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Summary

PART I. RADIOACTIVE WASTE
DISPOSAL

1. Fate of Trace Elements and Radionu;:lides
in Terrestrial Environment

Tests with several organic suspending agents have
resulted in maintaining dispersion of clay-size minerals
in the density-gradient solution. Mineral segregation has
thus been achieved with standard clay minerals as well
as with different soils and with calcareous sediment.
Results show that the purity of the standard clay
minerals is suspect. With soils, minerals heretofore
undetected were identified through concentration in
the gradient solution. Calcium carbonate was segregated
from the clay minerals, and this permitted better
characterization of the forms of phosphate existing in
the sediment.

2. Disposal by Hydraulic Fracturing

The waste disposal injections are now going well, and
a total volume of about 1,500,000 gal of water and
slurry, containing nearly a quarter of a million curies,
has now been pumped down our disposal well. More
observation and rock-cover monitoring wells are being
added as funds become available. Drilling into the
waste-filled fractures deep underground raises minor
problems of contamination. The initial work in New
York State suggests that our experiments there can be
carried out much as planned, although some minor
modifications will be required.

3. Disposal in Natural Salt Formations

Most of the effort in this program is now directed
toward the establishment of an actual high-level waste
repository capable of accepting all of the power reactor
wastes until about the end of the century. This effort is
currently along three different lines: (1) the develop-
ment of a computer program modeling the long-term
deformational behavior of mine pillars of different
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designs under the influence of stress, elevated temper-
atures, and thermal gradients; (2) the development of a
mine management program capable of defining the
spacing required between successive cans of waste; and
(3) the preparation of a report providing information
on where the disposal facility should be located, how
big it should be, and when it should be ready for
operation.

Other work is continuing, including the preparation
of a final comprehensive report on the demonstration
experiment, Project Salt Vault, and the examination of
rock types other than salt which might be usable for
radioactive waste disposal. This latter work has been
concerned recently with the determination of the
effects of heat, stress, and radiation on the deformation
of limestone.

4. Engineering, Economic, and Safety
Evaluation

The amount of transuranic nuclides anticipated in the
wastes from processing of reactor fuels is such that it
must be considered in the management of such wastes.
The major potential hazard seems to be associated with
inhalation as the exposure mode, and containment
times on the order of hundreds of thousands of years
would be required. Rehandling of the waste, especially
after the container and its contents had lost integrity,
would be hazardous to operating personnel.

In view of the extremely long containment times
required, consideration of long-term geologic alterations
in the earth’s crust is under study. Some examples of
the rates of these changes are given.

Many exposure pathways must be investigated to
estimate the potential internal dose to population
groups from radionuclides that may be released by
nuclear facilities. This involves consideration of foods
consumed by man as well as ingestion of water and
inhalation of air. A preliminary version of the computer
program PATHWAY has been formulated to trace the
movement of '3'I, '37Cs, and ®°Sr through environ-
mental food chains to man.



5. Earthquakes and Reactor Safety

Laboratory and field tests have been made to deter-
mine the usefulness of the photoelastic coating tech-
nique on representative samples of the rock column for
assessing geotectonic activity. Preliminary investigations
have been made to define the mechanisms causing slope
instability in portions of the Atlantic and Gulf coastal
plains. A description of the recently activated ORNL
seismological station is given, along with a report of
significant recordings during the past year.

6. Dose Estimation Related to Peaceful
Uses of Nuclear Explosives

Estimates have been made of the dose equivalents to
various population groups from the hypothetical utili-
zation of natural gas and other products from the
Gasbuggy cavity. The major radionuclides of concern,
3H and ®°Kr, would be transported through the
collection, processing, and distribution system and
would be released during combustion of the gas.

Study continues of the radiological safety feasibility
of using nuclear explosives to excavate a sea-level canal
across the isthmus of Central America. Modifications
have been made in the computer code EXREM, which
is used to estimate external dose. Complex parent-
daughter decay chains can now be handled directly in
any external dose calculation. Internal dose calculations
will be limited to ingestion of radionuclides in food and
beverages. The list of potentially significant radio-
nuclides to be studied in detail has been reduced to 31.
Estimates of internal dose will be made for five age
groups of indigenous populations, as follows: O to 1
year, 1 to S years, 5 to 10 years, 10 to 15 years, and
over 15 years. Selection of age-dependent parameters
required in the dose calculations is discussed.

A hypothetical cratering event is used to illustrate
application of internal and external dose estimation
codes. Only '37Cs-!37Ba is assumed to be vented
during two cratering detonations spaced 30 days apart.
Cumulative dose equivalents to total body are calcu-
lated as a function of time and age since the first
detonation for a number of potential exposure modes.

7. Related Cooperative Projects

Representatives of other agencies continued to par-
ticipate in the Radioactive Waste Disposal Section’s
studies. One alien guest was in residence during the
year. One member served as assistant news editor for
the United States for Health Physics and as an assistant
editor of Nuclear Safety. Two members of the Section

taught courses at the University of Tennessee. Members
of the Section participated part time in the Nuclear
Safety Information Center, the Civil Defense Research
Project, and the agroindustrial complex study.

PART II. RADIATION ECOLOGY

8. Responses of Animal Populations to
Ionizing Radiation

Primary objectives of our growing and diverse re-
search on radiation effects in animals are: (1) compara-
tive measurements and interpretations of consequences
of acute and chronic irradiation in wild species of
animals and (2) evolution of models for prediction of
radiation effects in animal compartments of ecological
systems. Implicit in these objectives is the requirement
that interactions of biotic and abiotic environmental
factors be delineated and quantified. Separation of
effects of specific environmental factors in ecosystems
is difficult, and current studies are employing labora-
tory research to complement field experiments. Sys-
tems analyses (compartment models) of population
responses to radiation stress involve extrapolations of
laboratory-derived theories to natural habitats and
subsequent comparisons of actual field data for tests of
long-term predictive capability. It is already clear that
laboratory results, although useful for single-factor
analyses and initial design of field experiments, are
insufficient for realistic extrapolations and predictions
of radiation effects in actual environments.

Current studies include measurement of genetic,
cytological, individual, and populational effects in
vertebrates and invertebrates receiving acute and/or
chronic irradiation. Parameters being tested include
tissue damage, changes in radionuclide incorporation
rates, radiation profiles, survivorship, fecundity, chro-
mosomal aberrations, metabolism, food consumption,
energy flow, competition, temperature, and RBE. Do-
simetry for such studies is critical, of course, and
refined techniques must be developed for measuring
acute and chronic gamma and beta radiation in tissues
and environmental sites of interest.

Construction of a field facility and contamination of
100-m? enclosures with !37Cs-tagged fallout simulant
(88 to 177 u, 22 me/m?), funded by the Office of Civil
Defense (OCD), permitted initiation of field studies on
dosimetry, movement of fallout particles, *37Cs in-
corporation into the biota, environmental factors that
affect cesium movement, and radiation effects in the
animals within the enclosures. Application of the
fallout simulant was completed in August 1968. Effects



of physical and chemical factors on !*7Cs movement
and incorporation into plants are discussed elsewhere in
this report. The dominant vegetation in these enclosures
is a fescue, Festuca arundinacea. Biological and ecolog-
ical responses of invertebrates and rodents living in the
pens and exposed to acute and chronic radiation from
external and internal sources are being examined
seasonally in replicated experiments under natural or
seminatural conditions. The honeybee is one of the
most valuable agricultural animals because of crop
pollination, and another OCD-funded facility is per-
mitting the first studies on the effects of radiation on
colonies under field conditions. This research also is the
first study of radiation effects on intact populations of
a colonial insect.

9. Responses of Plants to Ionizing Radiation

Small white pine (Pinus strobus) and red oak
(Quercus rubra) trees were contaminated in the field
with a fallout simulant consisting of 88- to 175-u-diam
quartz particles containing '3*Cs. Whole plants were
harvested at intervals up to 33 days after application of
the simulant, and the !3*Cs retention by each species
was determined.

The initial fraction of the simulant retained by foliage
was higher in the oaks (0.35) than in the pines (0.24).
However, after 1 hr, the broad-leaved oaks had lost
90.5% of the initial '3*Cs concentration, while the
pines had lost only about 10%. These early retention
differences are related to the effects of wind on the two
distinct foliage types.

Effective half-lives were calculated for both species at
intervals of 0 to 1, 1 to 7, and 7 to 33 days. For pine
trees these values were 0.25, 4.53, and 20.66 days,
respectively. For oaks they were 0.12, 1.41, and 24.86
days. Loss of particles (*3*Cs) was due, primarily, to
the weathering action of wind and rain during the
study. The effects of wind and the first rain following
contamination accounted for a large percentage of the
total radionuclide loss during the study.

10. Radionuclide Cycling in Terrestrial
Ecosystems

Research on processes and components of terrestrial
ecosystems emphasizes (1) the structure and mech-
anisms governing the function and ecological organiza-
tion of natural landscapes, for example, nutrient
cycling, productivity, and energy flow; (2) the relation
of these processes to the distribution and flux of
radionuclide and other pollutants in the environment;
and (3) the application of radioisotope techniques and

xi

computer simulation to developing predictive mathe-
matical models of ecosystem performance.

The need for the capacity to understand, describe and
develop predictive capabilities about the performance
of natural ecosystems follows from recognition that
man’s impact on his environment should be anticipated
before damage is done, not afterward. Such ecological
competence is a prerequisite to anticipating the path-
ways and fluxes of radionuclide contaminants, other
environmental pollutants, and vital nutrient resources.
The experimental application of radionuclides and
tracer techniques continues to be invaluable in ex-
tending our knowledge of fundamental ecological
processes.

Ecosystem research on radionuclide cycling has con-
centrated on a long-lived fallout radionuclide, ! 37Cs, in
two contrasting ecosystems: a mesic Liriodendron
forest and a Festuca-Andropogon grassland. In these
studies techniques are being developed and tested using
radionuclide tracers to identify and quantify ecosystem
processes, for example, plant-soil-root relations, produc-
tivity, animal food chains, and microbial activity. Plant
production and food-chain studies also have examined
the pathways and fluxes of important nutrient elements
in these ecosystems using *7Ca, 22Na, 42K, and $*Mn.
Other research includes the cycling of selected radio-
nuclides (e.g., *®Co and '*“Ce) in plant-soil systems
based upon nutritional requirements of the species and
position of the element in the periodic table. Objectives
are to develop predictive capability for chemically
related elements, whose radionuclides may be potential
environmental contaminants as by-products from nu-
clear operations. Further investigations using other
radionuclides will eventually be required to round out
knowledge of radionuclide and stable element dynamics
in contrasting terrestrial ecosystems. Emphasis has been
placed on synthetic interpretation of trophic level
concentrations and transfers of biologically important
radionuclides to develop mathematical descriptions of
radionuclide behavior in the environment.

11. Radionuclide Cycling in Aquatic
Ecosystems

Research in aquatic ecology is providing data on
radionuclide movement in surface waters such as rivers
and lakes. These data are needed for interpretation and
quantitative prediction of the behavior of radionuclides
in aquatic habitats. Such research investgations also
increase our knowledge of the functioning and organi-
zation of aquatic ecosystems and provide data required
for application to practical problems of atomic energy



programs such as nuclear power, desalination, radio-
active waste disposal, or Plowshare projects.

White Oak Lake continues as the focal point for
studies of radionuclides under natural environmental
circumstances. Organisms living in the lake are essen-
tially in equilibrium with waste radionuclides such as
908y, 137Cs, '°6Ru, and °Co; hence, extrapolations
can be made to steady-state conditions. Laboratory
studies in conjunction with the field work provide data
needed for more sophisticated predictive models of
nonsteady-state situations. These data are pathway
description, turnover rate, and fractional assimilation
coefficients of radionuclides from various foods. These
investigations provide a better quantification of radio-
nuclide behavior in aquatic food chains.

12. Watershed Aquatic Habitat Interactions

This project is organized to assess the potential
ecological inpact of new technology being applied to
the field of natural resource management. These studies
coalesce the efforts of aquatic and terrestrial ecologists
with those of earth scientists into a unified program
directed toward elucidating the interactions between
land and water. The project will contribute to the
understanding of biogeochemical relationships between
aquatic habitats and associated watersheds through the
synthesis of an empirical watershed model which will
(1) relate the water quality and productivity of the
stream to the characteristics of the adjacent terrestrial
ecosystem, (2) equate the net loss of chemical elements
through streamflow to the rate of mineral cycling, (3)
establish the relationship between the hydrologic cycle
and the mineral cycle, (4) provide bench-mark infor-
mation of natural terrestrial-aquatic ecosystems for
comparison with those modified by man’s cultural
practices, and, finally, (5) apply the knowledge gained
from this small, controlled drainage basin study to
broader landscape units to evaluate the impact of man’s
activities on the total ecosystem.

Industrial technology is advancing at an accelerated
rate. Accompanying this technology is a continual
degradation of the environment from the release of
by-products, wastes, and misused chemical amend-
ments. Assessment of the impact of new technology on
the landscape is imperative if we are to abate the
chronic degradation of our natural ecosystems which is
now occurring.

Localized problems have developed in water bodies
and water courses adjacent to agricultural areas from
intrusion of agricultural fertilizers, agricultural chemi-
cals, and animal wastes. When normally innocuous
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inorganic fertilizers and pesticides flow into streams via
groundwater and runoff, a chemical enrichment results
which can cause eutrophication of the water, resulting
in excessive plant growth and impairment of general
water quality.

Presently these problem areas are localized. However,
when forest fertilization becomes a widespread practice
as a means to increase forest productivity, serious
eutrophication problems may result. It appears that
forest fertilization will be necessary to compensate for
urban encroachment and land-use pressure if the
nation’s future timber demand is to be satisfied.
Average rates of fertilizer application for forestry
purposes usually exceed those of normal agriculture
several-fold; frequency of forest fertilization, however,
is generally less.

A potential problem could develop if large acreages of
forest were fertilized, because our water supplies
originate in upland forested regions prior to entering
the agricultural and industrial regions downstream.
Presently, these virgin waters contain only natural
chemical enrichment resulting from normal cycling and
decomposition. If, however, the watersheds also con-
tribute significant inorganic salts lost from fertilized
forests, the problem will compound the effect of
present agricultural, industrial, and urban pollution and
perhaps exceed a threshold which could result in a
costly and serious degradation of water quality.

The Walker Branch Watershed project is presently
emphasizing the characterization and modeling of the
undisturbed, natural forest ecosystem. Within three
years this initial characterization will be completed, and
one subwatershed will be fertilized to measure the
differential effect of fertilization on the ecosystem.
Fertilizer effects will be related to biomass growth,
animal and plant species-diversity, enrichment and rate
of movement of chemicals through the soil-water
system, and stream water quality and aquatic produc-
tivity.

Studies have been initiated to evaluate the transfer
rates and characteristics of the transfer functions among
the principal components of the watershed ecosystem.
This year’s report summarizes the initial data evolving
from some of these subsystem studies.

13. Systems Ecology

The overall purpose of the ORNL ecological systems
analysis program is to provide a practical methodology
that ecologists can use to make useful predictions about
the outcome of environmental interactions, both empir-
ical and theoretical. Progress has been made in evalu-



ating the pertinence of recent ecological literature to
the modeling of ecosystems, a biogeochemical ecology
information center was established, and several systems
analysis computer programs were written and tested on
various ecological problems.

PART III. RADIATION PHYSICS

14. Theoretical Radiation Physics

A report of the task group on high-energy radiation
for Committee III of the ICRP has been prepared. A
new model for calculating the penetration of high-
energy neutrons and protons through matter has been
described which neglects the effects of binding and
grouping of nucleons within nuclei. A Monte Carlo
method has been used to determine the distribution of
track lengths in cavities of various shapes and to unfold
LET spectra from pulse-height measurements made
with energy-proportional detectors. This unfolding
procedure promises to bring LET spectral determina-
tions within the grasp of health physics surveyors
routinely.

A calculation has been made of the spectral and
angular distribution of optical radiation from metal
surfaces due to radiative decay of tangential surface
plasmons excited in the metal by grazing incidence
electrons. These theoretical results, together with suffi-
ciently detailed experiments, should allow deter-
mination of parameters which can describe the irregu-
larities of metal surfaces.

We have studied the influence of surface plasmons on
the reflectivity of a nonuniform, bounded electron gas.
This theory should be valuable in the analysis of
experimental results on the surface plasmon effect.

The mean free path has been derived for the
second-order process of double-plasmon excitation due
to the interaction of a fast charged particle with a
free-electron gas.

The theory of low-energy electron scattering by
atomic systems was considered through new develop-
ments in two standard approaches in the quantum-
mechanical theory of scattering. The Wigner R-matrix
analysis was applied to the atomic scattering problem
including long-range interactions, and an expression was
obtained relating the elastic scattering phase shifts with
the scattering energy. In another study a new vari-
ational method was developed for application to prob-
lems in atomic scattering theory where long-range
forces play a significant part in determining low-energy
cross sections.
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The ground-state energy eigenfunctions for an elec-
tron bound to a finite dipole which were -earlier
obtained in elliptic-hyperbolic coordinates have been
analyzed in spherical polar coordinates. These results
serve as a first step in determining the effects of other
interactions and of molecular rotation on the binding of
an electron to a real physical dipole potential.

The stopping power of matter for extremely rela-
tivistic protons and muons has been treated through a
relativistic quantum-mechanical calculation. Ex-
pressions for the stopping power contain contributions
from the spin, anomalous magnetic moment, and form
factors for the proton and muon. The stopping power
of aluminum has been determined for a wide range of
extreme relativistic energies.

15. Interaction of Radiation with
Liquids and Solids

Optical constants in the vacuum ultraviolet have been
determined for Rb, Na, and K, and for the organic
liquids C¢Hg, C¢H; 4, CH;0H, C,HsOH, and DC704
pump oil. Interpretation is in terms of free electron ef-
fects, interband transitions, and collective oscillations.
The collective oscillation seen in benzene, presumably
involving the m electrons, is the first known reported
observation of a collective oscillation in a liquid
insulator. The hexane and alcohols are of basic interest
because they are used as solvents for other organic
compounds, and the pump oil is of interest because it is
present as a contaminant in vacuum monochromators
using this as a pumping fluid.

Photoemission measurements have been made on Mg
and Al as a function of time after film deposition for
various incident photon energies. These data can be
interpreted in terms of the growth of an oxide layer on
the surfaces. Changes in the photoelectron energy
distribution curves with time after film deposition have
also been correlated with changes in the work function
and in the reflectance.

Considerable refinements have been made to the
ultrahigh vacuum ellipsometer and to the methods used
in the analysis of the data obtained with this apparatus.

The optical emission spectra from Al films bom-
barded with high-energy electrons have been investi-
gated experimentally, and it is possible that radiative
surface plasmons have been detected. Surface plasmon
resonance effects in the light diffracted from concave
diffraction gratings with various overcoatings have also
been observed and interpreted.



16. Atomic and Molecular Radiation Physics

The Atomic and Molecular Radiation Physics Group
has obtained new information on the following specific
topics: scattering of slow electrons by polar molecules,
energy lost by slow electrons in collisions with mole-
cules, electron swarm energy distribution functions,
electron attachment to N,O, azulene, oxygen con-
taining biologically important molecules and other
organics, and long-lived polyatomic negative ions
formed by electron capture in the field of the ground
and excited electronic states of the parent molecule.
Also, new information has been obtained on degrada-
tion spectra, efficiencies of photosensitized ionization,
molecular complexes, transient molecular photo-
association, and lifetimes of excited fluorescing species
in organic liquids. Our experimental and analytical
techniques have been refined and standardized. Accu-
rate sets of electron swarm energy distribution func-
tions have been well documented. Low-energy electron-
polyatomic molecule studies have revealed new physical
phenomena not observable in simple molecules. For-
mation of long-lived negative ions by electron capture
in the field of an excited electronic state of a
polyatomic molecule has been discovered for the first
time. Negative-ion autoionization lifetimes and absolute
capture cross sections have been measured as a function
of the electron energy and have been related to basic
molecular structure, yielding molecular electron affin-
ities and molecular electron accepting capacities.
Biologically important molecules containing n - 7*
transitions have been found to attach electrons forming
long-lived (lifetimes of the order of 1075 sec) parent
negative ions with simultaneous excitation of a “lone-
pair” electron. Evidence for electron capture into
various vibrational modes of the molecular skeleton has
been obtained also, the negative-ion lifetime decreasing
with energy. The effect of molecular structure and
geometry on electron capture has been investigated; to
this end a detailed study of the N, O molecule has been
made. Evidence has been obtained also which suggests
that electron capture may be accompanied by a
simultaneous excitation of more than one orbiting
electron, the parent molecular ion so formed being
long-lived. Our experimental data also suggest that the
electron affinity of a molecule in an excited electronic
state may exceed that of the ground state.

17. Electron and Ion Collision Physics

Electrons with energy barely sufficient to excite an
energy level of an atom or molecule can undergo a
completely inelastic collision and be reduced to zero
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energy. Also, when the electron energy is sufficient to
ionize the gas, it is found that a fraction of the
collisions produce zero-energy electrons. We have em-
ployed the SF4 ‘‘scavenger” and ‘“trapped-electron”
techniques for studying threshold excitation of the rare
gases, ammonia, xenon hexafluoride, xenon tetra-
fluoride, and a number of organic molecules. For the
rare gases the number of slow electrons produced above
the ionization potential is fairly constant with in-
creasing incident electron energy. Some evidence is also
observed for inner-shell ionization. The most interesting
threshold excitation spectra of the rare gases are found
in the region of the two-electron excitation states. Here
simultaneous excitation of two electrons may cause the
incident electron to be “thermalized.” Doubly excited
states have been detected in the ionization continuum
of helium, neon, and argon. Triply excited negative-ion
resonances are also evident in the slow-electron spec-
trum of helium. Negative-ion resonances in helium at
57.2 and 58.3 ev are also seen as strong “dips” in the
cross section for production of He* ions.

The formation of long-lived (>107° sec) temporary
negative ions has been studied extensively with both
electron swarm and electron beam techniques. Slow
electrons are known to temporarily attach to sulfur
hexafluoride with a cross section approaching the
theoretical maximum for s-wave capture. A mass
spectrometer search for negative ions of hexafluoride
molecules formed from atoms directly below sulfur in
the periodic chart revealed no detectable SeFq or
TeF¢~ ions. Uranium hexafluoride likewise does not
directly attach slow electrons. However, molybdenum
hexafluoride readily forms MoF¢~. Surprisingly, SeFyg,
TeF¢, and UF¢ negative ions can be easily formed by
charge exchange with SF¢. The lifetime for temporary
attachment of electrons to complex molecules has also
been determined for a number of theoretically im-
portant attachment reactions.

A technique for studying charge exchange and ion-
molecule reaction cross sections in the energy region
from O to 2 ev has been applied to a number of
interesting collision partners, for example, H™, H,0;
07, NO;; CI7, NO;; I", NO,; and others. Charge
exchange between the halogen negative ions and NO, is
believed to exhibit a very sharply increasing cross
section with decreasing ion energy.

