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In order to determine the physical location of contaminants in soil, two solidified soil
"thin" sections, which preserve the undisturbed structural characteristics of the original
soil, containing weapons-grade plutonium from the Rocky Flats Environmental Test Site
were prepared. Two autoradiographic methods were used in radionuclide mapping:

contact autoradiography using CR39®p1astic alpha track detectors and neutron-induced
autoradiography that produced fission fragment tracks in Lexan® plastic detectors. The

combination of the two autoradiographic methods distinguished alpha-emitting particles
of natural U, from 239240Pu and non-fissile alpha-emitters. The locations of 990 alpha

"stars" caused by plutonium "hot particles" in two soil sections were recorded, particles
were sized, their size-frequency and depth distributions were analyzed. Several large
colloidal conglomerates of "hot particles" were found in soil profiles. One such
conglomerate with a geometric size of about 500 pm contained over 94% of the total
recorded contaminant alpha activity in the sample. It was found that the upper 6.5 cm of
soil contained 20% of all recorded particles (mean equivalent size 0.35 pm). The deeper
portion of the surface 6.5 cm soil layer contained 80% of the particles (with mean
equivalent size 0.25 pm). The average specific activity (SA) for 989 hot particles (with
the conglomerate of the particles excluded) with equivalent diameters over 80 nm was
found to be greater than 23.9 Bq

g1

(about 90% of the overall average SA). For dissolved

and defragmented (below 80 nm of equivalent diameter) actinide particles, SA was found
smaller than 2.9 Bq g''. Over 99% of the total actinide contaminant activity in the

analyzed soil sample (with the conglomerate of the particles included) was found in

particles with equivalent diameters over 0.08 tm. it suggests that larger particles of
plutonium oxide moved down more slowly than smaller ones and no significant breakup
of plutonium oxide particles occurred since the original plutonium soil deposition. Both
profiles of the depth contaminant activity and number of actinide particles have
distinctive peaks at the same depth, about 10 cm. Independent from nuclear track
analysis, this pattern of the actinides depth distribution was observed in the measured
gamma activity depth profile of 241Am (daughter product of 241Pu beta decay) in

solidified soil blocks.
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3-1

Application of Autoradiographic Techniques for Contaminant
Distribution Studies in Soils

CHAPTER 1. INTRODUCTION

1.1

Statement of purpose

When radionuclides are stored as wastes the possibility of their escape to the
environment must be considered. This escape might lead to the contamination of the
environmental surfaces and airborne contamination. Knowledge of vertical distribution of
radionuclides in contaminated soils provides necessary data for risk assessment. Our
ability to predict the long-term behavior of radioactive contaminants in soils requires that
we understand how they are distributed within the soil matrix.
The conventional approach in radioactive contaminant distribution studies in soils is to:
-

conduct field surveys

-

examine homogenized soil samples

-

examine contaminant concentration as a function of soil particle size

-

conduct sequential extractions to determine solubility.

These three approaches do not address the issue of where the contaminants are
physically located in the soil matrix. The common unstated assumption is that the
contaminants are homogeneously distributed within the near surface soil, and that water
migrates uniformly through this matrix. These simplifying assumptions may be

inappropriate for predicting contaminant movement in surface soils. It is currently
hypothesized that if the spatial distribution of these contaminants could be evaluated, a
better understanding of their mechanism of movement could be found.

The purpose of this study was to produce intact records of contaminant
distribution in soil and using these records conduct a contaminant characterization
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analysis. In this project a technique known as soil thin sectioning was used to produce

thin soil sections with the well preserved soil structure. Solid state nuclear track detectors
(SSNTD), Triga®* nuclear reactor and optical microscopy were used to produce and
analyze contaminant spatial distribution records. The focus was on plutonium and
americium. The research was conducted on soils from the Rocky Flats Environmental
Test Site (RFETS, former Rocky Flats Plant) in Colorado.

1.2 Plutonium and americium contamination in soils of Rocky Flats,

Colorado

1.2.1 Origin of actinide soil contamination in Rocky Flats

Plutonium is a transuranic element in the actinide series. It was first produced in
1940 (Weast, 1967). Its atomic number is 94. Some fifteen isotopes are known to exist,
with plutonium-239 (239Pu) generally considered of greatest importance because it was

extensively used in the nuclear weapons program. It can be produced in a nuclear reactor
by the reaction:
238U(n,y)

>239U

>239Np

>239Pu

Plutonium was produced or processed at several sites across the U.S. as part of the
weapons complex including Rocky Flats Plant, Colorado. The isotopic composition of
plutonium processed at the site is presented in Table 1.

*

General Atomics, P.O. Box 85608, San Diego, CA 92186
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Table 1-1. The isotopic
composition of the original soil
contamination at the Rocky

Flats, Co.

Americium-241 (241Am) is a decay product of 241Pu:

Isotope

% content

Pu-238

0.04

Pu-239

93.3

Pu-240

6

239+240

Pu-241

0.58

Rocky Flats, located north of Golden CO, originated

Pu-242

0.04

from a temporary storage area of steel drums

241Pu

'

>241Am

Pu and 241A

contamination of soils around

containing plutonium contaminated industrial oils.

The site is known as the 903 Pad. Drums were stored
at that site from 1958 to 1968 (Litaor, 1995; Krey,
1970; Seed, 1971). Leakage from the drums
contaminated soils and plants. Heavily contaminated soil was removed from the site and

surrounded areas (Baker, 1982). Cleanup and remediation activities around the site and
winds spread these plutonium particles in an east and southeast-trending plume (Litaor,
1995).
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1.2.2 Spatial distribution of plutonium and americium in soils around
Rocky Flats

Several studies have been conducted around Rocky Flats concerning plutonium
contamination. Some studies assessed spatial areal distribution of plutonium (Krey,
1976; Seed et al. 1971; Little,1980; Litaor, 1999). Krey (1976) reported 125.8±..33.3 GBq
of plutonium deposited across a wide surrounding area including the entire Denver area.
241Pu has relatively short half-life of 14.4 years, therefore the ingrowth of 241Am occurs

rather quickly. 241Am concentrations in the soils around Rocky Flats is expected to
increase until 2033 (Krey, 1973). 239240Pu and 241Am activities in soil range from

164,280 Bq kg1 to 0.003 7 Bq kg1 in the studied areas around Rocky Flats, decreasing

with distance from the 903 Pad (Litaor, 1996). Mean 0-3 cm "background"
concentrations of 239240Pu, which attributed to the global fallout, were found to be

2.1±0.8 Bq kg' (± s.d.) (Webb, 1997).
The major plume of contamination in the soil lies between 90°i 15 ° from the
903 Pad. Some studies investigated plutonium depth distributions in soils. More than
90% of plutonium and americium was found to be in the upper 12 cm of soil, regardless

of the soil characteristics or distance or direction from the source. Two-thirds of the total
plutonium inventory was found to be in the top 5 cm of soil (Krey 1976, Litaor 1994).
Comparison of earlier studies that addressed this issue (Krey, 1970; Little, 1976) and
later ones (Litaor, 1994; Webb, 1997) indicated very similar profiles despite 20-2 5 years
between studies. It indicates no additional migration of plutonium into the soil over the

last 20-25 years. Several mechanisms were offered to explain the observed patterns of
transport of plutonium in soils around Rocky Flats. These mechanisms include variability
in plutonium compounds solubility, soil erosion (Webb, 1992), colloid movement (Bates,

1992), biotic perturbation (Litaor, 1994) and soil cracking (Higley, 1994). There were
some evidences collected in these studies that support proposed mechanisms.
Walraven (1982) conducted a characterization of the plutonium oxide particles
size distribution. It was found that the most common Pu02 particle size is 0.6 to 1.1
microns in actual diameter. The radiological health hazard from plutonium contaminated
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soils at Rocky Flats is associated with inhalation of soil re-suspended from the Pad 903
Area. The size of the inhaled particles plays a major role in the identification of a
radiological health hazard.

