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ABSTRACT

The objective of this project was to develop and evaluate the
effectiveness of physical and chemical barriers designed to prevent plant
and animal breachment of uranium mill tailings containment systems for an
extended period of time,

A polymeric carrier/biocide delivery system was developed and tested
in the Taboratory, greenhouse and field. A continuous flow technique was
established to determine the release rates of the biocides from the PCD
systems; polymeric carrier specifications were established. Studies were
conducted to determine effective biocide concentrations required to produce
a phytotoxic response and the relative rates of phytotoxin degradation
resulting from chemical and biological breakdown in soils. The final PCD
system developed was a2 pelletized system containing 24% trifiuralin, 18%
carbon black and 58% polymer. Pellets were placed in the soil at the Grand
Junction U-tailings site at one in. and two in. intervals. Data obtained
in the field determined that the pellets released enough herbicide to the
soil layer to stop root elongation past the barrier.

Physical barriers to subsurface movement of burrowing animals were
investigated. Small crushed stone {1 to 1% in, diameter) placed over
asphalt emulsion and multilayer soil seals proved effective as barriers to
a small mammal {ground squirrels} but were not of sufficient size to stop a
larger animal (the prairie dog). MNo penetrations were made through the
asphalt emulsion or the clay layer of the muitilayer soil seals by either
of the two mammals tested. A literature survey was prepared and pubiished
on the burrowing habits of the animals that may be found at U-tailings
sites,






EXECUTIVE SUMMARY

Twenty-three million metric tons of uranium tailings, containing 14,000 Ci of 226Ra, have been
disposed of at several locations in the U.5, Stabilizat] of these tailings disposal sites is
necessary to minimize human exposures to the products of U decay. The tailings should alsc be
protected from biotic intrusions such as plant roots and burrowing animals to prevent
ground-water or food-web contamination,

This study was undertaken to develop and test physical and chemical barriers that would prevent
animal and plant intrusion of radon seals placed over uranium mill tailings. Chemical barriers
can be installed to prevent piant root intrusfon into buried wastes, while physical barriers can
provide protection against the actions of burrowing animals.

Barriers put into use would have to meet requirements of

not damaging seals over the contained tailings, aboveground
vegetation or other biota of the area.

acting as an effective biobarrier to animal and piant
intrusion for extended periods of time.

All development and testing of devices in this work treated these requirements as practieal
objectives.

Following the intreduction to the report, our results are presented in six major sections. The
first five deal with aspects of developing an effective chemical barrier for long-term use at a
tailings disposal site. The final section deals with physical barriers to the intrusion of
burrowing animals.

TESTS OF CHEMICAL BARRIERS

Following development of a polymeric carrier delivery (PCD) device for the slow release of an
herticide (Section 2.0, Controlied Release Systems), we conducted feasibility tests of different
herbicides and evaluated the effectiveness of these chemicals (Seection 3.0). Results of these
preliminary studies showed that roots in a PCD system treated with the herbicide trifluralin
maintained their growth above the chemical barrier but did not penetrate the chemical barrier or
the soil bepeath it. For these reasoms, trifluralin was chosen as the phytotoxin to be used in
the final PCD system.

Studies of polymer systems for containing the herbfcide (Section 4.0) followed our initial
feasibitity tests. Polymers in sheet and pellet form were used for these, and we discovered that
the pellet form was most desirable, Pellets proved to be easily applied and didn't interfere
with water movement in the s0il, as did sheets, Moreover, a cylindrically shaped pellet {9 mm x
9 mm) could provide a sufficient trifluralin reservoir to maintain the chemical barrier for 100
years,

Because one of our objectives was to employ the minimum concentration of herbicide regquired to
inhibit basipetal root growth, we conducted studies on the degree of toxicity of trifluralin as
well as its rate of degradation (Section 5.0), We tested 13 species of native plants to
determine a range of minimum effective levels for the herbicide and found these minimum levels to
range from 0.3 to 6,4 ppm for the species tested. Tests of microbial and chemical degradation
reveaied that the natural half-life of trifluralin in soil was about 50 days. These tests also
showed that trifluralin concentrations in the soil around the pellet reached equilibrium about 30



days after placement, and that & diffusion gradient of trifluralin in s0i1 was established.
Minimum effective levels of herbicide were maintained 4 cm to 6 ¢m from the device.

After laboratory tests were completed, we conducted field evaluations of PCD systems that had
proved most promising in the laboratory {(Section 6.0). Trifluralin was used in the peliet form;
liguid treatments over asphalt seals were employed as well to establish the effectiveness of
trifluralin as a deterrent to root intrusions of asphalt emulsion seals. Another objective here
was to test the placement of trifluralin relative to the seals to determine the best barrier to
root elongation under actual site conditions. We found that mixtures of trifluraltin with asphalt
negated the effectiveness of the herbicide in greenhouse tests (Section 2.0), though trifluralin
sprayed on or above the seal prevented roots from reaching the surface of the seal, Liquid
trifluralin (in the form of chemical's parent compound) remained effective for at least one year
following placement beneath the soil surface. The pellet PCD system tested at Grand Junction,
Colorado is performing well to date, Trifluralin remains in a thin layer above and below the PCD
system,

TESTS OF PHYSICAL BARRIERS

The final section of the report (Section 7.0) deals with physical barriers to the actions of
burrowing animais. In this part of the study, we sought to identify species whose presence might
pose a threat at established tailings sites and to test barriers for preventing intrusion by
these animals. Barriers tested included a layer of asphalt covered with a layer of topsoily
successive layers of asphalt, crushed rock and topscil; and a type of multilayer earth barrier
consisting of layers of sand, bentonite clay, and rock., |In these tests, we found that the ground
squirrels, a small burrowing rodent, did not penetrate any of the barriers. Prairie dogs,
however, were able to penetrate a rock barrier constructed from crushed stones 1 to 1k in. in
diameter.