18. Graduate Education and Vocational
Training
The Health Physics Training Program included fellow-

ship students from Vanderbilt University, University of
Tennessee, Georgia Institute of Technology, University



of California, and the University of Kansas. These
reported to ORNL for summer on-the-job instruction in
applied and research health physics.

Division personnel visited 20 colleges and universities
to give seminars on various research problems of current
interest and also to help interest qualified students in
the fellowship program.

The Health Physics Division provided research facil-
ities and advisors for 19 Oak Ridge Graduate Fellows,
AEC Fellows, and USPHS Fellows who were con-
ducting thesis research. A total of 34 university
personnel ranging from undergraduates to professors
spent the summer in the Division.

Teaching assistance was given to the University of
Tennessee for its program in Radiation Physics and to
Vanderbilt University for its course in Radiation
Physics. Lectures and tours were given for several
university groups visiting ORNL.

Assistance and consultation was given to eight schools
that were interested in establishing health physics
courses or programs in their science departments.

The Division cooperated with ORAU in the presenta-
tion of a ten-week course in applied health physics and
in the screening of applicants for AEC Fellowships.

19. Physics of Tissue Damage

A dispersion analysis incorporating an internal field
correction has been made of the optical properties of
liquid water in the vacuum ultraviolet. This analysis,
which uses our previously obtained optical constants,
yields energies, line widths, and oscillator strengths for
the absorption peaks.

The possibility of observing transition radiation from
electron-bombarded liquid water has also been investi-
gated. Calculations have been made of the theoretical
transition radiation spectra, and indications are that it
should be observable. An apparatus has been con-
structed to observe such radiation, but so far efforts
have been frustrated by intense background light.

Work was continued on the interaction of low-energy
electrons with metals. Attenuation lengths and stopping
powers in aluminum were measured. The general shape
of the electron transmission curve as a function of
energy was compared with theory, and semiquantitative
agreement was found.

An analytical expression for the electron slowing-
down flux was derived using an empirical form for the
stopping power. The electron flux from *Cu beta rays
slowing down in lead was measured to determine the
influence of bremsstrahlung absorption in generating
secondary electrons. Work was initiated on the measure-
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ment of the electron flux generated by alpha particles
and of the slowing-down spectra in germanium and
silicon semiconductors. Work was also begun on devel-
oping a slowing-down theory using more accurate cross
sections.

PART IV. RADIATION DOSIMETRY RESEARCH

20. Dosimetry for Human Exposures
and Radiobiology

The calculations of LET and dose distributions in
man-sized phantoms, important in nuclear accident and
Ichiban studies, were extended to different neutron
spectra and to beams of limited area. Calculations of
neutron dose and fluence for geometries used during
Operation HENRE were completed. An analysis of the
blood sodium activation in swine exposed during
HENRE was also completed. Thermal-neutron fluences
for distances up to 3500 ft from the HENRE accelera-
tor for several heights were measured.

21. Spectrometry Research and Development

The final analysis of the energy and angular distri-
butions of the radiations from the HENRE accelerator
was completed; the most important results are related
to the failure of 14-Mev neutrons to come into
transitory energy and angular equilibrium and the effect
of this on radiation propagation and shielding.

Zone refining techniques have been used to purify
organic scintillators, with important improvements in
the light output of these detectors as the result. In
particular, paraquaterphenyl, after zone refining, shows
a light output efficiency comparable with anthracene.

An analysis and compilation of x-ray absorption
coefficients for low energies have been made. For
several elements the results of calculations and measure-
ments by several groups of researchers were found to
agree to within a few percent for x rays down to a few
kev of energy.

22. Applied Research

Major advances were made in the development of
solid-state detector systems. Important progress was
made in understanding the basic mechanisms and in the
application of insulating solids as charged-particle track
detectors. In particular, the breakdown of electrical
insulation in thin plastic foils after irradiation and
etching led to the development of ultrasensitive de-
tectors for alpha particles and neutrons; a sensitive



personnel exposure detector for radon progeny for
uranium miners was developed.

Thermally stimulated exoelectron emission (TSEE)
from many substances was measured, and the charac-
teristics of this phenomenon applicable to dosimetry
were studied. A reader device for high temperatures was
developed which led to the discovery of emission peaks
at higher temperatures than those used previously.

In the field of radiophotoluminescence (RPL), a
major improvement in the lithium borate detector
resulted from the addition of 7.5% of BeO to the glass.
The new glass is far less soluble and subject to
weathering than without the BeO.

23. HPRR and Accelerator Operations

The Health Physics Research Reactor was used for an
increased variety of both physical and biological re-
search, and it operated almost flawlessly. There has
been no change in the physical state of the core
materials, and continued improvement in the reproduci-
bility of the pulse yield was made. A low-yield neutron
generator was installed to trigger bursts so that the
precise time of the burst can be predicted. The sixth
intercomparison of dosimetric systems was held July
7—18, 1969, with the emphasis placed on the work of
representatives of nuclear materials licensees.

The DOSAR Low-Energy Accelerator was used pri-
marily for calibration of neutron spectrometers-and for
stopping-power studies at low ion energies. The 3-Mv
Van de Graaff was used extensively for spectrometry
research and for studies of the LET dependence of
solid-state detector systems.

PART V. INTERNAL DOSIMETRY

24. Internal Dose Estimation

The metabolism of iron is not governed by a simple
compartment system such that the radionuclide present
in the various organs or compartments is exchanged at a
constant rate. It is well known that some of the iron
deposits in red blood cells and remains there during the
life of the cell, which is approximately 120 days. A
generalized compartment scheme model has been de-
veloped which permits one to calculate the total
microcurie-days of residence in the various compart-
ments. In general, this would suffice for an estimate of
dose commitment; but the method does not offer much
advantage if one wishes to have the time course of the
dose instead of merely the dose commitment.
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When 232Th or %2®Th enters the body, the first
daughter produced is an isotope of radium. In ICRP
Publication 2, it was assumed that this radium daughter,
when produced, would be discharged to blood and
recirculated, with only a fraction of the radionuclide
returning to bone. The data on 228Th from University
of Utah dogs cast some doubt on this hypothesis, but
because of the short half-life of the daughter 22*Ra,
the Utah data do not suffice to determine the fate of
the radium daughter of thorium. A four-compartment
metabolic model has been defined which allows for a
two-component representation for bone as well as a soft
tissue compartment and the blood pool, and two cases
have been computed: (1) a hypothesis is made that the
radium daughter recirculates to blood and is then
eliminated or redeposited as would freshly injected
radium; (2) an alternative is to allow the radium
daughter to remain in bone, where produced, and allow
it to be eliminated as would freshly deposited radium.
Using the Utah retention data for dogs, the exchange
constants for such a system are obtained, and the
amount of radium daughter present in bone is com-
puted. The estimates of the two models bracket the
Utah data but seem to lie somewhat closer to the results
obtained by the first hypothesis, that is, recycling. It
may be that the recycling of some fraction of the
daughter element would produce better agreement.
Estimates of microcurie-days residence for human
retention are also obtained.

It is well known that the amounts of plutonium
excreted per day fluctuate rather widely, although the
trend is well represented by a power function. These
fluctuations pose a problem for personnel monitoring.
Since samples are not taken routinely with great
frequency, when a high level is found the question
arises as to whether it represents a high value due to a
recent intake of the material or whether it is only a
chance fluctuation. The distribution of these chance
fluctuations has been studied and an attempt made to
set limits such that if a urine sample exceeded these
limits, one would be confident a new intake of
plutonium had occurred. The results are rather dis-
appointing in that the intake must be of considerable
magnitude before the increase it entails would be
clearly distinguishable from the chance fluctuations.
Thus follow-up studies, which are both time-consuming
and extensive, seem to be the only present answer to
this problem.

25. Stable Element Metabolism

The program for revising and improving standard man
as a model for estimation of absorbed dose of radiation



is represented here by a new composition for the whole
body. Inasmuch as data come from a wide variety of
subjects and by a variety of techniques, it requires
considerable study of the data to obtain a balanced
composition for a whole body of 70 kg. The per-
centages of fat, water, protein, bone, etc., to be
included must be carefully considered as well as a
considerable mass of poorly specified tissue which, for
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the most part, has not been analyzed in detail. The
composition presented here is based on estimates of
elemental composition of tissue samples of grossly
normal United States adults and on organ and tissue
weights considered as typical of a 70-kg male. This
report also includes data on the weight of the GI tract
and results of some diet-excretion studies which help
complete our definition of the standard man.






Part I. Radioactive Waste Disposal

K. E. Cowser

1. Fate of Trace Elements and Radionuclides

in Terrestrial Environment!

Tsuneo Tamura

W. P. Bonner
C. W. Francis

ZONAL CENTRIFUGATION STUDIES

Recent developments in the zonal centrifugation
technique suggest several applications of this tool in
aiding our understanding of environmental systems.
This technique involves preparing a continuous-density-
gradient solution in a tube, layering the test sample on
the gradient solution, and centrifuging the tubes to allow
each component to collect at its isodensity, or iso-
pycnic, point. Earlier techniques for separating multi-
component mineral systems utilized a series of solutions
of different densities; this procedure is especially time
consuming, since the floating and settled fractions must
be collected and reintroduced to solutions of higher or
lower densities. A modification of the “sink-float”
technique consists in carefully introducing a series of
solutions of differing densities into a tube; however, the
interface of the separate solutions imposes a barrier to
particle penetration. Though this problem is in part
overcome by centrifugation, particles accumulating at
or near interfaces are subject to question regarding their
densities. With the continuous-gradient solution, the
problem of interface barrier is eliminated, and the
stepwise preparation of solutions is avoided. The pump

! Other studies are reported in the Radiation Ecology Section
as part of cooperative program in land-water interactions.

F.S. Brinkley
E. R. Eastwood

used to form the density gradient in these studies was
developed at the Oak Ridge Gaseous Diffusion Plant.?

The major problem in separating samples containing
clay-size minerals is flocculation. When flocculation
occurs, several components can form floccules which
prevent individual component banding and prevent
other components reaching their isopycnic point. To
overcome flocculation, several approaches were taken:
different sample preparation techniques, different
heavy and light liquid combinations to form the
gradient solutions, and different suspending agents.
Table 1.1 shows selected combinations of these and the
observations regarding flocculation or dispersion.

The use of an appropriate suspending agent proved
most fruitful. The search for suspending agents was
limited primarily to materials compatible with organic
density-gradient solutions. Although there are many
agents compatible with water systems, density-gradient
solutions in the range of 1.8 to 2.8 g/cc require heavy
organic liquids which are generally not miscible with
water or require heavy inorganic salts which favor
flocculation of clays with high charge density in the
diffuse double layer. The suspending agent selected for
our studies was a polyvinylpyrrolidone polymer (PVP

23. A. Fox, An Analysis of a Cam Driven Density Gradient
Pump, K-L-2966 (July 3, 1968).
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Table 1.1. Test Trials to Obtain Dispersion of Environmental Samples

Density Gradient

Number Sample Sample Preparation Medium Suspending Medium Observation
1 Suspended pond  Oven dried Thallium formate + Water Flocculation
sediment, water, p = 1.8-2.2
0.08 t0 0.2 u
2 Suspended pond  Oven dried Thallium formate + Thallium formate + Flocculation
sediment, water, p = 2.4-2.7 water, p = 2.4
0.08t00.2 u
3 Suspended pond  Oven dried Diiodomethane + Same as gradient Flocculation
sediment, dimethy! sulfoxide,
0.08t00.2 p p=22
4 Suspended pond  Oven dried TBE + benzene, EtOH Flocculation
sediment, p=18
0.08t00.2 u
5 Suspended pond  Wet samples washed TBE + EtOH, TBE + EtOH, Flocculation
sediment, with EtOH and then p=18-28 p=18
0.08t00.2 u acetone
6 Suspended pond  Saturate with methylene TBE + EtOH, TBE + EtOH, Flocculation
sediment, blue and then wash p=18-28 p=18
0.08t00.2 u with EtOH and acetone
7 Suspended pond  Saturate with anionic TBE + EtOH, TBE + EtOH, Flocculation
sediment, guar polymer and then p=18-28 p=1.8
0.08t00.2 u wash with EtOH
8 Suspended pond  Oven dried followed . TBE + EtOH, TBE + EtOH, Dispersion
sediment, by EtOH and acetone p=18-28 p=18
>2u wash
9 Bottom pond Oven dried TBE + EtOH, TBE + EtOH, Flocculated;
sediment p=18 p=18 also flocculated
with p=2.4
10 Bottom pond Oven dried TBE + EtOH, TBE + EtOH, Flocculation
sediment p=18 p = 1.8, plus
2% Nopcosant K
11 Bottom pond Oven dried TBE + EtOH, TBE + EtOH, Flocculation
sediment p=18 p = 1.8, plus
2% Nopcosant
Lomar PWA
12 Standard clays, Sodium saturated TBE + EtOH, TBE + EtOH, Flocculation
2 and dialyzed p=1.8-2.8 p=18
13 Standard clays, Sodium saturated, TBE + EtOH, TBE + EtOH, Flocculation
2u dialyzed, and p=18-28 p=18
freeze dried
14 Standard clays, Sodium saturated TBE + Emsol, TBE + Emsol, Dispersion
2u and dialyzed p=18-2.8 p=18
15 Kaolinitic soil, Sodium saturated TBE + EtOH, TBE + EtOH, Dispersion
>2u and dialyzed p=1.8-28 p=18
16 Kaolinitic soil, Sodium saturated TBE + EtOH, TBE + EtOH, Flocculation
Lu and dialyzed p=18-28 p=18
17 Kaolinitic soil, Sodium saturated TBE + EtOH, TBE + EtOH, Dispersion
<0.2u p=18-2.38, p=138,
plus 10% PVP plus 10%
in EtOH phase PVP in EtOH
18 Standard clays, Sodium saturated TBE + EtOH, TBE + EtOH, Dispersion
2u p=18-28 p =138,
plus 10% PVP plus 10%
in EtOH phase PVP in EtOH
19 Bottom pond Acetone washed TBE + EtOH, TBE + EtOH, Dispersion
sediment p=1.8-238, p=1.8
plus 10% PVP plus 10%
in EtOH phase PVP in EtOH



K-30), which is a white crystal soluble in ethyl alcohol
(EtOH).

From Table 1.1 it may be noted that if the particles
are larger than 2 u in diameter, dispersion is obtained in
a tetrabromoethane (TBE) and EtOH gradient without
the aid of a suspending agent (Nos. 8 and 15). Limited
tests with Emsol as the suspending agent also suggest
that this material may be satisfactory for keeping the
system in a dispersed state (No. 14). Figure 1.1 is a
photo of the separation achieved with and without PVP
K-30 in a mixture containing three standard clays. Note
that without the suspending agent, the floccule reached
an intermediate isopycnic point.

The procedure adopted for analyzing environmental
samples is as follows: The sample is washed in nonpolar
organic liquids; the sample is suspended in a TBE and
EtOH solution containing 5% by weight of PVP K-30
and subjected to 1 to 3 min of ultrasonic treatment at
20,000 cycles and 100 w (samples cooled in ice bath);

the sample is layered on a preformed density-gradient
solution of TBE + EtOH whose PVP K-30 concentra-
tion varied as the EtOH varied; the sample is centri-
fuged at 1500 rpm overnight (over 12 hr) in a
refrigerated centrifuge; individual bands of minerals are
removed with a pipet; density gradient is reconfirmed
by removing selected samples of clear solution and
measuring the refractive index.

In the following section, results of the studies with
clays and bottom sediment from a pond are reported.
These studies are primarily concerned with an improved
mineral identification technique and increased under-
standing of environmental systems, with particular
reference to phosphate distribution in the pond.

CLAY MINERAL STUDIES

Heavy liquids (tetrabromoethane, bromoform, etc.)
have been used for several decades to determine

PHOTO 95579

Fig. 1.1. Separation Achieved With and Without PVP K-30 in a Mixture Containing Three Standard Clays.



densities of clays.>** The differences in densities of the
clay minerals have led to attempts at using this property
for clay mineral identification.5’® With a simple,
accurate, and reliable density-gradient former available,
it seemed desirable to use this tool to isolate mineral
fractions and study their properties. However, as noted
in the preceding section, most systems containing
clay-size particles flocculated in the density-gradient
solution. This observation led us to develop a more
reliable dispersant system. With the development of the
TBE-EtOH plus PVP K-30 dispersant system, the clay
system could be evaluated.

The clays selected for study included montmorillonite
(API No. 26) from Clay Spur, Wyoming; illite (No. 35)
from Fithian, Illinois; and kaolinite (No. 2) from
Macon, Georgia. Each of the standard clays was placed
(250 mg) on density gradients (1.80 to 2.70 g/cc) of

3Emil Truog et al., “Procedure for Special Type of Mechani-
cal and Mineralogical Soil Analysis,” Soil Sci. Soc. Am. Proc. 1,
101-12 (1936).

4R. W. Pearson and E. Truog, “Further Results of Mineralogi-
cal Subdivision of Soil Separates by Means of Heavy Liquid
Specific Gravity Separation,” Soil Sci. Soc. Am. Proc. 3, 20—25
(1938).

5J. W. Amburgey, Jr., A4 Study of Centrifugal Banding
Techniques for Separating Minerals and Clays from Water,
K-L-2386 (December 1966).

SE. A. Woolson and J. H. Axley, “Clay Separation and

Identification by Density Gradient Procedure,” Soil Sci. Soc.
Am. Proc. 33,46-48 (1969).
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Fig. 1.2. Density of Selected Clay Standards.

TBE-EtOH plus PVP K-30 and TBE-acetone. In TBE-
acetone the observed densities were as follows:
montmorillonite, 1.95 to 2.21; illite, 2.38 to 2.54; and
kaolinite, 2.46 to 2.58. These densities compare very
well with the sodium-saturated clays reported earlier.®
However, observation of the clays in the centrifuge
tubes showed them to be highly flocculated.

The same clays centrifuged through a density gradient
of TBE-EtOH plus PVP K-30 not only showed a
dispersed state but developed several bands for each
clay type. This is shown plotted as ‘“‘half-blocks” on the
upper part of the curve of Fig. 1.2. The recovered bands
were x rayed for mineral identification. In band 1 (1.8
to 1.94) of montmorillonite, a strong 17.7-A peak
characteristic of glycerol-solvated montmorillonite was
noted; in band 2 (2.43 to 2.52) the material was
primarily quartz.

Illite separated into four bands whose densities were
less than or equal to 1.83, 1.94 to 2.16, 2.29 to 2.37,
and 2.49 to 2.54 g/cc. All bands showed the character-
istic 10-A maxima of illite; however, with the lighter
bands, the peaks showed a much broader character,
indicating smaller particles or higher hydration. The
bands were distinct and well-separated from each other.
This opens the question of the nature of illite. It should
be noted that if the clay had flocculated as in the
TBE-acetone system, the band would have occurred at
2.38 to 2.54 g/cc. In addition, on potassium saturation
and heating, bands 3 and 4 exhibited the presence of
appreciable amounts of kaolinite and chlorite.

The kaolinite sample separated into two bands of
2.10 to 2.26 and 2.42 to 2.52 g/cc. Both bands revealed
near-ideal kaolinite x-ray diffractograms. Differences of
the two bands cannot be explained at this time.
Material from the bottom of the centrifuge tube
showed a trace amount of kaolinite and a pattern
indicative of anatase (3.50 A).

When the clays were mixed in equal weight propor-
tions and separated using the TBE-EtOH plus PVP K-30
gradient, five bands were recovered. The locations of
these bands are shown as “half-blocks” on the lower
portion of the curve of Fig. 1.2. The smoothed x-ray
diffraction tracings of the glycerol-solvated clays from
each band are presented in Fig. 1.3. It is evident that
each band cannot be associated with one specific
mineral; however, the majority of the montmorillonite
appears concentrated in the top two bands and the
majority of the kaolinite in bands 3 and 4. Illite, which
appeared in four bands when separately banded, occurs
mostly in bands 3, 4, and 5. Further studies are under
way to characterize the different bands and evaluate the
role of pretreatment on band position.
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PHOSPHATE DISTRIBUTION IN
SOILS AND SEDIMENTS

In our initial studies of the ORIC pond, the distri-
bution of phosphate was determined using the pro-
cedure developed by Jackson.” Williams et al.® have
shown that the Jackson procedure underestimates the
aluminum phosphate and overestimates the iron phos-
phate, because, during the earlier fractionation pro-
cedure for aluminum phosphate dissolution, a portion
of the phosphate is resorbed by the iron compounds.
To demonstrate this effect, they added known amounts
of stable phosphate and calculated the amount trans-
ferred during extraction. They also reported that, if
calcium carbonate is present, the phosphate released
during the extraction of aluminum and iron phosphates
could also be sorbed by the calcium carbonate.

To measure the influence of calcium carbonate, to a
soil which contained no calcium carbonate was added
an equal amount (17%) of calcium carbonate to
simulate the sediment. The results are tabulated in
Table 1.2. For comparison, the distribution of phos-
phate in the original soil is also shown. The results show
that most of the phosphate originally in the aluminum
and iron forms had been resorbed by the calcium
carbonate. Thus the reported distribution of phosphate
in the sediment sample is suspect.

Table 1.2. Influence of Calcium Carbonate
on the Forms of Phosphate in
Soil and Sediment

32p Distribution (%)

solution which did not flocculate the sample made the
possibility of mineral segregation most encouraging.

The results of the analysis of the different bands
obtained by zonal centrifugation are shown in Table
1.3. In order to avoid using a chemical reagent, which
might change the phosphate distribution in the sample,
only ultrasonic treatment was given. The analysis shows
that approximately 90% of the calcium carbonate was
in band 3, and 17% of the phosphate was in this band.
At this stage of zonal centrifuge development, the
forms of phosphates were not identified; the phosphate
analysis represents the total inorganic phosphate as
determined by acid-base extraction. More than 50% of
the phosphate was in band 2, with a calculated 4.5%
calcium carbonate. X-ray, diffraction analysis prior to
the acid-base treatment did not reveal the presence of
this mineral; the assignment is based purely on the
chemical analysis of calcium.

Table 1.3. Distribution of Calcium Carbonate
and Phosphate in the Bands Recovered
from ORIC Sediment (0.150 g)

Band Density CaCOs Phosphate Residue
No. (g/cc) (%) (%) Weight (g)

1 23 0 14.0 0.011

2 2.45 4.51 50.5 0.071

3 2.6 89.5 17.0 0.044

4 2.7 6.01 12.5 0.002
0.128

Weight of CaCO3 0.014
0.142

Forms Extracted Soil 1 + Sediment

Soil 1 170, CaCO;  (17% CaCO3)
Free aluminum phosphate 81.30 11.49 14.19
Free iron phosphate 11.00 1.96 2.78
Occluded phosphate 2.28 5.38 11.84
Calcium phosphate 0.21 76.12 74.93

Consequently, it was believed that better definition of
the forms of phosphate might be realized if the calcium
carbonate in a sample was segregated from it. This led
to the developmental work of zonal centrifugation
reported above. The success in developing a gradient

XK. Z. Morgan et al., Health Phys. Div. Ann. Progr. Rept. July
31, 1968, ORNL-4316, pp. 1-4.

