " " (.305Ci) " " 
159 " 

85
sr(.5wCi) " .01 

160 " 85
sr(2"Ci) " " 

141
ce(2"Ci) " " 

125I("Ci) " " 
46 sc(lwCi) 

161 " .02 Bkgrd 

162 " .02 " 
163 " .03 " 
164 " .02 " 
165 " .02 " 
166 " .01 " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 2 Number Type Contents (dpm/cm2) ( dpm/cm ) 

167 Cardboard Bkgrd " 
168 " 131 I .01 " 
169 " 

125 I(l.54mCi) Bkgrd " 
170 " 125 !(.1mCi) .02 " 
171 " " Bkgrd " 
172 " 125 I(.02mCi) .01 " 
173 " .01 " 
174 " 

32
P("Ci) Bkgrd " 

131 1(2"Ci) 

175 " 125J(.02mCi) " " 
176 " 

125 I(.04mCi) " " 
177 " 

125 r(.02mCi) .02 .01 

178 " 
1251 (10mCi) Bkgrd Bkgrd 

179 " 125 r(5mCi) " " 

180 " 125r(2mCi) .03 " 
181 " 

1251 (20mCi) Bkgrd " 
182 " 1311 (5mCi) .01 " 
183 " 

14 c(1mCi) .06 " 
184 " 

14c(50mCi) Bkgrd " 

185 " 3H(10mCi) " " 
186 " 125 1(.02mCi) .06 " 
187 " 3H(5mCi) 8kgrd " 
188 " 

125 I(10mCi) " " 
189 " 125 I " " 
190 " " .06 " 
191 " " .01 " 
192 " 14c .02 " 
193 " " Bkgrd " 
194 " 1251 .01 " 
195 " " .01 " 
196 " 14C( .05mCi) Bkgrd " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-GaiTITla Alpha 
2 Number Type Contents ( dpm/cm2) ( dpm/cm ) 

197 " 3H(1mCi) " " 
198 " 1251 .01 .01 

199 " 
57 Co( .01mCi) Bkgrd Bkgrd 

200 " 125 I .01 " 
201 " 14c (.05mCi) .03 " 
202 " 

51cr (2mCi) Bkgrd " 
203 " 125 I .01 " 
204 " 

125 I(1mCi) Bkgrd " 
205 " 125 I " " 
206 " 

125
I(.005mCi) " " 

207 " 125 I .01 " 
208 " " .01 " 
209 " " Bkgrd " 
210 " " " " 
211 " " " " 
212 " " " " 
213 " 

51cr(5mCi) .01 " 
214 " 

14C(6mCi), Bkgrd " 
3H(255mCi) 

215 " 125 J(.275mCi) Bkgrd Bkgrd 

216 " 125 1(80mCi) " " 
217 " 

1251 (160mCi) "· " 
218 " 125 I(180mCi) " " 
219 " 1338 14c 

a, ' " .01 
241Am 

220 " 51 cr(175.llmCi) " Bkgrd 

221 Can 226Ra(5mCi) " " 
222 Cardboard 32P(63.82mCi) " " 
223 " 3

H(4mCi) .06 " 
224 " Bkgrd " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 
Number Type Contents (dpm/cm2) (dpm/cm2) 

225 Cardboard 3H(10mCi) " " 
226 Can 3H(373mCi) " " 
227 " 

3H(21. 75"Ci) .05 " 
228 Cardboard 125 r(.02mCi) Bkgrd " 
229 " 125[ " " 
230 " " .01 " 
231 " " Bkgrd " 
232 " " " " 
233 " " " " 
234 " " .02 " 
235 " " .03 " 
236 " 67 Ga( .093Ci) .01 " 
237 " 

99Mo( 1. 35C i) .02 " 
238 " 

67Ga(.046Ci) " " 
239 " 

133xe(. 270Ci) .04 " 
240 " 

201Tl(.058Ci) .01 " 
241 " 

57 co(2mCi) Bkgrd " 
242 " 

137 Cs(2"Ci) .04 " 
243 " 

151sm(200mCi) .06 " 
244 " 

57co(5mCi) .06 " 
245 " 125 r (120mCi) .09 " 
246 " 99Mo(2.7Ci) .02 " 
247 " 99Mo(l.35Ci) .03 " 
248 " 99Mo(2.25Ci) .08 " 
249 " 

99Mo(l.35Ci) .09 " 
250 " 

99Mo(2.7Ci) .07 " 
251 " 

99Mo(l.35Ci) .03 " 
252 " 99Mo(2.25Ci) .04 " 
253 " 99Mo(.45Ci) .06 " 
254 " 99Mo(.45Ci) .01 " 
255 " 

99Mo( .45Ci) .02 " 
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TABLE 5.3-1 (Cont'd) 

Sample Pack age Labeled Beta-Gamma Alpha 
Number Type Contents (dpm/cm

2
) ( dpm/cm2 ) 

256 Cardboard 99Mo(.9Ci) Bkgrd Bkgrd 

257 " 99Mo(.675Ci) .04 " 
258 " 99Mo(. 9C i) .04 " 
259 " 133xe(.05Ci) Bkgrd " 
260 " 133xe(.040Ci) .06 " 
261 " 133xe( .1Ci) .06 " 
262 " 67Ga( .009Ci) .07 " 
263 " 67Ga( .003Ci) .01 " 
264 " 133xe( .04Ci) Bkgrd " 
265 " 99Mo( .45Ci) .05 .01 

266 " " Bkgrd Bkgrd 

267 " 99Mo(l.35Ci) .04 .01 

268 " " .01 Bkgrd 

269 " 99 Mo ( 1. 35C i) .02 " 
274 " 206 n(.002Ci) Bkgrd " 
275 " " " " 
276 " " " " 
277 " " " " 
278 " " " " 
279 " " " " 
280 " " " " 
281 " " " " 
282 " 57co(.002Ci) " " 
283 " 3H(.01Ci) " " 
284 " 35

S(. OOI2Ci) " " 
285 " 35s(.0048Ci) " " 
286 " Exempt Quantity " " 
287 " 35s( .oo12c;) " " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 
Number Type Contents (dpm/cm2) ( dpm/cm2) 

REECO(c) Cardboard 99Mo Bkgrd Bkgrd 

" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " 131! " " 
" " 131! " " 
" " 67Ga " " 
" " 99Mo " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " 131! " " 
" " " " " 
" " " " " 
" " " " " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 
Number Type Contents (dpm/cm2) (dpm/cm2) 

REECO(c) Cardboard 99Mo Bkgrd Bkgrd 

" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " 1311 " " 
" " " " " 
" " 3H " " 
" " 67Ga " " 
" " 133Xe " " 
" " 99Mo " " 
" " " " " 
" " " " " 
" " " " " 
" " 51cr " " 
" " Ill In " " 
" " " " " 
" " 133xe " " 
" " " " " 
" " " " " 
" " 99Mo " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
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TABLE 5. 3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 
Number Type Contents (d2m/cm2) ( d2m/cm2) 

REECO(c) Cardboard 99Mo Bkgrd Bkgrd 

" " " " " 
" " " " " 
" " " " " 
" " 67Ga " " 
" " 131! " " 
" " " " " 
" " 99Mo " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 

" " " " " 
" " " " " 
" " " " " 
" " 131! " " 
" " " " " 
" " 51cr " " 
" " 67Ga " " 
" " 99Mo " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 

" " " " " 
" " " " " 
" " " " " 
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TABLE 5.3-1 (Cont'd) 

Sample Package Labeled Beta-Gamma Alpha 2 (dem/cm2) Number T~ee Contents (dem/cm ) 

REECO(c) Cardboard 51cr Bkgrd Bkgrd 

(a) 

(b) 

(c) 

" " 67Ga " " 
" " 131! " " 

" " 131! " " 
" " ggMo " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 
" " " " " 

" " " " " 
" " 67Ga " " 
" " " " " 
" " 111rn " " 
" " 131! " " 
" " " " " 
" " " " " 

The average background (Bkgrd) count rate for beta-gamma measurements of 
radiapharmaceuticals was 122 cpm. 
The average background (Bkgrd) count rate for alpha measurements of 
radiopharmaceuticals was I cpm. 
REECO indicates data obtained from the Reynolds Electric Engineering Co. 
Inc. during a parallel study for the NRC. 
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5.4 Industrial Sources 
Table 5.4-1 lists the 43 removable surface contamination data points 
which were obtained from industrial source shipping containers. The 
data was from container smears taken at three different sites. Twenty
nine of the data points were collected from containers just prior to 
shipping, while the other 14 were collected from containers being 

received. 

Analysis of the smears from all of the containers revealed beta-gamma 
contamination levels that were below the amount which could be measured 
at the 10% counting accuracy level. In order for the highest of the 
measurements (0.14 dpm/cm2) to have been considered significant with a 

10% relative counting error, the counting time would have to have been 50 
minutes (based on calculations made using Equation 4.8 from Chapter 4). 
This measurement, although it was the highest recorded, was a factor of 
about 1500 times less than the DOT limits. 

None of the smears contained alpha contamination that was detectable at 
the 10% relative counting error limitation set for the instruments. The 
smear containing the greatest amount of alpha contamination (0.01 dpm/cm2) 

was a factor of about 2000 times less than the current DOT limits. 