RECOMMENDAT 1 ONS

Most of the U-tailings sites, with one excepticon, are located in the western states and are
characterized by arid climates with neutral to basic soils, The pelletized PCD system does not
affect soil water movement; the trifluralin remains in a thin layer and is stable even under
heavy irrigation, Because of this, we feel the PCD system can be applied successfully in most
climatic regimes., We recommend placing the pellets in a uniformly spaced layer two or three feet
below the soil surface,

wWe recommend the following procedures to be used in designing an animal intrusion barrier:

identify the species of burrowing animals that live at the specific site
determine their body weights and burrowing habits
design a stone barrier accordingly.

Our studies show that a 6 in, layer of 1 to 14 in. crushed stones placed 18 in. below the s0il
surface will stop ground squirrels having a body weight of 300 g or less. However, prairie dogs
with average body weights of 2 kg can dig through crushed stone of this size. Actual size of
stones to be used in a barrier for larger animals will have to be field tested.

if a properly designed asphalt emulsion seal at least 7 cm thick is used, plant and animal
barriers are not needed for as long as the seal maintains ts integrity, Both the PCD system as
a root barrier and the stone layer as an animal barrier are recommended to use with multilayer
earth seais, as plants and animals may damage the integrity of earth or clay seals.
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1.0 INTRODUCTION

1.1 PROGRAM HISTORY

Much of the uranium ore mined within the United States from the early
1940's through 1970 was processed for the Manhattan Engineering District
{MED) and the Atomic Energy Commission (AEC) by private companies. When
processing operations ceased and a mill became inactive, tons of uranium
mill tailings remained. Mill operators were not aware of the potential
radiation health hazards to the public from exposure to the mill tailings,
and the general scientific concensus at the time was that the effects of
the radioactivity on the public were minimal. However, radiological
criteria guidelines became more stringent as research on the effects of
low-Tevel radiation progressed. As a result, an initial evaluation of
inactive uranium mill tailings sites was begun in 1972 to determine
radiological status and potential health effects that these sites might
pose to the public, Since 1972, considerable effort has been directed
towards recovering and regenerating radiological site status information
and records, identifying sites and conducting engineering assessments, and
developing legislation to initiate remedial action at inactive uranium mill
tailings sites.

In 1972 Congress passed Public Law 92-314 (later amended by Public Law
95-236}. This act provides authority and funds for a cooperative State/
Federal Program to perform remedial actions on structures in Grand
Junction, Colorado, where mill tailings were used for construction. A
Department of Energy (DOE) report to Congress in February 1979, "Progress
Report on the Grand Junction Mi11 Tailings Action Program" {DOE/EV-0033),
provided an analysis of the current status of the program.

Also in March 1972, the Subcommittee on Raw Materials of the Joint
Congressional Committee on Atomic Energy (JCAE), held hearings on bills
that would have provided for a cooperative program between the Federal
Government and State of Utah. The purpose of such a program would have
been to implement remedial action in the area of the inactive uranium mill
tailings sites, as opposed to treating the potential problem on a piece-
meal basis. The outcome was an assessment of the existing physical
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conditions of inactive uranium mill sites located in eight western states
by the AEC in 1974, in cooperation with the EPA and the affected states.
Detailed engineering evaluations of many of these sites commenced in 1975
and were compieted in 1977 by the Energy Research and Development
Administration, the successor to the AEC,

In April 1978, DOE proposed legislation to Congress which would
establish a program tc stabilize and control the mill tailings in a safe
and environmentally sound manner. Hearings on the proposed legislation
began in June 1978 in conjunction with similar bills introduced in the
Senate and House of Representatives.

As a result of these hearings, Public Law 95-604 was enacted on
November 8, 1978. This act authorized DOE, along with the affected states,
Indian tribes, and persons who owned or controlled inactive uranium mill
tajilings, to establish assessment and remedial action programs at inactive
uranium mill tailings sites. Title I of that act further stipulates that
DOE will meet all radiation standards promulgated by EPA. Additionally,
DOE will finance 90 percent of the remedial action costs; the affected
states will be required to pay the remaining costs from non-Federal funds.
Indian tribal lands are an exception to this requirement; here,

100 percent of the costs for remedial action will be borne by the Federal
Government.,

Currently, greater than 14,000 Ci of 226Ra are contained in about

23 million metric tons (MT) of tailings at 25 inactive uranium tailings
sites in the western United States (U.S. Department of Energy 1979). The
principal radiological implications and asscciated potential health hazards

of these tailings appear to be related to the radionuclides of the 238U

decay chain, primarily 230Th, 226Ra, 222Rn {a noble gas), and 222Rn

progeny. Decay products of 238U with possible adverse effects to the

general public from long-term exposure are 226Ra and 222Rn. Radon-222,

present as a gas or in solution, has a half-life of 3.8 days.

Stabilization of the uranium tailings would minimize human exposures
through inhalation and ingestion, but no simple stabilization procedures
currently exist. Several promising sealant/attenuation technigues have
been developed and are being tested (Hartley et al. 1980, Neison et al.
1980).
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The useful 1ife of sealants is subject to a number of physical,
chemical and biological factors. An important aspect with respect to
long-term stability of sealants is disruption of sealant integrity
following penetration by plant roots, digging animals, or erosicon of the
stabilization cover. Short-term {1 to 4 years) control of plant growth can
be attained by incorporation of herbicides into or over the sealant, but
chemical and microbial degradation of the herbicide will rapidly destroy
its effective phytotoxicity.

A plant root barrier system may be needed to prevent roots from
damaging the integrity of asphalt emulsion or multilayer clay sealants over
U-tailings for much longer periods of time. PNL has acquired extensive
experience in developing stable polymeric carrier/delivery systems (PCD
systems) which can be applied to problems of biological uptake and
transport of radionuclides at burial sites for low level radiocactive wastes
{Burton et al. 1978). Management alternatives designed to reduce
radionuclide transport have also been evaluated {Cline et al. 1980).