1.2.3 Methods employed in previous plutonium depth distribution
studies

A special bottom-to-top sampling method reducing cross-contamination between
different layers was employed (Litaor, 1996, 1999) and samples were collected for the

following depth intervals (in cm): 0-3, 3-6, 6-9, 9-12, 12-18, 18-24, 24-36, 36-48, 48-72,
72-96. Each soil sample was collected from within a horizontal cavity dug into the pit

face at a selected depth. It was reported that at upper near-surface layers soil was too
friable to permit discrete sampling from a dug pit using this special sampling method. For

the upper 12 cm, the top-to-bottom sampling method was used.

1.2.4 Size characteristics of plutonium particles around Rocky Flats

Significant variabilities in plutonium concentrations in soils around Rocky Flats

initiated several studies of plutonium oxide particle frequencies and sizes in soils. Such

studies are important for predicting mechanisms of transport and availability of

plutonium to plants. McDowell and Whicker (1978) used autoradiographic techniques to
estimate sizes and concentrations of plutonium particles extracted from the soil samples
at Rocky Flats. Soil samples were taken within 1 cm depth, oven-dried and sieved.
Particle size analysis yielded mean Pu02 particle diameter of 0.2 p.m for 37-day

exposure. Five plutonium particles (out of the total 1,700 analyzed) were sized greater

than 3 tm in equivalent sphere diameter. None of the particle images observed indicated
the presence of plutonium particles of sufficiently large size and with such an activity that
would explain the large sampling variability observed in Rocky Flats soil. Another study

reported that 95-98% of the loose surface plutonium particles were found to be between
0.11 and

0.19

1.3

tm in diameter (Hayden,

1976).

Laboratory experiments on migration of plutonium and
americium in soil

Tracer column experiments of actinides migration in rocks found that the bulk of the Pu
and Am are very tenaciously held by the stony materials studied (tufT, basalt, limestone).

Less than 35% of the Pu migrates at a rate of about ten times faster than the bulk of the
Pu. Some small fraction of the Pu and Am migrates more rapidly (vertically or
horizontally) than the bulk of these species. There were two zones of Pu activity observed

in the rock as a function of depth. The major quantity of Pu was found very close to the
original site of deposition (within 2 cm of depth) and, the secondary zone containing

about 1% of the original Pu amount has migrated downward to a depth of about 10 cm.
Similar results were observed in studies of Pu migration in an aqueous solution through

fissures. Authors concluded that the Pu exists in two forms in aqueous solutions (Fried,
1976).

Some studies suggested that the migration of actinide-contaminated soil particles
is attributed to bypass flow through macropores and cracks in the soil matrix (Higley,
1994).

No significant association of contaminant distribution and particle sizes were

observed across all depths. Several pedogenic features may affect transport and
subsequent vertical distribution of actinides in soils. Soil textural and structural
boundaries, macroporosity, lateral subsurface discontinuities, burrowing animals,

earthworms, and ant colonies were among pedogenic and geologic features observed in
most detailed studies of the contaminated Rocky Flats soils (Litaor,

1994).
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1.4 Review of the selected autoradio2raphic methods used in studies of
actinides

1.4.1 Neutron induced autoradiography (NIAR) and nuclear fission
track analysis (FTA)

In neutron induced autoradiography (NIAR), a sample is placed in high neutron
flux and irradiated by neutrons. If the sample contains fissile atoms, upon fission two

fragments are released in opposite directions. One impinges on the plastic detector and
leaves a highly localized track that needs to be etched to be seen under a light microscope
(Young, 1958). Such fission fragment racks are analyzed by the means of FTA.

1.4.2 Plutonium excretion in urine of residents living near Rocky Flats

The fission track analysis technique was used to study plutonium excretion in
urine of residents living near the Rocky Flats. The theoretically calculated number of
fission fragments from 1

Bq Pu-239, irradiated with

iO'7

n cm2, was 60 tracks. The

estimated median for the Rocky Flats population group (1.1 Bq d') was nearly twice
that of the background group (0.54 p.Bq d'). Overall, no statistically significant
differences were found between the two groups (Ibrahim, 1999).

1.4.3 Local distribution of plutonium-239 in bones

Various types of radiographic techniques were used to determine the distribution
of 239Pu and 226Ra in bones of young adult beagles at the University of Utah

Radiobiology Laboratory. These techniques include high resolution neutron-induced
autoradiography (Jee, 1972) and quantitative autoradiography using light extinction due

to nuclear tracks in the plastic detector (Polig, 1986). NIAR utilized a nuclear reactor for
sample irradiation by thermal neutrons and consequent detection of fission fragments by
Lexan plastic film detectors.

1.4.4 Measurements of radium-226 in bone

The microscopic distribution pattern of 226Ra in the skeleton was studied by

analyzing CR-39 plastic track detectors exposed on bone sections (Polig, 1986). The
density of tracks created by alpha particles was measured in this study.

1.4.5 Autoradiography of sectioned soil cores

Convective migration experiments were carried out by percolating porewater
through clay cores labeled with uranium. The presence of naturally occurring uranium in
clay was studied by the fission track method while the alpha-track technique was used for
the distribution of 233U in a migration experiment (Yoshida, 1991). The distribution of
natural uranium in ore samples was studied utilizing fission track analysis (Basham,

1980). Autoradiography has been long established in geological studies in the assessment

of radioactive rocks and ores using X-ray films and emulsions with limited applications

of SSNTD's (Basham, 1981).

1.5 The rational for usin2 soil thin sections in contaminant distribution
studies

The soil pores provide networks for vertical and horizontal transport of water,
gases, dissolved nutrients, etc. "A crushed or pulverized soil is related to the soil formed
by nature like a pile of debris to a demolished building" (Kubiena, 1938). The

architecture of the building can no more be determined from a pile of rubble than the
structure or site-specific composition of a soil from a crushed bulk sample. Examination
of soil thin sections having the original soil structure intact has developed over the last

three decades. The production of thin sections from hard rocks for examination under a
microscope is one of the techniques used in petrological laboratories. The production of
thin soil sections from unconsolidated and/or radioactively contaminated soil is not a
widely known or established technique and requires some different materials, safety

measures and protocols. 20-micron thick thin soil sections from intact soil blocks
contaminated by radioactive materials were successfully manufactured in this study

(Povetko, 1998).

10
1.6 Scope of this study

The scope of this study covers a preparation of the thin soil sections out of
radioactively contaminated soil, the application of alpha autoradiography and MAR to
these soil sections utilizing SSNTD's, qualitative and quantitative analysis of contaminant

distribution in soil sections using permanent records obtained in these detectors. The
research was conducted on soils contaminated by actinides from RFETS in Colorado.
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2.1 Introduction

Dynamic models of the transport and fate of radionuclides in ecosystems include
many parameters that cannot be easily estimated and often their estimates vary by many

orders of magnitude. Estimation of these parameters requires knowledge of such factors
as physical and chemical properties of soil, radionuclide depth distribution, concentration,
bioavailability, migration mechanisms, root uptake, leaching into the deep soil and other

factors. The physical location of radioactive contaminants in soils is an important factor in
understanding contaminant migration mechanisms and estimation of models parameters.

The common approach in parameters estimation is the assumption that the
radionuclides are homogeneously distributed either uniformly or with some exponential

depth profile under the ground surface. Soil, however consists of various size clay, sand,
rock etc. particles bonded together by organic and inorganic materials (Miller, 1990). The

soil pores provide networks for vertical and horizontal transport of water, gases, dissolved
nutrients etc. "A crushed or pulverized soil is related to the soil formed by nature like a
pile of debris to a demolished building" (Kubiena, 1938). The architecture of building can

no more be determined from a pile of rubble than the structure or site-specific composition
of a soil from a crushed bulk sample. Examination of soil thin sections having the original

soil structure intact has developed over last three decades. The production of thin sections
from hard rocks for examination under a microscope is one of techniques used in
petrological laboratories. The production of thin soil sections from unconsolidated and/or
radioactively contaminated soil is not a widely known or established technique and
requires some different materials, safety measures and protocols.
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2.2 Thin section preparation

The thin soil section preparation described in this study followed basic steps

described in the literature on soil micromorphology (Murphy, 1986; Vepraskas, no date).
The emphasis was made on the steps that were specific to the analysis of radioactively
contaminated soils and to the use of related instruments.