5.5 Nuclear Fuel Cycle Materials 
The amount of removable surface contamination present on nuclear fuel 
cycle materia·ls shipping containers was examined for two types of 
nuclear fuel cycle shipments; uranium shipments {U3o8 and UF6), and 
spent fuel shipments. Differences in the data collection methods and 

the results require that these two types of shipments be discussed 

separately. 

5.5.1 Uranium Shipments 
Forty data points were collected from the surface of shipping containers 
at a uranium conversion plant. The types of containers examined 
included 55 gallon drums containing yellowcake shipped from a uranium 
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TABLE 5.4-1. Frequency Distribution Data for Industrial Sources 

Sample Beta-Garrma Alpha 
Number Package TxRe Labeled Contents (dRm/cm2) (dRm/cm2) 

95 Cardboard box 85Kr (.1 Ci) Bkgrd( a) Bkgrd( b) 

96 " " .07 .01 
97 " " .09 Bkgrd) 

122 " 210Po .04 " 
123 " " Bkgrd " 
124 " " .11 " 
125 " " .10 " 
126 " " .14 " 
142 " 

210Po (.01 Ci) Bkgrd " 
143 " " .01 .01 
144 " " .02 Bkgrd 

145 " " Bkgrd .01 
146 " 210Po (.02 Ci) " Bkgrd 
147 " 210Po (.04 Ci) .04 " 
148 " 210p

0 (.01 Ci) Bkgrd " 
149 " 210Po (.01 Ci) " .01 
150 " " " Bkgrd 
151 " " " " 
152 " " Bkgrd " 
153 " " " " 
154 " " " .01 
155 " " .03 Bkgrd 
156 " " .04 " 
157 " " .03 " 
158 " 210Po (.12 Ci) Bkgrd " 
270 " 

57co (.48 mCi) " " 
271 " 195Au (1.53 mCi) " " 
272 " 57co (5 mCi) " " 
273 " 60co, 137 Cs '57 Co (5.25 mCi) " " 
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TABLE 5.4-1. (Cont'd) 

Sample Beta-Gamma Alpha 
Number Package Tx~e Labeled Contents ( d~m/cm2 ) (d~m/cm2 ) 

288 " 32p (19 Ci) Skgrd 
289 " 

32P (19 Ci) " " 
290 " 

1251 (.004 Ci) " " 
291 " 

35s (.005 Ci) .06 " 
292 " 

32P (.01 Ci) .03 " 
293 " 

51 cr ( .01 Ci) .04 " 
294 " 

32P (.05 Ci) .07 " 
295 Cardboard box 32P (.01 Ci) Skgrd Bkgrd 
296 " 

45ca (.001 Ci) " " 
297 " 

32 P (.002 Ci) .02 " 
298 " 125! ( .01 Ci) .06 " 
299 " 

1251 (.001 Ci) Bkgrd " 
300 " 

1251 (.001 Ci) " " 
301 " 

33P (.001 Ci) " " 

(a) The average background (Bkgrd) count rate for beta-gamma measurements of 
industrial sources was 114 cpm. 

(b) The average background (Bkgrd) count rate for alpha measurements of 
industrial sources was 1 cpm. 
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mill, three sizes of cylinders (2.5 tons, 10 tons and 14 tons) contain
ing uranium hexafluoride being sent offsite, and the same cylinders 
returning to the plant empty. The frequency distribution data points 

obtained are listed in Table 5.5-1. These data points are based on a 
smear covering an average area of 100 cm2 All smears were detected 

to have beta-gamma activities less than 4.40 dpm/cm2 which is about a 
factor of 500 less than the Department of Transportation (DOT) limits. 

Sixty-eight percent (68%) of the smears tested for alpha contamination 
are below the 10% relative counting error limit of the instruments using 

a five minute count time. As the data illustrates, all of the smearable 

contamination measurements were below the DOT limits by about a factor 
of 60. 

5.5.2 Spent Fuel Shipments 
Although spent fuel casks were not available for actual surface contami
nation measurement, it was possible to acquire some shipping records for 
the last two years from industrial records. The site data reviewed 
reported about 37 smear samples from incoming, loaded spent fuel casks 

and about 52 smears from outgoing, empty casks. Filter paper, 4.7 em 

in diameter, was used to smear an area of 100 cm2. The smears were 
counted on a Beckman shielded gas flow proportional counter for 20 
seconds. The efficiency of the counter was 50% for beta-gamma radiation 

and 33% for alpha radiation in a 2 ngeometry. The background was 30 cpm 
for beta-gamma and 1 cpm for alpha. 

According to calculations, the Beckman counter is able to detect beta

gamma radiation levels below 10 dpm/cm2 with a 20 second counting time 

and a counting error of less than 10%. This is a factor of 20 below the 
maximum permissible level of removable beta-gamma radioactive contamina-

2 tion. The system is able to detect alpha radiation levels of 10 dpm/cm 
with a 20 second counting time and a counting error of less than 10%. 

This is about 2 times below the current permissible level for removable 
alpha contamination. 
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TABLE 5.5-1. Frequency Distribution Data for Nuclear 
Nuclear Fuel Cycle Shipments 
(Yellowcake & UF6) 

Sample Beta-Gamma Alpha 
Number Package Type Labeled Contents ( dpm/cm2) (dpm/cm2) 

302 55 gall on drum u3o8 (250 mCi) . 24 .11 

303 " " " .32 .12 
304 " " " .95 .58 
305 " " " .73 .36 
306 " " " 1.02 .52 
307 " " " .11 .08 
308 " " " .76 .40 
309 " " " .44 .34 
310 " " " .13 .13 
311 " " " • 54 .59 
312 " " " .18 .08 
313 " " " .98 .88 
314 " " " 4.40 3.25 
315 " " " Bkgrd(a) .05 
316 " " " .39 . 26 
317 " " " .38 .26 
318 10 ton cylinder UF 6 empty .24 Bkgrd( b) 

319 " " " Bkgrd .01 
320 " " " " .03 
321 " " " " Bkgrd 
322 " " " " " 
323 " " " " " 
324 " " " " " 
325 " " " .04 " 
326 " " " .14 .04 
327 " " " .03 .01 

328 " " " Bkgrd Bkgrd 
329 " " full .67 .16 
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TABLE 5.5-1. (Cont'd) 

Sample Beta-Gamma Alpha 2 ( dpm/cm2) Number Package Type Labeled Contents (dpm/cm ) 

330 " " " .45 .06 
331 " " " .12 .03 
332 " " " 1.18 .17 

333 2.5 ton cylinder UF6 full .05 .05 

334 " " " .47 .14 

335 " " " .59 .18 
336 " " " .165 .63 
337 14 ton cylinder " " 1.46 .80 
338 " " " .02 .15 
339 14 ton cylinder UF6 full 1.58 .54 
340 " " " .28 .08 
341 " " " .03 Bkgrd 

(a) 

(b) 

The average background (Bkgrd) count rate for beta-gamma measurements of 
Yellowcake and UF5 was 172 cpm. 
The average background (8kgrd) count rate for alpha measurements of 
Yellowcake and UF5 was 1 cpm. 
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Table 5.5-2 contains the 2055 frequency distribution data points for 

beta-gamma contamination which were used in this study. The majority of 

the smears (89%) showed contamination levels that were less than 30 
dpm/cm2 beta-gamma, while 65% of the total number of smears measured 

contained less than 10 dpm/cm2• One percent of the smears showed beta-gamma 
activity above the DOT nonexclusive use limits listed in 49 CFR 173. 

The reported surface contamination levels for alpha contamination are 
contained in Table 5.5-3. The amount of contamination found on all 

samples is below the nonexclusive use limit of alpha contamination 
(22 dpm/cm2) by at least one order of magnitude. All of the measured 
samples are also below the 10% relative error detection limit. 

5.5.3 Spent Fuel Cask Surface Sweating 
After decontamination, the removable surface contamination level associ

ated with a spent fuel cask may increase with time by a process known as 

sweating. The amount of this increase is a function of the design of 
the cask surface, the method used for decontamination, and the proper

ties of the radionuclides involved. Our industry contact indicated that 
this problem has been largely brought under control by careful design of 

the surfaces of newer spent fuel casks. We were unable to collect or 
find data that would quantify the amount of increase resulting from 
surface sweating for two basic reasons: 1) during our data collection, 
only a few spent fuel shipments were scheduled, and thus it was diffi
cult to coordinate our data collection trips with these shipments, and 
2) our major industry contact routinely decontaminated cask surfaces 
upon receipt to remove road dirt, and thus the actual level upon receipt 

prior to decontamination was not recorded. Also, our industry contact 
routinely decontaminated cask surfaces before release from the site to 

a factor of 10 below current limits. This was done to help avoid any 
problems that may result from surface sweating. 