8J. D. H. Williams, J. K. Syers, and T. W. Walker, *Fractiona-
tion of Soil Inorganic Phosphate by a Modification of Chang

and Jackson’s Procedure,” Soil Sci. Soc. Am. Proc. 31, 736-39
(1967).

The results should not be interpreted to mean that
the phosphate is in the aluminum and iron forms; the
ultrasonic treatment could have removed calcium phos-
phate from the calcium carbonate surface and made it
appear in band 2. However, it should be possible to
establish the forms of phosphate in band 2, as well as in
the other bands, by applying Jackson’s technique to the
recovered bands. Further work is being pursued along
these lines, including direct determination of carbonates
in the bands and evaluation of the behavior of known
mixtures of different phosphates when subjected to
zonal centrifugation.

ORIC POND STUDIES

Starting in the summer of 1966 and continuing
through 1968, studies were conducted to establish the
nature and extent of eutrophication of the ORIC pond.
The findings of the first two summers’ work and the



early history of the pond have been reported earlier.”
The results for 1968 have been completed and are
included in Table 1.4. The data show that the NO;
concentration remained relatively constant throughout
the years, presumably due to the high input of NO,
from the spring. Phosphate, however, has shown a
significant decrease since 1966, and organic nitrogen
appears to have increased. The concentrations of other
elements show only minor changes.

Table 1.4. Some Chemical Characteristics
of Water from the ORIC Pond“

1966 1967 1968

Orthophosphate 0.096 0.017 <0.01
CO, 7.7 5.1 4.3
D.0.b 8.6 6.4 7.8

pH range 7.8-8.4 7.5-8.3 7.8-8.2
NO,3 0.14 0.14 0.12
NO, <0.01 0.014 <0.01
Free NH3 0.07 0.13 0.09
Organic NH;3 0.02 0.04 0.10
Turbidity 60 5§

9All units are milligrams per liter except for pH and turbidity.
All values are the mean of values obtained for the year indicated.

bDissolved oxygen.

Proportional samples and flow measurements are
being obtained on both the influent and effluent
streams of the pond. Some of these data have been
analyzed, and the results are presented in Fig. 1.4.
Although insufficient data are available for a quanti-
tative comparison, they confirm that the pond is
depleting itself of nutrients and suggest that the
minimal algal growths observed during 1968 could have
resulted from the decrease in the concentration of PO,.

Realizing that minimal growth is as undesirable as
overgrowth, efforts were made during the summer of
1968 to determine the conditions necessary for the
growth of algae and aquatic plants at a desirable level.
In order to accomplish this, sediment from the pond
was placed in the bottom of glass containers and pond
water added to give a 7/1 water to sediment ratio, as is
found in the pond. Giant burweed roots and duck
potato tubers were placed in the sediment and the
containers kept at room temperature with 1500-ft-c
(color corrected) lighting supplied 24 hr/day.

This test showed that the rooted aquatic plants grew
well when the suspended solids in the pond water
settled under the quiescent laboratory conditions. Algae
also grew as the suspended solids settled, with growth
beginning on the surface of the sediment and then
extending upward in the water phase.
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A portion of the pond has been segregated from the
main pond as a study area by means of a wall
constructed of fiber glass in order to prevent communi-
cation between the study area and the pond. Both the
effect of turbidity and fertilization on aquatic weed and

algal growth will be evaluated. From these data and a
material balance of nutrients in the pond, a fertilization
program designed to prevent excessive production in
the pond will be developed.



2. Disposal by Hydraulic Fracturing

Wallace de Laguna

Operational injection ILW-5 was made on October 30,
1968, and comprised 85,332 gal of liquid waste and
water which made up to 115,174 gal of slurry. As of
this date the total volume of liquid and slurry injected
underground through the presently operating disposal
well was nearly 1,500,000 gal, which contained about
200,000 curies of '37Cs, 16,000 curies of °°Sr, and
about 6000 curies of other activity, largely '**Ce (see
Table 2.1). Injection ILW-6 was made June 11, 1969,
and comprised about 80,000 gal of liquid waste.
Further data on this injection are not presently
available. Guided by experience, the operational waste
disposal injections are now going very satisfactorily.

The most important single improvement has been to
keep the solids — cement, fly ash, and clay — quite dry
as they are blended and stored in the elevated bins.
There have been many minor improvements to the
plant itself.

A new observation well, S220, for gamma-ray logging
to locate the fractures filled with solidified waste was
drilled in July of 1968. This well apparently intersected
most of the previously formed conformable fractures,
although identification of the hardened grout sheets
recovered in the cores or located by logging was in
many cases uncertain. Unquestionably, logging before
and after each injection is the best way to determine

Table 2.1. Test Injections and Waste Disposal Injections at the Shale Fracturing Plant, Oak Ridge

Time Yolpme of Total . )
Injection Date Depth Required Liquid Waste V9lume Activity (curies)
(ft) (hr) and Water Injected 1370 90g, 106py  6%Co Other
(gal) (gah)
No. 1 Feb. 13, 1964 945 2.5 40,300 43,383 No activity used
No. 2 Feb. 20,1964 924 2.57 33,400 42,891 198 Ay, 30
No. 3 Apr. 8, 1964 912 35 43,090 67,944 74 4.9 0.4 0.1
No. 4 Apr. 17,1964 900 3.0 39,070 60,137 50 1.2 09 0.1
No.5 May 28, 1964 890 4.5 153,683 217,468 193 608 35 4.0 Ce, 4099
No. 6A May 19, 1965 880 1.0 23,200 24,470 Combined with 6B
No. 6B May 22, 1965 872 110 68,000 96,800 1,562 330 2.0 1.0
No. 7 Aug. 16,1965 872 1.5 86,550 124,961 3,358 492 2.0 14.0
ILW 1A Dec. 12, 1966 872 3.0 40,231 57,791 11,500 41 1.0 16 Ce, 20
ILW 1B Dec. 13,1966 872 2.5 29,700 40,197 7,600 36 8.0 3 Ce, 13
ILW 2A Apr. 20,1967 862 7.5 83,400 121,805 31,329 564 99 236
ILW 2B Apr. 24,1967 862 7.5 79,800 108,600 26,350 474 83 199
ILW 3A Nov. 28,1967 862 2.5 31,000 40,951 Combined with 3B
ILW 3B Nov. 29,1967 862 1.5 68,000 105,800 17,000 9,000 400 200
Water test Dec. 13,1967 852 7.0 44,709 44,709 None
ILW 4A Apr. 3, 1968 852 2.5 28,659 34,531 Combined with ILW 4B
ILW 4B Apr. 4,1968 852 6.0 67,396 97,214 51,900 4,300 200
ILW § Oct. 30, 1968 842 9.0 85,332 115,174 69,400 500 300 136
965,900 1,444826 203,271 16,351 1131 809 Ce, 4132




where the individual grout sheets have gone. In this
connection it may be noted that the new logging probe,
with a miniature G-M tube as detector, is giving
excellent logs in the high radiation fields adjacent to the
waste-filled fractures.

Well S220 was not cased and cemented in until
October 1968, some three to four months after it was
drilled. During this interval there was a very slow flow
of water out of the well, perhaps 1000 to 1500 gal in
all, and the latter part of this flow contained about 3
curies of activity, largely °°Sr, but also a little **7Cs,
106 Ry, and ¢°Co. Apparently this activity came from
injection ILW-4, made only three to four months before
the well was drilled. Injection ILW-4 had been made
into the same slot, at at depth of 852 ft, as the 44,709
gal of water of the test injection of December 1967.
The contaminated water that leaked out of well S220
may well have come from the water-injection test rather
than directly from the grout sheet formed by ILW4,
although there was a possibility of phase separation of
liquid from this injection before it had set solid. The
escape of, at most, 3 curies of activity, despite the very
favorable conditions for escape provided by well 220,
suggests that the cement—clay—fly-ash mix used to
solidify the waste is an effective restraint on the
movement of the radioactive materials in the waste.

PRELIMINARY INVESTIGATIONS IN
NEW YORK STATE

As a part of our continuing research and development
program in radioactive waste disposal, we and the AEC
(DRDT-Washington) are interested in the application of
the fracturing technique to other waste types and in
other shale formations. Preliminary evaluation indicated
that the shales in western New York State may be
amenable to this technique for ultimate disposal of
radioactive wastes.

Discussions with AEC and USGS staff members
resulted in a proposed test program in New York.
Essentially, the work consists in drilling the necessary
wells (one 1500-ft exploratory core hole, one 1500-ft
injection well, and several monitoring wells) and
conducting a series of experimental injections of water
and tagged slurry and grout at several depths in the
bedded shale.

The principal objectives of this program are: (1) to
validate new methods of presite testing and thus avoid
some of the costs experienced at Oak Ridge and (2) to
demonstrate the applicability of hydraulic fracturing in
a different geologic setting. The work is designed to
follow an orderly procedure of site investigation, with
each subsequent step dependent on the success of the
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previous step. The proposed program would lead up to,
but would not include, the construction of an actual

disposal plant.
Discussions with representatives of New York State
Atomic and Space Development Authority

(NYS-ASDA) and Nuclear Fuel Services, Inc., have
resulted in their expressed interest in the program and
their wish to cooperate. A site was selected for these
tests on land owned by NYS-ASDA which is remote
from that of NFS operations.

The first exploratory hole at the fracturing test site
near the Nuclear Fuel Services plant in New York State
was cored to a depth of 1500 ft in May 1969. Most of
the rock was shale, but much of the shale did not break
easily or cleanly along the bedding planes, as does the
Conasauga shale at Oak Ridge, and may therefore be
less apt to fracture parallel to the bedding planes when
fractured hydraulically. About 100 ft of the rock
penetrated was a sandy siltstone, in part thick-bedded
to massive, but even the better bedded siltstone did not
tend to break parallel to the bedding. The core samples
and the electric log suggest that the siltstone, unlike the
shales, has at least some permeability. Some of the dark
gray or black shales penetrated, particularly near the
bottom of the well, have a distinct odor of petroleum
when freshly broken. These oil shales may be the upper
part of the Rhinestreet shale of the Java and West Falls
groups, and the overlying shales and siltstone probably
belong to the Canadaway Group. All these formations
are of Upper Devonian age. The log of the well follows.
The notation “breaks well” means that the core can be
easily broken by hand and that the break is closely
guided by the bedding planes, which may be slightly
irregular in detail. The notation ‘‘breaks medium”
means that the core may be broken by hand, but only
with some difficulty, and that the break, in general, is
guided by the bedding. The notation *“‘breaks poorly”
means that the core can only be broken by a sharp
blow, as with a hammer, and that the break is but little
guided by the bedding.

Log of NX Core Hole, West Valley, New York,
Drilled May 1969

0-177
177-529

Till; clay, silt, a little sand, and a few cobbles.

Medium-gray silty shale; thin bedded but bedding
is irregular in detail; about 5% is thin beds of
light-gray calcareous siltstone showing cross
bedding. Breaks well.

Medium-gray silty shale; thin bedded but bedding
irregular in detail; 10% or more is thin beds of
light-gray calcareous siltstone. Breaks medium;
locally well or poorly.

529-641



641-694

694-780

780-900

900-938

938-1028

1028-1073

1073-1194

1194-1254

1254-1293

1293-1390

1390-1439

Dark-gray shale; few scattered beds of medium- to
lightgray calcareous siltstone. Locally faint oily
smell. Breaks medium or medium to well.

Medium-gray and dark-gray shale interbedded; a
few scattered thin beds of calcareous siltstone.
Locally faint smell of oil. Breaks medium to well.

Very finegrained olive-green shale showing very
little bedding; interbedded and irregularly
intermixed with dark-gray shale which shows
some bedding. Breaks poorly.

Black shale with distinct petroleum smell;
interbedded with and irregularly mixed with
light-gray sandy siltstone and olive-green shale.
Bedding poorly developed. Breaks poorly.

Light- to medium-gray sandy siltstone, locally
calcareous; bedding generally indistinct, locally
easily visible. Does not break on bedding planes.
Breaks poorly.

Darkgray shale, bedding indistinct, interbedded
and mixed with light- to medium-gray siltstone,
locally calcareous. Breaks poorly to medium.

Medium- and darkgray shale, interbedded.
Bedding shows clearly, but rock does not break
easily on bedding. Locally contains beds of
light-gray siltstone. Breaks medium.

Medium- to dark-gray shale; bedding thin, regular,
and well developed. Faint oily smell, locally.
Breaks well.

Dark-gray shale, almost black. Bedding hardly
visible. No oily smell. Breaks medium.

Black carbonaceous shale, locally faint smell of
oil. Bedding almost invisible, but rock is thin
bedded. Breaks fairly well on bedding, but
considerable force required. Breaks medium.

Black shale; thin bedding visible when wet; strong
oily smell; interbedded with dark-gray shale with
more evident bedding, with faint oily smell.
Breaks medium.

11

1439-1500 Black carbonaceous shale; thin bedded, but
bedding not easily visible. Bedding is regular and
rock breaks fairly cleanly on bedding, but
considerable force required. Strong oily smell.
Breaks medium.

Present plans are to make four injections by hydraulic
fracturing into these rocks.

The first, to consist of about 100,000 gal of water
containing 0.1 1b/gal of Grundite (referred to as muddy
water) and tagged with about 10 curies of *37Cs, will
be made into the black carbonaceous oily shale at a
depth of 1450 ft. This shale is probably part of the
Rhinestreet formation, and the results of the test can
therefore be extrapolated over a fairly wide area. This
rock is rated only “medium” for making bedding-plane
fractures, and the fracture may be irregular or even
vertical.

The second injection, to consist of 60,000 to 80,000
gal of a cement-bentonite grout tagged with about 10
curies of ! 37Cs, will be made at a depth (as measured in
this core well) of 1225 ft. The rock at this depth is a
medium- to dark-gray shale with well-developed
bedding, which is rated as fracturing well. We have
every expectation that this fracture will follow the
bedding planes.

The third injection, to consist of 100,000 gal of
muddy water tagged with 10 curies of '37Cs, is to be
made into the nearly massive siltstone at a depth of 990
ft. This rock is rated as fracturing poorly, and a vertical
fracture may well be formed.

The fourth injection will be made into a medium-gray
shale at a depth of 500 ft and will also consist of about
100,000 gal of muddy water tagged with 10 curies of
137Cs. This rock is estimated to fracture well, and
presumably a bedding-plane fracture will be formed.



3. Disposal in Natural Salt Formations

R. L. Bradshaw
J. 0. Blomeke'
W.J. Boegly, Jr
F. M. Empson

T.W. Hodge, Jr

The long-range objective of this program is to provide
for the disposal of high-level solidified radioactive
wastes in underground salt formations. In general, the
program has been directed toward the solution of
various technical problems, including: (1) the effects of
heat and radiation on the plastic flow of salt and mine
stability, (2) the transfer of heat from the waste
containers to the salt, (3) the compatibility of the
wastes and their containers with the salt environment,
and (4) the investigation of the suitability of other
geologic formations in areas where there are no salt
deposits. The recently completed successful demon-
stration experiment, Project Salt Vault,® testifies to
our progress in the solution of these technical problems.
Although some work is continuing along these lines,
specifically (1) analysis of the detailed experimental
results from the demonstration experiment, (2) prepa-
ration of a final comprehensive report on Project Salt
Vault, and (3) examination of the geologic and struc-
tural properties of formations other than bedded salt
(see below), the overall program is now oriented in a
different direction. The principal effort during the past
year has been toward the establishment of an actual
operational waste disposal facility which will accept the
waste output from the rapidly expanding nuclear-power
industry for several decades.

Three main areas of work toward this objective have
been initiated. The first is the development of a
computer model of the deformational behavior of the
mine pillars,> based on laboratory measurements of

! Chemical Technology Division.

2 Consultant, University of Minnesota.

3R. L. Bradshaw et dl., “Disposal in Natural Salt Forma-
tions,” Health Phys. Div. Ann. Progr. Rept. July 31, 1968,
ORNL+4316, p. 21.
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creep in model salt pillars and data from the demon-
stration experiment. In a salt mine, the plastic deforma-
tion of the support pillars causes the rooms to gradually
close. For waste disposal operations the amount of that
closure and its rate at any time are functions of:

1. the sizes of the pillars and the widths of the rooms,

2. the general geometry of the mine layout including

the depth,

the amount and characteristics of the waste mate-
rials deposited in it,

. the characteristics of the crushed salt used to
backfill the room.

Since the desired end condition for waste disposal is
completely closed rooms with recrystallization of the
crushed backfill salt, this computer program will enable
a prediction of when that condition has been reached
for any set of original conditions.

The second area is the development of a mine
management program. In a waste disposal operation,
the spacing between adjacent cans of waste will be a
function of:

1. the characteristics of the container of waste, espe-
cially its size, heat-generation rate, and rate of decay
of heat generation (the last two items are a function
of the irradiation history of the fuel, time since
discharge, and the method of fuel reprocessing
used);

the characteristics and spacing of the waste already
in place;

the characteristics of the wastes to be received in the
future, with projections of several years being
required;



the applicable design limits (maximum temperature
in the waste or in the salt), which may change over
the lifetime of the operation.

If all of the waste has identical characteristics, the
proper spacing could be determined in advance. In an
actual disposal operation, wastes will be received from
several fuel-reprocessing plants, probably at a variety of
ages, and the characteristics will certainly not be
uniform. Therefore this program will provide guidance
on the optimum operation of the facility, specifically
the spacing required between waste containers, as the
waste is received.

Currently, two existing analytic solutions are being
reprogrammed to run on the IBM 360 series computers,
to enable us to make calculations for guidance in the
development of the mine management program. (For
example, how far away from a given source will its
contribution to the temperature rise be important?)
One of these solutions is for an infinite array of line
sources, all with the same heat generation. This is a very
rough approximate solution to the real situation, since
it assumes the entire mine filled at once with identical
heat sources. The other solution is for a single isolated
line source. By use of superposition theory, the
contribution from a number of sources in a given
disposal room and from adjacent rooms may be
summed up. In this case, each source may have
different characteristics and may be located at any
point. It is possible that the mine management program
may be based on this method, since it is relatively
simple in theory. However, a computer program to
implement this approach would be quite involved, and
some simpler approach may be found.

Another approach which is being pursued is the
possible use of existing programs (and modifications
thereof) which operate on finite-difference techniques
to solve the basic differential equation of heat con-
duction. These would be used for configurations more
closely approximating mine conditions and could take
into account such factors as the different thermal
properties of the crushed salt used in backfilling
disposal holes and rooms.

Most of the effort over the past year has been in the
third general area, that is, the preparation of a report to
provide the information required to formulate rational
decisions concerning the establishment and operation of
a high-level waste repository in salt. Specifically, these
decisions are related to the questions of: (1) where the
facility should be located, (2) when it should be ready
for operation, (3) how big the facility should be, and
(4) how much it will cost.
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The question of “when” is being approached by
examining current predictions of the growth of nuclear-
reactor-powered generating stations.*® These pre-
dictions are in fair agreement and are shown in Fig. 3.1
as the installed electrical generating capacity. The
curves representing the installed thermal capacity and
the continuous operation (thermal) in Fig. 3.1 were
calculated using projected load factors and thermal
efficiencies.® The amount of fission product waste
produced is directly related to the continuous operation
curve and is approximately 35 ft* of solid high-level
waste per year for each 1000 Mw of operation.
However, this waste does not become available for
disposal for some 6 to 14 years after the power is
produced. (This assumes 2 to 4 years for reactor core
residence time and 4 to 10 years of interim storage for
cooling following fuel reprocessing.)

There is a possibility that other wastes will be
available for disposal at a salt mine facility, specifically
the pots from the Waste Solidification Engineering

4 Forecast of Growth of Nuclear Power, USAEC, Division of
Operations Analysis and Forecasting, WASH-1084 (December
1967).

5 Phase 2, Case 3, USAEC Systems Analysis Task Force.

S Nuclear Reactors Built, Being Built, or Planned in the United
States as of December 15, 1967, TID-8200 (17th rev.)
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Prototypes (WSEP) facility at Hanford and packaged
calcined wastes from the Idaho Chemical Processing
Plant (ICPP). The total volume of wastes from both of
these sources is so small that it does not significantly
influence the total area of this facility, but it will
influence the initial phases of the operation.

Therefore the question of when the facility should be
ready for operation depends upon the length of interim
storage of the power reactor wastes and the possibility
of wastes being available from other sources. A number
of cases with various combinations of these variables are
being examined.

The question of where the facility should be located
is being approached by examining all of the salt
deposits in the United States. Although there is no
scarcity of salt as a natural resource, there are relatively
few areas where mined excavations for the initial
high-level waste repository would be desirable. The Gulf
Coast area seems undesirable for the initial facility due
to insufficient knowledge of the possible behavior of
salt domes, coupled with the fact that some domes are
known to have contact with circulating groundwater.”
At least one mine in a dome has flooded, apparently for
this reason.

In the other deposits, much of the area may not be
suitable for a waste repository because the salt is too
deep or the formation is too thin. The minimum depth
for a repository is governed, in general, by geohydrolog-
ical factors. To ensure long-term integrity, a con-
siderable thickness of shale or some other impermeable
rock should overlie the salt, and the excavation itself
should be located well within a fairly thick salt deposit.
The maximum depth is governed by mine stability
conditions during the operating period and the in-
creased costs at greater depths (due to shaft length and
the increased amount of salt which must be left as
support pillars).

A preliminary study® indicated that the cost of a
facility at 1500 ft depth would be about 15 to 18%
more than for a similar facility at 1000 ft. At 2000 ft
the cost would be 25 to 33% greater than at 1000 ft.
Beyond 2000 ft the stability problems are such that
these depths do not seem desirable for the initial

R. B. Hoy, R. M. Foose, and B. J. O'Neill, Jr., “‘Structure of
Winnfield Salt Dome, Winn Parish, Louisiana,” Bull. Amer. Ass.
Petrol. Geol. 46(8), 1444—59 (August 1962).

8R. L. Bradshaw et al., Evaluation of Ultimate Disposal
Methods for Liquid and Solid Radioactive Wastes, Part VI:
Disposal of Solid Wastes in Salt Formations, ORNL-3358 (May
1968) and ORNL-3358 (rev.) (March 1969).
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facility. This should not be considered as an ultimate
limit, however.

Based on these considerations, a maximum depth of
about 2000 ft and a minimum thickness of about 200 ft
of salt have been selected as desirable for the first waste
repository.

In addition to these geologic factors, other consider-
ations are relevant in selecting a site for the facility.
Since the quality of the salt excavated during waste
disposal operations will probably be too poor to
market, that portion not used for backfilling may have
to be disposed of as brine as it is mined. This means
that the site must have a source of relatively large
volumes of water and a suitable porous formation for
deep-well disposal of the brine.

Land values and the location of large population
centers will also have some bearing on site location. In
general, it appears that a waste repository in salt will
have considerably less operating-hazard potential than
either a reactor or a fuel-reprocessing plant handling
equivalent quantities of fuel (or the radioactive by-
products of the fuel). However, since the first waste
facility will be handling the entire United States output
until about 1990 or 2000, large population centers
should probably be avoided.