2.2.1 Sample collection

Tall plants at the sample collection site

need to be cutoff but it's not necessary to trim
off grass and small plants. The vertical or
horizontal soil profile may be expose prior to
the sample collection. The sample collection
Kubiena tin is shown in Fig. 2-1. The tin of any
reasonable dimensions may be used as long as it
fits the size of drying and impregnating
equipment. One of the lids is removed and the

open end of the tin is placed onto the prepared
surface in the required orientation and position. A

knife is used to carve around the outside of the
tin while pressure is applied to the lid. When ftill

the tin is labeled and placed into a sample box.

Figure 2-1 Kubiena tin
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2.2.2 Sample drying

Kubiena tins with samples containing non-radioactive soil are placed in the well-

ventilated chamber with the 30°C temperature in presence of moisture absorbing silica gel.
Tins with radioactively contaminated soil are placed under the well-ventilated hood on the
hot plate with 30°C temperature. An additional fan is added to increase ventilation. The
loss of moisture is monitored daily by weighing. The samples lose most of their water in
3-5 days.

2.2.3 Resin impregnation

Many resins are available for sample preparation. We use Spurr resin in

impregnation. It is prepared and put under 50E3 Pa (0.5 Atm or 15 inHg) vacuum and
5°C temperature for 30 minutes for release of remaining air. Then, the Kubiena box with
the sample is placed in the secondary plastic or foil container and resin is slowly poured

between the tin and container walls, so the resin would slowly penetrate the sample from
its bottom substituting air in its pores. Afterwards, the container is placed in the vacuum

chamber under 85E3 Pa (0.17 Atm or 5 inHg) vacuum for 4-6 hours. Hence, vacuum is
released and curing is performed very gradually in five temperature steps - 5°C, 3 0°C,
40°C, 50°C, 60°C. The samples are left overnight at each step, so the resin gradually
increases in viscosity until it hardens. For the samples which will undergo neutron

activation analysis (NAA), the Spurr resin slides were used instead of glass slides due to
the high induced activity of the glass. For ftirther preparation of resin glass slides the pure
resin block is prepared following the above steps for the soil sample.
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2.2.4 Soil and resin blocks cutting

Fig. 2-2 schematically shows how hardened soil blocks are then cut in slices about
1 cm thick using lapidary saw equipped with a diamond blade. The pure resin block is cut
in slices 3 mm thick.

Figure 2-2 An example of
intact soil block partially
impregnated with resin.
The shaded area
represents the portion of
resin-impregnated soil that
are trimmed and prepared
as a thin section. Note the
inclusion of rocks and root
segments in the block.
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2.2.5 Grinding and polishing of impregnated slices and mounting on the
slides

One surface of the prepared slices is ground using PETRO-TT-IIN (Buehler Inc.)

thin sectioning system and then, polished manually on lapping plates using loose powders

of the following grade sequence: 320, 400, 500 and 600 US grits (from 32 down to 3 p.m
powder particles sizes, respectively). Then, the slices are mounted either on 5.08 x 4.62
cm (2" x 3") glass or resin slides using epoxy resin and 1.5 kg weight is put careftilly on

top of the slide. The use of Buehler®' mounting wax having a melting point at about 80°C
allows later detachment of the thin section from the activated glass slide. It also allows
remounting it for fi.irther analysis on the glass slide which has not been activated.

2.2.6 Thin soil sections grinding and polishing

After the resin is completely cured the slides are processed on the surface grinding
thin section machine and polished manually on lapping plates using loose SiC powders of

the following grade sequence: 320, 400, 500 and 600 US grits. The sections are lapped
evenly and can be thinned to 15 p.m.

1

Buehler Inc. 41 Waukegan Rd., P.O. Box 1, Lake Bluff, IL 60044-169 USA
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2.2.7 Health hazards and safety precautions
In addition to the regular lab safety measures, additional steps are taken to reduce
health hazard of the process. The Spurr resin contains one component that is considered
carcinogenic. All work with this resin is conducted under the hood. Both machines used in
the section preparation, lapidary saw and thin sectioning machine are placed under a hood.
In cutting and grinding steps water is used as a coolant, the water splash is confined within
an efficient enclosure under the hood. Since the process requires large amount of water

the water circulation loop was made in order to recycle the coolant water that may contain
radioactively contaminated particles. These particles are filtered out by two filters and
filters are periodically disposed as a low-level radioactive waste. Manual section polishing
is conducted in the containers which are tightly covered with lids afterwards.

2.3 Used and proposed methods of the thin section analysis

2.3.1 Regular and polarizing light microscopy.

The example of the produced thin soil section is shown on Fig. 2-4. Thin sections
of approximately 5 x 7 cm (2" x 3") dimensions and 15 - 30 .tm thickness are examined

under light microscope to identii,' micromorphological features of the sample. Polarized
light petrological microscope may be used.
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Figure 2-3 The photo of the soil
thin section in its natural size.

2.3.2 Electron microscopy (EM).

For possible analysis using EM, the ultrathin sections 1000 A thickness sections
must be produced by micromilling (Bresson, 1981). Images can be obtained with a
scanning electron microscope (SEM). Images can be obtained with a SEM by collecting

secondary electrons, backscattered electrons and a combination of these. Table 2-1
displays visible features of thin sections for various magnifications and its potential use in
further analysis.
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Table 2-1 Relationship of magnification to area scanned on the specimen along with
the features visible and potential uses for each magnification (modified from (Smart,
1982 and Vepraskas, no date).

Magnification

Area
scanned

1 Ox

1

cm2

1 OOx

1

mm2

1 000x

100 tm2

l0000x
l00000x

10 pm2
1

tm2

Features visible and use
Select objects for examination
Study shape and orientation of sand
particles and groups of clay particles
Surfaces of sand grains and arrangements
of large clay particles visible
Individual clay particles visible
Small clay particles and iron oxides visible
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2.3.3 Neutron activation analysis

A

Figure 2-4 The photo of the soil thin
section activated in the experimental
1.1 MW Triga nuclear reactor.
Conditions of irradiation: thermal
neutron flux-7E10 n cm2 s',
irradiation time 6 hours, time after
irradiation 5 days. Size of the
section 2 x 4 cm.

Figure 2-5 The autoradiographic
image of the soil thin section
activated in the experimental 1.1
MW Triga nuclear reactor.
Conditions of irradiation:
thermal neutron flux-7E10 n cm2
s, irradiation time 6 hours,
time after irradiation - 5 days.
Size of the section

2 x 4 cm.
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Soil sections mounted on the glass or resin slides are activated in the Triga 1 MW
nuclear reactor in its thermal column facility. Conditions of irradiation are: thermal

neutron flux - 7E

10

neutrons cm2 sec', irradiation time -

6

hours. Activated samples are

analyzed using gamma spectroscopy T-TPGe detector and by autoradiographic methods.

Certain details of interest of the thin sections of 1 mm size are counted by using lead
screen with the 1 mm hole in it which is placed against point of interest. Fig.

photographic picture of the activated thin soil section, Fig.

2-5

2-4

shows a

displays the

autoradiographic image of the same section.
Photos in Fig.

2-6

and Fig.

2-7

show the partial gamma spectrum obtained from

the region A of the thin section displayed on Fig.

2-4

and the partial spectrum obtained

from the whole thin section, respectively. Two additional peaks identified as

corresponding to the gamma rays emitted by the product of activation '53Sm (labels shown
in bold face with gray background) dominate the partial gamma spectrum of the whole
section and can not be seen at all at the spectrum of region A. Spatial element distribution
over the thin section may be obtained this way.
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Figure 2-6 Partial gamma spectrum (counts vs. gamma energy, KeY) of region A of
the thin section in Fig. 2-5. Irradiation time 6 hours, thermal neutron flux 7E10
n cm2 s1, time after irradiation 120 hours. Date of irradiation: July 1, 1998.
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Figure 2-7 Partial gamma spectrum (counts vs. gamma energy, KeV) of the entire
thin section in Fig. 2-5. Irradiation time - 6 hours, thermal neutron flux 7E10 n
cm2 s', time after irradiation 120 hours. Date of irradiation: July 1, 1998.