Even though we can not make a quantitative statement about the magnitude 
of this problem, our best information from industry sources indicates 
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TABLE 5.5-2 Frequency DistributiQn Data for 
Spent Fuel Shipmentsla) 

SHIPMENT NUMBER 

C~SK TOP 

C>4'SK TOP lS!DEl 

PRESSURE TEST PORT 

PRESSURE RELIEF" PORT 

Ci=IV I TY VENT PORT 

UPPER RUPTURE DI~CS 

C~SK SIDE (UPPER I 

C~SK SIDE tM!DDLEI 

LOWER RUPTURE DISCS 

CASK SIDE (LOWERI 

CASK liAS£ lLEDiiEI 

CASK liAS£ tSIDEl 

DRAIN PORTS 

BASE BOTTOM 

TRUN l ONS: (UPPER I 

TRUNIONS lLOWERJ 

SHIPMENT NUMBER 

C>4SK TOP 

CASK TOP lSIDESJ 

PRESSURE TEST PORT 

PRESSURE RELlEF" 1/AL'>'E 

CAVITY VENT PORT 

UPPER RUPTURE DISCS 

CASK SIDE WPPER:1 

CASK SIDE (MIDDLE:! 

LOWE~ RUPTURE: Dl~CS 

CASK SIDE: (LOWE:R.I 

CASK BASE fLEDGE:J 

CASK BI=!SE (SJDEJ 

DRAIN PORTS 

BASE BOTT0/1 

TRUNIDNS fUPPERI 

TRUN!ONS llOIJERl 

BETA-[,i=!Mt·1R 'dpm/cm2~ 

•1 

5.4 2.2 2.6 

19.9 19.6 26. 

76.4 

79 .5 

J. 0 

2. 7 2. 8 

25.4 19.4 25.3 

79.7 4!.8 57,7 

13 .S Hl.1 

34.8 26.8 37.2 

33.7 21.3 15.7 

60.0 46.4 26.6 

5 ·' 4.0 

16.7 3~.~ 22.5 

•2 

52.6 52,5 75.9 

183.0 52.5 TE.9 

10.9 

10.9 

s .J 

31 • 7 12.3 

126.9 98.5 77.4 

1!4.7 113.8 68,4 

33 .IJ 31 .8 

87.7 78.9 78.8 

48.3 17.5 18.2 

133.8 134.2 145.2 

11.5 18.0 

51,4 30.1 19.1 9.0 

392.7 80.9 398.7 84.0 

., 1 ,I} 20.4 

.287.0 346.1 

., 
5.4 6,3 

12.3 7. 8 

2 .1 

5. 8 

2.2 

2. 7 

"' +. 1 

28.7 29.4 31.6 

21.7 17.1 24.2 

2.' 
25.9 22.6 17.6 

13.5 4,4 5.9 

IlL! 9,1) 5.8 

3 .1 

13. s 7 '-~ 7.2 

7. 3 

5.21 

BETI=I-GAmtH ldpm-'cm21 
•5 

13.0 10.7 17,1 

42,j 19.9 13.5 

4 .2 

6.2 

s. 4 

3 .2 

1 E-. 5 3 .4 
5 ·' 

1 s. 6 6. 7 +.2 

3 .s 
2().6 8.8 6.9 

12.5 20.6 16.1 

24.0 12.8 15.5 

1?. 9 8. 0 

2.4 2. 8 4. 3 

14.7 2. 3 

16. [1 13. ~-

20.5 16.9 ·:•.9 

38.6 -32.8 29.9 

1 . 5 

2 .J 

1.5 

1.5 1.5 

34.9 9.4 13.6 

45.8 17.3 4.5 

7 .0 1.5 

54.4 22.5 16.5 

38.7' 8.3 7.9 

46.2 28.3 15.0 

5. 7 
5 ·' 

15. 1 8. 7' 16.3 

13.3 3'9,7 

4 • ·.• 

3. 7 

2 .5 

'. J 

6. 7 

7. 0 

1. 5 

s. 1 

8.8 

., 
3. 6 

3. 7 

1.5 

2. 1 

e: .e 
1. s 

4. 9 

1.5 

6 .2 I . 6 

6. 7 4. 7 

13.7 E. .4 

5.2 3. -~ 

11. J 7 .8 



TABLE 5.5-2 (Continued) 

SHIPMENT NUr·IBEP 

c~s': TOP 

C~SK TOP ISIDEI 

PRES~URE TEST PORT 

PRESSURE RELIEF PORT 

CAVITY VENT PORT 

UPPER RUPTURE DISCS 

CASK SIDE IUF'PEPI 

C"'SK SIDE IMIDDLEI 

LOWER RUPTURE DISCS 

CRSK SIDE ILOWERI 

C~SK BRS:E ILEDGEJ 

CRS:K BRS:E ISIDEJ 

DRRIN PORTS 

B"'SE BOTTOM 

TRUN!ONS IUPPERJ 

TRUNIONS ILOWERl 

SHIPMENT NUMBER 

CRSK TOP 

C~-SK TOP ISIDEI 

PRESSURE TEST PORT 

11.3 17.9 24.2 

26.8 16 . .; 20.6 

1. 3 

6. 5 

66 .•. 

4 .4 

8.3 22.5 5,6 

14. 1 9 .13 10 .8 

3 ,liJ 2.' 
18.9 14.7 11.7 

27.3 16.7 16.0 

35.5 46.5 51,5 

1121.3 11.4 

7. 5 

29,3 32.9 

23.7 28.3 

112.S 34,4 

322.5 11.6 

26.8 

55.5 

26.8 

PRESSURE RELIEF PORT 8.2 

CRVITY VENT PORT 11.5 

UPPER RUPTURE DISC<; Hl,3 

CRSK SIDE IUPPERI 

C~S:K SIDE IMIDDLEI 

58.2 

57.4 

LOWER RUPTURE DI·>;c.s 59,3 

CRSK SIDE ILOWERI 

CRSK BASE I LEDGE I 

CRSK BRSE IS:IDEI 

DRRIN PORT'> 

25.2 

62 .6 

41 . 7 

7. 7 

12 .s 
29.4 

68."' 

26.2 

18.3 

3S.4 

13.8 

s .0 

I GS .4 

123. '3 

19 .0 

27 .8 

1€. .s 

BETA-•;RMMR ldpm/cm21 

8.5 

6.0 

8. 7 

'3. 8 

3. 8 

l. e 

6. 9 

2.9 

s. 6 

:3.8 

7.' 
7 ·' 
LS 

5. 5 

4. 2 

•8 

4.' 

1.< 

2. 9 

4. 2 

2. 3 

7 .1 

'-' 
7.' 
18.9 

3 .s 

'"' s. 5 

BETR-GRMMR I dpm/c "'2 I 
•11 

5.22 

61 • €. 

73,4 

19 .5 

131 .2 

12.6 

'.e 
69.4 

36.2 

8. 2 

64.? 

18 .s 

21 . 2 

46.S 

32 .1 

12.4 

120.1 23.0 

48.13 10.8 

131 .2 IS .1 

16.5 15.2 

2. 2 

'·' 

'.5 
3. 6 

4. 5 

4 ·' 
4.3 

3 .6 

ss.s 
26.2 

32.4 

24.8 

8.8 

11 . 3 

10 .s 

,, 
II .IJ 9 .2 7, 7 

10.2 11.2 16.0 

'. 7 

16 .0 

13.3 

2. 3 

5. 2 

7.' 
1.8 

1 .4 

6.1 

'·' 
4. 4 

10 .. <: 

14. I 

13,3 7.4 14.3 

10.8 3.2 6.6 

17.4 11.0 15.4 

30,8 7. I 

18 .6 6. 6 

1 7. 9 17. 1 

4 .0 14.4 

96,4 

72 .s 
32. 1 

19.4 

162 .. , 

15.0 

42.4 

28.4 

45.4 

60.8 

S8.6 

8.1 

71.5 

52,5 

43,4 92.6 

41.2 59.9 

135.7 33.2 

26.6 2fJ.6 

'.1 

38.8 

31 • 7 

46.7 

53.8 

?4.8 

2? .1 

23.8 



TABLE 5.5-2 (Continued) 

SHIPMENT HUMBER 

C~SK TOP 4?.6 28.4 

C~SK TOP ISIDEJ 102.6 22.3 

PRESSURE TEST PORT 94.0 

PRESSURE RELIEF PORT 85.3 

C~VITY VENT PORT 49.2 

UPF·ER RUPTUI<E DISCS 40-6.1 34,8 

C~W SIDE IUPPERJ 

C~SK SIDE IMIDDLE) 

42.0 

70.9 

LOWER RUPTURE DISC'S 80.7 

48. I 

50.9 

102.2 

C~SK SIDE I LOWER l 

C~SK B~SE ILED(;El 

C~SK B~SE ISIDEJ 

DR~IH PORTS 

44.7 46.0 

152.0 50.6 

?5.0 55.4 

SHIPMENT NUMBER 

C~SK TOP 

C~SK TOP ISIDEJ 

37.5 

16 .3 

4.2 

PRESSURE TEST PORT 2.8 

PRESSURE RELIEF PORT5.5 

C~VITY VENT PORT 1.3 

UPPER RUPTURE DISCS 18.2 

C~SK SIDE IUPPERJ 15.3 

C~SK SIDE (MIDDLE) 2.5 

LOWER RUPTURE DISCS 15,9 

C~SK SIDE I LOWER J 

Ci=ISK ii~SE ILEDGEJ 

C~SK BI=ISE ISJDEJ 

DRI=l!N PORTS 

Bl'lSE BOTTOM 

H:UNHIONS IUPPEPJ 

TRUNNIONS ILOWERJ 

? . 7 

15 .2 

27.6 

6. 2 

5 ·' 
1.7 

8. 6 

63.6 

•lG 

9.3 

14.6 

2. 2 

12 .4 

10.7 

14 .Ia 

12 .2 

IS.? 