The PCD system design should perform the following functions:
1) It must serve as a vehicle (polymer) that controls the release rate of
the biocide into the soil near the barrier for a long period of time.

2) It must maintain an effective concentration of biocide in a narrow
band of soil and 1imit migration intoc the rest of the root zone, thus
allowing normal root growth above the barrier,

3) The selected biocide must have the ability to stop root elongation at
the barrier only; no translocation to the remaining roots and above-
ground plant parts should take place. It must be compatible with
revegetation programs,

Burrowing animals have reached buried wastes. Radioactive salts were
exposed by deep-burrowing animals (0'Farrell et al. 1975). The exposed
salts were directly ingested by blacktailed hares, which spread 905r and
13?{Is in fecal pellets and urine. After an asphalt coating was put down to
reseal the source of salt, fecal pellets of the blacktailed hares were
collected from the crib area and sorted according to age. The test results
showed that the asphalt pad had probably seated the source of contamination

(Uresk et al. 1975). This incident indicated the need to develop
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bicbarriers that would prevent animal intrusion into buried wastes. These
biobarriers would have the added requirement of preventing breaching cf the
seals placed over U-tailings to reduce radon gas emission to the
environment,

1.2 DESCRIPTION AND PURPOSE

The purpose of this study was to develop and test physical and
chemical barriers that would prevent animal and plant penetration of radon
seals placed over U-tailings., The requirements for these barriers were
that they would not harm the seals, aboveground vegetation, or other biota
of the area. The containment systems must be compatible with the U-tailing
site and be effective as biobarriers to animal and plant root intrusion for
extended periods of time (up to 1000 yr).

1.3 PROGRAM AUTHORIZATION

In April 1980, the research proposal entitled “Application of
Long-Term Chemical Biobarriers for U-Tailings" was approved by the Uranium
Mil1 Tailings Remedial Action Project Office, Department of Energy,
Albuguergue, NM. The appiicable B & R code was AH-10-15.

The PNL Field Task Proposal dated February 11, 1980 was used as the
basis of the research and development effort for FY-1980 with some changes
resulting from the specific recommendations developed in FY-1981.
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2.0 CONTROLLED RELEASE SYSTEMS

2.1 INTRODUCTION

A single application cf a herbicide such as trifluralin results in
much higher concentrations than those necessary to achieve the desired
effect (Figure 2.1). With time (only a few months to a few years depending
on conditions), however, the concentration of the herbicide placed in the
soil will be reduced by physical, chemical and biological action to less
than the minimum effective level (MEL). Using controlled release devices,
the active ingredient {herbicide) can be maintained at effective levels for
extended periods of time. Polymers serve as effective "packages" for
trifluralin not only because they act as a reservoir and release-regulating
mechanism for the herbicide, but also because they protect the herbicide
from degradation,

Trifluralin contained in a polymer matrix diffuses to the surrounding
environment at a rate determined by its solubility and rate of diffusion in
the polymer matrix. By selecting a polymeric carrier/delivery {PCD) system
which can contain a large amount of trifluralin and yet release it very
sTowly to the environment, the herbicide can be delivered for periods of
100 years or more.
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Figure 2.1, Comparison of Herbicide Levels Over Time for a Single
Appiication and Controlied Release
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The PCD system in this application has an element of feedback contrel,
reducing the release of herbicide when a large concentration of herbicide
is in the soil surrounding the device. Release of herbicide from the
device is determined by Fick's Law, which defines the amount released as
proportional to the difference in concentration of the herbicide in the
device and at the surface of the device. By choosing a herbicide which is
tightly bound to the soil in the area immediately surrounding the device,
the amount released from the device will decrease as surface or soil
concentration increases, since the concentration gradient across the
diffusion distance will be Tess,

Controlled release of herbicides has not been studied intensively.
The purpose of the few studies reported to date has been primarily to
extend the lifetime of the herbicide in soil by only a few weeks. By using
a microencapsulated formulation, Gentner and Danielson (1976) extended the
herbicidal effectiveness of chlorpropham from 31 days {commercial formula-
tion) to 66 days. Doane, Shasha, and Russell (1977) reported the results
of a study by Schreiber (1976), which indicated the S-ethyl
dipropylthiocarbamate encapsulated in starch xanthide extended the
herbicidal action of this material by several weeks. Allan, Beer, and
Cousin (1977) showed that 4.9% a-cellulose-2,4-dichlorophenoxyacetate
(2,4-D) inhibits germination for 18 days, in contrast with free ¢,4-D,
which remains active for only nine days. McCormick and Fooladi {1977) have
shown that controlled-release formulations of metribuzin attached to
polyvinyl alcohol were phytotoxic for more than 122 days, while the
metribuzin control was no longer phytotoxic at 78 days.

A significant exception to these short-term herbicide tests has been
reported by Allan et al. (198D). They conducted a field trial using a
controlled-release formulation of Douglas fir bark and
2,4-dichlorophenoxy-y-butyric acid. In areas where deciduous brush was
treated with this formulation, Douglas-fir seedlings grew significantly
faster than untreated controls. At one application rate, the significantly
accelerated yeariy growth rate continued for at least five years after
treatments.
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2.2 DEVICE DEVELOPMENT

Controlled release systems or devices can be fabricated by a number of
techniques, depending primarily on the demands of the application. One
such system is the so-called "homogenecus” system, in which the active
ingredient (the chemical to be released) is uniformly dispersed or
dissolved in the polymer (reservoir) matrix. The device is prepared in a
selected geometry, either by polymer extrusion or molding techniques in
which the polymer and active ingredient are usually preblended. An
additional technique allowing even more uniform release reguires coating a
device with a known thickness of additional polymer, which acts as a finite
diffusion barrier,

In other instances, the release system consists of a tube or hollow
cylinder whose interior acts as a reservoir for the active ingredient, The
walls of the device, which act as the rate-controlling barrier, are of
preformed materials., The reservoir is filled by a variety of techniques
with the active material. Still another technique chemically bonds the
bioactive ingredient to the polymer carrier structure, where it is slowly
released by chemical or biological action.

