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ABSTRACT

In the humid eastern half of the country, the disposal of low-level radioactive
wastes has evolved from the use of shallow, sanitary landfill type, excavations to
current plans for the complete containment of i >ng half-life radionuclides in
large-diameter boreholes and other excavations in the deeper subsurface. In
general, the aim of current procedures and regulations is to prevent the migration
of contaminants into groundwaters. For the short half-life materials, burials may
be accommodated in lined and capped trenches along with "tumulus" or concrete
encased structures that would ensure containment for a few tens of years to
perhaps several hundreds of years. The greatest interest though is planned where
new and emerging technologies are being developed to emplace special and long
half-life wastes into geologic formations at moderate to deep depths for complete
containment for periods of thousands of years.

L INTRODUCTION

The recently issued Department of Energy (DOE) Order 5820.2A defines uranium wastes

(excluding mining and mill tailings) as low-level wastes (LLW) and requires that their disposal

meet ail applicable federal, state, and local regulations. All disposal sites will have to verify,

through a formal performance assessment, that the uranium wastes meet these requirements prior

to disposal.

The proposed 40 CFR 193 is expected to identify uranium wastes as LLW and to require

that disposal of such waste "be conducted in such a way that assures that no individual receives a

total dose from release to the general environment in excess of 25 mRem/y from all the LLW

disposal in the U.S." Furthermore, wastes with concentrations of radioactivity low enough to

result in annual doses to individuals of 4 mRem/y or less could be disposed of as nonradioactive

wastes. Both the requirement for a performance assessment by the DOE and the Environmental

Protection Agency's (EPA) establishment of performance objectives for uranium wastes represent

changes from the past.

Because uranium and its daughters have very long half-lives, and because the chemical

properties of uranium make it potentially very mobile in the geosphere, a framework is needed to

treat, store, and more specifically, dispose of these materials to satisfy DOE pei.ormance

objectives for long-term safety. Uranium wastes, on a volume and weight basis, make up a
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significant portion of all LLW. All plants and facilities that generate and handle these products

must therefore comply with current and pending regulations for these wastes.

a EVOLUTION OF DISPOSAL

In general, low-level radioactive solid wastes at DOE plant sites [formerly the Atomic

Energy Commission (AEC), and the Energy Research and Development Administration (ERDA)]

have been disposed of by land burial since the beginning ol operations in the 1940's (Cowser, K.

E. et al., 1961 and Belter, W. G., 1970). Initially, this consisted of the excavation of shallow

trenches or pits into the subsurface with the periodic emplacement of packaged, as well as "loose,"

wastes. Earth materials from the excavations were commonly used to cover the wastes. Generally,

this sanitary landfill method for disposal was progressively modified to employ such things as

criteria for selecting sites for burial, appraisals of geologic and hydrologic conditions, customized

emplacement methodologies, special barriers and covers, and monitoring and surveillance

programs (Lomenick, T. F. et al., 1984).

At present, the overall objective of wasiedisposal into geological formations is to dispose

of wastes in a manner that ensures the usattfr and safety of the public botb in the present and the

future. Existing regulations on disposing of wastes play the dominant role in determining the

appropriate level of protection of public health and safety. In general, most waste disposal

strategies rely on the concept of waste segregation to provide the needed control of the

concentration and composition of wastes prior to disposal. The approach to managing the

segregated wastes depends on the level of contamination of the wastes and is based on the

performance of the disposal site and the technology associated with the disposition of waste.

For the lowest levels and types of wastes, landfill technology continues to be a viable

option for disposition; however, all sites must verify that the wastes would meet all applicable

requirements through a formal Performance Assessment. The disposal trenches may be required

to have a doubie liner that is partially effective in containing and collecting leachate that is formed

within the disposal unit Furthermore, any collected leachate would be treated prior to discharge

into groundwater or surface water resources.

For the next higher level of wastes, disposition may be accomplished using above-grade,

tumulus (stock or pile) technology. Generally, only short-lived activities would be emplaced in

these concrete vaults that are designed to immobilize the waste for its duration. These systems

would collect, monitor, and treat any leachate that might be generated within the institutional

control period. Any releases of effluent from the treatment facilities would be in compliance witn



regulatory standards. The limits on the controlled release of treated leachate during institutional

control are used to define the facility design.