1?.3 

6. 3 

5.7 

18 .4 

2. 5 

28.3 

33.4 

28. 1 

56.5 

59.5 

35.0 

68.7 

3 .2 

IS. 5 

22.7 

22.6 

24 .1 

6.' 

4.? 

BEHI-G~MM~ ldpm/cm2J 
•1< 

96.2 

98.8 

'.3 
4 .I 

19 .I 

92,4 

35.4 

154.9 ??.6 

41.3 

51.9 

15 .2 

74.4 

171.8 72.8 

95.7 

71 .2 

28 .1 

88.8 110.2 69.8 

70.8 12.3 25.3 

161.3 28.2 31.9 

4 .4 25.5 

BEHI-G:~MM~ ldp~/cm2J 

•17 

5.23 

13 .5 

10.5 

10.5 

? .5 

4.5 

4.5 

? . 5 

I 0, 5 

? .5 

13 .5 

16 .5 

34.5 

10.5 

I 0 .5 

4 .5 

4. 5 

22.5 

7 .5 

7 .5 

4.5 

7 .5 

4. 5 

1 a. 5 

? .5 

16.5 

4. 5 

? .5 

4. 5 

4 ·' 

UL5 

19.5 

IlLS 

7.5 

7. 5 

4 .5 

4 .5 

22.5 

25.6 

92.0 

54.1 

30.4 

38.4 

28 .6 

•15 

143.7 112.6 

142.4 :209.2 

91 • 4 

442.9 281.4 641.6 

543.8 377.3 497.2 

28.4 !59.2 

781.2 701 .1 592 .a 
529.1 90.3 51.7 

468.8 309.5 333.? 

34.4 

3.5 

8. 5 

'·' 
2 .6 

3. 5 

1.6 

1.0 

2 .2 

.I 

'.3 
1.2 .., 
9.3 

'.? 
1.3 

.8 

17.4 

•18 

2. 4 

4. 3 

I .3 

'·' 
2. I 

.8 

2.8 

2. 9 

4. 4 

1.8 

'·' 

2 .e 
:2.3 .2 

2.4 

2. 7 

1.9 

.., 
1.8 

3 .I 



TABLE 5.5-2 (Continued) 

BETI=I-•;I=IMI11=1 rdp"'/c m2l 
SHIPMENT NUMBER •I '9 '" •21 

CI=ISK TOP 16.4 62.2 75.5 1.5 1.6 1.4 32.6 43.0 24.5 

CI=ISK TOP tS!DEl 35.7 39.5 32.:" 2.4 1.? 2 .4 143 ,4 64 '·~ 79 . .2 

PRESSURE TEST PORT '.4 2 '2 1 >). 9 

PRESSURE RE:LIEF PORT 12 .9 ·' 15.6 

CI=I'Y'ITY VENT PORT '·' 1 • 6 '·' UPPER RUPTURE DISCS 7 .1 1. 5 1. 6 2.8 4 .2 5. 4 

CI=ISK SIDE tUPPER I 34.9 22.4 41 • 7 1.7 ·' 1.6 167,7 613.0 Ul6.3 

CASK SIDE CMIDDLEl 801.8 47,7 45 .1 2 .5 1.3 1 • 3 174. s 56.7 110.3 

LOWER RUPTURE D ncs '. 5 6 ·' 
1.2 1.0 27.8 ?.2 

CI=ISK S iriE I LOWER I 21 '7 63.3 :<4. 4 1.7 1. 6 1 • 3 205.2 1'3.2 11.1 

CASK BI=ISE CLE:DGEJ 68.7 58.9 41 . 3 1.8 1.$ 1.5 103.3 2. 5 3. 6 

CI=ISK BI=ISE IS I DEl 15.2 12 .6 25.2 '. 5 2 .3 1.1 188.8 7. :< 9. 8 

DRI=I!H PORTS 12.7 6. 8 2. 5 2. 1 90.13 32.4 

BRSE BOTTOM 27,7 21L 1 19.5 1 .• 1.4 I .45 26,9 16 '4 27.8 

TRUNNIONS WPPERl 12.6 30 ..• '"' 1.4 15.8 13.9 

TRUNNIONS I LOWER I 6 .3 ,., 1.4 1.4 19 .e 2S.2 

BEn:l-i;~MM~ I dp!IJ/012 I 

SHIPMENT HUMBER •22 ., 
C~SK TOP 10s .e 93.6 93.8 13.2 10.9 12.8 

C~SK TOP IS I DE I 118 .3 19 .2 3S. 1 51.5 '·' 18.3 

PRESSURE TEST PORT 17.2 92 .b 

PRESSURE RELIEf PORT 6 .5 '·' 
C~VITY VE!H PORT '·' 9.5 

UPPER RUPTURE DISCS 36.? 13 .3 '·' 5.? 

c~s~ S !IIE tUPPER I 81.? 6E: .6 '.' ? .4 19.6 14.4 

c~.:K 21DE I ~II DOLE) p.0 6S.O 97.3 22. 1 30.? 21). 8 

LOWER RUPTURE Dl SCS 22.5 HI .1 '·' 14.2 

C~SK SIDE tLOWERJ u.s 22.3 32.0- 26.1 36.4 19 .6 

C~SK Ii~SE tlEDGEl 42.9 15 .9 18.2 21),6 19 .2 II .9 

C~SK B>iSE (SIDE I 113.7 19.8 16. s 44.8 6. 2 s.? 

DR~!H PORTS 25 ·I 8. 2 '.' 2. 2 

5. 24 



SHIPMENT HIJMEER 

HEAD 

CASK TOP t SIDES 

CAVITY VENT PORT 

2 .8 

"' 
3 ·' 
3 .3 

PRESSURE RELIEF PORT5.4 

PRESSURE TEST PORT 3.0 

SIDES lUPPERl 2. 7 

UPPER RUPTURE DISC 1.? 

SIDES CMIDDLEI 

SIDES CLOWERI 

5 ·' 

'·' 
LOWER RUPTURE DISC 2.9 

BRSE lLEDGEI 

BASE lSIDEI 

ORRIN PORT 

BASE CBOTTOMI 

TRUNIONS lLOWERJ 

TRUNIONS lUPPERJ 

SHIPME~lT NUMBER 
' 
HEAD 

CASK TOP & SIDES 

CAVITY VENT PORT 

PRESSURE REL l EF 

2.1 

'·' 
3 ·' 

2 '' 
1.2 

8 '9 

2 '5 

3 '3 
2 .8 

3 '' 

P?E'SSURE TEST POPT 3.2 

SIDES CUPPERI '·' 
UPPER RUPTUPE D l2C 3. 4 

SIDES lMIDDLEJ 

SIDES lLOLJERJ 

2 '8 

3, I 

LOWER RUPTUf;'E DISC 3.3 

BASE lLEDGEJ 

BASE lSIDEI 

DRAIN PORT 

BASE lBOTTOMI 

TRUNIONS lLOIJ(i<l 

TRUNJONS lUPPERI 

3 '3 

4. s 
I , 9 

2 .6 

1.1 

2.0 

5 '5 

4. 3 

2 '9 

2. 4 

2 '' 

3 '' 
3 '7 

2.? 

2 .4 

3. 3 

2. [1 

3 '7 

3. 7 

2 ., 

3. 8 

11.? 

'·' 
2, I 

3 •. '. 
2. 2 

2 .0 

TABLE 5.5-2 (Continued) 

3 .s 
'.8 

2 .s 

2 .3 

3 • ., 

2. 3 

1.1 

4. 6 

6 .2 

'' 3 

l.l 

3 '2 

3.? 

2. 2 

3, I 

3 .6 

BET>l-G~t·IM~ ldpmrcm2J 
•25 

s. 7 

3. 5 

1.7 

1 .2 

1 • ' 

'.8 

3.5 

2, I 

2 ' ' 

14.9 18.1 14.4 15,8 

I.S 
3 ,, .. , 
1.1 

,2 

7, I 

',8 

I. I 

'·' 
14.9 

11.5 

15.4 15.1 13,6 8.7 

2, I 3, I 

s.s 6.3 11.8 8.1 

20.5 !5.! 14.2 14.5 

3 .8 "' 
14 .s 3. 9 5.3 "' 
1.5 II .I 14,7 10,5 

"' 
2 '3 

"' I, 3 

11 '0 9. 2 

2 '8 2 ,, 

'' 0 
I .9 

BETR-GAI·IMA ldpmrcm2) 
•28 

.2. 3 

2 .8 

,3 

1.8 

1 .2 

2. 3 

2 .<! 

7 '8 

•. ' . ·-
3 .:3 

5.25 

3 ', 

2. 6 

3. I 

2.4 

7 -•" 

l '8 

2 .I 

3.5 

5, I 

"' 
2 .5 

1.5 

2. 4 

3, I 

1.5 

5.7 

3.? 