2.3.4 Autoradiography

The macroautoradiographic methods have been used so far in this study. The
KodakTM (Eastman Kodak Company) XAR X- ray film is placed in contact with the thin
soil section. KodakTM image intensifying screen is placed under the film. This assembly in

the light tight container is left in the freezer under -70°C for the time necessary for latent
image to be formed. This exposure time is widely vary from minutes to weeks and is
determined experimentally. The presence of radioactivity is recognized by an increase in

grain density over background levels. Fig. 2-8a and Fig. 2-8b show a photographic image
and an autoradiography of the thin soil section prepared from the soil contaminated with 1
- 20 Bq g' of 86Rb at the moment of exposure.
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Figure 2-8a Photographic

image of the thin soil section
prepared from the soil
contaminated with 86Rb at
approximate concentration of
1
20 Bq g' of soil at the
moment of exposure. Actual
dimensions of the section are
approximately 3.5 cm x 2.5 cm.

Figure 2-8b
Autoradiographic image of
the thin soil section prepared
from the soil contaminated
with 86Rb at approximate
concentration of 1 20 Bq g'
of soil at the moment of
exposure. Actual dimensions
of the section are
approximately 3.5 cm x 2.5
cm.
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Measurements of photoemulsion response to date have included visual
identification of the soil structure elements that have higher emitting radiation levels and

following gamma spectroscopy measurements of these elements. In addition to the
macroscopic autoradiographs, the electron microscopic autoradiographs may be obtained
using Ilfordm L4, with a mean crystal diameter of around 1400 A, or Eastman KodakTM
129-0 1 permitting resolutions of 500-1000 A (Miller, 1990). The thin layer of emulsion, in

which the beta particles record their passage by the production of individual silver grains
may be used to obtain grain density autoradiographs. The stripping film KodakTM AR-lO
is planned to use. The track emulsion may be placed on the thin section surface to obtain
track autoradiographs in which the passing through the emulsion layer particle creates a
track of silver grains. CR-39 track emulsion will be used

2.3.5 Energy dispersive spectrometry (EDS or EDX)

Energy dispersive spectrometers have a solid-state x-ray detector placed near the
specimen to collect x-rays, much like the electron detectors are used to collect
backscattered and secondary electrons. Energy dispersive X-ray spectra of soil comprising
elements and soil pollutants may be obtained this way. To obtain quantitative

measurements, thin sections need to be polished to remove all scratches which could
deflect X-rays.

2.4 Conclusions

The technique is appropriate for the treatment of unconsolidated, moist, clayey
samples. The autoradiographic images of radioactively contaminated and activated
sections may be obtained with exposure times from 1 hr to several days. The gamma
spectroscopy analysis may be applied to the certain parts of interest of the thin section in
order to obtain spatial characteristics of the soil matrix.
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Abstract--In order to determine physical location of contaminants in soil, solidified soil
"thin" sections, which preserve the undisturbed structural characteristics of the original
soil, containing weapons-grade plutonium from Rocky Flats Environmental Test

(RFETS), were prepared. Two autoradiographic methods were used in radionuclide
mapping, contact autoradiography using CR-39®plastic alpha track detectors and
neutron-induced autoradiography that produced fission fragment tracks in Lexan® plastic

detectors. The combination of the two autoradiographic methods allowed to distinguish
alpha-emitting particles of natural U, 239240Pu and non-fissile alpha-emitters. Locations

of 990 alpha stars,,caused by

239+240

Pu and 241 Am hot particles were recorded,

particles were sized, their size-frequency and depth distributions were analyzed. Several
large colloidal conglomerates of 239240Pu and 241Am "hot particles" were found in soil
profiles.

3.1

Introduction

The physical location of radioactive contaminants in soils is an important factor in
understanding the contaminant migration mechanisms and in the estimation of models

parameters. The common approach in parameter estimation is the assumption that the
radionuclides are homogeneously distributed either uniformly or with some exponential

depth profile under the ground surface. In addition, data analysis is frequently done on
homogenized samples. Soil, however, consists of various size clay, sand, rock etc.
particles bonded together by organic and inorganic materials (Miller, 1990). The soil

pores provide networks for vertical and horizontal transport of water, gases, dissolved
nutrients, etc. In order to determine the physical location of contaminants in soil, "thin"
sections of solidified soil, which preserve the undisturbed structural characteristics of the
original soil, were prepared. Two autoradiographic methods were used to identify both
the distribution of selected nuclides along key structural features of sampled soil and the
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n cm2 s'size of "hot particles" of the contaminants. These autoradiographic methods

included contact autoradiography with CR-39® plastic alpha track detectors (Homalite

Plastics') and neutron-induced contact autoradiography that produced fission fragment
tracks in Lexan® (Thrust Industries,

Inc2)

plastic detectors. These two methods were used

in a complementary manner. Intact soil samples containing weapons-grade plutonium
from n cm2 s' the RFETS in Colorado were used in thin soil section preparations.

Distribution of plutonium contamination was observed and analyzed through the soil

section depth profile from the surface to the 15 cm depth. The mean size and activities of
alpha-emitting particles in the soil thin sections and their size-frequency and depth
distributions were determined.

3.2 Experimental

The thin soil sections were prepared following a standard preparation

protocol (Fitzpatrick, 1993; Povetko, 1998)). Samples were collected in situ from
the site of interest (200 m east of the primary source of contamination, the 903
Pad), dried and impregnated with epoxy resin. The sections were lapped evenly
and thinned to 15 J.tm. Autoradiographic (Fleischer, 1998) and neutron induced

autoradiographic methods (NIAR) (Jee, 1972; Polig, 1998)were used with the
prepared thin sections to assess contaminant placement. CR-39 plastic detectors
were placed in intimate contact with the soil thin sections. Reference holes (0.8
mm in diameter) were drilled in four corners and the plastic/thin section packages
were left for exposure. Exposure times varied from 1 mm to 715 hours.
Plutonium, americium and other alpha-emitters contained in the soil section

Homalite Division, Brandywine Investment Group, Corp. 11 Brookside Drive,
Wilmington, DE 19804
1

2

Thrust Industries, Inc. R.R. No.2, Box 105 B, Haubstadt, N 47639

produced tracks in the plastic detector sheet. These tracks were chemically etched
after exposure using 6.25M NaOH at 73°C for 5

6 hours. After recording alpha

tracks, Lexan plastic detector sheets were placed in intimate contact with the soil
thin sections. The same reference holes were used and Lexan/soil packages were
irradiated in the Oregon State University Triga nuclear reactor (thermal neutron
fluence - 4 x

iO'5

cm2). The Lexan was etched using 6.25 M KOH for 15

minutes. Fission fragment tracks from plutonium and natural uranium were

recorded using a light microscope. The CR-39 and Lexan plastic detectors were
superimposed over the soil thin sections. Visual analysis was performed to

associate the key morphological soil features with the locations of contaminant
and natural uranium. If alpha particles are emitted from submicron size plutonium

oxide particles or from a conglomerate of such particles, a "star" is formed in the
detecting media (Fig. 3-1).

Figure 3-1 One of the
"stars" formed in CR-39
plastic detector by natural
alpha decay of plutonium,
americium and other
alpha emitters found in
Rocky Flats soil
contaminated with
plutonium. Seen through a
light microscope, x 500.

k:

'

)
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3.3

Results

3.3.1 Particle sizing

The number of tracks in a "star" can be used to calculate the equivalent diameter of
the particle. Leary (1951) derived an equation that allows to estimate the size of an alphaemitting particle using an autoradiographic image of the particle. A modified version of
the Lealy equation along with the proper calibration, was used in plutonium oxide
particles sizing (Hayden, 1976). Alpha activity of natural uranium and its daughters
present in soil interferes with plutonium contaminant alpha activity.

The precise chemical form and effective density of the plutonium in RFETS were

not known. It was assumed that all plutonium in the studied soil sections is in plutonium
dioxide form. For particle size determination, it was assumed that particles consist of
pure metal oxide 239PuO2 spheres and there is no self-attenuation effect for the spheres.
Sizing for the plutonium particles were expressed in terms of 239PuO2 equivalent sphere
diameters.

d

6A'1R

1/3

2N0,ift

where d is the diameter in cm; M is the molecular weight (in g mole); RtC/(G*E*n); G
is the geometry factor; C is the track count; E is the intrinsic detector efficiency; n is the

number of particles per event (1 alpha); X is the decay constant (in s'); N0 is the
Avogadro's number; p is the density, g cm3; f is the number of radioactive atoms in
compound; t is the exposure (in seconds).