These techniques use either synthetic or modified, natural polymers
which, for the most part, can be fabricated by standard techniques and
which act as reservoir, carrier, protective agent and release rate
determinant for the active ingredient.

The studies reported here used materials in one of two shapes. The
initial study materials, used to determine and compare release rates from a
variety of polymers, were sheets made of homogeneous mixtures of the
particular polymer and trifluralin. Table 2.1 Tists the polymers that were
studied as potential matrices in PCD devices. Later test materials were
cylindrical pellets made from homogeneous mixtures of a variety of polymers
and trifluralin. The devices prepared for use in the field trials combined
@ powdered polyethylene material, carbon black, and trifluralin, again in a
cylindrical (pellet} shape.
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Table 2.1.

Polymer Type

Designation

Polymer Types, Desigration and Supplier

Supplier

poly{ethylene-vinylacetate) (A)
poly(ethylene-vinylacetate) (B}
polyethylena (A}
polyathylene (8)
palyethylene (L)

Microthene 763
Ultrathene UE-534
Microthene MN 711-20
Microthene MN 710-20
Intramedic Medical
formulation PHF 7480

USI Chemicals, New York, NY
USI Chemicals, New York, MY
USI Chemicals, New York, NY
USI Chemicals, New York, NY
Clay Adams, Parsippany, NJ

. ene (A Shell 7521 Shell Chemical Co., Houston, T
g. Egliﬁ:ggi}ene EB% Profax 1600 Hercules, ch., Wilmington, DE
8. poly{ether urethane) Estane 5714-F B. F. Goodrich Co., Akron, OH
g, polyyinyl chloride Geon 103EP B. F. Goodrich Qo.! Akron, CH

10. polyester Hytrel 5525 DuFont Corp., H11m1ngt0n. DE
1. EPDM rubber {ethylene-propylene) Hordel DuPant Corp., Wilmington, DE

12. silicone rubber (A) Silastic 382 Elastomer Dow Cornjng Corp., deland, M1
13. silicone rubber (B) Silastic MDX4-4515 Dow Corning Corp., Midland, MI
14. silicene rubber {{) Silastic Medical Grade Dow Corning Corp., Midland, MI

silicone tubing
Kraton GX-6500

Shell Chemical Co., Houston, TX

.15, styrene-butadiene
block copoiymer

2.3 SYSTEM FOR DETERMINATION OF RELEASE RATES

For a homogeneous device such as the one studied, the initial release
rate from the PCD device is comparatively high until the trifluralin on and
near the surface of the device has been released. High release rates
permit rapid attainment of the trifluralin MEL in the region surrounding
the device. Once surface trifluralin has been released to the soil, the
release rate from the device then is determined by the distance the
herbicide must diffuse to the surface of the device, the solubility of the
herbicide in the polymer matrix, and the concentration of herbicide in the
soil at the surface of the device. This Tast parameter determines the
For example, if the amount of herbicide in the
immediate vicinity of the surface of the device is significant, herbicide
will be released more slowly and the device will continue to release
herbicide for a 1onger period of time than in the case where the
concentration of herbicide at the surface of the device is maintained near

ZET0.

concentration gradient.

This effect will act to provide a constant concentration of
herbicide in the area around the PCD device. In the absence of information
on the concentration of herbicide at the surface of the device (and thus
its effect on the release rate), it was decided to test the extreme case,
in which the concentration of herbicide in the soil at the surface of the
device is nearly zero. This will give an estimate of the minimum lifetime

of the device, With additional information on the half-1ife of the
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hert :ide in the soil to be used, it will be possible to determine the
real ;tic lifetime of the device.

2.3. Testing Release Rates

To test release rates, the device {polymer in sheet form) was placed
in a flow cell at the temperature of 13°C + 1, a representative temperature
in arid areas at about 1 to 2 m below ground level. Details of the flow
cell used in determining herbicide release rates from sheets are
illustrated in Figure 2.2; the flow cell itself, used in final tests of the
pelietized PCD system, is presented in Figure 2.3. The extracting solution
(water containing 10% methanol and 0.1% Triton X-100, to enhance the
solubility of the herbicide) was pumped through the flow cell at a rate of
800 mi/day, and collected in a glass container. All 1ines exiting from the
flow cell were glass or metal to avoid absorption that occurs with plastic
Tines., The herbicide was extracted from the flow cell effluent with 5 m)
of chloroform. Approximately 4 g NaCl was added to the aqueous solution

POLYMER MEMBRANE

0-RING
SEAL

STIR BAR

MAGNETIC
STIRRER

Figure 2.2. Details of Flow Cell for Determining
Release Rates from Polymer Sheets
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4.0 POLYMER SYSTEM STUDIES

4.1 INTRODUCTION

When work began on the uranium mill tailings biobarrier program in
1980, only the feasibility study using silicone rubber had been carried out
{Section 3.0). Early data showed that trifluralin was released from
silicone at a rate higher than that needed to prevent root elongation at
the barrier. Other polymers appeared more promising as a carrier for the
herbicide, since silicone rubbers are more difficult to process and more
expensive than some thermoplastic polymers.

4.2 FABRICATION OF TRIFLURALIN-RELEASING SYSTEMS

As indicated in Section 3.0, polymers containing trifluralin were
prepared in sheet form for the initial studies. Sheets prepared from most
other polymers were made by melting to form a prebiend of polymer and
trifiuralin between hot plates in a small laboratory press. Polymer sheets
of poly{ether urethane} and poly(ethylene-vinylacetate) were made by
casting a solution containing appropriate concentrations of the polymer and
trifluralin to form a sheet. Tetrahydrofuran was used as a soivent for
poly({ether urethane), and methylene chloride was used with
poly{ethylene-yinylacetate)}. Sheets were generally prepared in the
0.010-0.020 in. range and cut to fit either in lysimeters or in the
continuous flow test system (Section 2,3.7 and Figure 2.2).