4. ~. 

'' 8 
2 .3 

1.8 

3, I 

1 . 3 

' ' 7 

5. '? 

2.9 

2 '9 

.2. 3 

2. 9 

2 .0 

2.9 

2 •. , 

3 '2 

3.0 

5 ,, 

3 .6 
s ,, 

2.? 

"' 

"' 
3 '' 

3, I 

1.3 

"" 
8. 6 6.? 7 .2 

12.1) 13.0 3.9 

Hl.9 5.3 5.? 

110 .s 
<,I 

u 

3 .8 

4. 2 

12.1) 6.6 12.1 10.3 

2, I 

15.3 6.2 10.9 5.8 

18.9 8.3 12.9 8.9 

2, I '·' 
14.5 7.5 11.6 6.9 

21.? 16.2 17.1) 16.8 

7 .:; 

7 ,I) 

7 .8 

2 ,, 

2. s 
<,I 

4.? 

2 '8 

I , < 

"' u 

8 •• 

9 .3 

1.6 

2 '0 

4,2 4.9 

5.8 

3. 5 2. 0 

2.? s '5 

7.? 6 .I 

s.? ? .2 

18 •. , 5. 0 

3 '8 2 .1 

8. 3 

1.6 

17.7 

2.' 
II . 4 

15.8 

10.2 14.8 ?.4 

21).7 12.8 9.4 

5,2 

7.9 16.1 4.0 

11,4 12.:< 17.5 

1.1 

2.4 1.5 1.7 

1.9 2.4 "' 



SHIPMENT NUMBER 

HEAD 3.3 

CASI( TOP ii. ;IDE~ 1.1 

2. 0 

3 '• 
'" 

PPE:SuRE TEST PORT3.~ 

SIDES liJPPERI 

UPPER RUPTURE DISC6.0 

SIDES lMIDDLEl 1.9 

1.7 

LOWER RUPTURE DISC3.9 

BASE lLEDGEl 

BASE rSIDEl 

DIHIIN PORT 

BASE IBOTTO~IJ 

.. , 
'·' 
3.' 

TRUNION':: ILOWERI 2,5 

TPUfi!OfiS I UPPER' 2.2 

SHIF'MEtH IJUMBER 

HEAD 1 • 5 

SASK TOP ~ SIDES 1 .5 

3.9 

CHV!TI' \IEIIT PO!<T 1.5 

PRESSURE RELIEF 1.5 

PRE:~UPE TE:T PORT !,S 

SIDES IUPPERI L5 

UPPER RUF'TURE DI?C 1.6 

SIDES i~IIDDLEI 

SU.E> ILOIJERJ 

1.6 .. , 
LOOtER RUPTURE DISC 1,3 

BA~'E IS IDE I 

DRAHI PORT 

BAS( IBOTTmtJ 

TRUI; I IJ!C: I LO"JER I 

TPIJII!Otl: II_IPP£F·) 

L5 

L5 

1 • s 

L5 

1. 5 .. , 

3 .2 

2 .s 
3 .2 

2.' 

3 .2 

2.1 

2.' 
L1 

1 . 3 

2 '4 

1.? 

1.8 

1 . s 

2 .4 

t.;:. 

2.0 

3. 5 

1 • 6 

1 • 7 

LS 

I.S 

L5 

L5 

TABLE 5.5-2 (Continued) 

3 .a 
1 .s 
3 .3 

.. , 
3. 2 

L8 

BETH~GHI1~1A ldpm. cm2J 
•31 

10.9 ... 
2.' 

I .8 

2. 3 

3.5 

L3 

"' 
u 

13 .6 

5.' 
1. 6 

5 .1 

'.' 
•. 5 

L3 

8 .5 

L3 

L3 

3.2 

2. 3 

2.5 

s' 2 

• • 2 

1.7 

1 • 5 

2. 6 

1 • 3 

3. 4 

5. 1 

1 . 3 

2. 8 
5 .• 

3 .8 

J 'Cl 

3. 2 

.. , 
3. 3 

I .7 I .7 2.7 4.7 2.2 6.3 

2.' 
3 .6 

3. 2 

3. 8 

'·' 
5. 3 

2 .5 

10.4 l . 3 

L3 

3. 7 

'. 4 

16 '2 4. 7 10 ,4 9 .6 

2 .6 .. , 
1. s 

2. 3 

L5 

1. 5 

BETA~GAI·IMH ldpm-'cm2, 

'" 
2, I 

l . 6 

6. s 

1 . 6 

2. 3 

3 .1 

.. , 
1 • 5 

1. 5 

1 's 

1. 5 

1.5 

L5 .. , .. , .. , .. , 
.., 
2' 2 .. , 
L5 

L5 .. , 
1.5 .. , 
L5 .. , 

5.26 

.. , .. , 
L5 

LS 

L5 .. , 
I .S 

1 .5 .. , .. , .. , .. , 
L7 

2 .1 

1.5 

1.5 

1.5 

l.S 

1.5 

I.S 

1.5 

1.7 

1. 5 

'. 9 

2.' 

1.9 

l.S 

1.5 
1.5 

I .5 

1.5 

1 .5 

I , 5 

1.5 

1.5 

1.8 

1.7 

L3 

3.' 
' .. 
11 .8 

7. 7 

1.2 

3 .2 

3.' 
1.7 

8 •• 

2. 7 

7 ·' 

'·' 
3 .3 

3. 9 

2.9 2.2 

1.1 1.4 

3 .2 2 .I 

1 .s 3 .e 

' .. 
2. 2 2. 3 

2. 6 4 .6 

3.' 
8. 9 2 '9 

5. 7 2 .9 

'·' 
1 .a 4 .4 

'.1 
I £1.7 2. 9 

'" 
65.5 16.? 3.4 

5. 1 

4.7 

'. 7 

3. 7 

2.' 
3 .8 

2. 8 

4. 4 3 '4 

2tl.S 4,5 

Eo .s a. e 

4.' 

1 . 1 

1.' 
<.3 

'.' 
2. 7 

6.2 

.. , 
2.' 

'·' 
9.7 
17 .I 

5 .8 

3.' 1121.1 11.4 s.a 
7.1 

3.' 
4. 7 

lf''l. 9 9 • 4 

'.' 
5.8 5.4 

'. 9 

5. s 
13.3 19.2 E..4 

16 '0 2 ,4 

4.' 
5 .8 

5. 7 

6 '9 s. l 

'. 4 

1 .s s .e 2.' 



SHIPMENT NUMBER 

HEAD "' 
CASK TOP ~ SIDES 1 . 3 

4 ·' 
CAVITY 'lENT PORT 2.3 

PPESSURE RELIEF 1.3 

PRESSURE n:::;r PORT 1.3 

SIDES tUPPER l 

UPPEP RUPTURE DISC 1, 3 

SIDES lMlDDLEI 

SIDES (LOWERl "' 
I ,3 

LOWER RUPTURE DISC 1.3 

BASE lLED~El 

BASE lSJDEl 

DRAIN PORT 

BASE lBOTTOMl 

TRIJNIONS tLOWERI 

TRUNIOHS tUPPER) 

SHIPMENT NUMBER 

L3 

•. 3 

LJ 

7. 3 

L3 

HEAD S.3 

CASK TOP~ SiDES 2.6 
L6 

CAVITY \lENT PORT 4.4 

PRESSURE RELIEF 4.6 

PRE'SSURt TEST PORT 2, 9 

SIDES lUPPERl "' 
UPPtR RUPTURE Dl'SC4.2 

SIDES tMIDDLEI 

SIDES (LQI·IERJ 

2.' 
2 ·' 

LOWER RUPTURE DISC2.3 

BASE tLEDGEJ 

B!=ISE (SIDE\ 

DRAHI PORT 

BASE tBOTTOMl 

L8 

8.' 
3 .2 

3. 2 

TRUI<IONS tLOWERJ 5.9 

TRUN!ONS (UPPERl '>,4 

TABLE 5.5-2 

"' 
L3 
2. 3 

L3 

L3 

Ll 

L3 

L3 

1.3 

1.3 

"' 
2. 6 

3 .5 
2 ,5 

1.3 

1.3 

L4 

Ll 

1.7 

I. 7 

., 
2 .2 

3 .2 

3.' 

... 
'-' 
2.0 

3 '3 

4. 7 

7. 3 ... 
3 .I 

3. 2 

3 .2 

7.3 
2 .5 

2 .8 

2. 2 

2. 7 

2. 6 

3 •• 

'. 3 

1.3 

1.3 

1 .8 

L3 

L3 

2 .2 

"' L3 

3' 6 

3. I 

.. , 
2. 9 

3. 3 

2 •• 

(Continued) 

13 .0 2 .8 2. 4 3. 7 

8 .s 7. 2 16.9 16 '6 

2 ·' 5 ·' 
5. 8 5 '3 

5 .8 21.2 20.9 12,9 

"' 3. 4 

4.7 20.3 16,7 IS,O 

10,3 17.5 17.9 14.2 

2 ·' 
5. 2 

3. 7 .. , 
• • 7 

4 ·' 
2 .a 

2. 6 

3 .2 

•. 3 

12 .a 
16 .•. 

