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Some Statistical Aspects of Characterizing the

Distribution of Radionuclides in the Environment

The Desert Research Institute has participated in a number

of studies to estimate the distribution of radionuclides in areas

contaminated by atmospheric testing of nuclear weapons and by

activitic , of the Manhattan Project. Some examples are the

cleanup of the Enewetak Atoll and the radiological characteriza-

tion of Johnston Atoll. Closer to home are studies performed in

parts of the Nevada Test Site, cleanup of areas in Middlesex, New

Jersey and the radiological characterization of a site in Jersey

City.

Radiological characterizations may be performed for several

reasons. These include estimating the inventory of radionuclides

in a region, determining whether a site can be certified to meet

criteria for unrestricted use, or deciding whether remedial

action is necessary. From such characterizations health and

environmental impacts may be assessed as well as population dose

assessment.

For whatever final purpose a characterization serves, the

statistical problems are unusual in many respects. What follows

is a discussion describing the development and the statistical

reasoning behind a sampling plan for a particular radiological

characterization to acquaint you with some of the problems that

may be encountered.

Purpose of the Study

A radiological characterization was performed at the former

Kellex site, the first pilot uranium-diffusion plant, in Jersey

City, New Jersey to determine if there were any contaminated

regions containing 40 pCi/g or more of 2 3 8U in the top 20 cm

of soil over a 400 m2 area. As a result of this radiological

survey, final decisions would be made about the need for remedial

action (cleanup) and the suitability for unrestricted use of the

site.



Now this criterion holds for two different situations and

the sampling design for the radiological characterization would

have to consider both. First the criterion or guideline could be

met or exceeded by a region of contamination of sufficient

quantity existing in the top 20 cm of soil. The other concern

would be if subsurface soil excavated contained enough 238u

activity that when spread over 400 m^ the guideline was

exceeded.

Statisticians at the Desert Research Institute were asked to

develop a sampling plan that would sample enough surface and

subsurface soils to give a high degree of confidence that any

such regions of contamination had been located. Furthermore,

those areas suspected to have contamination in sufficient

quantity were to be delineated to show the distribution of the

contamination.

We concluded that the design of the plan would need to

incorporate several different aspects so it could be efficient.

1. The sampling needed to occur in two stages, that is, a

surface characterization and a subsurface characteriza-

tion, each having a similar sampling methodology.

2. Use prior information to establish initial data collec-

tion locations for both stages of sampling.

3. For each sampling stage an adoptive stategy, preferably

systematic, should be used to accurately delineate areas

of contamination.

To help clarify portions of these considerations, two topics, the

in situ measurement system and available prior information, will

be briefly presented to facilitate greater understanding of the

sampling design.



In Situ Measurement System

The radionuclides 238u, 235u, and 232<rn or their

respective "daughters" emit gamma rays which can be used to

quantify these radionuclides. For the project a mobile radiation

detection system was used to do this and is referred to here as

the in situ measurement system (Figure 1). Without going into

detail, the system measures gamma rays and quantifies their

average activity over an area to a depth of about 5 cm. Now this

area represented by a single measurement is dependent upon the

height the radiation detector is from the surface and the type of

colimator used. A more detailed and technical description of

this system is found in Hutchinson (4).

A major advantage to this system is its ability to give

results within minutes of collection of the spectrum. This

advantage is two-fold. First, sampling decisions can be made in

the field, and second, it saves large amounts of turn around time

one would have if dependent upon laboratory results of soil

samples to make decisions.

Historical Background of Kellex

Very important to the development of the sampling plan was

study of the past activities at Kellex and the results of the

previous characterizations. First let's answer the questions of

"Where and what was the Kellex site?" and "What prior information

concerning the site was available?"

The Kellex site is located approximately two miles southwest

of downtown Jersey City at the intersection of New Jersey Route

440 and Kellog Street. The site, originally consisting of 43

acres, is on landfill near the Newark Bay.