Initial tests of a variety of polymer/trifturalin systems, along with
evaluations of fabrication and application techniques, indicated that the
most appropriate and eccnomic form for production was as a flake or peliet,
Qur initial pellets were prepared by extruding a strand of pcolypropylene
(B), containing trifluralin, through a small die. The die produced a
strand about 2 mm in diameter, which was then chopped to produce pellets
about 3 to 7 mm Tong. We found, after determining an experimental
trifluralin release rate, that pellets of this dimension did not have
sufficient reservoir capacity to provide the herbicide for more than
one-third to one-half the desired period (100 years).

Further calculation and redesign based on data from greenhouse and
laboratory studies indicated that a pellet about 9 mm in cross-section and
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9 mm in length could provide the reservoir capacity necessary for a
suitably long-Tived device. In preparing pellets of this size for testing,
a single-cavity aluminum mold was fabricated to be used in combination with
a small, laboratory bench-scale injection molding machine. A small number
of pellets of the desired size were prepared from a variety of
polymer/trifluralin combinations. In addition to the blends of polymers
and trifluralin in these pellets, other additives such as powdered silica
and carbon black were added to the formulation. These additives were
expected to have a number of beneficial effects on the PCD systems,
including: increasing the reservoir capacity; improving the processing of
the formulation into pellets; helping stabilize the polymer against
degradation; aiding in the control of the trifluralin release; and
decreasing the costs of the overall device.

After initial laboratory testing of these pellets, a formulation was
selected to be used in preparing a preblend., Because neither extrusion
dies nor chopping instruments were available to prepare pellets of this
size {9x9 mm), a 24-cavity mold was fabricated. This mold, used on a 4 oz,
fully automatic injection molding machine, produced the quantity of pellets
needed for the field trials at the Grand Junction U-tailings Site.

Initial attempts to feed a mixture of polyethylene powder, carbon
black (18 %) and trifluralin (24 %) were unsuccessful because the injection
screw on the molding machine was unable to feed this mixture. A similar
mixture of polyethylene peliets, carbon black pellets and ground
trifluralin did not feed in the molder injection system either. Special
preblends were then prepared by the following technique: Polyethylene
powder {35 to 50 mesh) was mixed thoroughly with carbon black (18%) and the
mixture warmed in an oven to 60-70°C., Trifluralin (melting point 48°C) was
meited in a beaker and heated under agitation to 100-110°C. This molten
trifluralin was then slowly blended into the warm polyethylene-carbon black
mixture with constant mixing until cooled below the melting point of
trifluralin. A friable black powder containing 24% trifluralin was
obtained which readily fed in the injection molder screw system and
permitted rapid molding of the PCD pellets. A mold cycle time of
approximately 20 seconds was established and approximately 75,000 9 mm
x 9 mm pellets were produced in a relatively short time. The majority of
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these pellets were then packaged and shipped to Grand Junction, Colorado
for testing at the uranium mill tailings site. A number of these pellets
were retained for testing and as controls in our laboratories.

4.3 RELEASE RATES OF TRIFLURALIN CONTROLLED-RELEASE SYSTEMS

Determination of the steady-state release rates of trifluraiin from a
variety of polymer sheets permits a preliminary evaluation of polymer
suitability for use in the proposed application. The types of polymers
tested and their commercial designation and suppiier are shown in
Table 2.1, while the release rates of trifluralin from formulations
prepared from these polymers are shown in Table 4.1. In each case the
polymer was loaded with approximately 10% trifluralin in a homogeneous
mixture and a sheet formed to run in the continuous flow system until the
release rate had reached steady state. Depending mainly on the polymer
used, release rates varied over a 60-fold range, indicating the variety of
rates that may be attained for this herbicide from only a relatively small
number of the potential polymers available.

These initial studies used sheets because of the simplicity of
determining release rates; however, for application in the field, pellets
proved much more practical. Unlike pellets, sheets of polymer tend to tear

Tabie 4.1. Release Rates of Trifluralin from PCD Systems
(Sheets, 10% Loading)

ReTease Rate

Polymer Type ug/day/cm2 + SD
poly(ethylene-vinylacetate) {A) 9,3 = 3.3
poly(ethylene-vinylacetate) (B) 13.1 + 0.6
polyester 7.3+ 1.7
poly{ether urethane) 3.4+ 1.0
polyethylene (A) 1.5+ 0.2
polypropylene {A) 4,2+ 0.4
potypropylene (B} 3.9 £ 0.4
silicone rubber (B) 91.7 + 16.8
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when heavy equipment is used to cover the sheet with earth. Moisture may
move freely through the soil profile when pellets are used, while films or
sheets of polymer prevent free moisture movement. In addition, pellets are
easier both to manufacture and apply.

A number of types of pellets were investigated for field application.
Release rates for trifiuralin from two types of tubing used are shown 1in
Table 4.2, Trifluralin was mixed with silicone oil to maintain the
mebitity of the trifluralin in the reservoir. After plugging one end of
the tubing, the mixture was then placed in the tubing and the open end
sealed,

Tubing offers several advantages. First, the constant wall thickness
of the tubing allows the release rate to remain constant over the lifetime
of the device. Second, the method permits very high Toadings of
trifluralin in the device, and this extends the 1ife of the device. The
fabrication method for the devices would depend upon the particular polymer
used. In the two cases shown in Table 4.2, the reiease rate for silicone
rubber is unnecessarily high for most plant/weed species, while that for
polyethylene is in the desired range. These polyethylene devices,
containing approximately 230 mg of trifluralin, should release at the
indicated level for 50 years. This particular approach was rejected for
the initial field study due to the difficulty in fabricating large numbers
of these devices with our available equipment.