3 ·' 
2 •• 

5. 7 

?.3 

7 .• 

5. 5 

L4 

6.' 
7. 2 

3 .3 

2 •• 

4 .2 

2 ·' 

5. 2 9. 3 

15 '8 3. 7 

3. 4 3 .6 

"" 
2.$ 2.8 4.4 

6,3 19.2 9.1 

17.6 5.2 2.4 

'. 5 ' .. '·' 
19,5 

12.0 10.1 8.8 

7 .3 

7.' 
I:;. 4 13. ':l 

12.7 15.5 19.4 5.8 

'.8 11.6 9. I 

12 .6 9' 8 

7 .0 

7. 7 

2.4 

'. 2 

7.2 

3.' 

8.' 

2. 7 

8. 0 

5.27 

3 ·' 

'. 5 

., 
5' 1 7 '3 

2 .0 5 .5 

10.-1 5.7 5,5 

7 '7 

1. 7 ... 
.. , 
5 •• 

2. 7 

5 .3 .., ... ... 
3.0 

•. 2 

'·' 
2 '3 

'.s 

2 .5 2 .2 

L4 

1 .5 3. 7 

3. 5 2. 6 

•• 4 

1 . 7 4, I 

2.8 1.7 ... 
1 .4 1 ,4 

2 ·' 
2 .e 3, 1 

5.0 7,6 

3. 6 7 ,4 

6. I 7 .S 

14. I 7 .3 

7 •• 6 ,0 9. 7 

'·' 
3. 8 

L3 

L8 

"' 
4.4 

L4 

L4 

L5 

11.3 

3 '2 

'·' 
'·' 

20.1 16.2 17.6 14.8 

12.2 3,6 

5.7 15.3 5.7 

26.9 10.1 17,4 B.l 

14.4 3. 9 

6. 5 7,6 13,7 5.8 

11 . 3 12 .s 



TABLE 5. 5-2 {Continued) 

BtHI-G~MM~ ( dpm --c m2 J 

SHIPM(HT HUMBtR 

HtRD 4.6 2.4 

CRSK TOP 1i. SIDES 3.4 6,5 

10 .6 7. 9 

CR\J IT\' \JEHT PORT 2, 7 

PRESSURE RELIEF 17.5 

PRESSURE TEST PORT 7.4 

7 .a a1. 7 

4. 3 6. 4 

13.5 8 .4 

SIDES WPPERJ 15.8 1e.s 1s.0 9.7 

UPPER RUPTURE D I :::c 3.1 4. 4 

13.121 9.6 8 .I 12.8 SIDE'S (MIDDLEl 

SIDES (LOWEI<l 20.3 18.5 12.8 7.1 

LOWER RUPTURE DISC 13,0 5,4 

BRSE tLEDGEl 

BRSE tSIDEl 

ORRIN PORT 

BRSE tBOTTOMl 

TRUHIOHS tLOWERJ 

TRUHIOHS tUPPER) 

5. I 

4.' 
1!.3 9.8 

21,4 7. I 

12.6 13.8 

8. 7 

5 .I 

'·' 

82 

2.3 

8.4 

3.' 

4. 4 

16. e 

14 .o 

5 .o 

3. 2 

9. I 

'.4 
., . 8 

'. 8 

'.5 

5. 7 5. 8 

13.2 2 ·• 

s .3 3. :' 

1 e .0 7. 5 

19. I 11.1 

5. I 

8.? 

'·' 
8. 2 

'.' 

3. 8 

4.' 
7. 3 

13 .I 8. 6 

4.3 

5.9 
4 ·' 

7 ·' 
4. 8 

7. 9 

3. 5 

6. 3 

5.8 

8. s 

3. I 

4. 5 

8 .9 

6.5 

8. I 

5. 5 

4 .8 

6. 5 

5 ·' 

8 .8 

SHIPMENT NUMBER 
BETR-GRMMR tdpm/cm2J ... 

HERD 5.1 

CRSK TOP & SIDES 7.0 

CRV!TY \JEHT PORT 11.3 

PRESSURE RELIEF 9.1 

PRESSURE TEST PORT13.7 

7. 2 7.1 

11.5 9.6 

5.3 

16.9 

S I DE:S ( UPPE:R J 16,1 18.5 18,4 15.9 

UPPE:R RUPTURE DISC'.9 .I 6.4 

SIDES tMIDDLEl 

SIDES tLOWEI<l 

!2.4 13.1 20.2 13,0 

17.9 II ,2 17,2 16.6 

LOWE:R RUPTURE: D!SC11.1il 6.1il 

BRSE tLtDGtl 

M:>E iSIDEJ 

DRAIN PORT 

BRS£ IBOTTOMJ 

16.8 12.4 12.2 13.6 

15 .lil 9. 0 18.13 13.7 

13.6 14,5 

'·' 16,0 15.8 IS,4 

TRUNIONS ILOIJE:Rl 8.1 llil. 5 

TRUNIOHS IUPPERJ 2.0 '·' 

I ,3 3.4 5,7 13.4 4.4 
I.S 6.5 I ,3 10.1 10,8 
16,9 3.1 14.4 6.0 13.1 

4 .3 

11 .3 

'·' 11il. 2 

16.2 6 .9 

'. 3 4 .I 

5 .• 
6 ·' 

6.5 6,8 7.3 8.8 9.1 

15.1 3.3 7.6 10.8 4.9 

'. 6 

4 .3 7. 2 12.7 3.9 

2.9 5.8 13.8 2.4 2.8 

J I , s 14 .6 

2.6 t.S 4,8 2.2 1,8 6.1il 

2. 9 

'.' 

5.28 

... 
4.0 6.1 5.53 

6,8 13.7 7.2 

13.8 7.2 16.7 

12.9 

16.5 

19.3 

6.8 12.6 

3. 6 '. 7 

IS .. :: 14.2 8.6 16 • .3 

19.5 6.9 18.6 11,6 

5. 5 ?.6 14.7 4.7 

8. 3 9,5 6.9 5.3 

21il. 9 9. 7 

4. 8 

4 .I 

3. 2 3. 1 

5 .I 

3. 7 5.6 18,7 8.7 

.., 
12.1 16.0 10.6 10.4 

13.2 4.7 9,6 10.7 

4.6 :.2 20.1 7,6 12.9 

1 s. 1 

I 7. 3 

19 .3 

14.9 13.5 11.9 s.o 

5 .3 11 .o 
12.4 o .. e s.• 
•. 5 5 '8 3 ,2 

4.2 13 .2 

5.0 

5 .I 

16.0 11.7 10.6 llil.l 

8 .6 

3. 0 

5. 9 

13.2 6 ,lil 

18.8 

4. 8 6. 8 

11.2 20.8 

2. 6 7 .o 

8. 9 

8 .s 



TABLE 5.5-2 (Continued) 

BE:Hl-•;>111~11'1 1 dpm 'C rr, 2 l 

SHIPMENT HUMBER '" 
HE I=! !I 2. 7 :2.7 3. 1 2. ;" 

C~Sf TOP ' $1 DES 7. 0 5.' .., '2 i: . 3 ... '. 7 

Cl'l\,' I TY VENT PORT 19 ,4 

PRE:O:URE RELIEF PORT '·' 
PRE<:::URE TE:ST F'ORT 13 .1 

SIDES CUPF'ERl 4. 3 10 .6 '.6 8 ,3 

UPF'EI? I::UPTURE DISC PORT 2 .6 '·' 
SIDES lMlDDLEl 16. so lS .6 5. 8 5. 7 6. 0 14 .4 10 .9 14.0 12.6 

SIDES (LOWER I 13.2 9. 0 '.' 8.1 

LOWER RUPTURE DISC PORT '. 8 10 .4 

B>ISE ILEDIOEl '·' '·' 8. 7 7 .3 

BI=ISE lSI DEl '.1 7.4 7 .2 11.0 

DRAIN PORT 12.0 4. 3 

BRSE IEOTTOMJ 8. 3 7 '.3 '.1 '·' 
TRUN!ONS CLOWER I 8. s 12 .a 
TRUHIONS: CUPPERl 3.5 1.5 1 • 7 

(a) The data was obtained from industry records for 48 spent fuel cask 
shipments between 1978 and 1980. 
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TABLE 5.5-3 Frequency Distribution Data for 
Spent Fuel - Alpha 