From the early 1900's until the early 1940's the Kellex site

was the location of the M.W. Kellog Company. The plant during

this time was primarily devoted to various phases of metal fab-

rication but, during World War II, the company began to special-

ize in pure and applied engineering. Under federal contract the



Figure 1. The In Situ Gamma Radiation-Detection System



company became heavily involved in the design and construction of

a pilot gaseous diffusion plant for uranium enrichment as a part

of the Manhattan Project. The purpose of the plant was not pro-

duction of uranium enriched in 235u but to design and demon-

strate units for the process. In 1947 the Kellex Corporation

became involved at this location in constructing a pilot plant

for mixer-settlers in solvent extraction of uranium. This

activity continued until the Kellex facility was closed in 1952.

All buildings dating from this period have been' removed from

the site. About two-thirds of the site has been released and

developed into a shopping center. The remaining land is covered

by weeds, concrete, rubble, asphalt, and miscellaneous debris.

Foundations and concrete pads of several of the World War II

building still remain.

Over the years since the closing of the plant, there have

been several radiological surveys of the site. In'June of 1953,

after extensive decontamination procedures, Vitro Corporation of

America published a "Contamination Status Report" concerning the

Jersey City laboratory (5). They reported that contamination

criteria at that time were not exceeded except for some isolated

spots. No removeable alpha or beta-gamma contamination was

observed in the accessible areas of the laboratory.

A survey was done in September 1977 by the Health and Safety

Division of Oak Ridge National Laboratory (ORNL). At that time

only three buildings of World War II vintage remained. These

buildings and a significant fraction of the property were sur-

veyed to give a representative sampling of the radiological con-

dition of the site. They state "the results of the radiological

survey indicate the radiation and radioactivity (contamination)

levels on the Kellex property are indistinguishable from back-

ground with the exception of a few isolated and well-defined

spots on or near the site of the former Kellex Laboratory build-

ing. With the exception of these spots of low-level contamina-

tion, the Kellex property appears to meet pertinent guidelines

for the release of property for unrestricted use" (2).



Prior to the ORNL survey (1) of March 1979, the remaining

original buildings surveyed previously in 1977 had been

demolished. This survey located several additional areas having

significantly higher than background gamma exposure rates, and it

was decided to undertake remedial action. Envirosphere, a

division of Ebasco Services, Inc., began excavation at the Kellex

site in July 1979 and completed excavation and backfilled with

debris by 'January 1980. About 1,000 barrels of contaminated soil

were removed from the isolated areas delineated by ORNL.

Envirosphere's report states that on the basis of their analysis,

"further remedial action for natural uranium in soil at the

Kellex site is not warranted by existing and proposed guidance"

(3).

Designing the Sampling Plan

Since this radiological survey would be a two-stage

procedure, i.e., a surface characterization followed by a

subsurface characterization, each will be discussed separately.

However, both stages of sampling would use available prior

information in a hierarchical fashion along with the same basic

systematic sampling strategy. That is, surface data used the

knowledge of previous surveys and currently available data to

determine the initial and additional sampling locations. The

subsurface sampling also used this prior knowledge as well as the

results of the surface survey to establish initial sample

locations. The results of the current data would be used in

determining the need for additional data. Furthermore, for both

surveys, all data would be collected on an established grid for

ease of relocating areas if necessary and to collaborate their

results. In addition, the diameter of the area surveyed by the

in situ measurement system would be approximately equal to the

spacing at which measurements were being taken.



Surface

For the surface, the site was measured (surveyed) by the in

situ measurement system on two grid spacings - 20 in and 5 m

(Figures 2 and 3). About 99% of the site would be covered by the

20 m grid, whereas only areas of elevated radioactivity, i.e.,

above natural background, would be surveyed on a 5 m grid. The

locations of 5 m grids would be areas where previous surveys

indicated contamination existed or had existed and also where the

20 m grid results indicated higher activity.

Subsurface Sampling

Since the surface survey could detect contamination only in

the first several centimeters of soil, subsurface data were

needed to get a more complete picture of the radiological condi-

tion of the site. It was felt that digging one meter deep

trenches on the site would best accomplish this since trenching

deeper would encounter the ground water table.

Two experimental trenches were dug to determine what diffi-

culties would be encountered and the proper equipment to use.