In a second approach, pellets were fabricated, 1 to 3 mm in diameter
and 2 to 7 mm long, from trifluralin-containing polymers by an extrusion
process. Release rates for some of these devices are shown in Table 4.3.

Table 4.2. Release Rates of Trifluralin from PCD Systems (Tubing)

Release Rate

Polymer Type/Size ug/day * SD Lg/day/em’ £ SD

silicone rubber {C) 124 + 54 39 £ 17
4,65 mm OD x 3.35 mm ID
28 mm long

polyethylene (C) 12,7 + 4.3 4.2 + 1.4

4,83 mm 0D x 3.75 mm ID
15 mm long
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Table 4.3. Release Rates of Trifluralin From PCD Systems {Small
Cylindrical Pellets, 10% Trifluralin)

Reiease Rate,

Palymer Type pgfday/g + SD
Polyethylene {B} 5.8 £ 1.9
plus Novacite {silica}
Polyethylene (B) 15.9 £ 2.9
Polypropylene (B) 19.8 & 2.4

Note that the addition of Novacite (a powdered silica filler material) in
the polymer blend reduced the release rate of trifluralin from polyethylene
pellets by a factor of nearly three. Since the surface of these pellets
could not be measured accurately, release rates are reported per gram of
pellet. A rough calculation indicates that the surface area of the pellets
was on the order of 20 to 30 cmz/g. This would indicate surprisingly low
release rates as compared with other measurements made on sheets and Targer
pellets, a possible consequence of chance orientation of the polymeric
molecules resulting from the extrusion process. At the release rates
indicated, the trifluralin contained in the device would last for
approximately 15 years. Actually, as the trifluralin is depleted from the
device, it must diffuse further and further to reach the surface of the
device. As a result, the actual release rate will decrease with time, and
the Tife of the device will be extended.

At this point a decision was made to develop a large pellet and thus
take advantage of an increased volume-to-surface area to provide increased
herbicide capacity. After study of two larger geomztries (Table 4.4), a
pellet 9 mm in diameter and 9 mm long was selected for development of the
initial field trials. This size, approaching a sphere, combines a
relatively large availabte volume with almost the minimum possible surface
area, particularly when compared to the small pellets and tubular devices
discussed earlier. The size is also compatible with available equipment
used to place seeds uniformly in soil. The loading of trifluralin was
increased in these pellets to proiong the 1ife of the device.

The results of some initial studies are shown in Table 4.4. Because
sampling periods varied, release rates are not strictly comparable. In the
last polyethylene sample, for example, release rates were determined on the
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same sample for two temporally distinct sampling periods. The samples used
in this test were randomly selected from the Targe batch prepared for the
field study. Previous samples (Table 4.4) were, in part, a study of the
effect of carbon black on the amount of trifluralin which could be loaded
into a polyethylene polymer, The carbon black appears to play no
significant role on release rate as indicated by the first and second
polyethylene samples in Table 4.4. Comparison of the second and fourth
polyethylene samples indicates that increasing the Toading of trifluralin
(by 66%) increases the release rate also, but by a Tesser amount (50%). As
a result, heavier loaded devices should have longer lifetimes.

The release rate from controlled-release devices normally increases
with increasing temperature. The nominal temperature for this study was
13°C, a typical soil temperature in arid areas 1 to 2 m below ground Tlevel.
While that temperature is reasonably constant, the actual temperature
encountered by the pellet is a function of the depth of placement. To
determine the effect of temperature upon release rate, devices comparable
to those used in the field trials were run at different temperatures in the
continuous flow system. The devices were run first for 11 days at 37°C,
then 14 days at room temperature {22°C), and then 24 days at 13°C. The
release rates determined at these temperatures are given in Tabie 4.5, The
release rate at 37°C is 30 times the release rate at 13°C; thus, a single
day's release at 37°C is equivalent to a month at 13°C.

At the end of 49 days, the devices had released the amount of
trifluralin that would have been released in 420 days at 13°C. Owing to
interest in the release rate of trifluralin from these devices after
several years of release, the temperature of the system was turned back up
to 37°C and the system run for 54 days. During the final 18 days at 37°C,
the release rate was determined (shown in Table 4.5 for five years). As
expected, the trifluralin now had to diffuse for some distance through the
device and the release rate was lower. Following this 54 day run at 37°C,
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Table 4.4. Release Rates of Trifluralin from PCD Systems
(Large Cylindrical Pellets)

Release Rate (13°)

Poiymer Type/Size/Loading ug/day + SD “g/dag/cmz + SD
Polypropylene {B) 21.6 = 3.0 3.4 £ 0.5
{10 mm dia x 15 mm long) Sampling pericd; 12-48 days

{7.4% trifluratin}

Polyethylene (B} 10.6 £ 1.2 2.8 £ 0.3
{9 mm dia x 9 mm long) Sampling period; 185-195 days
{14% trifluralin}

Polyethylene (B) 1.1 1.2 2.9 = 0.3
{9 mm dia x 3 ™m Tong} Sampling Pericd; 185-195 days
{13% trifluraling
17% carbon black!