Because of the long half-life and potentially mobile chemical properties, uranium must be

contained in the geosphere for tens of thousands of years. Thus, many of the more conventional

procedures for the management of short-lived and other radionuclides are not appropriate for the

operation, treatment, storage, and disposal of uranium-bearing wastes. This is especially pertinent

for the ultimate disposition and related handling and treatment processes of those wastes as near-

surface fixation and disposal methods in humid environments are generally unsuitable for the

burial of uranium residues except possibly for below regulatory concern (BRC) and very low

activity materials. Thus, with the storage option currently providing the almost sole means for

disposition of these materials, there is a ciucial corresponding need to reduce the quantities of

uranium wastes generated in the manufacturing processes, as well as to refine treatments and to

develop innovative techniques for storage and disposal.

In order to provide a systematic basis for determining the parameters by which to apply

treatment and ultimate disposal to uranium-bearing wastes, a waste management classification

must be established. An appropriate approach to such a sc jme would include the three major

points that follow. First, A BRC value would be established. Uranium-bearing waste forms that

fall below this level would be disposed in landfills. A suggested BRC limit, as derived from the

proposed EPA limit that no person's annual dosage from drinking water should exceed 4 mrem/y,

would serve as a reference value. This concept would be peer reviewed and critiqued until a

methodology is agreed upon and an accepted uranium limit for suitable waste forms is established

for landfill-type disposal. This agreed-upon methodology could then be adapted to the local

conditions at all sites to produce a BRC value applicable at each location. For each site, suitable

waste forms with uranium contents below the BRC value so established for that particular site

could be disposed in a landfill. Other wastes would require different action.

A second tenet involves the possibility that local disposal of waste with uranium

concentrations above the BRC value could be acceptable, provided that such land-based disposal

can be shown to ensure a specific reduction in the mobility of the uranium. This reduction factor

would have to be based on local BRC conditions, applicable for the critical pathway(s), and able

to ensure permanently, or at least as long as an "agreed-upon" time horizon was selected.

The third consideration in the rationale is deciding on a "time horizon" that applies to the

disposal of uranium-bearing wastes. This would e.itail establishing a time value beyond which

there would be no requirement for maintenance of a specified limit on uranium mobility. [The

Surplus Facilities Management Program (SFMP) has selected a time horizon of 1000 years for

uranium-bearing wastes.] If 1000 years were chosen for all uranium-bearing wastes, some currently
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available waste-treatment methods would appear to offer promise. These methods include

vitrification and possibly some cement-based and other solidification methods. If a more distant

time horizon like 100,000 years were to be established, it is doubtful that any presently known

stabilization method, except possibly vitrification, could reasonably be expected to ensure mobili

restraint Of course, any time horizon will still be miniscule when compared with the 4.5 billion

year half-life of ZJ8U.

Although there are many classification systems of uranium wastes in use at the various

plants, it is believed that the three-tiered approach, outlined below, would be convenient and

desirable.

1. BRC wastes would be handled as sanitary landfill materials;

2. higher concentrations of waste would be treated using cement-based solidificatii

processes and placed in concrete bunkers;

3. the highest concentrations of wastes, which would exist in small quantities, wou

be emplaced in moderate or deep geologic formations or in the subsurface in

arid/dry environments.

EL ULTIMATE DISPOSAL CONCEPT

The concept of disposal in a matrix of boreholes in clay-rich rocks is a relatively

inexpensive method for the permanent disposition of uranium, low-level, mixed, and special cas<

wastes. Its unique features are its complete flexibility and modular nature in operational

conditions. A limited area is used at a time, and a complete borehole site can be rapidly returr

to normal land use. Disposal depths may vary from a few hundred meters to a thousand meter:

The concept is practicable by efficient use of existing experience from civil and mining engineer

technology. A schematic diagram of the concept of a borehole facility is shown in Fig, 1, and t]

layout of a matrix of such boreholes is shown in Fig. 2. For the purpose of preliminary

demonstration design, the borehole would be assumed to be 0.52 m diam and extending vertical

to a depth of about 250 m. The depth from the surface to the disposal zone would be about 8(

Since the lateral homogeneity of host material cannot be assumed for more than a few thousan

meters, the general repository design practice would be to minimize lateral extent to not more

than 1000 m in any direction. The boreholes would be laid out in hexagonal configuration.