For the product G*E a value of 0.26 was chosen due to the following considerations. A
sheet of CR-39 plastic was exposed to an 241Am source covered with 6 tm Mylar foil and
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registration efficiency for 5.49 Mev alpha particles was found to be 0.26. Direct alpha
track parameters measurements combined with Monte Carlo calculations produced the
same value of 0.26 for counting efficiency for 239Pu 5.16 Mev alpha particles only if

upper 5 m thick layer of the thin section were sampled as it was the case in this study
(Povetko, 2001).
The Murri (Hayden, 1976) equation which is similar to the Leary equation was

used to calculate particle size from fission track patterns. A value of 0.51 for G*E was
used in this case, using an empirically determined fission fragment detection efficiency in
an experiment where 239Pu standards with known concentrations were used for Lexan

exposure (Bruenger, 1991).

3.3.2 Discrimination of natural uranium and plutonium contaminants
in soil

Alpha tracks of all particles emitted from the rectangular areas 0.6 x 15 cm of two
thin sections corresponding to the soil depths 0

15 cm were counted using a light

microscope. Two radiographic methods used in complementary manner. Lexan and CR39 plastic detectors were fixed and aligned on the microscope table using the same

reference hold that were used during their exposure. It allowed the use of 5 alpha-tracks
per star as a minimum detectable number of tracks per star. Five tracks per star
corresponded to 0.08 .tm of the minimum detectable equivalent particle size for 715

hours exposure. If a star-like pattern of alpha tracks was detected, the verification was
made that it was caused by the plutonium contaminant, not by natural uranium or its
daughters, or 241A

This verification was made by the analysis of the alpha track image

recorded on CR-39 and the corresponding fission fragment track image recorded on the
Lexan detector. Table 3-1 presents an example of this verification.
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Table 3-1 Actinide identification. Number of tracks per "star" as recorded by a
plastic detector and calculated equivalent sphere diameter of the corresponding
particle.

Compound

Exposure,

Track type

time or neutron

Tracks per Particle

"star"

size, tm

fluence
U308

715 hours

a-decay

4x10'5 cm2

fission

5

4.62

4000

4.62

5

0.08

13

0.08

fragment
Pu02

715 hours

a-decay

4x10'5 cm2

fission

fragment

It was assumed that all natural uranium was present as U308. If, for instance, an alpha
emission of non-fission materials like 241

or uranium daughters caused the 5-track

star-like pattern, there would be no star-like pattern at the corresponding location on the

Lexan film. If it were caused by natural uranium, that pattern would correspond to 4.62
p.m size uranium oxide particle and, that particle would produce a 4000-track star in the
underlying Lexan detector. If this 5-track star was caused by plutonium contamination, it
would produce a 13-track star in the Lexan plastic.
The actinide contaminant particle size and depth distributions obtained in this

study are presented in Fig. 3-2 and Fig.3-3. Two peaks were observed in the histogram
corresponding to depths layers of 4 - 5 cm and 9 - 10 cm. The mean value of the
equivalent 239PuO2 sphere diameter was determined to be 0.17 p.m for 715 hours of

exposure time (for comparison, 0.29 p.m for 86 hours exposure time). Further studies are
required to examine how this value would change with the increase of exposure time, and
minimum detectable particle size, respectively. The total alpha activity of 989 recorded

particles was estimated as 1.98 Bq. The alpha activity of the single conglomerate of
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particles found at the 7 cm depth (geometrical size
sphere diameter

about 500 p.m,

239PuO2

equivalent

over 5 p.m) was estimated to 1.87 Bq or 94% of the total recorded

alpha activity from the examined 9 cm2 strip of the soil thin section. For particles with
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Figure 3-2 Plutonium oxide particle size distribution for 715 hours
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equivalent sphere diameters larger than 2 .tm (size value as it was determined by this

method), the assumption of no self-attenuation of alpha particles within the particles of
contaminant does not hold anymore. Thus, the results of sizing and activity estimations of
larger particles underestimate (and in case of the conglomerate mentioned above,
significantly) their actual sizes and activities.

3.4 Discussion and conclusions.

Two used autoradiographic methods allow to associate the location and the size of
alpha emitting particles of contaminants with key morphological features of a soil
sample.

The combination of two autoradiographic methods allowed the determination of
239PuO2

particles as small as 0.08 .tm after 715 hours of exposure time. This combination

allowed to distinguish alpha stars caused by natural uranium particles, and particles of
fissile and non-fissile actinides. Several large (> 2 tim), possibly colloidal in nature,

conglomerates of particles containing plutonium, americium and other alpha emitters of
unknown chemical form were also observed. This was unexpected as the original

plutonium particles released to the environment were of sub micron size. Locations of
these particles were recorded, so they can be further analyzed using other methods.

3.5 Acknowled2ement.

The research was performed under the sponsorship of the U.S. Department of
Energy Health Physics Faculty Research Award Program administered by Oak Ridge

41

Associated Universities under Management and Operating Contract DE-ACO576OR0003.

The authors wish to thank Mary Ann Parkhurst (PNNL) for the provided material
and her valuable discussions and the Oregon State University Radiation Center staff for
technical help.

3.6 References.

Bruenger, F.W., Polig, E. and Jee, W.S.S. 1991. Local Distribution of 239Pu Using
Digitized Images of Neutron Induced Autoradiographs. Radiation Protection
Dosimetry, Vol. 35, No.3, pp.149-157.

Fitzpatrick, E.A. 1993. Soil Microscopy and Micromorphology. John Wiley &
Sons Ltd.
Fleischer, R. L. 1998. Tracks to Innovation: Nuclear Tracks in Science and
Technology. Springer-Verlag New York, Inc.
Hayden, J.A. 1976. Characterization of Environmental Plutonium by Nuclear
Techniques. In: Proc. Symp. Atmosphere-Surface Exchange of Particulate and
Gaseous Pollutants, Richland, WA, September 4-6, 1976, p.648.

Jee, W. S. S. and Dell, R.B. 1972. Hih Resolution Neutron-Induced
Autordiography of Bone Containing 39Pu. Health Phys. Vol. 22, pp 76 1-763.
Leary, J.A. 1951. Particle-Size Determination in Radioactive Aerosols by
Radioautographs. Analytical Chemistry, Vol. 23, No.6.
Miller, R.W.; Donahue, R.L. Soils, 1990. An Introduction to Soils and Plant
Growth. Englewood Clitffs, NJ Prentice Hall.

42

Polig, E, Bruenger, F.W., Lloyd, R.D., Miller, S.C. 1998. Microdistribution of
239PU in the Beagle Skeleton. Health Phys. Vol. 75(3), pp. 251-258.
Povetko O.G. and Higley, K.A. 1998. Preparation of Soil Thin Sections for
Contaminant Distribution Studies. Proceedings of NATO ARW-98. Page 85.
Povetko, O.G and Higley, K.A. 2001. Study of Particles of Actinides in Soil
Samples Using Nuclear Track Detectors. Health Physics. (To be published).

43

CHAPTER 4. SIZES AND VERTICAL DISTRIBUTION OF
PLUTONIUM AND AMERICIUM PARTICLES IN AN INTACT
SOIL SAMPLE FROM THE ROCKY FLATS ENVIRONMENTAL
TECHNOLOGY SITE
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AbstractThis paper describes an application of different autoradiographic methods to
identify the distribution of selected nuclides along key structural features of sample soils

and activities and sizes of "hot particles" of contaminant. These autoradiographic
methods include contact autoradiography using CR-39 solid state nuclear track detectors
(SSNTD) and neutron-induced autoradiography (NIAR) that produced fission fragment
tracks in Lexan SSNTD. Solidified soil "thin" sections, which preserve the undisturbed
structural characteristics of the original soil, were prepared.