Polyethylene (B) 18.8 + 4.1 4,9 % 1.1
{9 mm dia x 9 mm long} Sampling period; 25-90 days
(8% trifluraling
26% carbon black)

Polyethylene (B} 16.6 £ 2.3 4.4 £ 0.6
{9 mm dia x 9 mm long Sampling period; 160-170 days
{18% trifluraling
23% carbon black}

Polyethylene (A) 1) 29,3 + 2,0 7.7 £ 0.5
(3 mm dia x 9 mm long) Sampling period; 400-420 days
(22% trifluraling 2) 13,1 £ 2,6 3.4 + 0,7
18% carbon black) Sampling Period: 5 yr.

the temperature of the bath was reduced to 13°C to allow determination the
release rate for a device in operation (releasing trifluralin} for five
years. This rate is also given in Table 4.5. The data suggest that
release rates of devices subject to seasonal fluctuations in temperature
benefit from them--that is, if the temperature around a device in the
winter is lower than average, less trifluralin will be released {wasted)}.
As the temperature increases during the growing season, increasing amounts
of trifluralin are reteased, enhancing the possibility of preventing root
elongation through the area of pellet placement.
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Table 4,5. Release Rate as a Function of
Temperature and Age of Device

Release Rate for

Reiease Rate for Device in Use Five
Temperature New Device, ug/day + SD Equivalent Years, pa/day & SD
37°C 853 £ 9 198 + 32
22°C L - atatal
13°C 29+ 2 13+ 3

4.4 LOADING OF TRIFLURALIN-RELEASING SYSTEMS

As we have already indicated, the 1ifetime of a PCD device increases
with increased loading of trifluralin in the device, since release rate
does not doubie with a doubling of the contained trifluralin. As a part of
this research, sheets and pellets of various polymeric materials containing
various concentrations of trifluralin were prepared. The solubility of the
trifluralin in these polymer materials is Timited, and thus the addition of
silica and/or carbon black may increase the capacity of the polymer blend
to hold trifluralin, Using polymers alone has led to immiscible mixtures
of the polymer and trifluralin in many cases. As a result, even though the
initial mixture contains a2 relatively high concentration of trifluralin,
the final pellet often contains a much Tower concentration and often a
cooled and crystallized separate phase of trifluralin on the surface of the
polymer {Table 4.6). The amount of trifluralin added in the original
mixture is in the column labeled, "Theoretical," whareas the amount of
trifluralin actually analyzed in the fabricated device is shown in the
column labeled "Determined." Some poiymers such as polyvinyl chloride
incorporated the trifluralin easily; other polymers such as poly {(ethylene
vinylacetate) and poly(ether urethane) retain only relatively small amounts
of the trifluralin. The addition of carbon black Teads to retention of
much higher amounts of trifluralin in some polyethylene devices and can be
expected to increase the reserve capacity of many other polymer blends,
Increasing the capacity also increases the Tongevity of the active device
in the soil.
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Table 4.6. Trifluralin Loading of PCD Systems
Thecretical Determined

Carbon Trifluralin Trifluralin

Polymer Type Black, % % %
Polyethylene (B) None 17 11
Polyethylene (B) None 23 9
Polyethylene (B) None 33 11
Polyvinyl chloride None 17 S
Polyvinyl chloride None 23 15
Polyvinyl chloride None 33 33
Styrene-butadiene None 10 9
Block Copolymer Rubber
Polypropylene (B} None 17 7
Polypropylene (B) None 17 10
Polyethylene (8} Novacite None 17 9
Polyethylene (8) None 17 8
Poly(Ethylene-vinylacetate) (B) None 23 10
Poly(Ethylene-vinylacetate) (B) None 33 14
Poly{ether urethane) None 23 6
Polypropylene (8) None 17 12
Polyethylene (B) None 23 14
Polyethylene (B) 18 19 16
Polyethylene (B) 24 18 12
Polyethylene (B) 21 26 24
EPCM 32 16 9
Polyethylene (A) 24 24 22
Polyethylene (A) None 40 18
Polyethylene (A) 40 40 35

4.5 IN VITRO VERSUS IN SITU LIFETIME

The life of the device in vitro at 13°C may be calculated if the
release rate of the device and the amount of trifluralin contained by the
device are known. Since the device is homogeneous, requiring that the
release rate decrease with time, there is no single release rate. We have,
however, determined the release rate at the equivalent of five years, and
this is 13.1 ug/day = 2.6 SD. We can consider this to be a realistic
average rate for a significant portion of the life of the deyice. The
average device weighs 667.6 mg and contains 22.1% trifluralin, or a total
of 146.5 mg trifluralin. At a release rate of 13.1 pg/day, the device
would release trifluralin at a zero-order rate for 30.86 years. As
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indicated previously, this is the minimum effective Tife since 1) we are
measuring the release rate in vitro at sink conditions where the
concentration gradient {s maximum, and 2) we are not taking into
consideration the fact that the release rate will decrease somewhat with
time.

To estimate what the possible 1ife might be under actual conditions in
the soil, we can incorporate the information available on the degradation
rate of trifluralin in soil., The degradation rate of trifluralin in
Ritzville silt-loam at 21°C and 18% moisture, at concentrations of 2 and 10
ppm, has been determined (See Section 5, Figure 5.1). The half-life of
trifluraiin under these conditions is ~50 days. (Note that the temperature
involved is somewhat higher than the 13°C at which the trifluralinreleasing
PCO system is placed. We wiil underestimate the effective 1ife of the
system as a result).

Using a half-Tife of ~50 days, we can calculate that approximately
1.38% of the trifluralin present is degrading each day. This is the amount
that must be replaced each day by the controlled release device in order to
maintain a constant level of trifluralin in the soil.

For 3 g of polypropylene (B) pellets, the in vitro release rate was
shown to be 59.4 ug/day. When 3 g of these pellets was placed in 400 g of
soil, the soil concentration increased from 3.25 to 4.38 ,g/g soil over a
123 day period, for an average of 3.82 pg/g soil. This would be equivalent
to 1.528 mg in the 400 g soil. Considering that 1.3B% of this 1.528 mg
(21.1 ug) would have to be replaced each day, the d2vices had to release
this amount to keep the trifluralin concentration constant. Since the soil
concentration actually increased over time, the devices released more than
this minimum amount. The increased amount was 3.67 vg/day/400 g soil;
therefore, the total amount actually released in situ was 24.77 ug/day.
This wouid indicate that the in vitro release rate was 2.4 times higher
than the in situ release rate, when trifluralin is present in the soil at
33.8 ppm.

If the device in situ releases at this lTower rate, the amount of
trifluralin remaining in the device in situ is greater, and the devices
must be expected to release for a longer period of time; specifically, 2.4
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times the length predicted by the in vitro data. Since the in vitro data
predicted a 30.86 year life, incorporating the difference just cited would
indicate that the actual 1ife in situ is approximately 74 years.