The location of the waste repository could be
affected by the cost of shipping the waste from the
fuel-reprocessing plants to the repository. This factor is
being investigated for various possible sites using
shipping distances from those reprocessing plants which
are in operation, under construction, or planned.

STORAGE IN NONSALINE ROCKS
T.F.Lomenick  H.J.Wyrick

Perhaps the foremost concern in the possible develop-
ment of storage and/or disposal cavities for high-level
radioactive wastes in nonsaline rocks is that of a dry
environment. Indeed, dry excavations do exist in
limestones and other rocks, several examples having
been cited previously.’'® Another important con-
sideration is the structural stability of openings exca-
vated in these rocks. Through conventional mining
operations, much has been learned of the behavior of
mine pillars at ambient temperatures; however, previous
experience is not available to predict the effects of

9T. F. Lomenick et al., Health Phys. Div. Ann. Progr. Rept.
July 31, 1968, ORNL4316, pp. 40—-41.

107, F. Lomenick, Health Phys. Div. Ann. Progr. Rept. July
31, 1966, ORNL4007, p. 26.



gamma radiation and differential heating on the de-
formational characteristics of the various rock types of
interest.

Gamma radiation is known to cause internal disorder
in the crystal lattices of solids; thus it is of interest to
determine its effects on the physical properties of rocks
that might be utilized for the storage of radioactive
wastes. For crystalline materials, such as limestone,
radiation disturbs the crystal lattice and forms F and V'
color centers. F' centers, which are the most common,
occur when electrons become trapped at negative-ion
vacancies, while V centers consist of holes trapped at
positive-ion vacancies. The mechanisms of color center
formation are not fully understood, and even the nature
of these centers remains uncertain. Radiation effects
would be expected to accumulate with dose; however,
there appears to be a finite limit to the F- and V-center
concentrations which can be obtained in a crystal. This
is due to the annihilation of positive holes or V centers
by electrons in the F centers.

Even though this knowledge of changes in crystal
lattices induced by radiation is helpful in understanding
radiation damage in general, it is not directly applicable
to a determination of radiation-induced effects to
massive limestones that might be subjected to large
doses of radiation as a result of waste storage and/or
disposal operations. To evaluate this damage, a series of
2.1-in.-diam cylindrical samples, taken from a local
limestone mine, were exposed to gamma radiation (up
to 3.9 X 10° r) and then deformed using a Baldwin-
Tate-Emery universal testing machine. A total force vs
total deformation curve was obtained for each sample
and then reduced to a stress-strain diagram. The results
of these tests for the maximum irradiated samples and
the unirradiated ones are shown in Fig. 3.2. It is
apparent from this figure that there is little difference
in the stress-strain curves up to a stress of about 17,000
psi. Above this the unirradiated specimens appear to be
slightly stronger than the irradiated ones. In addition to
the normalized stress-strain curves, the compressive
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Fig. 3.2. Compression Test of Limestone.

strength, yield strength, apparent elastic limit, and
modulus of elasticity and their standard deviations were
computed for these same samples (Table 3.1). For the
compressive strengths and yield strengths, the irradiated
samples are slightly weaker than their unirradiated
counterparts, while for the moduli of elasticity and
apparent elastic limits the values are greatest for the
irradiated specimens. However, these differences
probably are not significant, since the variation between
specimens is rather large, as evidenced by the standard
deviations, and thus radiation-induced changes in the
physical properties would necessarily have to be rather
large to be easily detected. Therefore, within the
statistical variation of the experiment, radiation causes
only minor changes in the physical properties of
limestone.

To determine the effects of heat and pressure on the
deformation of limestone, a series of model pillars were
fabricated and tested at various temperatures and loads.

Table 3.1. Physical Properties of Limestone

Apparent

Exposure Compressive Yield ; Modulus of
Sample Type Dose (1) Strength Strength i‘fﬂ:‘f Elasticity
(psi) (psi) (psi) (psi)
X 10°
Nonirradiated 0 19,000 * 600 18,700 * 600 15,500 + 1400 3.4740.12
Irradiated 3.86 X 10° 18,200 * 1900 17,900 + 1800 16,200 + 3100 3.60 £0.26




The model pillar specimens consist of 6-in.-diam cores
of limestone that have steel confining rings epoxied to
the tops and bottoms of the samples to simulate roof
and floor conditions, while the center portion of the
specimen is ground out to form the pillar and sur-
rounding rooms. Figure 3.3 shows the deformational
curves of limestone samples that have been loaded
uniaxially to 10,000 psi at temperatures of 22.5 and
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200°C. In both cases it is observed that there is initially
a rapid rate of deformation that decreases with time
until after a few hours of testing the rate of pillar
shortening is so slow as to be barely discernible for the
duration of the test period. The difference between the
initial deformations of the 22.5 and the 200°C samples
is probably due to a lower modulus of elasticity at the
higher temperature. Since the slopes of the two curves
are essentially parallel, it is concluded that there will be
little or no acceleration of creep due to the expected
temperature rises; however, fracturing of the limestone
may occur as a result of differential heating of the
limestone by the waste containers. To determine the
effects of differential heating, 4- by S- by 6-in. blocks
of limestone were loaded uniaxially to 2000 psi and
then heated by Y,-in.-diam by 4-in.-long heating rods
(one emplaced through the center of each block). For
samples with peak center-line temperatures of 300°C,
no fractures were observed (visually or with x-ray
examinations); however, at peak temperatures in excess
of 300°C vertically trending fractures (parallel to the
axis of greatest stress and through the center line of the
sample) appeared in the blocks. It is probable that this
fracturing was due to differential thermal expansion
that exceeded the tensile strength of the limestone;
however, further tests are being made to verify this
conclusion.



4. Engineering, Economic, and Safety Evaluation

D. G.Jacobs  Ferruccio Gera'
K.E.Cowser R.V.ONeill?
O. M. Sealand

DEVELOPMENT OF CRITERIA FOR THE
LONG-TERM MANAGEMENT OF HIGH-LEVEL
RADIOACTIVE WASTES

D. G. Jacobs  Ferruccio Gera!

Present considerations of the long-term management
of high-level radioactive wastes lead to the conclusion
that wastes from reactor fuel reprocessing should be
converted to stable solids after their generation. Long-
term storage of these wastes as liquids in tanks is
deemed to present a greater risk due to the rather high
mobility of the wastes in case of an accidental release,
even though the probability of such a release can be
reduced to a very low number by appropriate engineer-
ing safeguards.

Waste Composition

Table 4.1 lists estimated quantities of some of the
more critical radionuclides that might be accumulated
in the wastes from the processing of fuel from typical
light-water reactors (LWR’s) and liquid-metal fast
breeder reactors (LMFBR’s) of the future. The amounts
of transuranium isotopes, particularly >3°Pu, are such
that containment of the wastes would be required for
times far exceeding the 1000-year period necessary for
the decay of °°Sr and !37Cs. As a first approximation,
an indication of the relative importance of these
nuclides is given in Table 4.2. The potential hazard
indexes given in Table 4.2 were obtained by dividing
the quantity of a radionuclide by its annual maximum
permissible intake and multiplying by the mean life of

lVisiting scientist on leave from Italian National Committee
for Nuclear Energy.
2 Radiation Ecology Section.
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the radionuclide. The mean life is used to account for
the total time that the potential hazard would persist
due to the presence of the waste in the environment.
This index of hazard, as we have described it, does not
include correction for the environmental behavior of
the various nuclides. As a result, the index for ingestion
of plutonium is probably grossly overestimated, because
plutonium is much less mobile in the environment than
cesium or strontium® ~* and is not readily translocated
in plants.® Thus the major potential hazard resulting
from ingestion of residue from the waste would be due
to °°Sr and '37Cs, until these radionuclides had
decayed through several half-lives.

The major potential hazard from the transuranics
seems to be associated with inhalation as the mode of
exposure. In the case of inhalation the potential hazard
from the transuranics is greater than that from °°Sr or
137Cs; and, because of the long half-lives of 23°Pu and
240py, the potential hazard from inhalation may persist
for an extremely long period of time. A containment
time of a quarter of a million years would be required
to reduce the amount of 23°Pu by three orders of
magnitude. Because the magnitude of the potential
hazard due to inhalation of plutonium may be so much
greater than that due to its ingestion, it appears that the

3C. W. Christenson et al., “Soil Adsorption of Radioactive
Wastes at Los Alamos,” Sewage Ind. Wastes 30, 1478 (Decem-
ber 1958).

‘W. E. Prout, Adsorption of Fission Product by Savannah
River Plant Soil, DP-394 (July 1959).

SD. W. Rhodes, “The Effect of pH on the Uptake of
Radioactive Isotopes from Solution by a Soil,” Soil Sci. Soc.
Am. Proc. 21, 389 (August 1957).

L. Jacobson and R. Overstreet, “The Uptake by Plants of
Plutonium and Some Products of Nuclear Fission Adsorbed on
Soil Colloids.” Soil Sci. 65, 129 (1948).
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Table 4.1. Projected Wastes from United States Nuclear Power Economy*

Aqueous processing of all fuels

Calendar Year
1970 1980 1990 2000 2020
Installed capacity, 10° Mw (electrical) 144 153 368 735 2210
Fuel processed,b 103 metric tons/year 0.052 2.95 8.16 14.0 41.7
Volume of waste generated, as liquid®
Annually, m3/year 64 3670 10,180 17,400 51,850
Accumulated, m3 64 16,654 90,083 227,480 900,830
Volume of waste generated, as solid?
Annually, m3/year 5 275 760 1300 3880
Accumulated, m3 5 1250 6740 17,000 67,400
Accumulated radioisotopes®
Total weight, metric tons 1.75 451 2440 6200 24,600
Total activity, megacuries 2.08 18,900 84,500 209,000 666,000
Total heat-generation rate, 10% calfsec  0.22 19.5 82 193 602
90Sr, megacuries 3.98 962 4640 9550 29,400
137Cs, megacuries 5.27 1280 6540 15,600 57,500
238py f megacuries 0.002 1.20 8.28 30.7 166
239py & megacuries 0.00009  0.022 0.235 1.31 8.45
240py & megacuries 0.00013 0.0409 0.395 1.91 11.4
241py g8 megacuries 0.0295 6.63 47.2 191 909
241 A1 Wi megacuries 0.0089 2.31 27.7 121 763
243 Am " megacuries 0.0009 0.232 1.49 5.19 27.0
242Cm," megacuries 0.725 43.2 185 487 1490
244Cm, b megacuries 0.128 29.9 137 255 700

9Data from Phase 3, Case 42, Systems Analysis Task Force (Apr. 11, 1969), provided by J. O.

Blomeke, Chemical Technology Division.

bBased on an average exposure of 33,000 Mwd/metric ton, and a delay of two years between power

generation and fuel processing.

€Assumes 1250 liters of liquid waste per metric ton of fuel.

dAssumes 1 m> of solid waste per 10.7 metric tons of fuel.

€Assumes LWR fuel continuously irradiated at 30 Mw/metric ton to 33,000 Mwd/metric ton and
LMFBR fuel (core + blanket) continuously irradiated at 58 Mw/metric ton to 33,000 Mwd/metric ton.

FAssumes all 242Cm decayed to 238py,

&Assumes 0.5% of plutonium in spent fuel is lost to waste.

hAssumes no recovery of americium and curium.

iAssumes all 24! py decayed to 241am.

most prudent scheme of management of these wastes
would be one in which the necessity for further
handling at a later date is minimized.

Long-Term Geologic Factors to be Considered
in Waste Management

When containment times on the order of a few
hundreds of thousands of years are needed, the problem
of selection of a suitable site and geologic formation
requires consideration of long-term changes. In addition
to consideration of rather rapid geologic alterations,
such as faulting and earthquakes, it will be necessary to

consider such factors as changes in climate, erosion,
tectonic activity, and volcanism.

We are now living in the Pleistocene Epoch, which is
characterized by faster geologic changes than those
recorded in earlier time spans of comparable length.
During the Pleistocene, which has been estimated to
have begun 600,000 to 3,000,000 years ago, wide areas
have been uplifted, while others have been covered with
hundreds of meters of sediment in proof of rapid
subsidence. The climate has been subject to a series of
major changes which have resulted in repeated glacia-
tions. The last maximum in the extent of glaciation
occurred about 20,000 years ago, during which time
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Table 4.2. Hazard Index of Several Significant Radionuclides
Accumulated in High-Level Solid Waste by the Year 2020

(MPI), . in Waste?

Hazard Index?

Nuclide Quan.tity

(curies) Ingestion Inhalation Ingestion Inhalation

At Year 2020
90g; 2.9 % 10'° 9.0 X 105 1.0x10'®  36x10'7  4.0x 10"
134¢ 57x10'°  47x10'*  36x10'" 20x10'®  15x10'®
238pye 1.7 x 108 42x10'%  34x10'® s3x10"  43x10'®
23%9py 8.4 X 10° 2.3 x 10'! 21x10"  81x10'S  7.4x10'°
240p,d 1.3 x 107 3.6 x 10'? 3.2 x 10'% 3.4 x10'S 3.1x10"°
241ame 79x10® 26x10'3  53x10'¢ 1.6 x10'¢  33x10'°
*3am 27x107  77x10'" 19x10'°  s2x10'®  20x10"°
After 300 Years Decay

90g; 1.6 X 107 50x10'%2  ss5x10'2  20x10'*  22x10'
137¢ 5.7 x 107 4.7 x 10M! 3.6 X 10M! 2.0 x 1013 1.5 x 10'3
238pyc 1.6 X 107 4.0 x 10! 32x10'%  sax10'®  41x10'7
239py 8.4 x 10° 2.3 x 10'! 21x10'%  g1x10'S  7.4x10'°
240p,d 1.3 x 107 3.6 X 10! 3.2 x10'S 34 x10'S 3.1 x 10*°
241ame so0x108 1.7x10'3  33x10'¢ 1L.1x10'®  21x10'?
243 Am 2.7x 107 7.7 x 10'! 19x10'%  g2x10'S  20x10'°

4(MPI),,, is the annual maximum permissible intake.

bThe potential hazard index is taken to be the product of the number of annual maximum
permissible intakes present in the waste times the mean life of the radionuclide.

CAssumes all 242Cm decayed to 238pu.
dAssumes all 24*Cm decayed to 240p,,

€Assumes all 24! Py decayed to 24! Am.

most of the north-central part of the United States was
covered with ice. The mean sea level has fluctuated
according to the amount of water bound on land as ice.
In the last 20,000 years it is estimated that mean sea
level has risen more than 100 m.”*® The melting of the
ice caps also removed a load from wide areas of the
earth’s crust, resulting in a rather rapid isostatic uplift.
This uplift can be followed by increased rates of
erosion.

Rates of erosion are quite variable, both in time and
space. The rate of denudation (the rate at which an
average thickness of material is removed from an area)
is controlled by climate, relief, and lithology. In Table
4.3 are estimates of denudation rates for several

R. F. Flint, Glacial and Pleistocene Geology, pp. 258-171,
Wiley, New York, 1957.

Sw. L. Donn, W. R. Farrand, and M. Ewing, “Pleistocene Ice
Volumes and Sea-Level Lowering,” J. Geol. 70(2), 206—14
(1962).

geographic regions of the United States. The recent
figures are the more reliable. In Table 4.4 the influence
of topography is shown quite clearly. It is expected that
the denudation rates for plateaus and piedmonts would
be intermediate between those of the mountains and
the lowlands. Areas of recent orogenesis (mountain
formation) would be expected to have the highest relief
and the highest rates of denudation.

If the effects of erosion were limited to the average
denudation rate for a region, we could reasonably
expect no significant stripping of the overburden from a
midcontinental area of low relief. However, local rates
of erosion can be considerably higher. A notable
example is the Grand Canyon, which has been carved to
a depth of about a mile by the Colorado River in a time
span estimated to range from 1,500,000 to 2,000,000
years. Obviously, not many rivers deepen their valleys
at such a high rate, but a cutting depth of a few
hundred meters over a similar time span may be
possible in some localized areas. These areas should be



Table 4.3. Denudation Rates in the United States

Rate of Denudation (cm/1000 years)

Drainage Region Dole and Stabler? Judson and Ritter?
(1909) (1964)
Colorado 5.8 16.5
Pacific slopes, California 33 9.1
Western Gulf 1.5 5.3
Mississippi 5.1 5.1
South Atlatic and 3.6 4.1
Eastern Gulf
North Atlantic 2.3 4.8
Columbia 3.8
United States as a whole 3.3 6.6

9R. B. Dole and H. Stabler, “Denudation,” USGS Water Supply
Paper 234, pp. 78-93 (1909).

5G. S. Judson and D. F. Ritter, “Rates of Regional Denudation in the
United States,” J. Geophys. Res. 69, 3395 (1964).

avoided, if identified, in selecting a suitable ultimate
waste disposal site.

Glacial denudation is more difficult to evaluate, and
available data indicate a wide degree of variability in
rates. In the Canadian Shield area, glaciers failed to
erase preglacial morphology, and it is believed that the
total denudation did not exceed a few meters. On the
other extreme, the Sogne Fiord in Norway has been
glacially eroded for an apparent depth of 2400 m. Many
lakes in North America and Europe occupy valleys and
basins excavated and deepened by glaciers for many
hundreds of meters.

Areas previously covered by thick layers of ice are
subject to isostatic uplift when the load is removed. In
the Scandinavian area an uplift of 500 to 600 m has
occurred following the latest glaciation. The present
rate of uplift is greatly reduced from that in the initial
stages of recovery, but it is still nearly 1 cm/year in a
small area at the north end of the Gulf of Bothnia. The
previously glaciated areas of North America are subject
to the same type of uplift, but the available knowledge
of postglacial recovery is not so complete as for the
Baltic area. Following uplift, the rates of denudation
are accelerated.

Interim Storage of Solidified Wastes

Interim storage of solidified wastes will probably be
used to allow a drop in the heat-generation rate so that
better utilization of space in the ultimate disposal
facility will be possible. The problems of heat genera-
tion, release of radioactivity to the environment, and
geologic stability are quite different for the interim
period. Factors relating to the interim storage period
are being reviewed.

20

Table 4.4. Relative Rates of Denudation in
Uplands and Lowlands in Different Climates®

Estimated Rate

Physiographic Environment of Denudation
(cm/1000 years)
Lowlands: slope <0.001
Climate with cold winter 2.9
Intermediate maritime climate (Lower 2.7
Rhine, Seine)
Hot-dry climate (Mediterranean, New 1.2
Mexico)
Hot-moist climate with dry season 3.2
Equatorial climate (dense rain forest) 2.2
Mountains: slope =>0.01
Semihumid periglacial climate 60
Extreme nival climate (Southeastern 80
Alaska)
Climate of Mediterranean high mountain 45
chains
Hot-dry climate (Southwestern United 18
States, Tunisia)
Hot-moist climate (Usumacinta) 92

9Figures are not of uniform quality due to limited sample and
variable estimates of contribution of suspended load, bed load,
and dissolved load of rivers [after J. Corbel, “Vitesse de
I'erosion,” Z. Geomorphol. 3, 1-28 (1959), and L. B. Leopold
et al., Fluvial Processes in Geomorphology, pp. 28—30, W. H.
Freeman and Co., San Francisco and London, 1964].

SAFETY CRITERIA FOR NUCLEAR
FACILITIES

R.V.O’Neill K. E. Cowser

In siting and operating nuclear facilities, there is
concern with the fate of radionuclides that may be
released to the environment. This concern is frequently
expressed by a request to estimate the potential dose to
critical population groups. A general model that may be
used to evaluate the sequence of events that result in
radiation exposure of man can take the form

Release - Transport - Pathway — Receptor ,

in which each term is intended to identify one
significant part of the system. As a computer program,
each term can be considered as a subroutine, and in
theory feedback from use of this model will permit the
development of realistic safety criteria for the siting of
nuclear facilities.

INREM and EXREM are used to estimate dose to
man due to various modes of exposure and are
examples of subroutines of the general model related to
the term Receptor (see Chap. 6, Dose Estimation
Related to Peaceful Uses of Nuclear Explosives).



PATHWAY ANALYSIS: AN APPLICATION
OF SYSTEMS ANALYSIS TO NUCLEAR
FACILITY SITING EVALUATION

The application of systems analysis techniques to the
study of ecosystems has resulted in the development of
methods for simulating the dynamic behavior of energy
and nutrients in the environment. These methods can
be directly applied to the prediction of radionuclide
movement through some environmental pathways lead-
ing to man following releases from nuclear facilities. To
test the feasibility of applying these methods with the
present limitations of available data, a compartment
model has been developed to predict the concentrations
of 1311, 2°Sr, and '37Cs in a variety of human foods
following a contaminating event. These concentrations
are then used to estimate potential dose commitments
to man as a consequence of ingesting contaminated
foods.

The quantity of an element deposited on a square
meter of ground or water surface at various downwind
locations can be estimated by a number of available
computer programs, such as PLUME. This information
is superimposed on a map of the agricultural areas of
interest (Fig. 4.1). An average deposition rate on each
of these areas is then calculated and serves as input to
the PATHWAY program.

The radionuclide is traced through several food chains
leading to man by reducing the environmental com-
ponents to a series of compartments whose temporal
behavior can be described by continuous inputs and
outputs. A preliminary search of the literature was
made to assess the present state of knowledge, and the
model largely has been structured by the available
information. For example, the lack of data on param-
eters for a continuous system (i.e., transfer coefficients)
has limited the description to a simplified discrete-time
simulation. The behavior of the system is described by
the system of equations shown in Table 4.5. They are

NUCLEAR
FACILITY
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designed to operate on a calculation interval of one day.
The pathways that are included in the model are
indicated in the last column of the table and include all
components for which adequate information could be
found. The parameters used to quantify the model are
given in Table 4.6. Careful examination of the two
tables will indicate that predictions of some compart-
ments will be highly conservative. This is due to the
assumption of rapid (24-hr) equilibrium in compart-
ments for which only concentration factors are known.

In its present form the model possesses a rather
limited ability to make realistic estimates of radio-
nuclide concentrations in human food. It does attempt,
however, to maximize our present predictive ability and
can serve to assess the limitations in our present
knowledge of the system.

This preliminary version of the PATHWAY model is
implemented as a FORTRAN-coded program for the
digital computer. An initial test case was formulated
using the output from PLUME for a hypothetical
release to the atmosphere that involves an exponentially
decreasing source of '3'I, 137Cs, and ®°Sr. A truck
farm growing potatoes and leafy vegetables, a reservoir
providing drinking water and fish, a farm growing grain
products, and a dairy farm producing beef and milk
were located at various distances downwind from the
source. The time-varying concentration of radionuclides
in each food product was calculated. Internal dose
estimates will be made for ingestion as the mode of
exposure using this information and appropriate dietary
characteristics of a hypothetical population group.

The dose estimates from the system analysis approach
will be compared with doses computed from the
approaches commonly used for siting nuclear facilities
which appear in present guidelines. Test cases using
environmental monitoring data from existing sites will
provide a means to determine which areas and terms are
most sensitive and most critical.