Intact soil samples

containing weapons-grade plutonium from the Rocky Flats Environmental Test Site
(RFETS) and control samples from outside the site location were used in thin soil section
preparation. Distribution of actinide particles were observed and analyzed through the
soil section depth profile from the surface to a 15-cm depth. The combination of the two
autoradiographic methods distinguished alpha-emitting particles of natural U, from
239240Pu and non-fissile alpha-emitters. Locations of 990 alpha stars caused by 239240Pu
and 241A

hot particles were recorded. Particles were sized and their size-frequency,

depth and activity distributions were analyzed. It was found that the upper 6.5 cm of soil
contained 20% of all recorded particles (mean equivalent size 0.35 jim). The deeper 6.5
cm soil layer contained 80% of the particles (with mean equivalent size 0.25 jim). Over
90% of the total actinide contaminant activity in soil was found in particles over 0.08 jim
equivalent diameter. Both profiles of the depth contaminant activity and number of
actinide particles have distinctive peaks at the same depth, about 10 cm. The research was
performed under the sponsorship of the U.S. Department of Energy Health Physics
Faculty Research Award Program Administered by Oak Ridge Associated Universities
under Management and Operating Contract DE-ACO5-760R0003.
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4.1 Introduction

Intact soil samples containing weapons-grade plutonium from the Rocky Flats

Environmental Test Site (250 meters east of the 903 Pad) in Colorado and control
samples from locations north and south of the site were used in thin soil section
preparation. The soil blocks are impregnated with impregnation media and sliced into
thin soil sections. In order to determine the physical location of contaminants in soil,

solidified soil "thin" sections, which preserve the undisturbed structural characteristics of

the original soil, were prepared. Two autoradiographic methods were used to identify
both the distribution of selected nuclides along key structural features of sample soils and
the size of "hot particles" of contaminants. These autoradiographic methods included

contact autoradiography with CR-39® (Homalite Plastics) plastic alpha track detectors
and MAR that produced fission fragment tracks in Lexan® (Thrust Indistries, Inc.)
plastic detectors. These two methods were used in a complementary manner. Distribution
of plutonium contamination was observed and analyzed through the soil section depth
profile from the surface to the 15 cm depth. The sizes and activities of alpha-emitting
particles in the soil thin sections and size-frequency distributions were determined.

4.2 Materials and methods n thin section preparation

The thin soil section preparation described in this study followed three basic steps
described in the literature on soil micromorphology (Murphy, 1986; Vepraskas, no date;

Homalite Division, Brandywine Investment Group, Corp. 11 Brookside Drive,
Wilmington, DE 19804
§

Thrust Industries, Inc. R.R. No.2, Box 105 B, Haubstadt, IN 47639

FitzPatrick, 1993). The emphasis was made on the steps that were specific to the analysis
of radioactively contaminated soils and to the use of related instruments (Higley, 1998).
Samples were collected in situ from the site of interest. The soil surveys of the area
classified soil as a Denver/Kutch clay loam transitioning to Nederland cobbly gravely

sandy loam (U.S. DOE, Vol. 2, 1980; USDA, ca. 1980). Denver/Kutch soils are fine,
montmorillonitic, mesic Torretic Argiustolls with the rock fragment content ranging from
0 to 15 % (Higley, 1994). Tall plants were cropped, but grass and small plants were left
intact. The samples were collected in Kubiena tins 20 cm tall, so the rectangular intact
soil cores with dimensions 5 x 5 x 15 cm were obtained from the depth 0

15 cm.

Kubiena tins with samples containing soil were placed in the well-ventilated

heated chamber in presence of moisture absorbing silica gel. The temperature of the soil
sample was maintained at 35°C during the entire drying process. This reduced possible

damage to the soil structure and prevented deagglomeration of host/contaminant particles
that could occur if higher drying temperatures were used. The loss of moisture was
monitored daily by weighing. The drying was terminated after 30 days when the sample

stopped loosing moisture. A total 7 % of original sample wet weight was lost as moisture.
Spurr® epoxy resin (Polysciences Inc. H) was used in impregnation. It was prepared and

put under

50x103

Pa (0.5 atm or 15 inHg) vacuum at 5°C for 30 minutes to release the

remaining air. Then, the Kubiena box with the sample was placed in the secondary

container, and the resin was slowly poured between the tin and container walls. This
allowed the resin to slowly penetrate the sample from its bottom, substituting remaining
air in the pores. This procedure was conducted in the vacuum chamber under vacuum
below

3x103

Pa (0.03 atm or 1 inHg). The Kubiena box with the sample was left in the

vacuum chamber for 4-6 hours. Hence, vacuum was released and curing was performed
very gradually in five temperature steps: 5°C, 30°C, 40°C, 50°C, and 60°C. The samples
were left overnight at each step, so the resin gradually increased in viscosity until it
hardened.

Polysciences, Inc. 400-T Valley Rd. Warrington, PA 18976 2590
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Figure 4-1 An example of an
intact soil block partially
impregnated with resin. The
shaded area represents the
portion of resin-impregnated
soil that was trimmed and
prepared as a thin section.
Note the inclusion of rocks
and root segments in the block

Fig. 4-1 schematically shows how hardened soil blocks were then cut in slices about 1 cm
thick using a lapidary saw equipped with a diamond blade. The pure resin block was cut
in slices 3 mm thick. One surface of the prepared slices was ground using the thin
sectioning system and then, polished manually on lapping plates using loose powders of
the following grade sequence: 320, 400, 500 and 600 US grits (from 32 down to 3 p.m
powder particles sizes, respectively). The slices were mounted either on 5.08 x 4.62 cm
(2" x 3") glass or resin slides using epoxy resin. After the resin was completely cured the
slides were processed on the surface grinding thin section machine and polished manually

on lapping plates using loose SiC powders of the following grade sequence: 320, 400,
500 and 600 US grits. The sections were lapped evenly and thinned to 15 p.m.
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4.3 Health hazards and safety precautions

In addition to the regular lab safety measures, additional steps were taken to

reduce health hazards of the process. The Spun resin contains one component that is
considered carcinogenic. All work with this resin was conducted under a hood. Both
machines used in the section preparation, a lapidary saw and a thin sectioning machine,

were placed under the hood. In cutting and grinding steps, water was used as a coolant,
the water splash was confined within the under the hood. Since the process requires large

amounts of water a water circulation loop was made in order to recycle the coolant water
that may contain radioactively contaminated particles. Two filters removed these
particles and filters were periodically disposed of as a low-level radioactive waste. Handpolishing was conducted in large containers.

4.4 Materials and methods used in thin section analysis

4.4.1 Light microscopy

Soil surface

Figure 4-2 Soil thin section used
in plutonium distribution study.
Dimensions of the thin section are
50 x 70 mm with a thickness of 20
m. The rectangular box
represents the area from 0 to 7.5
cm soil depth that was examined
for particle size and depth
distribution. The pore system in
the upper 5 cm of soil has an
irregular blocky structure, while
below 5 cm, the pore system is not
visible. Seen through a light
microscope, x 125.

7.5 cm depth

50

An example of a soil thin section is shown in Fig.4-2. Thin sections of
approximately 5 x 7.5 cm (2" x 3") dimensions and 15 - 30 p.m thickness were examined

under a polarized light microscope to identify micromorphological features of the
samples. In several sections the pore system had a fine, irregular, blocky structure in the
upper 5 cm of soil with block sizes 5

10 mm. The pore system was not clearly visible

below 5 cm of soil depth. Numerous rocks of irregular shapes with sizes of 1 cm in
diameter and smaller, comprised 10

30 % of the soil volume.

4.4.2 Radiographic methods

Autoradiographic (Fleischer, 1975, 1998) and neutron induced autoradiographic

(NIAR) methods (Jee, 1972; Polig, 1998) were used with the prepared thin sections to
assess contaminant placement. CR-39 plastic detectors were placed in intimate contact
with soil thin sections. Reference holes 0.8 mm in diameter were drilled in four corners

and the plastic/thin section packages were left for exposure. Exposure times varied from
10 sec to 715 hours. Plutonium, americium and uranium with its daughters and other
alpha-emitters contained in the soil section produced tracks in the plastic detector sheet.
These tracks were chemically etched after exposure using 6.25M water solution of NaOH
at 73°C for 5

6 hours. Bulk etching rate for SSNTDs, which is necessary for a

calibration of the detectors was measured using the sample mass change method (Henke,
1986).