Field data (Table 6.3) showed that the concentration of trifluralin in
the soil was five times higher than the minimum effective concentration
necessary to stop root elongation, Therefore, the release rate could be
reduced by the addition of polymers to increase the 1ife of the PCD system
to at least 158 years.

As previously indicated, this is based on the release rate at
approximately five years. In fact, the release rate will likely decrease
with time, and the device will continue to release after 74 years, but at a
lower release rate, We have purposely loaded and designed the device to
release more than is necessary in the first years of its life so that the
release rate in this later period s still sufficient to prevent root
growth.

4.6 CONCLUSTONS

Based on our studies of the formation of and release rates from PCD
systems, we conclude the following.

The PCD system in pellet form is most desirable since it lends itself
readily to machine application and doesn't interfere with water
movement in the soil.

A cylindrically shaped pellet 9 mm x 9 mm provided a sufficient
trifluralin reservoir to remain active ~100 years.

Pellets installed in field studies were made from polyethylene powder
mixed with carbon black (30%) and trifluralin (22%) pressed into
pellets using a moid. Polyethylene was the selected polymer because
its release rate of trifiluralin was in the desired range.

Release rates of trifluralin from the pellets increased with
increasing temperature. The release rate at 37°C was 30 times the
release rate at 13°C (soil temperature at 1 m below the surface}.
Half-1ife of trifluralin in the soil after release from the PCD system
is 50 days.






5.0 PHYTOTOXICITY AND DEGRADATION STUDIES

Successful field performance of a PCD system requires that a minimal
effective level (MEL) of phytotoxin be maintained in a narrow soil band for
an extended period of time. This minimal Tevel or concentration must be
sufficient to restrict basipetal root growth and compensate for losses due
to microbial decomposition, chemical degradation {hydrolysis} and dilution
by diffusion out of the band of soil surrcunding the PCD device. It is
essential that phytotoxin concentrations in soils be minimized to eliminate
ground water contamination or undue stress to plants employed in
revegetation. In this research, we have sought to 1) determine soil
concentrations of trifluralin required to inhibit basipetal root growth, 2)
determine rates of microbial decomposition and chemical degradation; and 3)
evaluate PCD devices for effectiveness under laboratory conditions (Burton
et al. 1982).

5.1 EVALUATION OF EFFECTIVE TRIFLURALIN CONCENTRATIONS IN SOILS

After exploring a number of rapid screens, a small laboratory-scale
lysimeter system was selected for testing our device. These lysimeters are
35 c¢cm tall and 5 cm in diameter, with provisions for placement of a 2 cm
band of treated soil or PCD device at 20 to 25 cm below the soil surface.
Ports for sampling horizontal soil cores are provided at 2 cm intervals
above and below the treatment zone.

Initial studies were undertaken to determine the MEL or concentration
of trifluralin required in soil (Ritzville silt-loam) to inhibit root
elongation of Russian thistle, a deep-rooted plant which readily invades
disturbed areas. A 2 cm soil layer containing 0, 0.1, 0.4, 1, 10, and 20
ppm of trifluralin (ug trifluralin/g dry wt soil} was placed 20 cm below
the soil surface, seeded, and plants maintained for 60 days. Soil was
maintained at 18% moisture and plants maintained in controlled environment
chambers with a day/night photoperiod of 16/8 hr and 22°/12°C.

Within 10 days following germination, roots penetrated the treatment
zone at all concentrations below 2 ppm (Table 5.1). At concentrations of
2, 10 and 20 ppm, the maximum extent of root elongation (MRE) was 18, 15,
and 15 cm, respectively. Analysis of soil cores at the depth of MRE showed
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Table 5.1. Tr1f1uralig Effects on Root Elcngation and Shoot Dry Matter
Production

Trifluralin

Soi} Root c Shoot Concentratiog
Concentration Penetration Dry Wt. At Root Tip
(ppm} (cm) (g) {ppm)
0 Bottom 0.99 = 0,09 0
0.1 Bottom 0.80 £ 0.08 NA
0.5 Bottom 0.71 £ 0,04 NA
2.0 18 0.41 £ 0.06 0.36 + 0.05
10.0 15 0.28 + 0.02 0.47 + 0.17
20.0 15 0.30 + 0,07 0.52 + 0,17

qpeps, X + SD; Russian thistle used.

Soils amended with trifluralin and 50 g soil placed in 2 cm band, 20 cm
from soil surface.

dDepth of maximum root penetration from soil surface.

Soil core removed at point of maximum root elongation, extracted and
assayed for trifluralin concentration.

0.3 to 0.5 ppm of trifjuralin to be effective in preventing root
elongation, Although a significant reduction in shoot dry matter
production was observed for all treatments, no toxicity symptoms such as
chlorosis appeared; at least a portion of the dry wt reduction was a Tikely
result of reduced rooting volume available for root growth imposed by the
placement of the treatment zone. The results of these experiments set
limits for release rates of early PCD systems under development.

Qur studies were extended to include a series of 13 native plant
species suitable for revegetation efforts in Colorado (Table 5.2). These
were evaluated to determine MEL values and possible adverse effects on
growth. Experiments were conducted using the laboratory scale lysimeters
described earlier. Because of differences in plant growth rates and
morphology, the duration of the studies varied from 31 to 59 days. Amended
soil levels of 2, 10, and 20 ppm of trifluralin placed in a 2 cm zone at 25
cm below the soil surface were used. Root penetration was inhibited for
all species studied., In general, significant reductions in shoot and root
dry weight were not observed for the majority of plant species.

Significant reductions were observed, however, for fourwing saltbush,
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Appendix

A LITERATURE REVIEW OF BURROWING DEPTHS AND HABITAT PREFERENCES OF
BURROWING RODENTS AND ANTS







