ORNL-DWG 69-6535R
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Fig. 4.1 Map of Region Downwind from a Hypothetical Nuclear Facility Showing One Potential Contamination Pattern

Superimposed on Six Agricultural Sites.



22

Table 4.5. Discrete-Time Systems Equations Describe Time Behavior

of Radionuclides in Human Food Chains

Compartment a Compartment Description
No. Compartment Input-Output and Units
1 V,{) = input from cards Deposition (yc/mz)
Ve -1 .
2 Vzl(l) = V2,(I -1+ T - Vz:" - l)[a"+ “2i| Water (uc/liter)
3 V3i) = Vit - Day; Fish (uc/g)
Vajt — Dagj+ay; V {t —1)—aga;; Vgt - 1)
4 Vil = — 8 wu L Vegetables (uc/g)
agi
Vsilt = 1) ag;+ ag; VAt = 1) — agiaqg; Vst = 1)
s Vs,(') - Si 9i Si " 1i 1“7 i Potatoes (uc/g)
a9
Vet ~ D ayoi*9; Vit = 1) —ay0ia9; Vet - 1) ,
6 st(') = Grain (uc/g)
90
7 VadD) = Vot = D+ @y Valt = 1) = aqg; Vot = 1) Grass (uc/m?)
8 VD = [ay5; Valt = D+ ay3; Vot - D)ay,; Meat (uc/kg)
9 Vi) = [ay9; Vit = 1)+ ay3; Voit = D]a(n) | g; Milk (uc/liter)

9The index i varies from 1 to 3 to represent 131 90g, or 137¢s.

Table 4.6. System Parameters Used to Simulate Radionuclide

Movement Through Human Food Chains

System Parameter I dl::ti:zl:;tei:m 131y 137¢s 90g,

Physical decay (day ) ay; 0.0866 0.00007 0.00006
Water dilution factor ay; 0.0019  0.0019 0.0019
Equilibrium concentration in fish ay; 0.0 0.5 0.001

(ml/g)
Fractional retention by leafy vegetables ay; 0.16 0.10 0.05
Fractional retention by potatoes ag; 0.16 0.10 0.0003
Fractional retention by grain ag; 0.16 0.05 0.01
Vegetation loss constant (day ) ag; 0.116 00213  0.0233
Yield of vegetables (g/ m?) ag; 1000 1000 1000
Yield of potatoes (g/m?) ag; 1000 1000 1000
Yield of grain (g/m?) ay0i 140 140 140
Fractional retention by grass ayy; 0.16 0.057 0.10
Grass intake by cow (mzlday) a5q; 45.0 45.0 45.0
Water intake by cow (liters/day) a,3; 80.0 80.0 80.0
Equilibrium concentration in meat ay4; 0.01 0.04 0.00066

(days/kg)
1311 concentration® in milk 45,1

56 X 107370941 4 7.5 x 1075.70:032¢ _ 5.9 % 1073,76:93¢

1375 concentration? in milk a5,
,

36X 10727 4 15 x 1020171+ 4.0 x 10756023 _ 5.1 x 107371 -84¢

2095y concentration? in milk a5 3

55X 1004804 10X 10700017 _ 5.5 x 10% !53¢

9Taken from R. J. Garner, “Mathematical Analysis of the Transfer of Fission Products to

Cows’ Milk,” Health Phys. 13, 205—12 (1967).



5. Earthquakes and Reactor Safety
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STUDIES OF STRAIN ACCUMULATION IN ROCKS
T.F.Lomenick  H.J. Wyrick

Photoelastic measurements of rock fabrics is a sim-
plified, low-cost technique for determining the stress
configuration in rock masses. From these measurements
the strain accumulation in rocks in highly seismically
active areas of the country can be determined through
core samples of certain rock types.

To develop the laboratory technique for utilization in
evaluating the geotectonic conditions at reactor sites, a
series of rock types (limestone, sandstone, and granite)
were loaded uniaxially, biaxially, and triaxially and
subsequently strained in the laboratory. Upon removal
of these loads, measurements of elastic strain recovery,
utilizing photoelastic as well as strain gage and microm-
eter techniques, were made. For these short-term tests
it was found that limestone showed the greatest
deformation recovery in relaxation, while sandstone
and granite were considerably less elastic. For the
limestone approximately 50% of the strain recovery
occurred within the first 30 min after release of the
load, while an additional 30% was released in the next
50 hr. The remaining 20% of strain was only partially
recovered after one month. These data indicate that
strain release is slow enough to allow measurements of
this recovery through photoelastic techniques. Quanti-
tative determinations of the directions of the principal
stresses can be determined in this manner, while
qualitative determinations of the amounts of strain in
the rocks can be made.

To demonstrate the effectiveness of the technique in
the field, a series of cores were taken from the exposed
faces of a local limestone quarry. Immediately upon

! University of Tennessee graduate student.
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their removal from the field, selected portions of the
core samples were cut into cubes and oriented with
respect to their field positions. Photoelastic patches
were then bonded to the faces, and strain directions
were subsequently observed and recorded using a
polariscope. From these data the directions of the
major, minor, and intermediate stresses were revealed.
In this case the major stress was oriented parallel to the
vertical and approximates the weight of the overburden.

A second field study has been initiated utilizing
selected portions of rock cores taken at the Nuclear
Fuel Services reprocessing site near Springville, New
York. Since the objective of the drilling was to obtain
stratigraphic and structural data as part of a study to
investigate the applicability of hydraulic fracturing in a
different geologic setting, only a cursory examination
of the rock core is being made to identify its stress
relief patterns. Preliminary analyses of sample speci-
mens of the shale, taken at depths of 1130 ft and
between 1140 and 1180 ft, show no unusual stress field
existing at that site. In addition, the field measurements
verify laboratory tests which show that the strain
recovery in shale (essentially the entire rock column at
the site down to a depth of 1500 ft is well-indurated
shale) is extremely rapid and greatly limits the use of
this rock type for photoelastic strain recovery studies.

FIELD STUDIES OF SLOPE STABILITY
T.F.Lomenick C.J. Mott!

Geological, hydrological, seismological, and climato-
logical investigations were made to determine param-
eters of catastrophic downslope movement of soil
materials developed on fuller’s-earth-bearing strata in
northern Florida and southern Georgia. Soil failures of
this type may be initiated by earthquake-induced
ground motions as well as with favorable lithologic



factors and above-normal water availability in a short
period of time. Since the hydrologic and lithologic
features of this area are common in the Southeast
Coastal Plain, the results of this study (University of
Tennessee dissertation) will be applicable to the deter-
mination of stable sites for power reactors throughout
the entire region.

Field investigations within Gadsden County, Florida,
where mass movement frequently causes major land-
scape development, have shown that the Hawthorn and
Fort Preston formations of Miocene age are the
dominant stratigraphic units within the area. The
Hawthorn formation consists of beds of clay, car-
bonates, cherts, and phosphorite with montmorillonite
clay forming a significant part of the upper half of the
formation. Overlying the Hawthorn formation is the
Fort Preston, which is predominantly kaolinitic sand.
The nature of the Fort Preston—Hawthorn contact is
not apparent. Three possibilities exist:

1. The kaolinitic Fort Preston formation may dis-
conformably overlie the Hawthorn formation, which
is high in attapulgite and has considerable amounts
of montmorillonite.

The Fort Preston—Hawthorn formation contact is
conformable, and differences in clay mineralogy are
attributable to normal depositional or diagenetic
processes.

The Fort Preston is developed as a result of intense
weathering of Hawthorn sediments and would be
mapped as Hawthorn had this degree of weathering
not taken place.

Cases 1 and 2 do not adequately explain existence of
the apparent gradational sequence of kaolinite-
montmorillonite-attapulgite that has been reported.?
Thus the third possibility appears to be the most
plausible. The mechanism of mineral genesis — super-
gene weathering activity — has been duplicated in the
laboratory.> One of the contingencies that is being
considered in this study is the possibility of the
occurrence of mass movement along the montmoril-
lonite zone.

Two major river basins drain the study area. The
Ochlockonee Basin, which drains approximately 70% of

2z. s. Altschuler, E. J. Dwomnik, and H. Kramer, “Trans-
formation of Montmorillonite to Kaolinite During Weather-
ing,” Science 5(141), 148-52 (1963).

3G.w. Brindley and G. M. Poncelot, “Experimental Forma-
tion of Kaolinite from Montmorillonite at Low Temperatures,”
Am. Mineralogist 5(52), 116173 (August 1967).
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the area, has an average runoff of 10 to 20 in./year, or
roughly 33% of the annual precipitation. The northwest
quadrant of the county is located in the Apalachicola
Basin, which is formed by the confluence of the Flint
and Chattahoochee rivers near the common boundary
of Alabama, Florida, and Georgia. Annual runoff in the
Apalachicola Basin is estimated at about 20 to 30 in., or
approximately 45% of the average annual precipita-
tion.* Precipitation has averaged 54.21 in./year for the
period 1931 to 1968.

Annual precipitation in the area is variable, from a
minimum of 30.02 in. in 1954 to a maximum of 77.44
in. in 1948. Additionally, seasonal fluctuation may vary
from 2.31 in. in an average dry month to 6.96 in. for an
average rainy month (U.S. Weather Bureau).

Local water tables fluctuate directly as precipitation.
These water tables, located within the Hawthorn,
generally are nonartesian, shallow aquifers which can be
utilized locally for private consumption in areas where
water requirements are small. The principal aquifer in
the area is the Floridan aquifer — porous limestones of
the Ocala, Suwanee, and Tampa formations which
underlie all of Florida. In Gadsden County, artesian
conditions exist in the Floridan aquifer. The poten-
tiometric surface averages nearly 50 ft above mean sea
level.®

Water in the Floridan aquifer is replenished by rainfall
in northern and central Florida® and in Alabama and
Georgia where the aquifer crops out or where it is
covered by permeable materials.”

In general, it has been found that within the area,
stratigraphic highs are covered with a porous kaolinitic
sand that supports little or no runoff. As a con-
sequence, downward percolating rainfall may lubricate
montmorillonitic clays within the Hawthorn, thereby
allowing catastrophic landsliding upon the triggering
action of earthquake-induced ground motion and/or
favorable climatic and hydrologic conditions. One
special hydrologic condition that may be associated
with the initiation of mass movement in the area is that

*W. E. Kenner, Runoff in Florida (map), Florida Geological
Survey, Map Series No. 22 (1966).

SH. G. Healey, Piezometric Surface and Areas of Artesian
Flow of the Floridan Aquifer — July 6 to 21 (map), Florida
Geological Survey, Map Series No. 4 (1961).

5C. 1. Mott, The Geology of the Putnam Hall Quadrangle,
Putnam County, Florida (unpublished master’s thesis), Depart-
ment of Geology, The University of Florida, Gainesville, 1967,
54 pp.

L. W. Hyde, Principal Aquifers in Florida (map), Florida
Geological Survey, Map Series No. 16 (1965).



of the “piston-like” action to the rapid up and down
fluctuations of the water table. This phenomenon has
been suggested as a triggering mechanism for cata-
strophic sinkhole development in Florida.?

Another possible explanation of translocation of
earth materials includes seismic and microseismic exci-
tation, causing a thixotropic effect in the clays of the
Hawthorn formation. Campbell® cites 15 documented
tremors in the state, ranging from slight microseismic
shocks to intensities of 6 to 8 on the Rossi-Forel scale.
Moneymaker reports 16 additional shocks felt in this
part of the Coastal Plain, including tremors in 1948 and
1952 in the proposed study area.'® Of course the area
has also been shaken perceptibly by past great earth-
quakes that were centered in the eastern part of the
United States, such as the New Madrid, Missouri,
earthquakes of 1811 and 1812 and the Charleston,
South Carolina, earthquake of 1886.

ORNL SEISMOGRAPH STATION
O.H.Myers W. C. McClain

Since the ORNL Seismograph Station (ORT) was
established and accepted as a reporting station in the
US. Coast and Geodetic Survey net, it has reported
seismic events twice weekly to the National Earthquake
Information Center.!+!? It is the only station operat-
ing in the East Tennessee area and records seismic
events that take place locally, as well as most of the
major worldwide earthquakes.

8Robert Vernon, Florida State Geologist, personal com-
munication to C. J. Mott, University of Florida, August 1968.

R. B. Campbell, “Earthquakes in Florida,” Proc. Florida
Acad. Sci. 6(1), 1-4 (1943).

10 . Moneymaker, TVA, personal communication to C. J.
Mott, University of Florida, April 1968.

110, H. Myers and W. C. McClain, The ORNL Seismograph:
Installation and Operation from September 1, 1967, to
February 29, 1968, ORNL-CF-68-8-26.

120, H. Myers, The ORNL Seismograph Station ORT:
Operation from March 1, 1968, to August 31, 1968 (in press).
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The station consists mainly of a vertical short-period
seismometer and its amplifying and recording equip-
ment. The seismometer is installed approximately one-
fourth mile south of ORNL (ORNL Grid coordinates
20,518 N; 31,812 E) in a select site having low
industrial noise. The amplifying and recording equip-
ment is installed within the plant area. Direct recording
is accomplished on a revolving drum using special
heat-sensitive paper and a galvanometer-driven heated
stylus. A maximum amplification of the incoming signal
of several million is possible, but because of seismic
background noise, the ground motion signal is amplified
only about 100,000 times. Other equipment consists of
a time-mark generator driven by a synchronous clock
and a shortwave receiver tuned to the time service
channels operated by the National Bureau of Standards.

During the months of July through December 1968,
arrival times of 239 seismic events were supplied to the
National Earthquake Information Center and were used
and published in their Summary of Epicenter Deter-
mination Data. Several of these were of local interest,
including the Southeastern Illinois -earthquake of
November 9, 1968. The intensity of this quake was the
largest experienced over the southeastern part of the
country in recent years.

Several patterns of nuclear detonations have been
recorded, including two that took place at the Nevada
Test Site that were in the megaton range. The one
detonated on December 19, 1968, registered 6.3 on the
Richter earthquake scale. It was followed by several
aftershocks. Several of these aftershocks registered
between 4 and 5 on the Richter scale.

Ground motions were recorded on the vertical com-
ponent of the ORNL seismograph during the shaking
tests at EGCR on August 7 to August 14, 1968. The
seismometer detecting these signals is located approxi-
mately 2%, miles N 79%°W (Grid) from the EGCR
structure. The times (Eastern Daylight) of the beginning
and end of the signal, the recorded frequency of the
signal, and the apparent vertical ground amplitude
(peak to peak) in millimicrons were recorded.
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PROJECT GASBUGGY

D. G. Jacobs E. G. Struxness
P.S.Rohwer M. J. Kelly
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Project Gasbuggy is a joint undertaking by the U.S.
Atomic Energy Commission, the U.S. Bureau of Mines,
and the El Paso Natural Gas Company to evaluate the
feasibility of the use of nuclear explosives to stimulate
low-productivity oil and gas reservoirs.* The field test
was initiated when a 26-kiloton device was detonated
4200 ft underground on December 10, 1967, near
Farmington, New Mexico, at a site located on an El
Paso Natural Gas Company oil-and-gas lease in the San
Juan Basin, Rio Arriba County, New Mexico. The
device was detonated at the base of the Pictured Cliffs
formation, which is composed of interbedded sand and
shale deposits, constituting a gross interval of 300 ft
with about 190 ft of gas-saturated sandstone. Before
the detonation the average permeability was 0.14
millidarcy, the average porosity was 11%, and gas
occupied an average of about 41% of the pore volume.
These sands contain natural gas, predominantly meth-
ane, with a calculated amount of in-place gas of
33,000,000 ft> per acre.

'Reactor Chemistry Division.
2 Radiation Ecology Section.
3Internal Dose Estimation Section.

“Fred Holzer (ed.), Gasbuggy Preshot Summary Report, U.S.
Atomic Energy Commission Report PNE-1001 (November
1967).

Description of the Study

We have been asked by the Division of Peaceful
Nuclear Explosives (DPNE) to evaluate the dose equiva-
lents to various population groups in the hypothetical
utilization of natural gas and other by-products from
the Gasbuggy cavity. In order to facilitate our analysis,
the study has been divided into three phases.

Phase I will be a consideration of the impact of the
hypothetical input of gas from the Gasbuggy well into
the gas-collecting network of the San Juan Division of
El Paso Natural Gas Company. In this phase of the
study, the analysis is restricted to a consideration of the
hypothetical population and employee exposures with-
in the San Juan Basin, because it seems likely that in
this region the hypothetical dilution of the products
will be the lowest and the radiation exposures the
highest.

Phase II will extend the problem to include the
hypothetical utilization of natural gas and other con-
taminated by-products by populations outside the San
Juan Basin. In the initial stages of this phase we will
consider that the gas moves through the Blanco plant
into Southern California and is diluted with gas
produced from the Permian Basin or that the gas moves
northward through the Ignacio plant for Northwest
distribution. As additional information is obtained and
processed on the demand vs production of the various
areas, we will attempt to further refine our estimates of
the hypothetical dilution, utilization, and population
exposure, as they vary seasonally.

Phase III will be the final extension of the hypotheti-
cal problem. During this phase, we will consider the
possibility of nuclear stimulation of an entire reservoir.
Temporal sequencing of detonations and modifications



in the operation of stimulated wells will be considered.
Consideration will also be given to alternative dis-
positions of the cavity gas if it is necessary to reduce
population exposures that would accrue from its use.

Description of the Source

Consistent evidence after some 200 days post shot
indicated a chimney volume of 2 X 10° ft3, containing
about 1.3 X 10® ft3 of gas. Fifty-five million cubic feet
of gas was flared at a nominal rate of 5 X 10° ft*/day.
Smith and Momyer,®> of Lawrence Radiation Labora-
tory, have reported that one-third of the original cavity
gas was removed by this process, with only 17% of the
flared gas representing new production from the forma-
tion. At this flow rate about 3% of cavity pressure was
lost per day. Four days of flaring at 0.75 X 10° ft3/day
followed, and pressure increased in the cavity during
this period. It has been estimated that 1.3 X 10°
ft3 /day of gas could be withdrawn at steady state.

The radioactivity in gas samples withdrawn from the
Gasbuggy well has been analyzed by the Lawrence
Radiation Laboratory.® Tritium and ®SKr were de-
tected and measured in the gas samples and found to be
present in concentrations of 650 and 100 pc/cm?,
respectively, in the samples removed in November
1968. It is of interest to note that *3'I was not found
post shot in the gas and that gamma scans indicated
that gamma emitters other than 8 Kr were not present.
Argon-37, with a half-life of 35 days, was the only
radionuclide besides ®Kr and *H found in significant
concentrations. No report on the activity of hydro-
carbons higher than propane has been reported, which
leaves in doubt the activity levels of the liquid fraction.

Lawrence Radiation Laboratory has provided a list of
radionuclides that were analyzed for and the limits of
their detectability with the analytical procedures used.®
Some additional information, obtained by Isotopes,
Inc., was provided by C. R. Bowman, El Paso Natural
Gas Company. It is important to keep in mind that the
values listed in Table 6.1 are detection limits (i.e., they
represent the highest concentration of the radionuclide
that could have escaped detection) and that the true
concentrations are probably well below these limits.

5C. F. Smith and F. F. Momyer, Gas Quality Investigation
Program Status Report for Project Gasbuggy, UCRL-71314
(Sept. 18, 1968).

C. F. Smith, ‘“Nongaseous Radioisotopes, Project Gasbuggy
Chimney Gas, January 15, 1969,” an attachment to a letter
from G. H. Higgins, Lawrence Radiation Laboratory, to S. V.
Kaye, Oak Ridge National Laboratory, Feb. 24, 1969.

Table 6.1. Limits of Detection of Radionuclides
in Gas from the Gasbuggy Well

Detection Limit in

Undiluted Gas at the Time Radioactive
Radionuclide of Analysis Extrapolated Half-Life
to the Time of Detonation? (days)
(pc/cc)

90g; 14x1073 1.0 x 10
12560 1.8 9.5
131y 0.03 8.05
14cb 0.05 2 x 101
127gy 2.25 3.9
129mye 0.001 3.3
125my, 7x107 58
137 14X 107° 1.1 x 10
125g 5X1075 877
106py 1.3x1075 365
103py 8x1075 41

@Data from ref. 6 except for 1*C.

bData on the detection limit of 1*C were supplied by C. R.
Bowman, El Paso Natural Gas Co.

If gas is removed from the well at a constant rate, if
the bottom-hole pressure is maintained by the influx of
an equivalent amount of gas into the cavity, and if the
gases within the cavity are well mixed, the
concentration of radionuclides in the gas removed from
the wellhead would decrease exponentially with time.
For radionuclides with half-lives on the order of a few
days, the concentration in gas from the wellhead could
be significantly reduced by allowing a few months
shut-in time for radioactive decay. For long-lived
radionuclides, that is, half-lives on the order of a few
years, radioactive decay would not significantly reduce
the activity levels during a shut-in period of a few
months, but the concentrations could be reduced by
flaring operations.

Description of Gas Collection and Processing in the
San Juan Division of El Paso Natural Gas Company

The gas production from the San Juan Basin can be
considered as a closed system, internally complex,
having but two outlets. One outlet, to the northwest,
typically transmits about 150,000,000 ft3/day of natu-
ral gas, and the second outlet, to the southwest,
discharges about 1250 M? cf/day.
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The gas from Gasbuggy could be processed at either
the Blanco plant, with a capacity of about 600 M?
cf/day, or at the Ignacio plant, which can handle about
300 M? cf/day of wet gas plus 100 M? cf/day of dry gas
from the drier region of the basin to the northeast.

Figure 6.1 shows the gas-gathering system in the
Gasbuggy area. The primary routes are shown in detail,
with feeders from other trunks and loops left out for
clarity. The gathering line from the Gasbuggy well is
physically cut and welded, so that no gas can actually
enter the El Paso gathering system from this well.

Ordinarily, gas wells produce liquid hydrocarbons,
water, and methane. Some of these liquids, called drip
liquids, condense at the wellhead and are collected in
tanks for sale to local refineries, where they are
fractionated and further refined. Most of the water is
removed from these drip liquids at the wellhead,

generally by absorption into glycol or sometimes by
adsorption on calcium fluoride. After liquid removal at
the wellhead, Gasbuggy gas would hypothetically enter
trunk L and proceed toward one of the processing
plants. Dilution with uncontaminated gas from other
wells would occur during the transmission. The average
daily flow (M? cf/day) at various points in the
collection system is: 2.1 at lateral L-10, 4.8 at lateral
L-10, 22 at lateral L-7, 57 at lateral L-7, 89 at trunk L
junction with trunk A, and 576 at the input to the
Blanco plant.

During transmission of the gas, further condensation
of water vapor and higher hydrocarbons also occurs.
The quantity varies seasonally due to temperature
changes. These liquids tend to accumulate at low spots
in the gathering lines and must be removed periodically
so that they do not impede the flow of gas. Removal is
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Fig. 6.2 Simplified Schematic of the Gas Collection System in the San Juan Division of El Paso Natural Gas Company.

accomplished by sending rubber balls (pigs) through the
lines and removing them and the liquids at pigging
stations along the lines. These pigging liquids are stored
in tanks and sold to the local refineries along with the
drip liquids.