After recording alpha tracks, Lexan plastic detector sheets were placed in intimate
contact with the soil thin sections. The same reference holes were used and Lexan/soil
packages were irradiated in the Oregon State University Triga nuclear reactor (thermal

neutron fluence - 4 x

iO'5

cm2). The Lexan SSNTDs initially were etched using 6.25M

water solution of KOH for 15 minutes. Fission fragment tracks from plutonium and
natural uranium were recorded using a light microscope, digital video camera and
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Buehler® image capturing software. The CR-39 and Lexan plastic detectors were
superimposed over the soil thin sections. Visual analysis was performed to associate key
morphological soil features with the locations of contaminant and natural uranium. The
Lexan detectors were then etched for additional 20 minutes to obtain impressions of the
soil fine structure in the plastic. If alpha particles are emitted from submicron size

plutonium oxide particles or from conglomerates of such particles, a star is formed in the
detecting media (Fig. 4-3a, 4-3b). If they are emitted from much larger particles (i.e. over
40 p.m geometrical size) the tracks produce a characteristic identifiable pattern (Fig. 4-4,
4-5a, 4-5b).

4.5 Results

4.5.1 Contaminant particles equivalent diameters

Recent studies of RFETS soil samples used X-ray absorbance spectroscopy to
show that Pu is present in dioxide form (Neu, 1999). For particle size determination, it
was assumed that particles consist of pure metal oxide 239PuO2 spheres and there is no

self-attenuation effect for the spheres. The number of tracks in a "star" can be used to

1Bueer Ltd., 41 Waukegan Rd. Lake Bluff, Illinois 60044
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100 jm

Figure 4-3a and 4-3b "Stars" formed in CR-39 plastic detectors by
natural alpha decay of plutonium, americium and other alpha emitters
found in Rocky Flats soil contaminated with plutonium.
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Figure 4-4 Conglomerate of "stars" formed in CR-39 plastic
detectors by natural alpha decay of plutonium, americium and
other alpha emitters found in Rocky Flats soil contaminated with
plutonium. Estimated plutonium oxide equivalent sphere diameter
of the conglomerate - 5 .tm
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Figure 4-5a Alpha particles tracks
produced by two conglomerates of
plutonium dioxide particles.

Figure 4-5b Superimposed image of
fission fragment tracks from the
same two conglomerates as in Fig.5a
over a soil thin section. Estimated
sizes of 239PuO2 particles: 1.1 and
0.70 jim. Seen through a light
microscope with magnification x 125.

calculate the equivalent diameter of the particle. A modified version of the Leary

equation along with the proper calibration, was used in plutonium oxide particle sizing
(McDowell & Whicker, 1978; Polig, 1986). Sizing for the plutonium particles was

expressed in terms of 239PuO2 equivalent sphere diameters:
6.All?

1/3

where d is the diameter in cm; M is the molecular weight (in g mole');
Rt=CI(G*E*n); G is the geometry factor; C is the track count; E is the intrinsic

detector efficiency; n is the number of particles per event (1 alpha); ? is the

(1)
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decay constant (in s'); N0 is the Avogadro's number; p is the density, g cm3; f is
the number of radioactive atoms in compound; t is the exposure (in seconds).

For the product G*E a value of 0.26 was chosen due to the following
source covered with 5

considerations. A sheet of CR-39 plastic was exposed to a

p.m Mylar foil and a registration efficiency for 5.49 Mev alpha particles was found to be
0.26. The registration efficiency is different for alpha emitting actinide particles located

on the surface of the sample and at some depth of the sample. As it is shown below,
effectively sampled soil/epoxy cast thickness T was found to be 5.2 p.m. Direct alpha

track parameter measurements and detector efficiency calculations using formulae from

nuclear track studies (Durrani, 1987) produced the same value of 0.26 for the detector
counting efficiency for 239Pu 5.16 Mev alpha particles if they were emitted from 5.2 p.m

depth (complementary Monte Carlo simulations were used using SRIM-2000 software
(Ziegler, 2000)). The relative propagated error for particle sizing was calculated as +1-50
% for 10-track and +1-7% for 100-track star.
The Mum (Hayden 1972) equation was used to calculate particle size from fission

track patterns (Hayden 1976):

d

I

6MR

t

(2)

\113

cIcvN0irpfi'

where d is the diameter in cm; M is the molecular weight, g mole'; R = C/(G*E*n); C is
the track count; G is the geometry factor; E is the intrinsic efficiency; n is the number of
particles per event ( 2 per fission); c1 is the neutron flux, cm2

i

is the fission cross

section, cm2; N0 is the Avogadro's number; p is the soil/epoxy cast density, g cm3; f is
the number of fissile atoms in compound; t is the irradiation time in seconds. A value of
0.51 for G*E was used in this case, using an empirically determined fission fragment
detection efficiency in an experiment where 239Pu standards with known concentration

were used for Lexan exposure (Bruenger et. al., 1991).
Two radiographic methods, alpha autoradiography and MAR, used in a
complementary manner, allowed discrimination of microparticles of plutonium from

those of americium or natural uranium with its daughters (Povetko, 2000). Over 90% of
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the total alpha activity was found in particles of actinides with equivalent sphere
diameters larger than 80 nm. Alpha tracks of all particles emitted from the rectangular

areas 0.6 x 15 cm of two thin sections (one of them is presented on Fig. 4-2)

corresponding to the depths 0 15 cm were counted using a light microscope and digital
camera. Nine hundred eighty nine particles and one conglomerate of particles were sized
and size distribution was obtained (Povetko, 2000). Locations of all alpha-emitting
particles were recorded for further elemental and isotopic studies.

4.5.2 Depth distribution of plutonium and americium particles in soil

The size distribution of plutonium oxide particles with depth was determined and

the results are presented in Fig.4-6a,b,c,d. The upper 3 cm of soil contained about 5% of
all recorded particles. The mean equivalent size of particles in this region was 0.23 p.m.

The deeper soil layer (3-9 cm) contained 85% of the particles, these particles had a mean
equivalent size of 0.16 p.m. The 12

15 cm layer had 10% of the particles, and their

mean equivalent particle size was found to be 0.13 p.m. The overall mean equivalent
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Figure 4-6a Overall PuO2 particle size distribution with depth in
Rocky Flats soil (large conglomerate of particles with equivalent
Pu02 sphere diameter 5 p.m is included).
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Figure 4-6b Pu02 particle size distribution with depth in Rocky
Flats soil (5 p.m conglomerate of particles is excluded).
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Figure 4-6c Pu02 particle size distribution with depth of soil
(error bars: +1- 1 standard error of the means for each layer).

0.25

a.

w

2

0EO.20

O0.15
we
(U

-

0.10
0

3

6

9

12

15

Depth, cm

Figure 4-6d Pu02 particle size distribution with depth of soil
(error bars: +1- size measurement propagation errors).

size of all recorded particles is 0.16 p.m. It was assumed that over the years since the
surface deposition of plutonium occurred, larger particles of plutonium oxide moved
down more slowly than smaller ones. The conglomerate of particles (with 5 p.m
equivalent sphere diameter
size) was excluded from
consideration on Fig.4-6b,

4-6c, 4-6d graphs, since it
was difficult to size single

400

particles comprising this

conglomerate. Error bars on

300

Fig. 4-6c represent +1- 1

standard error of the
particle size means at

2 200

corresponding 3 cm depth
layers. Error bars on Fig. 4-

z

100

6d represent propagated
size measurement errors for
a particle of an average size
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for a corresponding 3 cm
depth layer. The overall

depth distribution of recorded
particles is presented in
Fig.4-7. A distinctive peak

Figure 4-7 Depth distribution of the number of
hot particles of Pu02 with depth of soil.

was observed at the 9-12 cm
layer. The total alpha activity
of 989 recorded particles was estimated at 1.98 Bq and the alpha activity of the single
conglomerate of particles (geometrical size about 500 p.m,

239PuO2

equivalent sphere

diameter about 5 p.m) was estimated as 1.87 Bq or 94% of the total recorded alpha
activity from the 9 cm2 strip of the soil thin section (rectangular area in Fig. 4-2). The

particle conglomerate was found at 7 cm depth and its alpha emission image is presented
in Fig.4-4

4.5.3 Activity distribution of plutonium and americium contaminants
in soil

The specific alpha activity of actinides of the dry soil was calculated in relation to

the 414 p.m deep (the field of view of the light microscope used) and 5 mm wide soil
strips of the soil thin section. The conversion of alpha track counts to specific activity
values require a calculation of an effective sampling thickness, T. Effective soil/epoxy

cast thickness T that has been sampled was calculated using alpha track parameter
measurements (Fews,

T=

1982):

(3)

4

where

R alpha particle range in CR-39,
L

track length cutoff in CR-39,
critical angle,

dcR39

32.4

p.m for

3 p.m;

12°;

density of CR-39,

1.325

density of soil/epoxy cast,

g cm3;
1.87

g cm3.