One trench was dug in an area of suspected contamination as sug-

gested by the surface survey, and the other in an area where sur-

face measurements indicated background levels. A backhoe was

used to dig each trench and then place the removed material on

one side of the trench. After the spoil was spread, it was

surveyed by the in situ measurement system. It was determined

that spoil piles could be spread no more than 10 m because of the

volume of material removed from the trench. However, in areas

where contamination was suspected, soil piles would only be

spread five meters to avoid interference with nearby trenches.

Although some digging difficulty was encountered, it was

concluded that trenching was the most desirable method for

subsurface characterization.
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Figure 3. The 5 m Grids



To locate physical obstructions to trenching, the site was

"walked" and obstructions were plotted. To aid in this, photo-

graphs of the original plant and the present day site were

studied. The results of the surface characterization provided

further input for specifying the location of trenches.

To make the most effective use of available resources the

subsurface soil of contaminated areas discovered by earlier

radiological surveys would be explored carefully. In conjunction

with this and the information gained from the surface survey for

this project the initial spacing for the subsurface plan was

determined. Spacing would be reduced if evidence of contamina-

tion was found in unsuspected areas to better delineate contami-

nated regions and provide sampling flexibility.

To estimate the probability of detecting a zone of contami-

nation it is necessary to model its characteristics. Based on

what was found during the remedial action by Envirosphere it was

assumed that subsurface zones of contamination are circular

disks. The highest concentration of 238(j founc3 during this

remedial action was 2,000 pCi/g. A disk 20 cm in thickness and

3.2 m in diameter with an average concentration of 2,000 pCi/g of

238u spread over a 400 m^ area, would meet our guideline.

Assuming the maximum concentration of 238u found at Kellex

was 2,000 pCi/g, any disk with concentration of 238u i e s s

than this would have to be larger to meet the cleanup criterion,

thus having a greater probability of being located. Using these

assumptions the probability of detecting our minimum diameter

disk {3.2 m) is a lower bound to the probability of detecting a

zone of contamination exceeding our guideline.

It is possible to find a 3.2 m diameter disk (or any size

disk) with probability one. To accomplish this, one could drill

holes a distance apart equal to the length of a side of the

largest inscribable equilateral triangle in a 3.2 m diameter

disk. However, the number of holes to be surveyed is inversely



proportional to the diameter of the disk, i.e., the smaller the

disk the greater number of holes. For the Kellex site more than

22,000 holes would have been needed!

With the availability of prior information concerning the

location of contamination and with the desirability of using a

trenching methodology a more feasible sampling plan was possiole.

If parallel trenches were dug 3.8 meters apart with a 60 cm wide

bucket (or wider) the probability of locating a 3.2. m diameter

disk it; equal to unity. Since digging trenches closer than 5 m

apart (parallel trenching) was not feasible for safety considera-

tions, the probability is .76 that such a disk would be found

using a 60 cm bucket. During the project a bucket of 106 cm

width was used giving a probability of .85 for locating a 3.2 m

diameter disk when trenching on 5 m centers. The locations of

where trenches were actually dug at Kellex and the preplanned

trench locations are shown in Figures 4 and 5.

Conclusion

During the surveys no area was found to exceed our project

guideline. The natural question to pose is "Does that mean there

are none?" or "Was the sampling design successful?"

When the surface and subsurface surveys data were considered

together, they indicated that no 400 m^ area of the first 20 cm

of soil exceeds or meets the guideline. We know from modeling

the probability of locating a subsurface disk of contamination

that we have a 85% confidence limit that no such areas exist

where 5 m trenching was done. This only leaves those subsurface

areas where trenching was done at less frequent spacing. Based

upon knowledge of activities at Kellex and results of previous

surveys, it is unlikely that zones of significant contamination;

i.e., exceeding our guideline exist in these regions.
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Figure 4. Actual Locations of Trenches.
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A general comment can be made about the sampling design

itself. The authors feel that enough data was collected but that

this conservativeness adds to increased confidence. It is better

to make a type II error than a type I error when the null

hypothesis is not to collect additional data, particularly when

viewed from the possible health effects side. Furthermore, the

sampling plan proved to be efficient in the field in terms of

time and the use of available resources.
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