Ranchers in the area have the option of tapping into
wellheads or gathering lines to obtain natural gas for
domestic use. Several farm taps exist in the San Juan
Basin. In Fig. 6.2, various user taps are shown which are
hypothecated to be remotely associated with contami-
nated gas from Gasbuggy. Most of these users lie off
main gathering trunks on producing laterals which
protect them from contaminated gas by counterflow;
protection is also afforded by one-way valves at the
wellhead. The community of Dulce also obtains natural
gas from the El Paso Natural Gas Co. gathering system.
However, the demands of the community are essentially
always lower than the production along the spur leading
to the town, so that it is not likely that gas from the
main trunk would flow toward the community.

Gas entering the system from wells in the vicinity of
the Gasbuggy experiment would leave the San Juan
Basin through either the processing plant at Ignacio at
the northern exit or at Blanco at the southern exit. At
the processing plant the gas is dehydrated and absorbed
to remove LPG’s and liquid hydrocarbons from the
product gas. The liquid hydrocarbons and the butanes
and propanes are piped to Wingate, where they are
fractionated and distributed by rail and truck. At the
Ignacio plant the butanes and propanes are separated
and marketed locally. The methane product gas enters
pipelines leading to Southern California to the south
from the Blanco plant or to the Pacific Northwest from
the Ignacio plant.

An Approach to Estimating Household Dilution of
Natural Gas Combustion Products

Open flame burning of natural gas in a dwelling
results in the production of heat, carbon dioxide, and



moisture within a confined space. It is recognized that
this nonventilated method of heating is not representa-
tive; however, for purposes of this report, it is assumed
to be a “worst” case. In warm weather we may expect
ventilation to be at a maximum to remove the
undesirable heat. Dilution of the combustion products
with outside air would also be at a maximum. In winter
the opposite occurs, and minimum dilution of the
combustion products would be expected. Hence, for
natural gas containing radionuclides, maximum radia-
tion exposure will probably occur during the heating
season. To assess the probable magnitude of this
exposure, it is necessary to establish appropriate con-
centrations of the natural gas reaction products within a
variety of inhabited dwelling units.

A consistent approach to the problem is to consider
the gas usage required to maintain normal inside
temperatures (70°F). Exchange of outside air with that
within the dwelling unit must also be evaluated so that
we may determine the average dilution of the com-
bustion products within the living space. To accomplish
this, a basic framework has been outlined which relates
heat transfer, infiltration of air into dwelling units,
thermal conductivity, and construction practice.”

Conduction losses of heat are assumed to be equal to
the rate at which the heat is transferred to the outside
surfaces, and this depends on the type of construction
materials used. Infiltration of air into dwellings is not so
well defined, but values have been obtained from the
literature.® The numbers were used in conjunction with
the minimum recommended design value of one air
change per hour. Gas is assumed to supply heat at a rate
of 1100 Btu/ft>.

When different types of construction are considered,
the dilution of combustion products in the unit (house
or room) can be estimated based on the rate of air
change and the rate of gas usage required to maintain an
inside temperature of 70°F. For the extreme case in
which the outside temperature is assumed to be —10°F,
the following dilution factors were estimated, assuming
all combustion products released into the heated unit:

Case A:Shack, 10 ft X 10 ft X 8 ft, made of 1-in.
wood, with one door and two windows — 110.

Case B:Same as case A with door and windows
weather stripped — S8.

™. J. Kelly et al., Second Quarterly Progress Report on the
Theoretical Evaluation of Consumer Products from Project
Gasbuggy, ORNL-TM-2513 (March 1969).

8y w. Norris, Warm Air Heating and Winter Air Conditioning,
p. 59, McGraw-Hill, New York, 1950.
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Case C:Normal dwelling unit of first-class con-
struction, 100 ft> room, 4 in. of rock-wool
insulation, doors and windows comprising 15%
of outside surface, windows curtained — 110.

Case D: Same as case C but 1000 ft? floor area; door
and window area 312 ft?; wall and ceiling area
1768 ft> — 191.

Same construction as cases C and D with floor
area 3000 ft2 — 213.

Extremely well designed and well constructed,
storm doors and windows, floor area 1000 ft?
— 334,

Case E:

Case F:

If infiltration is reduced, the dilution factor may be
limited by the stoichiometry of combustion, in which
two volumes of water vapor are produced from each
volume of burned gas. At 70°F only 2.5% water vapor
can exist in equilibrium in air; condensation to liquid
occurs above this point. Thus a positive dilution factor
of 80 for inhalation exists, assuming equilibrium at
70°F. Local temperature gradients within the shack
(higher temperatures would exist near the stove) will
decrease this somewhat, but a conservative dilution for
inhalation is over 60 even without air infiltration.
Asphyxiation can occur at this concentration. The
minimum dilution of 60 is dependent only on tempera-
ture and on the combustion process and may be
considered a fundamental limit; it is not dependent on
dwelling size.

The problem still remains for the probable dilution
when heating is not required or desirable. A study of
nonheating gas usage in Indiana® on 30,417 meters gave
an average usage of 6870 Btu/hr or 6.2 ft> /hr of natural
gas with a range from 4.0 to 8.6 ft®/hr. This may be
compared with the one-day average usage by:

Kitchen range 27 ftalday or 1.13 ft3/h.t

Refrigerator 34 ft3/day or 1.42 ft3 /hr

Water heater 64 ftalday or 2.67 ft3/hr

5.22 ft3/hr

Other appliances, such as clothes dryers, account for
the remaining usage shown in the Indiana study. Water
heaters and clothes dryers are invariably vented.
Ignoring this and using our standard 8000-ft> house and
the maximum Indiana case of 8.6 ft>/hr gas usage with

°C. G. Segeler (ed.), Gas Engineers Handbook, sect. 23, pp.
51-58, Industrial Press, New York, 1966.



one air volume change per hour, our dilution is 930. As
a cross check we can consider the kitchen only,
assuming a volume of 800 ft*, with the stove and
refrigerator using 2.55 ft /hr of natural gas. This would
give a dilution factor of 314. This would appear the
worst credible case under nonheating conditions.

Effect of a Continuously Decreasing Concentration of
Radionuclides at the Wellhead on the Dose to
Hypothetical Users of Gasbuggy Gas

In the hypothetical utilization of gas from a well that
has been stimulated by underground nuclear detona-
tions, there are a number of factors which affect the
concentration of radionuclides available for the
exposure of domestic consumers. These factors,
outlined in a previous progress report,” include:

1. concentration of radionuclide at the wellhead,

2. pipeline dilution,

3.

4. fraction of combustion products vented inside the
home,

quantity of gas consumed,

5.
6.

home dilution,

occupancy.

These factors can be combined into a general equation
to depict the trend of radiation exposures with time.'®
Most of these parameters, of course, are not constant
but vary with time. For example, utilization of gas for
heating is seasonal and is dependent on weather
conditions; also, the rate of air turnover in a given
house depends on the ventilation. The equation would
give the concentration of a radionuclide in a home for
the conditions specified. Intake of radioactivity would
be further influenced by the breathing rate and by the
occupancy factor.

Dose equivalents calculations have been made for the
hypothetical use situations described above as residence
A and residence C. These hypothetical situations
considered a wellhead production rate of 1 M? cf/day
for the Gasbuggy well, a pipeline dilution factor of 50,
and gas use corresponding to 6000 degree-days of
heating per year. Measured values for the initial

10h G. Jacobs and K. E. Cowser, Third Quarterly Progress
Report on the Theoretical Evaluation of Consumer Products
from Project Gasbuggy, ORNL-TM-2657 (July 1969).
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concentrations of *H and ®5Kr of 650 and 100 pc/cc
were used, as was the estimated initial volume of gas in
the cavity, 130 M? cf.® Further assumptions were that
gas would be produced and used continuously, that all
combustion products would be vented into the home,
and that someone would be present in the home
continuously. The exposure modes considered were
inhalation and skin absorption of >H and submersion in
85Kr. The equation from ref. 8 was used to describe the
concentrations of the 5Kr and >H with time.

In Table 6.2 are listed the annual dose equivalents for
the hypothetical conditions assumed in the calculations.
The biological half-life of *H is quite short, so that
when intake ceases the additional dose due to the *H
retained in the body ceases shortly thereafter. For 85 Kr
the dose results from submersion in contaminated air,
so that no dose is obtained after the source of
radioactivity is depleted.

The limits of detection for other radionuclides were
given in Table 6.1. Although the true concentrations are
probably well below these limits, it is of interest to
estimate the upper limits of the dose that could
hypothetically be received. The 50-year dose com-
mitments and the external gamma dose potentials were
calculated for the hypothetical use situation described
above.

Of the radionuclides listed in Table 6.3, looking ahead
to the hypothetical nuclear stimulation of a large
producing formation (involving thousands of nuclear
stimulated wells), °°Sr might contribute a significant
dose commitment (after a shut-in period of a few
months) if it were initially present in a concentration
approaching its present detection limit. Thus it is
suggested that more sensitive analytical techniques
should be used to establish a lower detection limit.

Table 6.2. Annual Hypothetical Dose Equivalents to
Total Body from the Use of Gas from the Gasbuggy Well

Pipeline dilution factor = 50

Annual Hypothetical
Production Year Dose (millirems)
34 85y,
1 15.0 0.93
2 1.1 0.06
3 0.06
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Table 6.3. Limits of Detection of Radionuclides in Gas from the Gasbuggy Well and Their Hypothetical
Impact on Dose

The contributions of the daughters are considered in the total
Gas production is assumed to begin immediately following the detonation
Pipeline dilution factor = 50

Detection Limit in Undiluted Gas
at the Time of Analysis Extrapolated

Upper Limit of
Hypothetical

Upper Limit of Hypothetical
Internal Dose Commitment

Radionuclide to the Time of Detonation? Critical Organ (Sé)ﬁ)t';:a:lsg:;at:e E;()f::;lo(iz::;::a
(pc/co) (millirems) (millirems)
90g; 1.4x1073 Bone 5
1255 1.8 GI (LLDD 0.9 2x1072
131 0.03 Thyroid 0.4 1x107™*
18¢cc 0.05 Fat 0.02
127gy 2.25 d d 5x1073
129mre 0.001 Kidneys 2x1073 5x107°
125mr, 7x107* GI (LLI) 6x107* 2x107°
137 1.4x1075 Liver 1x107* 1x107¢
125gy 5X10°° Bone 8x10°° 1x10°®
106py 1.3x10°° GI (LLI) 7x1078 3x 1077
103Ry 8X10°° GI (LLI) 3x1075 6x107°

9Data from ref. 6 except for '*C.

bGastrointestinal tract (lower large intestine).

“Data on the detection limit of *4C were supplied by C. R.
4Not calculated.

ATLANTIC-PACIFIC INTEROCEANIC CANAL
STUDY

P.S. Rohwer
owser E. G. Struxness
W. S. Snyder

The Health Physics Division, under subcontract to
Battelle Memorial Institute (BMI), has been developing
procedures to estimate the potential dose to man (and
to compare these estimates with appropriate radiolog-
ical safety standards) as a part of a feasibility study of
using nuclear explosives to excavate a sea-level canal
across the isthmus of Central America. Battelle Memo-
rial Institute, as a principal AEC contractor, is respon-
sible for the management of studies to determine the
radiological safety of such a project. Earlier progress
reports provide details on the modes of exposure
considered, models for estimating external dose
(EXREM) and internal dose (INREM), and suggested
radiation safety criteria.'? 12

Bowman, El Paso Natural Gas Co.

The EXREM II Computer Code for External
Dose

The EXREM II code has all of the features of the
EXREM code,!®> but, in addition, it can handle
complex parent-daughter decay chains with any degree
of branching. Since some proposed Plowshare projects
require multiple detonations, the EXREM II code is
able to handle up to 25 consecutive detonations and
perform the necessary bookkeeping for buildup and

K. E. Cowser et al., Health Phys. Div. Ann. Progr. Rept.
July 31, 1967, ORNL4168, pp. 53—-59.

12¢ z. Morgan et al., Health Phys. Div. Ann. Progr. Rept.
July 31, 1968, ORNL4316, pp. 60—68.

!3W. D. Tumer, S. V. Kaye, and P. S. Rohwer, EXREM and
INREM Computer Codes for Estimating Radiation Doses to
Populations from Construction of a Sea-Level Canal with
Nuclear Explosives, Computing Technology Center and Oak
Ridge National Laboratory, Oak Ridge, Tennessee, K-1752
(September 1968).



decay of up to 200 parent and daughter nuclides,
starting at the time of the first detonation and
continuing to any time of interest. The models
programmed for submersion in air and water are the
adiabatic type; that is, the contaminated medium is
assumed to be infinite in extent and of uniform
concentration. When this is not the condition, the dose
estimates will be proportionately conservative.

The total external dose equivalent (rems) from beta
particles (g = ) or gamma photons (¢ = ) of the ith
radionuclide at the /th location accumulated from
exposure from ¢, to t, for the gth mode of exposure is
designated by

t
TD,pqit1, 1) = Dy, j; : Cip) dt , (6.1)
where l
i = radionuclide index,
p = exposure mode index (w for water, a for air,
s for surface),
q = radiation index (B for beta radiation, v for
gamma radiation),
I =location index,
t; = time (hr) for beginning of exposure,
t, = time (hr) for ending of exposure,
D,,, = dose-rate factor (rems cm® wpc™ hr™' for

p=w and p=a, rems cm®> uc' hr™' for
p=s),

Cip,(t) = concentration (uc/cm?® for p = w and p =a,
pc/ecm? for p =) at time ¢.

The EXREM II code calculates D,-p q separately for both
beta and gamma radiation from a model appropriate for
the mode of exposure p using input data for radio-
nuclide i. The models used in this code for the various
modes of D;,,, have been described previously.' *™**
The concentration, Cj,(f), is derived from the nu-
clide chain equations for radioactive decay. For a single
environmental release, an explicit expression for the
concentration at time ¢ of the ith radionuclide in a

14K. E. Cowser et al., Dose Estimation Studies Related to
Proposed Construction of an Atlantic-Pacific Interoceanic Canal
with Nuclear Explosives: Phase I, ORNL4101 (March 1967).

155 v. Kaye and P. S. Rohwer, ‘‘Estimating External Dose in
Feasibility Evaluations of Plowshare Events,” in Plowshare
Research and Development Quarterly Progress Report for April
1, 1968, to June 30, 1968, ORNL-TM-2249 (1968).
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pathway is denoted by

Cipl1) = C?pl exp(—\7),i=1,
i—1
=Cpiexp(-ND+T L Ry
k=1
(6.2
i-1 i—1 )‘I+1f}
x B vmnag =) |
j=k ==k \M — %y
I#4
i>1,
where
T=t— to ,
=1 /Ny Jy
Il =1ifk=i—1,
1=k )\I — )\l
I#j

exp (-NT) — exp (-\T)
N —\)T

Yi]’(n =

’

A; = radiological decay constant (hr™') of
the ith radionuclide,

f; =fraction of nuclei of the ith radio-
nuclide which decays to the i + 1st
nuclide in the pathway,

to = time (hr) of environmental release,
C?pl = gipI Yi ’

8ip1 = location correction factor for the ith
radionuclide, the pth mode of ex-
posure, and the /th location,

Y; =yield (uc) of the environmental release.

To determine the concentration of a radionuclide in a
chain containing more than one pathway, contributions
for the nuclide are summed for each pathway that is
unique up to that radionuclide.

The concentration, MC,-p,(t), at time ¢ of the ith
radionuclide resulting from M environmental releases is
obtained by evaluating Eq. (6.2), where

Coot = m—1CiptTa) + 8ipt Yimr » - (6.3)



and

Ty = time (hr) of the Mth environmental
release,

T=t—1pymy,

8ipiM = &ip1 for the Mth environmental
release,

Yy =7Y; for the Mth environmental re-
lease,

m—1Cipi(Tpr) = the concentration at time 7y of the
ith radionuclide resulting from the
first M — 1 environmental releases.

Obviously, only digital computer solution is practical
for the external dose model, because the complexity of
the calculations involves multiple detonations, decay
chains with branching, several modes of exposure, and
the large number of radionuclides usually considered.
The EXREM II code has flexibility in handling
problems of varying complexity. Up to 50 dose rates
and/or total doses may be computed for each nuclide in
each mode of exposure. This code prints out separately
the doses and dose rates from the gamma photons and
the beta particles of each radionuclide, as well as the
total dose and total dose rate, obtained by summing the
beta and gamma contributions (for some assessments,
dose rate as well as total dose is important). The latest
version of this code is described in more detail in a
publication by Turner.! ¢

Estimation of Radiation Dose Due to
Internal Exposure

Constraints placed upon the feasibility study have
limited the extent of the dose estimation effort.
Ingestion of radionuclides in food and beverages is the
only mode of exposure still being considered for
internal dose estimation. Efforts to estimate the po-
tential doses which could result due to inhalation of
radionuclides are not being continued. The number of
radionuclides under consideration for internal exposure
has also been reduced. Battelle Memorial Institute
(BMI) employed the specific activity concept to elimi-

16w. D. Turner, The EXREM II Computer Code for
Estimating External Doses to Populations from Construction of
a Sea-Level Canal with Nuclear Explosives, CTC-8, Computing
Technology Center, Union Carbide Corporation, Nuclear Divi-
sion, Oak Ridge, Tenn. (in press).
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nate all but 31 radionuclides from more detailed
study.!” Those radionuclides being considered are: *H,
14C, 32P, 39Sr’ 9OSr’ 9521.’ 95Nb, lOSRu, IOGRU,
124Sb, lszb, 127'”Te, 129"'Te, 132Te, 1311’ ldlce,
144Ce, “3Pr, l“Sm, lssEu, l“W, 1ssw’ 188y
19SAU, 196Au, 203Hg, 210Pb, 238PU, 239PU, 240PU,
and 24! Pu.

An idealized assessment of a population exposure
requires radiation dose estimates for each individual in
the population. A practical approach is to divide the
population into groups, the groups being differentiated
by factors influencing dose. Age is a convenient
characteristic to use for this purpose, though other
differentiating factors may also be operative. The dose
models used in the INREM code contain five parame-
ters which may vary as functions of the age of the
individual exposed. Dose estimates for the population
can be obtained once the age groups have been selected
and the age-variant parameters evaluated.

The indigenous populations living along the proposed
canal routes are divided into five age groups for internal
dose purposes. The age groups chosen are: 0 to 1 year,
1 to S years, 5 to 10 years, 10 to 15 years, and over 15
years. These selections were made by ORNL and BMI
jointly, on the basis of demographic and dietary data
from the canal areas. The paucity of information
describing human populations and their age-dependent
characteristics leads us to rely heavily upon the tabu-
lated values of “standard man,”'® even for this coarse
age breakdown, recognizing that the populations in the
canal areas differ from that which is the basis for
standard man.

The dose estimation models in the INREM code can
utilize age-dependent information for the following
parameters: organ mass (m), effective absorbed energy
(e), fraction of radionuciide intake reaching the organ
of interest (f), effective half-time of the radionuclide in
the organ of interest (T,), and daily radionuclide intake
(I). Evaluation of these age-dependent parameters for
the populations indigenous to the canal areas is dis-
cussed in the following paragraphs.

The age dependence of organ mass is based on
literature describing the Caucasian population from
which standard man is drawn. The Caucasian popula-
tion values for all age groups except the 0 to 1 year olds

173, G. Bloom and A. A. Levin, Battelle Memorial Institute,
Columbus Laboratories, memorandum to K. E. Cowser, Nov. 8,
1969.

laReport of Committee II on Permissible Dose for Internal
Radiation, ICRP Publication 2, Pergamon, London, 1959.



were reduced 20% to allow for the smaller physical size
observed for those groups in Central American popula-
tions.!® A notable exception is the thyroid, in which
case no mass reduction was made because of the high
incidence of goiter which has been noted.!® Individuals
appear to achieve adult physical maturity by the age of
15 years.

The effective absorbed energy values used for the
different age groups are adapted from those given for
standard man in ICRP Publication 2. Effective absorbed
energy contributions of all radiation emissions except
gamma and x-ray photons are assumed to be indepen-
dent of the age of the individual exposed. Preliminary
results from energy absorption studies being conducted
in the Division suggest that absorbed fractions within
organs for gamma and x-ray photons are approximately
proportional to the one-third power of the mass of the
organ. Therefore the effective absorbed energy contri-
butions of those photons are adjusted in proportion to
the one-third power of the ratio of the organ mass for a
given age group to the mass of the respective organ for
standard man. The data given for the gastrointestinal
tract are appropriate for the segments identified in
ICRP Publication 2 as critical for the respective
radionuclides.

There is little information available on age-dependent
variation of the fractional uptake of radionuclides by
body organs. Adequate data are not available for
specific age-group evaluations for most of the radio-
nuclides remaining under consideration for internal
exposure, and, in those cases, standard man values are
applied to all age groups. Application of standard man
values to all age groups is not conservative necessarily;
however, it does not seem prudent to select other
age-dependent values without supporting literature. In
those cases where uptake fractions for standard man are
large (approaching 1.0) the values may be applied to
younger age groups with confidence. However, when
uptake fractions for standard man are smaller, applica-
tion of the values to younger age groups must be done
with reservation, because there is no guarantee that the
body processes controlling uptake are equally discrimi-
nating for all age groups, particularly for infants.

Effective half-time is another of the age-dependent
parameters in the INREM code for which descriptive
data are scarce. Age-dependent values are being used for
two radionuclides (*H and '3'1);?°+?! standard man
values are applied to all age groups for the other
radionuclides. Application of standard man values to
the younger age groups is probably conservative in
most, if not all, cases. At least a slight increase in
effective half-time as the individual ages would be
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anticipated for most radionuclides, because the basal
metabolic rate of man decreases with increasing age.
Increases in effective half-times accompanying increases
in the age of the individual have been observed for
several radionuclides (*H and '3[ are examples).

Daily radionuclide intake information (micro-
curies/day) is being supplied by BMI for each popula-
tion (ethnic group) for which internal dose estimates
are desired. The daily intake values for the five age
groups are evaluated by BMI with multicompartmental
models of the environment in the study areas of
Panama and Colombia.

Application of INREM and EXREM to a Hypothetical
Cratering Event

Since the feasibility study is in progress, estimates of
potential dose to occupational employees and native
populations are only partially completed. The appli-
cation of EXREM and INREM in this study is best
illustrated at this time by a simple example. The type of
application postulated requires two cratering deto-
nations, 30 days apart, which vent 1 curie of
137Cs.137Ba to the atmosphere. The levels of radio-
activity chosen are completely arbitrary and are not
related to any real Plowshare applications. However,
such a hypothetical problem is useful (1) to identify the
type of input data required to assess a real situation and
(2) to illustrate the format of the results of the dose
computations for a cratering event.