SHIPMENT NUMBER 2 

CI=ISK TOP < 34 34 

CASK TOP ($!DEl <34 ~31 

PRESSURE TE~T PORT <34 <31 

PRES'>URE RELIEF PORT <34 <31 

CAVITY VENT PORT <34 <31 

UPPER RUPTURE DISCS <34 <31 

CASK SIDE CUPPERJ <34 <31 

CASk SIDE IMIDDLEl <34 <31 

LOWER RUPTURE DISCS 

CASK SIDE !LDWERJ 

CASK BASE ILEDG:El 

CASK BASE !SlDEl 

DRAIN PORTS 

BASE BOTTOM 

TRUNNIONS IUF'PERJ 

TRUNNIONS !LOWERl 

SHIPMENT NUMBER 

CASK TOP 

CASK TOP (SIDE l 

PRESSURE TEST PORT 

<34 

< 34 51 

<34 <31 

<34 (3 1 

<34 (31 

<34 <3 I 

34 <3 I 

51 85 

(47 (13 

(4 7 <1 3 

<47 <13 

PRESSURE RELIEF PORT <47 <13 

CAVITY \lENT PORT (47 (13 

UPPER RUPTURE DISCS (47 <13 

CASK SIDE !UPPER! <47 <13 

CASK SIDE (MliiDLEl <47 <13 

LOWER RUPTURE DISCS <47 <13 

CASK SIDE ILO~JEPl (47 <13 

CASK Bt!SE !LEDG:EI <47 <13 

CASK BtiSE iSIDEI <47 <13 

DRAIN PORTS <47 <13 

BASE MTTOM 

TRUNNIONS IUPPERI 

TRUNNIONS (LOWERI 

3 

( 21 

'21 

( 2 1 

'21 

<21 

<21 

<21 

<21 

1 s 

< 13 

<13 

<13 

( 13 

<13 

<13 

m 

< 13 

<13 

( 13 

< 13 

ALPH~ CONTAMINIATION 
4 5 6 7 

<21 

<Zl 

(21 

<21 

<Zl 

<21 

( 21 

<21 

<21 

ND 

'" 
ND 

"' 
ND 

ND 

"' ND 

"' 
"' 
ND 

ND 

ND 

ND 

<21 

<21 

(21 

<21 

<2.1 

<21 

<21 

(21 

<21 

<21 

..: 21 

<21 

<21 

<21 

31 

< 21 

<Zl 

<Zl 

<Zl 

ALPHA CONTAMINIATION 
16 17 18 19 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

<21 

< 21 

<21 

(:21 

<Zl 

<21 

( 21 

<21 

< 21 

<21 

< 21 

<21 

< 21 

<:::I 

5.30 

ND 

ND 

ND 

ND 

ND 

ND 

"' 
"' 
ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

'" 
ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

(dpm/100 cm 2l 
8 9 

01 

<31 

,. 31 

01 

<31 

<31 

~ 31 

<31 

<31 

<31 

<31 

<31 

<31 

<31 

<31 

01 

<31 

< 31 

<31 

<31 

01 

<31 

<31 

01 

<31 

(dpm/100 cm2) 
20 21 

ND 

ND 

"' 
ND 

ND 

ND 

"' ND 

ND 

ND 

ND 

ND 

"' 
<2 1 

"' 

<31 

<31 

<31 

<31 

<31 

<31 

'" 
<31 

<31 

" 
<31 

<31 

<31 

<31 

<31 

<31 

<13 

<13 

<13 

<l3 

13 

<11 

<13 

<13 

<13 

<ll 

(13 

<13 

22 

<ll 

m 

<13 

<13 

<13 

13 

<13 

"' 
<13 

(13 

<13 

<13 

<13 

" 
ND 

ND 

ND 

ND 

"' ND 

'" 
ND 

ND 

ND 

ND 

ND 

23 

< 13 

< 13 

( 13 

( 13 

<, 13 

<13 

<13 

< 13 

12 

1' 

' 

' 
6 

' 

' 
<6 

6 

' 



~HIPMEHT HUMBER 2S 

HE~D ND 

CRSK TOP RHD SIDES HD 
'" 
'" 
"' 
<21 

C~V!TY VENT PORT ND 

PRE~SURE RELIEF ND 

PRESSURE TEST PORT ND "' 
SIDES IUPPERl ND 

UPPER RUPTURE DISC ND 

SIDES IM!DDLEl 

SIDES ILOWERJ 

ND 

ND 

LOWER RUPTURE DISC ND 

BRSE (LEDr.;El ND 

BR~E ISIDEl ND 

DRR1N PORT HD 

BRSE IBOTTOMl ND 

TRUNIONS ILOWERl ND 

TRUNIONS IUPPEP1 t-ID < 21 

SHIPMENT NUMBER 

HERD <21 (21 

C~SK TOP ~\lD SIDES <21 <21 

C~\IITY \lENT PORT 

PRESSURE RELl EF 

<21 < 21 

(21 (21 

PRESSURE TEST PORT < 21 ( 21 

SIDES (UPPERl <21 < 21 

UPPER RUPTURE DISC <21 <21 

SIDES lMIDDLEI 

SIDES (LOWERl 

< 21 <21 

< 21 < 21 

LOWER RUPTURE DISC <21 <21 

BRSE lLEDr.;EJ 

BRSE ISIDEl 

DRRIN PORT 

B~SE (BOTTOM I 

TRUNIONS ILOWER) 

TRUN!ON? IUPPERI 

<21 <21 

<21 <21 

(21 <21 

< 21 < 2! 

(21 <21 

<21 <21 

TABLE 5.5-3 (Continued) 

ND 

ND 

'" 
'" 
ND 

ND 

ND 

" 
ND 

ND 

" ND 

ND 

ND 

'" 
ND 

"' 
'" 
"' 
"' 
"' 
"' (16 

< 16 

"' 

"' 
< 16 

~LPHR COHT~MII,~TIO\l (dpm/100 cm2) 
27 28 29 30 31 32 33 

ND 

ND 

ND 

ND 

'" 
ND 

ND 

ND 

ND 

'" 
ND 

'" 
ND 

NO 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

'" 
ND 

ND 

<13 

< 13 

<13 

<>3 

<13 

< 13 

<>3 

< 13 

"' 

ND 

ND 

'" 
ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

RLPHR CONT~MINRTI0!1 

40 41 42 43 

ND 

ND 

'" 
'" 
ND 

'" U[l 

'" 
"' ND 

'" 
"' 
ND 

'" 
'" 

ND 

ND 

ND 

ND 

ND 

ND 

'" 
'" 
ND 

'" 

(25 

"' 
<25 

(25 

(25 

'" 
<>6 

"' 
"' 
"' 
"' 
"' 
"' 
"' 

ND <25 (16 

ND <25 <IE.. 

N[l <25 (16 

ND <25 <ItS 

UD (25 (16 

ND <25 11D 

"' 
< 21 

< 21 

< 21 

< 21 

< 21 

< 21 

< 21 

<21 

"' 
< 21 

<32 

< 32 

<32 

<32 

<32 

'32 

<32 

<32 

{21 

"' 
~ 21 

<21 

< 21 

~ 21 

<21 

< 21 

<21 

< 21 

<32 <21 

<32 <21 

02 <21 

<32 <21 

< 32 < 21 

(dpm/100 cm 2) 

44 45 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

NO 

ND 

ND 

ND 

ND 

NO 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

'" 
'" 

< 22 

<22 

< 22 

< 22 

< 22 

< 22 

<22 

< 22 

< 22 

<22 

32 

< 22 

< 22 

34 

w 
< 21 

<21 

< 21 

'21 

<21 

( 21 

< 21 

<31 

"' 
<21 

<21 

47 

'" 

"' 
<14 

< 14 

< 14 

"' 
<>4 

"' < 14 

< 14 

'" 

'" ND 

ND 

NI• 

ND 

ND 

ND 

ND 

'" 
ND 

ND 

ND 

'" 
ND 

ND 

48 

( 23 

"' 
<23 

"' <23 

< 23 

"' 
<23 

<23 

<23 

<23 

< 23 

<23 

(a} This data was obtained from industry records for 48 spent fuel cask 
shipments between 1978 and 1980. 
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that it is not a major problem at the current DOT limits for newer 

casks. It was not possible in this study to collect enough data on this 
problem to determine the impacts of reducing the current DOT limits. 

5.6 Low-Level Radioactive Waste 
One hundred and sixteen smear samples were obtained from low-level 
radioactive waste containers. The containers ranged from steel drums~ 
to overpacks, to plywood boxes. The amount of surface contamination 

found is recorded in Table 5.6-1. The smears with the highest contami
nation levels had beta-gamma activities of 1.23 dpm/cm2 and 0.52 

dpm/cm2, the largest of which is still about 170 times below the cur
rent DOT limits. No appreciable alpha contamination was found on any 
of the smears. The greatest amount of alpha activity found on a smear 
was about a factor of about 2000 times less then the current DOT limits. 

5.7 Frequency Distribution Summary 
Removable surface contamination frequency distributions are plotted in 

Figures 5.7-1 through 5.7-10. These plots show the number of smears 
versus the removable surface contamination level in disintegrations per 
minute per cm2 of surface area. For radiopharmaceuticals, the remov

able alpha contamination frequency distribution is plotted in 
Figure 5.7-1~ and the removable beta-gamma contamination frequency dis
tribution is plotted in Figure 5.7-2. All of the measured data are 
below the 10% relative counting error associated with the detection 
system, which is two orders of magnitude below the current DOT limit. 