5.16

Mev 239Pu;
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Figure 4-8 Depth profile of the specific activity of actinides contaminants in
Rocky Flats soil sample. 989 particles were recorded. 1.87 Bq conglomerate is
excluded from the graph.

T was calculated as 5.2 p.m. The depth profile of the specific activity of actinide
contaminants in Rocky Flats soil sample is presented in Fig.4-8. A distinctive peak was

observed at 10 cm.
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Figure 4-9 Depth distribution of 241Am in plutonium contaminated soil from
Rocky Flats, CO. Error bars: +1- 1 standard error of the mean counting rates.
(Estimated specific activities at depths 48-92 mm and 121-127 mm: 10-15 Bq
cm3 of soil/epoxy block or 7.7-12 Bq g1 of dry soil).

Independent from alpha counting, a depth profile of 241Am was measured using a
gamma-counting method. The americium isotope

24i

is a daughter product of 241Pu

(ti,2 = 14.4 years), which initially comprised 0.58% of weapons grade plutonium
contamination in Rocky Flats (Litaor, 1995). 241Am decays by alpha decay with an

emission of 59.5 keV gamma ray that may be easily recorded. Two solidified soil blocks

having dimensions 68 x 41 x 4 mm were prepared. The samples were taken from the
upper 15 cm of the soil core (the soil structure was preserved intact during sample
preparation). Numbers of net counts in the 241

total absorption 59.5 keV peak were

63

recorded by using a slotted lead shield in conjunction with a low background Nal (Ti)
detector. Data were recorded in 3 mm increments downward through the soil blocks (Fig.
4-9). Two peaks were observed in the depth distribution. The specific activity of 241Am

was estimated as 14 Bq cm3 at the first maximum (at 6.5 cm depth) and 17 Bq cm3 of
soil/resin cast at the second one (at 12.5 cm depth).

4.5.4

Actinide contaminant particles in the soil fine structure

Figure 4-10 Actinide fission track
stars (bright white stars) in the
soil fine structure (pores are
black, rocks are deep dark gray
and soil matrix is gray in color).
The double star in the bottom
right quadrant image of the
same hot particle as in Fig. 4-5a
and 4-5b. Impression in Lexan
SSNTD.

An impression in Lexan plastic of the soil fine structure and the actinide hot
particles in it is presented in Fig.4- 10 (a negative of the actual image). Lexan detectors

were etched for an additional 20 mm in the same KOH solution that allowed for the
enlargement of shorter (than from fission fragments) proton tracks from '4N(n,p)'4C
reactions in soil (after irradiation in Triga nuclear reactor by thermal neutrons with
fluence of 4* 1015 cnf2). These enlarged, round in shape, proton tracks created an
impression of the soil fine structure (white and gray in color) in Lexan detectors due to
the fact that cracks and pores were filled with epoxy resin and negligible amount of

nitrogen in the resin didn't produce any proton tracks in contrast to the soil particles
containing amount of nitrogen sufficient for creating an impression in the detector. Hot
particles of actinides are seen as bright white stars made by fission tracks. They tend to
locate next to soil cracks and pores (dark in color).

4.6 Discussion and conclusions

Two autoradiographic methods were used in a complementary manner to
associate locations, sizes of contaminant particles and to distinguish plutonium alpha
emitters from natural uranium and non-fissile alpha emitters.

Several large (>2 tim), possibly colloidal conglomerates of particles containing Pu, Am

were observed. One such conglomerate, with a geometric size of about 500 p.m contained

1.87 Bq or 94% of the total recorded alpha activity in the sample. It was unexpected as
the original plutonium particles released to the environment were presumably of
submicron size.
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The average specific activity for the 989 particles with equivalent diameters

greater than 80 nm was found to be 23.9 Bq g1 and for dissolved and defragmented
particles that didn't form stars (for 715 hours of exposure time),
The

1.87

2.9

Bq g' of dry soil.

Bq conglomerate was excluded from these calculations. It suggests that no

significant breakup or dissolution of plutonium dioxide particles has occurred since 96%
of 239240Pu activity is in the top

contaminated layer (Litaor,

12

1999).

cm of soil. The top layer (0-3 cm) is the most
It also suggests physical and colloidal mechanisms of

the vertical plutonium migration in the studied soil samples. These results are consistent
with the studies that used ultrafiltration methods for the runoff water samples from the

Rocky Flats creeks. It was reported that approximately 75% of the Pu and 50% of the Am
in the

0.5

.tm filter-passing fraction was colloidal (Santschi,

1999).

A distinctive peak was observed at 10 cm soil depth for the specific alpha activity
depth distribution and for the depth profile of the number of recorded hot particles. This
maximum was observed in other studies of the spatial distribution of actinides at Rocky
Flats that used radiochemical methods (Litaor,
actinides migration in rocks (Fried,

1976)

1994).

Tracer column experiments of

found that a fraction of the Pu and Am

migrates more rapidly (vertically or horizontally) than the bulk of these species.

It was observed that the upper 3 cm of soil contained 5% of all recorded particles
with mean equivalent size

0.23

p.m. The deeper soil layer between 3 and

contained 85% of the particles with mean equivalent size
depth layer contained 10% of the particles with mean size

0.16
0.13

12

p.m and the

cm depth,

12-15

cm

p.m. It suggests that over

last 35 years, since the surface deposition of plutonium occurred, larger particles of
plutonium oxide have moved more slowly than smaller ones
excluded from these calculations).

(1.87

Bq conglomerate was
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CHAPTER 5. CONCLUSIONS

The work on the application of autoradiographic techniques for contaminant
distribution studies in soils has resulted in successfiul achievement of the initial goal of

producing intact records of contaminant distribution in soil and using these records for
further contaminant characterization analysis.
Using thin sectioning techniques in contaminant distribution studies provides:
-

Spatial location of contaminants

-

Fine details (colloidal particles)

-

Contaminant association with soil structural features

-

Permanent record of contaminant distribution in soil (cm scale)

-

Opportunity for multiple analyses, such as:

o Gamma spectroscopy
o Light microscopy
o

Scanning electron microscopy

o

Secondary ion mass spectroscopy

o

Radiochemical analysis.

Combining alpha- and fission-track radiography
-

Results in obtaining alpha- and fission-track star images of the same particle of
contaminant

-

Distinguishes fissile and non-fissile alpha emitters

-

Can distinguish key actinides.

Observations of the recorded actinide activity in soil and particle sizing found:
-

Several large (> 2 xm), possibly colloidal conglomerates of particles containing
plutonium, americium

-

That one such large conglomerate with geometric size about 500 pm contains
94% of the total recorded in the sample alpha activity of contaminants

-

That average specific activity (SA) measured per 414 .tm depth layers for 989 hot

particles with equivalent diameters over 80 nm is greater than 23.9 Bq g' (about
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90% of the overall SA) and for dissolved, defragmented (below 80 nm of
equivalent diameter) actinide particles and elemental actinides, SA is 2.9 Bq g1

(about 10% of the overall SA)
-

Over 99% of the total actinide contaminant activity (including observed large
conglomerate of particles) in analyzed soil sample were found in particles with
equivalent diameters over 0.08 jim.

These findings suggest that no significant defragmentation and dissolution of plutonium
dioxide particles occurred since the original soil contamination event.
Analysis of the depth profile of actinide activity in soil resulted in the following:
-

A distinctive maximum was observed at approximately 10 cm depth for SA and

for the number of plutonium particles per depth layer
-

Bimodal profile is suggested for the depth distribution of plutonium SA and for
the number of actinide particles per soil depth layer;

-

Larger actinide particles moved down slower than smaller ones:

o Upper 3 cm layer contains 5% of all particles with average diameter 0.23
pm;

a

3

9 cm depth layer contains 85% of all particles with average diameter

0.16 p.m

a 9

12 cm depth layer contains 10% of all particles with average diameter

0.13 p.m.
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