Figure 6.3 is a simple schematic diagram of the modes
of exposure considered in the dose assessment. A more
detailed outline of the input assumptions may be found
elsewhere.?? The cumulative total-body dose curves
generated with the INREM and EXREM computer
codes for all modes of exposure are shown in Fig. 6.4.
Only estimates applicable to adults are plotted for
internal dose. Submersion in the radioactive cloud is
unique, because the exposure lasts only a relatively
short time (1 hr in the case of the example problem).

1
9lnterdepartmental Committee on Nutrition for National

Defense, Columbia Nutrition Survey, U.S. Government Printing
Office, Washington, D.C., December 1961.

20p 3. Rohwer and S. V. Kaye, Age-Dependent Models for
Estimating Internal Dose in Feasibility Evaluations of Plowshare
Events, ORNL-TM-2229 (April 1968).

21M. J. Cook and W. S. Snyder, Health Phys. Div. Ann. Progr.
Rept. July 31, 1965, ORNL-3849, pp. 190-93.

225 v. Kaye and P. S. Rohwer, “Methods of Estimating
Population Exposures from Plowshare Applications,”
Proceedings of Symposium on Public Health Aspects of
Peaceful Uses of Nuclear Explosives, Las Vegas, Nevada, April
7-11, 1969 (in press).
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Fig. 6.3. Simplified Block Diagram of Hypothetical Problem.

Consequently, the radioactive half-life is used for this
calculation, because the source term represents an
average concentration. The expected cumulative dose
due to submersion in contaminated water is so low (3.5
X 107% millirem) that it does not appear on this graph.
On the other hand, Fig. 6.4 shows that drinking the
same water results in a dose commitment of 2.2 X 1073
millirem, almost 100 times as large. Obviously, in-
creasing the use factor from 0.5 hr/day for submersion
in water to 2 or 3 hr/day would not result in doses even
approaching those from drinking the same water. The
magnitude of the differences in doses here is indepen-
dent of the concentration of radioactivity in water but

is dependent on the type and energy of the radiation
emitted. A similar comparison can be made of the
relative hazard from submersion in a radioactive cloud
and simultaneously breathing the same air. From Fig.
6.4 it can be seen that inhalation of radioactivity results
in an internal dose almost four times the external dose
from submersion in the radioactive cloud. It seems
probable that the dose from inhalation will always be
higher than the submersion dose, especially for radio-
nuclides having a long biological half-time. The ex-
pected doses which are plotted for ingestion of con-
taminated food and exposure to a contaminated land
surface are strictly functions of the arbitrary input
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Fig. 6.4. Dose Accumulated in the Period 0—60 Years Following the First Detonation for the Hypothetical Problem.

parameters and are not intrinsically related as are the
dose estimates for submersion in water vs drinking
water and submersion in air vs inhalation. It is
interesting nevertheless to compare the expected dose
(effective half-time = 1 year) from the land surface to
the conservative dose (effective half-time = radioactive
half-life = 30 years). Essentially all the expected dose is
accumulated by the fifth year after the initial detona-
tion, whereas the conservative dose is considerably
higher and still increasing after 60 years. (The asymp-
totic condition is not approached until approximately
150 years.) The magnitudes of the expected and
conservative doses from the contaminated landscape are
entirely dependent upon the arbitrary choice of ef-
fective half-times for this hypothetical case, but it raises
a question that merits further consideration. For any
dose integration period, what is the magnitude of
conservatism of dose calculated with T = T, (conserva-
tive dose) vs a dose calculated with T=T,T,/(T, + T,)
(expected dose)? If F() represents the magnitude of
conservatism for a specified time period due to use of
the radioactive half-life only, then

Dy (1)
D) ’

Ap = (6.4)

where Dp (f) is cumulative external dose calculated
with radioactivity loss due only to radioactive decay
and D4(?) is cumulative external dose calculated with
radioactivity losses due to environmental factors and
radioactive decay. Substituting a simple integral ex-
pression (assuming no input from parent radionuclides)
for DTr(t) and D,(t), we get

t

k[ e ar
1)
Ry=——""—, (6.5)
k| e Madt
)

where k represents all constant terms necessary to
compute dose. Solution of Eq. (6.5) gives

(6.6)

the equation for estimating the magnitude of conserva-
tism due to exclusion of the environmental half-time in
dose computations. The utility of Eq. (6.6) is explicit in
the family of curves plotted in Fig. 6.5 for ratios of
T,|T as large as 100/1. Figure 6.5 shows that after 5
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Fig. 6.5. Graph of Conservation Factors for External Dose Estimates Utilizing Radioactive Decay as the Only Process Which

Reduces the Radiation Field.

years a cumulative dose calculated with T = T, = 30
years would be conservative by a factor of about 3.3
when compared with a dose calculated with T'= 1 year.
The curves for land surface in Fig. 6.4 verify this
conservatism factor. Figure 6.5 can be used for a wide
variety of assessments; its use requires no additional
calculations of dose, and the time scale can be
designated in any convenient time units.

A large portion of the expected dose is accrued during
the year following the first detonation, as shown in Fig.
6.6. Even with the greatly expanded time scale of Fig.
6.6 (compared with Fig. 6.4), the dose from submersion
in contaminated air appears as a step function, because
the total exposure time is only 1 hr in each case. This is
in sharp contrast to the steadily increasing dose which
results from inhalation during the same 1-hr exposure
periods. The cumulative dose from inhalation ceases to
increase after a few months, and this is entirely a
function of the effective half-time in the body. If

137Cs.137Ba were taken up appreciably by bone, it
might take years instead of months for the maximum
dose to be attained. The remainder of the curves
plotted in Fig. 6.6 reflect the influence of environ-
mental half-times on external exposures or the com-
bined effects of the environmental half-times and
effective half-times in the body on internal exposures.

The accumulation of dose from internal exposures is
shown in Fig. 6.7 as a function of time and age at the

start of intake. With the exception of the first exposure
year, the various age groups retain their relative
positions throughout the exposure period. If we assume
that all age groups have equal biological sensitivity to
radiation exposure, those individuals 10.5 years of age
at the time of the first detonation comprise the critical
population group on the basis of this analysis. While it
is of interest to identify the critical population group
by age, it is important in population exposure situations
to identify the age at a specific point in time. These
identifications are necessary, because one age-depen-
dent parameter (daily radionuclide intake) is dependent
not only upon the age of the individual but also upon
the radionuclide concentrations in the intake media.
Radionuclide concentrations in the intake media may
vary considerably as functions of time, particularly in
transient exposure situations where the concentrations
attain peak values for brief periods and then decline
steadily.

We assume the genetic dose is equal to the estimated
total-body dose due to internal exposure plus the
estimated external dose. There is very little difference
among these estimated genetic doses, primarily because
external exposure constitutes approximately 75% of the
total dose and because external dose, as currently
estimated with the EXREM code, is not age dependent.
The genetically significant dose to the population is
estimated to be 0.386 millirem, slightly exceeding the
highest individual genetic dose estimate.
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7. Related Cooperative Projects

COOPERATION OF OTHER AGENCIES
IN ORNL STUDIES

The research and development program of the Radio-
active Waste Disposal Section is of special interest to
various public and private agencies. Several study
projects provide an opportunity for others to par-
ticipate, both to supplement the Laboratory’s research
effort and to gain information and experience of value
to the other agency. The ways in which another agency
may cooperate include: assignment of on-loan person-
nel as temporary additions to the ORNL staff, perform-
ance of specific work under cooperative agreements to
augment ORNL programs, work authorized under
ORNL subcontracts and performed by the contracting
agency, and coordination of related work projects with
ORNL projects for mutual benefit.

Waste Management Studies

Agencies participating in these programs during the
past year have included the Carey Salt Company of
Hutchinson, Kansas, and the New York State Atomic
and Space Development Authority. Results of the
cooperative program with the former agency are in-
cluded in the section headed “Disposal in Natural Salt
Formations” and of the latter agency in the section
headed “Disposal by Hydraulic Fracturing.”

VISITING INVESTIGATORS FROM ABROAD

During the year, one noncitizen guest participated as
a temporary member of the research staff of the
Section.
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NUCLEAR SAFETY REVIEW

One member of the Section served on the staff of
Nuclear Safety as assistant editor. During the year,
several individuals in the Section contributed review
articles which were published under the category
“Consequences of Activity Release” or as an AEC
Critical Review Series.

PARTICIPATION IN EDUCATIONAL PROGRAMS

Two members of the Section participated in coopera-
tive programs with the University of Tennessee. A
course was presented on the Health Physics Aspects of
Radionuclides Released to the Environment. A similar
series of lectures was presented at a Health Physics
Training Course sponsored by ORAU. Another course
was presented on Rock Mechanics in the Department of
Civil Engineering.

LABORATORY PROJECTS

Several members of the Section served as part-time
staff members of the Nuclear Safety Information
Center, the Civil Defense Research Project, and the
agroindustrial complex study.
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Primary objectives of our growing and diverse re-
search on radiation effects in animals are: (1) compara-
tive measurements and interpretations of consequences
of acute and chronic irradiation in wild species of
animals and (2) evolution of models for prediction of
radiation effects in animal compartments of ecological
systems. Implicit in these objectives is the requirement
that interactions of biotic and abiotic environmental
factors be delineated and quantified. Separation of
effects of specific environmental factors in ecosystems
is difficult, and current studies are employing labora-
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tory research to complement field experiments. Sys-
tems analyses (compartment models) of population
responses to radiation stress involve extrapolations of
laboratory-derived theories to natural habitats and
subsequent comparisons of actual field data for tests of
long-term predictive capability. It is already clear that
laboratory results, although useful for single-factor
analyses and initial design of field experiments, are
insufficient for realistic extrapolations and predictions
of radiation effects in actual environments.

Current studies include measurement of genetic,
cytological, individual, and populational effects in
vertebrates and invertebrates receiving acute and/or
chronic irradiation. Parameters being tested include
tissue damage, changes in radionuclide incorporation
rates, radiation profiles, survivorship, fecundity, chro-
mosomal aberrations, metabolism, food consumption,
energy flow, competition, temperature, and RBE. Do-
simetry for such studies is critical, of course, and
refined techniques must be developed for measuring
acute and chronic gamma and beta radiation in tissues
and environmental sites of interest.



Construction of a field facility and contamination of
100-m? enclosures with !37Cs-tagged fallout simulant
(88 to 177 u, 22 mc/m?), funded by the Office of Civil
Defense (OCD), permitted initiation of field studies on
dosimetry, movement of fallout particles, '*7Cs in-
corporation into the biota, environmental factors that
affect cesium movement, and radiation effects in the
animals within the enclosures.!! Application of the
fallout simulant was completed in August 1968. Effects
of physical and chemical factors on '?7Cs movement
and incorporation into plants are discussed elsewhere in
this report. The dominant vegetation in these enclosures
is a fescue, Festuca arundinacea. Biological and ecol-
ogical responses of invertebrates and rodents living in
the pens and exposed to acute and chronic radiation
from external and internal sources are being examined
seasonally in replicated experiments under natural or
seminatural conditions. The honeybee is one of the
most valuable agricultural animals because of crop

11R. C. Dahlman et al., “Behavior of 137¢ Tagged Particles
in a Fescue Meadow,” FAO-IAEA Conference, 1969.
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pollination, and another OCD-funded facility is permit-
ting the first studies on the effects of radiation on
colonies under field conditions. This research also is the
first study of radiation effects on intact populations of
a colonial insect.

OPEN-FIELD DOSIMETRY

S.I. Auerbach  S. V.Kaye
J. D. Story

The establishment of pens tagged with '37Cs
simulated fallout in the OCD experimental area (ecol-
ogy area 0800) provides an opportunity to obtain data
on the effects of biophysical factors on open-field dose
rates. Published empirical data have been lacking from
actual situations in which dose rate has been correlated
with precipitation, microtopography, vegetation, soil
percolation, and related microclimatic factors.

In order to document changes in the radiation fields
of the fallout plots, an apparatus (Fig. 8.1) was
designed and fabricated prior to the tagging. This

PHOTO 92720

Fig. 8.1. View of OCD Plot Scanning Device. Scanner detector consists of a G-M tube mounted in a collimator so that signals are
received from an area 1 m? at 1 m height. The G-M tube traverses the pen at a rate of 1 cm/sec, sending its signals to a modified rate

meter and X-Y plotter.



PEN 2
0800 AREA
AUGUST 1968

(a)

PEN 2
0800 AREA
FEBRUARY 1969

(c)
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Fig. 8.2. Scans of Two of the Four Pens in the OCD Experimental Area (Ecology Area 0800) Contaminated with ~2 curies Each
of 13 Cs-Tagged Fallout Simulant in August 1968. Pen 2 (a,c) shows the plane dose field typical of three of the four pens. Pen 3
(b,d) had two stoppages of the simulant spreader during tagging, resulting in the additional simulant represented by the two peaks
shown. Scans made in August 1968 are shown in g and b; scans of the same pens made during February 1969 are shown in ¢ and d.

scanning device consists of a wheel-mounted rigid
aluminum traversing rig (10 m in length), which spans
the pens and serves as the track for a motor-driven
collimated G-M tube which traverses the pens at a rate
of 1 cm/sec. The collimator was designed so the
detector “sees” 1 m? at 1 m height, providing thereby a
1-m-wide scan across the pen. Signals from the G-M
detector are fed into a modified rate meter, which in
turn transmits the signals to an X-Y plotter. The plotter
graphs the signal as CPM (counts per minute). The ap-
paratus was calibrated to the intensity of the dose field
in the pens by using a standard consisting of a 128-ft?
plywood platform upon which !37Cs-tagged simulant
was laid down at a mass loading similar to that used in
the pens. The efficiency of the counter, however, has
not been determined. Points are taken from the X-Y
graphs (ten graphs per pen) to generate one X-Y-Z

(three-dimensional) plot for each pen, using a digital
computer program and a Calcomp plotter (Fig. 8.2).

In August 1968, following application of fallout
simulant, the four pens were scanned in east to west
and north to south directions. Figures 8.2z and b are
scans of two of the four pens in August. The peaks
shown in Fig. 8.2b resulted from accidental stoppages
of the spreader hopper during the tagging operation.
Power was interrupted while the hopper was open,
causing an extra amount of fallout simulant to be
deposited at two points in pen 3. Scans were made on
different days in each directional plane, and reproduc-
ibility was found to be excellent. Aside from these two
peaks, all pens showed that the simulant had been
applied evenly, with the radiation intensity varying
from 1.25 X 10* to 1.55 X 10* counts/min, neglecting
“edge effects.” No significant differences were found



between the two directions of scanning; consequently,
subsequent scans were made in one directional plane
only.

The plots were scanned again six months later (Figs.
8.2c and d), and no significant changes in the radiation
field were noted. A third set of scans will be made one
year after tagging (August 1969). The results of all
scans will then be subjected to statistical tests and the
results evaluated in relation to plot runoff data and
precipitation during the first year.

APPLICATION OF LiF CRYSTALS IN
ECOLOGICAL RADIATION DOSIMETRY

C.E. Styron  Gladys J. Dodson

Radiation levels in contaminated areas are usually
determined with ionization chambers, scintillation
counters, G-M counters, or silver-activated meta-
phosphate glass dosimeters. Serious difficulties must be
overcome when any of these methods are used in
long-term field situations where the radiation levels are
low. Expense and inability of electronic equipment to
withstand harsh environmental conditions are obvious,
and the metal shielding of most sensors obviates their
use in measuring beta radiation. Glass rod dosimeters
have overcome many of these disadvantages for dosi-
metry in the field, but they are fragile and light-
sensitive, and their response is for all practical purposes
limited to a minimum absorbed dose of 1 rad, and for
beta radiation it is energy dependent.

At the 0800 ecology research area, simulated radio-
active fallout (!7Cs on silica sand grains) has been
applied to an old field for a study of the effects of the
simulant on vegetation, insects, and mammals.!?+!3
Measurements of the beta as well as gamma dose rates
are needed. Beta radiation may be a primary factor in
the survival of organisms ingesting, carrying externally,
or living in contact with the fallout. The surface beta
dose rate is considered to be 40 times the gamma dose
rate,)* and this is delivered in close proximity to
sensitive tissues such as plant meristems and developing
insect eggs in the soil. Several mathematical models are
available for predicting beta and gamma radiation dose
rates from the quantity of fallout present, but these

12R. C. Dahlman and S. I. Auerbach, Preliminary Estimation
of Erosion and Radiocesium Redistribution in a Fescue
Meadow, ORNL-TM-2343 (1968).

13g. 1. Avuerbach, Progress Report in Postattack Ecology,
ORNL-TM- 2466 (1969).

l4g . Brown, Disintegration Rate Multipliers in Beta-
Emitter Dose Calculations, Stanford Research Institute Project
MU-5116, 1965.
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models are rendered inadequate for ecological situations
by restrictions on geometry, for example, surface
conditions, presence of grass, and movement of fallout.
Thermoluminescent dosimeter materials were selected
for this study since they are mechanically rugged,
available in several geometries and small sizes, and
insensitive to light. Cleaved crystals (1 mm®) and
extruded crystals (0.5 X 6.0 mm) of LiF (Harshaw
Chemical Company TLD-100) were used, because this
material is essentially energy independent for beta and
gamma radiation and it can measure doses as low as S
millirads.

Beta and gamma point dosimetry was begun with the
first application; 0.5- by 6.0-mm extruded crystals of
LiF were suspended at several heights above the ground.
Some dosimeters were unshielded, while others were
contained within nylon capsules which absorbed more
than 95% of the ! 27Cs beta radiation. The gamma and
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gamma-plus-beta radiation dose rates integrated over
the first week in the middle of site 3 (Fig. 8.3) can be
used to estimate the beta radiation dose rate by
subtraction. As a consequence of the short range of
137Cs beta particles in air and vegetation, the beta dose
rates can be used to estimate the vertical distribution of
fallout for the point at which the series of dosimeters
was suspended. Beta radiation dose rates during the first
week following application indicated that 45 to 50% of
the simulant was present in the litter layer and 25 to
30% was on the ground surface. Eleven weeks after the
first application and eight weeks after the second dosing
of simulant (Fig. 8.4), 50 to 55% of the beta dose
appeared on the ground surface, 25 to 30% was
delivered in the litter layer, and less than 10% could be
accounted for at the height of leaf surfaces (20 to 30
cm).
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Microdosimeters have also been placed on and in grass
stems and on insects. The attached dosimeters integrate
the dose received by an insect as it moves through
various dose rate levels and thereby eliminate the
disadvantages of estimating total dose from purely
physical measurements. Results of a typical emplace-
ment of extruded crystals during the eleventh week
after the first application of simulated radioactive
fallout (Fig. 8.3) show that most of the intercepted
simulant had been washed from the leaf surfaces but
that some remained trapped in the leaf axils. The
beta-gamma dose rates in the axils ranged from 931 to
1145 millirads/hr, as compared with air dose rates at
the same height above ground of 200 to 250 milli-
rads/hr. Grasshoppers (Melanoplus) and crickets
(Acheta domesticus) with cleaved crystals attached to
their thorax and abdomen were released in pen 3 during
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Table 8.1. Dose Rate (rads/hr) to Grasshoppers and
Crickets from Simulated Radioactive Fallout in Pen 3
of the 0800 Ecological Research Area

Organism Thorax Abdomen
Acheta domesticus, living 0.222 0.307
Melanoplus sp., living 0.090 0.095
Melanoplus sp., phantom 0.112 0.203

the same week. Differences between dose rates to the
thorax and abdomen of the insects (Table 8.1) were not
significant, but there was a significant difference (P <
0.01) between exposure rates of the grasshoppers and
crickets. These two insects are closely related taxonom-
ically but occupy different habitats. The crickets dwell
primarily on and in litter, where they are exposed to
more beta radiation, and the grasshoppers dwell higher
on the blades of grass. Thus any attempt to predict
ecosystem responses to radioactive fallout based on
differential radiation sensitivities must also deal with
the problem of differential radiation exposures.

EFFECT OF CHRONIC BETA RADIATION
ON FOLSOMIA SP. (COLLEMBOLA)

C.E.Styron  GladysJ. Dodson

Information on the responses of insect populations to
a nuclear attack and to postattack environments is of
interest in planning postattack agricultural procedures.
Many agricultural situations may be upset by the effects
of radioactive fallout on insect populations.' In
particular, fallout beta radiation may be a hazard to
small insects and insects that pass developmental stages
in soil and litter. Collembola are among the most
numerous microarthropods in the soil fauna, and they
are important in soil formation. The objective of this
study is to assess the effects of chronic beta radiation
on a Collembola population.

Albite sand grains (44 to 88 u in diameter) coated
with °°Sr + °°Y were suspended in glycerol and
painted onto charcoal—calcium sulfate substrates. Clean
sand grains in glycerol were used to prepare control
culture jars. Dose rates of 3.3 to 341.7 rads/hr were
determined using 0.5- by 6.0-mm LiF dosimeters
(Harshaw Chemical TLD-100 extruded crystals).
Groups of 8 to 12 adult Folsomia sp. were placed in 10
control and in 19 experimental culture jars. The

15p w. Wong, Initial Study of Effects of Fallout Radiation
on Simple Selected Ecosystems, NRDL report TR-68-11
(1967).
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Fig. 8.5. Isometric Projection of Fecundity in Eggs per Adult
per Day on Time in Days and 905r + 20Y Beta Radiation Dose
Rate for Folsomia sp. The fecundity rates for each dose rate are
presented as a regression on time, since the fecundity of each
population changed as total doses of radiation accumulated.

cultures were maintained at 20°C, and the substrates
were kept saturated with water. The Collembola were
fed brewer’s yeast, and the numbers of adults, juveniles,
and eggs were scored biweekly.

Survival and reproductive ability of the Collembola
were reduced by all dose rates. The LD _5, for adults
was estimated by least-squares regression to be 174.5
rads/hr; the LDgg o, 38.1 rads/hr. The LDg, for
control populations was estimated at 183.7 days. The
effects of chronic beta radiation on fecundity rates
(Fig. 8.5) could not be anticipated from studies of
the effects of acute irradiation on this parameter.!®
Following an acute dose of ionizing radiation, the
fecundity rate of each population was reduced to a new
rate. Under chronic irradiation conditions, however, all
fecundity rates were initially at control levels and were
reduced through time as total doses were accumulated.
The change in fecundity rates under chronic irradiation
conditions must therefore be represented as the slope of
a regression line rather than as a point. Fecundity rates
approached zero very rapidly at dose rates greater than

16g I. Auerbach, Progress Report in Postattack Ecology, pp.
40—46, ORNL-TM-2466 (1969).
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Fig. 8.6. Egg Mortality Plotted Against °°Sr + °°Y Beta
Radiation Dose Rate for Folsomia sp. The point at 0 rads/hr
represents the mean of 10 control populations.

5 rads/hr. Egg mortality (Fig. 8.6) was greatly increased
by radiation dose rates above 13.5 rads/hr, and no eggs
hatched at dose rates above 17.4 rads/hr. At 14.5
rads/hr, 38% of the eggs grew into adults, but they were
sterile.