The frequency distributions for industrial sources are shown in 
Figure 5.7-3 for alpha and in Figure 5.7-4 for beta-gamma. Again~ all 

of the measured data was below the 10% relative counting error detection 

limit for the instruments. In fact, for the highest beta-gamma measure
ment (0.14 dpm/cm2) to have been considered significant (with a 10% 

relative counting error), about 50 minutes of counting would have been 

required. 
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TABLE 5.6-1. Frequency Distribution Data for Low-Level Waste 

Sample Beta-Gamma Alpha 2 2 Number Package Tyee Labeled Contents ( dem/cm l ( dem/cm ) 

1 Type A overpack LSA .12 Bkgrd( b) 
2 " " .01 " 
3 " " .12 " 
4 " " .35 " 
5 " " .16 " 
6 " " .06 " 
7 " " .29 " 
8 " " 1.23 " 
9 " " .17 " 

10 " " .12 " 
11 " " . 23 " 
12 " " .04 " 
13 " " .52 " 
14 Barrel drum LSA .13 " 
15 " " .07 " 
16 " " .07 " 
17 " " .07 " 
18 " " .10 " 
19 " " .01 " 
20 " " .07 " 
21 Plywood Box LSA .06 " 

Bkgrd( a) " 22 " " 
23 " " .01 " 
24 " " .02 " 
25 Overpack .02 " 
26 " .04 " 
27 " .08 " 
28 " .01 " 
29 " .07 " 
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TABLE 5.6-1. (Cont'd) 

Sample Beta-Ganvna Alpha 
Number Package Type Labeled Contents (dpm/cm2) (dpm/cm2) 

30 " .03 " 
31 " .05 " 
32 Barre 1 drums LSA .07 " 
33 1111 " .OJ " 
34 " " .05 " 
35 " " .02 " 
36 " " .03 " 
37 " " .04 " 
38 Barre 1 drums LSA .09 Bkgrd 

39 " " .06 " 
40 " " .OJ " 
41 " " .05 " 
42 " " .OJ " 
43 " " .05 " 
44 " " .02 " 
45 " " .09 " 
46 " " .04 " 
47 " " .05 " 
48 " " .03 " 
49 " " .02 " 
50 " " .OJ " 
51 " " .OJ " 
52 " 3H I4c 32p (.OOJCi) Bkgrd " • • 
53 " 3H,14c,1251 (.003Ci) .01 " 
54 " 3H -3 (.9x10 Ci) Bkgrd " 
55 " 129!,57Co (3 ~Ci) .06 " 
56 " 3H 14c 32p (.001Ci) .02 " • • 
57 " 3H 14c 1251 ( .003Ci) .06 " • • 
58 " 3H (.9x1o- 3ci) .04 " 
59 " 1251,57c0 Bkgrd " 
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TABLE 5.6-1. (Cont'd) 

Sample Beta-Gamma Alpha 2 Number Package Type Labeled Contents ( dpm/cm2) ( dpm/cm ) 

60 " 1251,57Co .09 " 
61 " 3H,l4c.32P .07 " 
62 Cask .02 " 
63 " .02 " 
64 " .07 " 
65 " .03 " 
66 " .01 " 
67 " .02 " 
68 " Bkgrd " 
69 " .02 " 
70 " .01 " 
71 " .01 " 
72 " .02 " 
73 " .03 " 
74 " .04 " 
75 Drum barre 1 3H 14c 5lcr 1251 • • • .01 8kgrd 
76 " " .05 " 
77 " 3H,14c,32P,l251 .02 " 
78 " " Bkgrd " 
79 " 3H 14c .04 " • 
80 " " .02 " 
81 " 3H 14c 1251 .03 " • • 
82 " 3H,14c,32p .07 " 
83 " " .07 " 
84 " 3H,14c .03 " 
85 " " .04 " 
86 " 3H 5lcr 1251 .01 " • • 
87 Cask .03 " 
88 " .07 " 
89 " .06 " 
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Sample 
Number Package Type 

90 

91 

92 

93 

94 

98 

99 

100 

101 

102 

103 

104 

105 

106 
107 

108 

110 

111 
112 
113 
114 
115 

116 
117 

118 

119 

" 
" 
" 
" 
" 

Overpack 

" 
" 
" 

" 
" 
" 
" 
" 
" 
" 
" 

Truck 

" 
Barrel 

" 
Barre 1 

" 
" 
" 
" 

TABLE 5.6-1. (Cant' d) 

Labeled Contents 

LSA 

" 
" 
" 
" 

" 
" 
" 
" 
" 
" 
" 

Beta-Gamma 
( dpm/cm2) 

14C (.002"Ci) 

.06 

.05 

.07 

.04 

.03 

.02 

.09 

.12 

.17 

.15 

.14 

.1 

.14 

.18 

.07 

.19 

.05 

.09 

.04 

.12 

125 I 

125! 

.11 

.14 

.22 

.21 

.21 

.19 

The average background (Bkgrd) count rate for beta-gamma 
measurements of low-level waste was 105 cpm. 

Alpha 2 (dpm/cm ) 

" 

" 

" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

" 
" 

" 
" 

" 
" 
" 
" 
" 

Bkgrd 
.01 
Bkgrd 

Bkgrd 
.01 

(a) 

(b) The average background (Bkgrd) count rate for alpha measurements of 
low-level waste was 1 cpm. 
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For nuclear fuel cycle materials, uranium shipments (u3o8 and UF6) and 
spent fuel shipments were considered. Figures 5.7-5 and 5.7-6 show the 
uranium shipment frequency distributions for alpha and beta-gamma con
tamination. Sixty-eight percent of the smears tested for alpha contami
nation are below a 10% relative counting error based on a 5 minute 
counting time. The smears were all measured to be below current DOT 
Limits by at least a factor of 60. All smear samples collected were 
detected to have less than 4.4 dpm/cm2 beta-gamma contamination, which 
is about a factor of 500 less than the DOT limits. 

Although spent fuel shipments were not available for actual surface con
tamination measurement, it was possible to obtain shipping records for 
shipments during the last two years. Figures 5.7-7 and 5.7-8 show the 
spent fuel frequency distributions for alpha and beta-gamma contamina
tion. All of the removable alpha contamination data was reported to be 
below DOT limits by at least one order ot magnitude. The majority of 
the beta-gamma smear data is below 30 dpm/cm2, and only 1% of the smears had 
a contamination level greater than current nonexclusive use limits. 
Removable surface contamination levels on spent fuel casks may increase 
as a result of surface sweating, however, the information obtained from 
industry shipping records was not detailed enough to allow a quantita-
tive analysis of the problem. This problem has been largely overcome 
at current DOT limits by careful cask design and careful practices. No 
further efforts were made to quantify the impacts of lower DOT limits 
in this study because of the rarity of shipments and lack of recorded 
data. 

The frequency distributions for low-level radioactive waste are shown in 
Figures 5.7-9 and 5.7-10 for alpha and beta-gamma radiation. Again, 
none of the smear samples contained radioactivity above a 10% relative 
counting error for the instruments at a 5 minute counting time. The 
greatest alpha contamination level detected was about 2000 times less 

than the DOT limit, and the greatest beta-gamma level detected was about 
170 times less than the DOT limit. 
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A limited Ge-Li gamma-spectra analysis was performed on the highest con-
taminated smear from the low-level waste shipments. 
very small amounts of 137cs, 54Mn, 58co, and 60co. 
on the sample was barely above background. 
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6. COMMENTS ON RESULTS 

The results presented in this study are intended to represent current 
information concerning removable surface contamination on radioactive 
materials transportation containers. The information presented in this 
report was obtained from literature sources, from industry contacts and 
personal observations and measurements. The information was carefully 
selected to be representative of current practices and conditions. 
Because of the wide range of specific conditions encountered, a range 
of scenarios was considered for both the radiation dose and economic 
analyses . We feel that by presenting the results of these scenarios we 
can disp lay the complexity of some of the surface contamination problems 
and still give example results. It should be remembered that the 
results presented for the dose and economic analyses are based on key 
assumptions. We have attempted to make realistic assumptions wherever 
possible; however, changes in the assumptions will, of course, change 
the results obtained. 

We held discussions with representatives of industry involved in radio
active materials transportation concerning a possible reduction of DOT 
regulations on removable surface contamination levels. As might be 
expected, the representatives contacted were unanimous in their dis
approval of lowering the limits. The most frequent comment was that 
lower limits would require a longer monitoring time to demonstrate com
pliance. This would cause a delay in the shipping process. One site 
had a two-hour time span to monitor incoming shipments before releasing 
the delivery trucks; thus, any delays could adversely affect the entire 
operation. Furthermore, radiopharmaceuticals with short half-lives or 
that require low storage temperatures need to be shipped with a minimum 
of delay. 

Some industry representatives also felt that lowering the limits would 
have a minimal health benefit while substantially increasing costs. 
Comment was made regarding contamination occurences. A contamination 
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problem often necessitates the tracing of the contaminated delivery 
truck through all stops made prior to discovery of contamination in 
order to determine the source of contamination and the potential spread 
of contamination. An incident of this type requires the involvement of 
three groups: the company receiving the contaminated container, state 
officials, and federal officials. This procedure is an expensive hidden 
cost, and such incidents are currently infrequent for a given site. 
However, if the limits are lowered they might become more frequent. 

The vast majority of shipments are currently substantially below DOT 
limits for removable surface contamination according to the industries 
we contacted and the data we collected. With the exception of spent 
fuel casks, the primary cost impacts of lower limits would not be 
increased decontamination costs. The primary cost impact would be 
increased monitoring costs, but this impact may be small compared to 
potential production delays, increased transit costs, and other indirect 
costs that may be associated with reduced limits. 
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