The data clearly demonstrate that the sensitivity of a
population of Folsomia to beta radiation is determined
primarily by sensitivity of fertility rates (number of
eggs surviving) rather than sensitivity of adults. The
dose rates estimated to give an LDg 54 01 LD ¢ o for
adults are more than twice as high as the dose rates
required to reduce fertility rates to zero. The sensitivity
of fertility rates to acute irradiation has been demon-
strated for another collembolan (Sinella) population.* ¢
For the acute irradiation regime, however, substantial
recovery occurred several weeks following irradiation. If
a natural population of these insects were subjected to
acute irradiation during a seasonal cycle of low repro-
ductive activity, recovery could occur before the
population entered its period of maximum reproductive
activity. The ecological significance of the sensitivity of
fertility rates could thus be masked by seasonal cycle in
reproduction. This situation would not be expected for
populations under chronic irradiation conditions, since
recovery cannot occur.
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SIMULATED FALLOUT RADIATION EFFECTS ON
EARTHWORM POPULATIONS

M. J. Mitchell D.E. Reichle C.E. Styron

Earthworms, a major element of the soil fauna, are
important in maintaining many natural soil character-
istics, for example, aeration, water permeability, and
nutrient turnover. Close physical contact of earthworms
with soil would expose these animals to some of the
highest radiation doses from radioactive fallout. Experi-
ments with °Co gamma and ?°Sr-°°Y beta radio-
sensitivity of adult Lumbricus terrestris (the common
night crawler) were designed to enable prediction of the
effects of simulated fallout radiation on earthworm
populations in a grassland ecosystem. Sites of radiation
damage for both beta and gamma radiation were the
skin epithelium (blistering) and for gamma radiation the
intestinal epithelium (necrosis). Average beta ranges of
°0Sr and °°Y in soft tissues are 0.33 and 2.1 mm
respectively. Since beta irradiations were administered
from the ventral surface with a plaque source, many
earthworms showed a gradation in histological damage
along the dorsoventral axis (Fig. 8.7). Radiation damage
to the ventral epithelium (0.5 to 0.7 mm depth) is
apparent; dorsal epithelium (1.5 to 1.8 mm depth) does
not show necrosis.

The LDg, 3, for gamma was 67.8 kilorads; no
significant increase in mortality occurred for beta
irradiations up to 102.4 kilorads, probably because of
muscle shielding of the externally delivered beta radia-
tion. In a natural situation with fallout particles mixed
in soil, both intestinal and skin epithelial tissues would
receive gamma irradiation and would be shielded
substantially from the beta radiation of a surface
deposit of fallout. If mixing of fallout particles with soil
occurred, beta radiation would be important only for
direct contact (due to soil shielding); the gamma
component would contribute the major part of total
body dose. For example, using a shielding-design
dosimetry program'? 2.4 curies of '37Cs evenly
distributed to a depth of 10 cm would give a maximum
annual dose of 700 rads — 80% contributed by gamma
radiation. The high radioresistance of earthworms to
both gamma and beta radiation suggests minimal
population mortality due to the radiation from antici-
pated weapon yields (Table 8.2). Although mortality

17¢. D. Amold and B. F. Maskewitz, SDC, a Shielding-Design
Calculation Code for Fuel-Handling Facilities, ORNL-3041
(1966).



Table 8.2. Approximate Infinity Beta and Gamma Doses at Ground Surface Contact
Resulting from a 10-megaton Weapon Burst with 50% Fission Yield

- a
Data recalculated from original source

Exposure rate contour
’ 50
rads/hrat 1 hr 1 10

Area within contour, 4.6 x4b 25%X4 1.4 x4
sq miles

Infinity gamma dose,” 4.6 46 X1 23X2
rads

Infinity beta dose 14x2 16 X3 89X3

at contact, rads

100 200 500 1000 2000

1.0 X4 6.7X3 38Xx3 20X3 7.3X2
4.6 X 2 9.3X2 23X3 46 X3 9.3X3
19 X4 4.1X4 1.1 X5 26 X5 6.0 X5

9p. W. Wong, Initial Study of Effects of Fallout Radiation on Simple Selected Ecosystems, USNRDL-TR-68-11 (1967).
b 4
x4=x10".

“Tissue dose.
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Fig. 8.7. Tissue Necrosis 11 Days Postirradiation in the
Earthworm Lumbricus terrestris Resulting from Beta Irradiation
(51.2 kilorads ventral surface dose). vc is ventral nerve cord;
vge, ventral gut epithelium; gl, gut lumen; dge, dorsal gut
epithelium. Note necrotic condition of ventral gut epithelium,
but normal condition of dorsal epithelium. Photograph is a
transverse section (130 X) in the region of the posterior
pharynx. Reduced 62%.

will not be expected for the adult earthworm popula-
tion at these fallout doses, this does not preclude the
possibility of effects on other population parameters
such as fecundity, fertility, or other genetic responses.

MAMMAL STUDIES IN FIELD ENCLOSURES

J. D. Story
L. E. Tucker

P. B. Dunaway
J. T. Kitchings II1

The first studies with cotton rats (Sigmodon hispidus)
in '?7Cs-contaminated enclosures were measurements
of '37Cs uptake into tissues, ingestion of the fallout
simulant, and in-vivo dosimetry. Animals were placed in
the enclosures on December 2, 1968, three months
after the simulant was applied. Whole-body uptake
reached a maximum level (3.66 uc) three weeks after
the animals were placed in the pens and then began to
decrease slightly. The initial increase in whole-body
count is explicable by the finding that about three
weeks were required to reach near-equilibrium levels in
tissues. The decrease was caused by decreased ingestion
of the fallout simulant as the particles shifted and
washed from the vegetation toward the ground. Whole-
body radioactivity due to tagged particles in the
gastrointestinal tract was 32.5% on day 1 after intro-
duction of the animals but decreased somewhat linearly
to 5.9% by day 28. Gamma-radiation dose received by
the rats as they ranged over the area was 3.38 *+ 0.15
rads/day.

The first experiment in a series of studies designed to
quantify seasonal changes in blood, whole-body uptake



Table 8.3. !37Cs Whole-Body Burdens, Tissue Concentrations, Contributions of Fallout Simulant to
Body Burdens, and Radiation Doses to Cotton Rats After 30 and 60 Days in Contaminated Enclosures

Enclosure? Sex

Time After Introduction into Enclosures

30 Days 60 Days

Weight (g) Body Burden (uc) Concentration (uc/g) Weight (g) BodyBurden (uc) Concentration (uc/g)

Tissue
Whole body 1 F
2 F
5 M
8 M
Liver 2€ F
5 M
Spleen 2 F
5 M
Muscle (gastrocnemius) 2 F
5 M
Other? 2 F
5 M
2 F
5 M
Daily dose, rads 2and$S
Total dose, rads 2and 5

96.9 (4)b 0.001 117.4 4) 0.003
108.4 (6) 3.592 0.0331 108.7 (4) 1.748 0.0161
116.1 (6) 2.707 0.0233 132.8 (5) 1.668 0.0126
115.4 (7) 0.001 133.7(3) 0.003
4.9043 (2) 0.1309 0.0267 4.3419 (2) 0.0448 0.0103
5.0597 (2) 0.0687 0.0136 4.8233 (2) 0.0364 0.0075
0.0210 (2) 0.0047 0.2238 0.0167 (2) 0.0022 0.1317
0.0246 (2) 0.0023 0.0935 0.0126 (2) 0.0022 0.1746
0.6607 (2) 0.0674 0.0979 0.8686 (2) 0.0287 0.0330
0.5757 (2) 0.0320 0.0556 1.0268 (2) 0.0292 0.0284
86.90 (2) 3.3531 0.0386 92.50 (2) 1.4401 0.0156
79.34 (2) 2.2070 0.0278 105.67 (2) 1.660 0.0157
Contribution of Simulant in GI Tract to Whole-Body Burden (%)
5.00 2.66
5.12 2.11
Gamma Radiation Dose
3.26 £0.11 2.65 +0.05
97.8 117.3

a; . .
Enclosures 1 and 8 are control areas; 2 and 5 are simulant-contaminated areas.

5Numbers in parentheses are sample size.

“Tissue samples were not taken for control animals due to low'>” Cs content.

dlncludes pelt, heart, kidneys, stomach, large intestine, small intestine, cecum, and residual carcass.

6v



and tissue incorporation of ! 37Cs, and radiation doses
in cotton rats living in !37Cs-contaminated enclosures
was completed during the spring period (March 3 to
May 2, 1969). Both male and female cotton rats were
used in this study to determine if sexual as well as
seasonal differences existed in '37Cs uptake, tissue
incorporation of '37Cs, and hematological effects
caused by chronic low-level gamma radiation. Eight
males were placed in a control enclosure, and the same
number were placed in an enclosure containing the
fallout simulant. The same design was used with the
females in two other enclosures. Only the effects of
chronic radiation were studied, since a preliminary
experiment utilizing a combination of acute (600 rads)
and chronic radiation revealed that, under the field
environmental conditions, several rats receiving 600
rads died, although higher doses were required to kill
Sigmodon under laboratory conditions. Thus more
understanding of the interactions of chronic radiation
and environmental stress is necessary before acute
radiation can be introduced as a variable.

Whole-body content, tissue concentrations, and gamma
irradiation doses during the spring period are shown in
Table 8.3. The average whole-body burden of rats in
both enclosures after 30 days (3.15 pc) is close to the
3.66-uc level obtained during the preliminary study in
December 1968, and the values for fallout simulant in
the GI tract during the 30-day spring period are also not
much less than for the 30-day period in December
(5.9%). A slow decrease in body burdens is to be ex-
pected during the first months because the fallout simu-
lant is moving toward the ground and less simulant is in-
gested as the rats feed on the vegetation. The relatively
high *37Cs levels at 30 days reflect the high ! *”Cs con-
tent of the vegetation left from the preceding season as
well as the simulant available above the litter layer. New
vegetative growth with less ' 7 Cs content had appeared
by day 60, and the lower levels of ! ”Cs in the rats pre-
sumably reflects this decrease, as well as the movement
of the simulant toward the soil.

The significantly higher (P > 0.025) body burden in
the females (Table 8.3) was probably due to greater
food consumption by females during this period, since
the percentage of whole-body activity contributed by
the presence of the simulant in the GI tract was
essentially the same in both sexes. Spleen and muscle
had the highest '37Cs concentrations, but on an
absolute basis the liver contained more than any other
organ. The decrease in gamma radiation dose from day
30 to day 60 may be due to gradual changes in
radiation-field geometry as the simulant descends. For
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example, dose rates in October 1968 and February
1969 were 3.45 and 3.38 rads/day respectively.

The hematological values for days 30 and 60 do not
indicate any blood alterations caused by chronic gamma
irradiation. Even though the percent decreases in white
blood cell values on day 30 are greater than the
corresponding control values for that same day, the
absolute values are not. The results here do not coincide
with any results obtained by us using acute doses of a
comparable magnitude, and thus the decreases seen in
the white cell levels in all groups may be only a
reflection of normal environmental levels for this cell
type.

Experiments for three more periods — summer,
autumn, and winter — will be carried out in the next
year, and close cooperation with the plant group
working in the same areas will allow comparisons of
vegetational content of '37Cs with '37Cs levels in
Sigmodon. Also, differences in environmental condi-
tions such as temperature, wind velocity, moisture
levels, etc. will be analyzed over an entire year.

HONEYBEE IRRADIATION STUDIES
A.F.Shinn E.Qertel A.M. Jenkins

There are no published studies of effects of ionizing
radiation on field colonies of honeybees. Ecologically,
we are most interested in effects on hive economy and
the pollinating activities of bees. Effects of gamma
radiation on the daily pollen collection of field colonies
and on the longevity of both laboratory-caged bees and
field colonies were previously investigated.

For the continuation of honeybee studies, Italian
cordovan hybrid bees were used, which were supplied
from the Genetic Bee Stock Center of the University of
California at Davis. Thirty-two of forty colonies of bees
were converted to this type by replacing the queens
with the genetically homogeneous cordovan queens.
The brightly colored, orange cordovans were easily
distinguished from the dark native bees. The cordovans
foraged up to 2 miles from the apiary, or over an area
of some 8000 acres. No native bees invaded the
cordovan colonies.

Laboratory cages of approximately 150 Italian cordo-
vans in each of three replicates were irradiated with
1000, 2000, and 4000 rads of ¢°Co gamma radiation at
~600 rads/min and maintained at internal hive
temperature (34°C) with sugar syrup as food. Only the
4000-rad samples had a mean life-span (8.9 days)
statistically different from controls (23 days). These
results are similar to those previously obtained for East
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Fig. 8.8. Apiary of the OCD Honeybee Project, 1968.

Tennessee mixed bees (8.5 days) and Illinois Italian
bees (7.7 days), which were irradiated with 5000 rads
and maintained in the same way a year earlier.

The life-span of laboratory-caged worker bees was
determined at three temperatures (24, 34, and 40°C)
for starved bees and for bees supplied with 66% sugar
syrup, water only, and queen-cage candy. The tempera-
tures had no demonstrable effect on the mean life-spans
of unfed bees (1.8 days) or of bees fed 66% sugar syrup
(28 days). Bees supplied only with water lived signif-
icantly longer at the hive temperature of 34°C than at
24 or 40°C (2.8, 2.0, 2.0 days respectively). Bees fed
queen-cage candy had significantly different mean
life-spans of 13, 8, and 2 days at 23, 34, and 40°C
respectively.

Our field colonies were placed on burial ground 4 and
sited so as to discourage the drifting of bees from one
hive to another (Fig. 8.8). The colonies of bees were
equalized for size and vigor as closely as possible, and
those for the several levels of irradiation were chosen at
random. Sets of four colonies each received 500, 1000,
2000, and 4000 rads, respectively, of ¢°Co gamma
radiation at ~65 rads/min in the Variable Dose Rate
Irradiation Facility of the UT-AEC Agricultural Re-
search Laboratory. They were returned at once to their

original position in the apiary along with eight control
colonies which had accompanied them (Fig. 8.8).

The criteria for effects of ionizing radiation on the
colonies were: (1) the mortality within the hive, (2) the
quantity of pollen collected daily by a colony, (3) the
flight activity of a colony, and (4) the final status of a
colony at the end of the observation period of the
experiment. The data were obtained during a 37-day
postirradiation period.

Table 8.4 summarizes the data for the first three
criteria. The mean daily mortality of the 4000-rad
colonies (200 bees) was statistically different from
controls (22 bees). The mean daily collections of pollen
were not statistically different, but the data suggest that
more replicates would yield significance. The mean
daily number of flights of the 2000-rad colonies (36
flights per 2-min period) was less (P > 0.01) than the
500- and 1000-rad colonies (67 and 61 flights respec-
tively), but we know of no biological basis for the
difference.

The final status of the colonies was determined by an
inventory of the colonies expressed as square centi-
meters of honeycomb containing honey, pollen, pupae,
larvae, and eggs. The inventories of the 500-, 1000-, and
2000-rad colonies were statistically different from
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Table 8.4. Mean Daily Values of Effects of Acute
Gamma Radiation on Entire Cordovan Italian Honeybee Colonies

Dose, rads Controls 500 1000 2000 4000
Mortality, number of dead bees  22.1 18.5 31.1 37.7 200.44
Pollen, g 7.1 17.9 209 2.7 0.37
Activity, number of flights 48.2 66.6° 614 356 429

per 2-min period

2p<0.01, compared with each other treatment.
bp <0.05, compared with controls, 2000, and 4000.

controls only for pollen (P > 0.05); the 1000- and
2000-rad colonies had significantly less pollen per
colony (297 and 368 cm? respectively) than the
controls (768 cm?). The 4000-rad colonies were
obviously moribund, with two dead at inventory time
and two more almost dead. More replicates would likely
have detected differences between controls and the
2000-rad colonies. Despite as uniform a genetic compo-
sition as current knowledge permits, there was still a
large amount of variation among colonies within a given
dose level.

APPLICATIONS OF CORRELATION
MATRICES TO INVESTIGATIONS
OF COMMUNITY DYNAMICS

C.E.Styron  GladysJ. Dodson

Considerable efforts have been devoted to studies of
energy transfers through ecosystems and the associated
pathways. The use of radioactive tracers in studies of
community dynamics has greatly extended such investi-
gations, but in some experimental situations the use of
radioactive tracers may be either undesirable or im-
practicable. As a case in point, a project has been
initiated at the 0800 ecology research area to assess the
effects of beta and gamma radiation from simulated
fallout (2.44 curies of '37Cs on silica sand grains per
100 m?)''® on an old-field ecosystem. The objective
of this study is to evaluate the technique of cross-
correlation®® as a method for studying predator-prey

18R. C. Dahiman and S. I. Auerbach, Preliminary Estimation
of Erosion and Radiocesium Redistribution in a Fescue
Meadow, ORNL-TM-2343 (1968).

1% 1. Auerbach, Progress Report in Postattack Ecology,
ORNL-TM-2466 (1969).

20p. G. Mott, “Determination in Population Systems,” pp.

179-94 in Systems Analysis in Ecology, K. E. F. Watt (ed.),
Academic Press, New York, 1966.

and competition relationships in an arthropod com-
munity.

An old-field arthropod community was sampled
bimonthly or monthly, depending on prevailing meteor-
ological conditions. Collections from pitfall traps, soil
cores, and biocenometers were sorted for 78 arthropod
taxa. The total catch of each species, X, for each
sampling period, 1 to NV, was used in the analysis. The

covariances of x;x, X1 Xp . Xp_1X, were
calculated from the equation
N — _—
cov(xpx)= ¥ Xy —X) (X — X)) . (1
k=1

The resulting covariance values were strongly biased by
the number of each taxa that were caught. It was thus
difficult to compare hundreds of aphids with scores of
grasshoppers or dozens of crickets. The covariance
values, then, were normalized with the partial corre-
lation equation:

N 0. 6% —Xi) (X,'k —X’,)

ri= — —
TR 2 - X 2, - X))

)]

Significant correlations may appear in the arthropod
community for two reasons. The populations may vary
in response to one common environmental parameter,
such as temperature, or in response to several correlated
parameters. Populations of Collembola, for instance,
achieve their maxima at different seasons. An analysis
of this response would yield a large negative value,
indicating competition even though the two popula-
tions are not active during the same season. Significant
correlation values would also be expected for popula-
tions varying in response to one another. A high
positive value may suggest a predator-prey relationship;
a large negative value, competition.
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Table 8.5. Cross-Correlation Matrix for Ten Arthropod Taxa

Correlation Values

Taxa

Entomobrya  Pte bi Carabid: Paederus  Formicidae  Mycetophilidae = Drosophilidae ~ Aphidid: Lycosid Th id
Entomobrya 1.00
Pteronemobius 0.14 1.00
Carabidae 0.36 -0.33 1.00
Paederus 0.29 0.83 0.00 1.00
Formicidae 0.50 0.00 -0.25 0.50 1.00
Mycetophilidae '0.07 -0.17 -0.17 0.07 0.07 1.00
Drosophilidae 0.07 0.00 0.00 0.29 0.36 0.17 1.00
Aphididae -0.07 -0.17 -0.17 -0.07 -0.07 0.25 0.07 1.00
Lycosidae 0.50 0.67 -0.58 0.21 0.29 0.17 -0.07 0.17 1.00
Thomicidae -0.07 1.00 0.00 -0.07 0.07 -0.08 0.00 0.17 0.29 1.00

As a means of evaluating this technique, several taxa
were selected, based on their documented relationships
or responses to environmental conditions. These docu-
mented relationships were then compared with relation-
ships predicted from values in a correlation matrix
(Table 8.5). The high positive correlation between the
cricket Pteronemobius and lycosid spiders was expected
since these spiders are known to feed on adult crickets.
The high correlation between Pteronemobius and the
thomicid spiders appears to have resulted from pre-
dation of young crickets. The low correlation values
between Drosophilidae and Entomobrya, Ptero-
nemobius, Carabidae, Lycosidae, and Thomicidae
would be expected because of their diverse feeding
habits. There are also low correlation values between
the Mycetophilidae and Entomobrya, Paederus, Formi-
cidae, and Thomicidae. The large negative correlation
between Lycosidae and Carabidae suggests competition
between these two arthropod predators. The high
positive correlation between Paederus and Ptero-
nemobius is less easily explained. Since both the rove
beetle and the cricket dwell in the litter, however, it is
likely that the populations differ in response to a
common environmental parameter.

The agreement of the expected relationships with
those suggested by this analysis lends support to its use
in investigations of community dynamics. It should be
possible, for instance, to establish relationships in an
arthropod community before an experimental treat-
ment and then follow changes in these relationships
through seasons.

EFFECT OF TEMPERATURE AND RADIATION
STRESS ON THE SURVIVORSHIP OF ISOPODS

D. E. Reichle R.I.VanHook E. A.Bardill

Gamma radiation affects many metabolic processes
whose rates are temperature dependent in poikilo-
thermic organisms. Laboratory experiments were de-
signed to test the effects of temperature, acute ¢°Co
radiation, and their interactions on the survivorship of
isopods — Armadillidium vulgare and Cylisticus con-
vexus. A central composite rotatable design in two X
variables was used to construct three-dimensional re-
sponse surfaces described by quadratic polynomial
equations of the form

i"=IA70 +£|X1 +I;2Xz "’311/\/{ "’322}(2 +312X1X2 .

Solutions of the regression coefficients used to evaluate
the quadratic functions are given in Table 8.6. Tempera-
ture treatments ranged between 12.9 and 27.1°C [X, =
(X; — X,)/S, where X, = 20°C] ; radiation doses were
between 8.3 and 19.7 kilorads [X, = (X; — X,)/4,
where X, = 14 krads]. The response surfaces (survivor-
ship) varied through time (from O to 60 days) both
within and between species. For example, both tem-
perature and dose became significant (P < 0.05) at 30
days in the equation for A. vulgare survival, but
remained nonsignificant for C. convexus until day 60.
The LD, _ 5, values for A. vulgare and C. convexus at
20°C were not significantly different at 16.9 kilorads.
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Table 8.6. Time-Dependent Values for Regression Coefficients Used in Evaluation of the Quadratic
Polynomial Equation for Estimating Survivorship

Regression Time
Coefficient 10 Days 20 Days 30 Days 40 Days 50 Days 60 Days
Cylisticus convexus
by 20.4 15.2 9.0 5.4 3.0 1.2
b,y 0.125 —1.6425 -3.62975 —3.5565 —-3.453 —3.453
by -1.125 —1.94875 —2.75875 —2.31925 —2.06925 —1.81925
b1y -1.0125 -1.975 —0.5625 0.675 1.25 2.025
byg -0.0125 0.275 0.9375 -0.075 0.5 0.775
bya -1.750 -3.75 -2.75 -2.25 -0.75 -0.25
Armadillidium vulgare

bo 22.8 18.8 14.2 54 4.0 34
by —-0.375 —0.1895 -2.479 -2.634 -1.655 —1.655
b,y -1.333 —1.384 -2.259 -2.841 -2.893 -1.966
by -1.713 -2.338 -3.475 -0.075 -0.75 -1.013
byy -0.213 -0.088 0.275 1.425 2.00 1.488
by, 0.75 2.00 —1.250 -0.5 -0.75 -0.750
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