It is emphasized that the intermediate depth borehole disposal concept is a method ttu

features: (1) emplacement of solids in boreholes in "undisturbed" strata, (2) complete control <

drilling and emplacement, (3) direct and continuous monitoring, (4) full retrievability, (S)

accommodates a wide variety of solids, and (6) would develop disposal space as needed.
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Fig. 1. Schematic diagram of the concept of an intermediate depth borehole disposal

facility (not to seal").



Fig. 2. Solid waste emplacement in a matrix of drilled holes.



IV. THE HOST ROCKS

Clay-rich rocks, which are abundant on the Oak Ridge, Tennessee, Reservation, as well as

many other DOE plant sites, have long been identified as potentially suitable for the permanent

disposal of radioactive and hazardous wastes. Favorable characteristics of clays and related rocks

relative to the siting of waste repositories include: (1) their extremely low permeabilities, (2) their

high degree of self-healing plasticity, (3) their high ion-exchange capacities, and (4) their extensive

lateral and vertical dimensions. These characteristics are desirable attributes because the very low

permeabilities greatly restrict the movement of groundwater through such materials. The plasticity

essentially seals joints, fractures, and faults that would remain open at depth in other brittle, non-

plastic rocks, and thus contributes to the low permeability of clay-rich deposits. High ion-

exchange capacity of clay minerals is effective in retaining a variety of radionuclides by sorption

and thus represents an additional natural barrier to the movement of contaminants should they be

released from the waste package. Vertical dimensions measured in hundreds of meters, when

combined with lateral extents measured in kilometers, provide more than adequate geometries for

waste repositories.

Although the complete evaluation of clay-rich rocks for disposal of radioactive and

hazardous wastes includes consideration of the hydrologic, geologic, rock mechanical, geochemical,

and thermal factors that would affect the construction, operation, and performance of these rocks,

the findings related to their hydrologic elements are believed to be of overriding importance and

are discussed in this work. Since excessive groundwater inflow into the borehole workings is

probably the most likely condition that would lead to the need for non-routine engineering

measures, groundwater inflow may be selected as the principle criterion for the hydrologic

evaluation of these rocks. With this approach, a single hydrologic performance measure

(groundwater inflow rate) is used to integrate all of the geologic and hydrologic parameters that

would have significant impact on the construction and operation of a repository. Pre-waste-

emplacement groundwater travel time was selected as the criterion for postclosure operations

because it considers many of the hydrologic factors affecting the isolation capability of a potential

repository. It is noted, however, that while pre-emplacement groundwater travel time incorporates

many hydrologic parameters of concern into a single measure of performance, it does not consider

all hydrologic factors related to the postclosure isolation potential of a waste repository. Notably,

pre-emplacement travel time does not consider thermal driving forces, dispersion, or radionuclide

sorption phenomena.
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In order to estimate the pte-waste-emplacement groundwater travel time (postclosure

criterion) for the clay-rich rocks, it is first necessary to solve the steady-state flow equations to

derive potential fields. Velocity fields are then developed from the potential fields and travel

times are then estimated by solving purely advective equations for the geometries, boundary

conditions, and material properties of the reference sites for analyses. Thus, hydraulic conductivity

and effective porosity are the material properties required for the travel time analyses.

For this work, groundwater inflow is defined as the volume of water per meter of

borehole per unit of time that would enter the subsurface excavations of a repository as a function

of time following excavation. Thus, the analyses for estimating the inflow of groundwater into the

borehole workings involve solving the transient flow equations for the geometries, the boundary

and initial conditions, and the material properties of the reference sites. Hydraulic conductivity

and specific storage are therefore the material properties that must be obtained for the inflow

analyses at the sites. Discussions on the development and utility of the data bases for these

properties are given below. It is noted that the literature search, while not exhaustive, did not

indicate sufficient data for many of the hydrologic parameters to permit the derivation of typical

probabilistic values and ranges. Thus, the "high* and "low" values that bracket the typical value

are not intended to be statistically rigorous but are merely intended to account for the likely

variations in properties.

The hydrologic properties of clay-rich rocks are not abundant in the literature because of

its poor aquifer properties, and much of the available data originates from the oil and gas

literature. Core data were found to be similar in magnitude to field data, indicating little

influence of fractures on groundwater movement (Croff, 1985). Thick beds of very tight shales are

found at many locations. The typical data base values adopted for these shales are a horizontal

conductivity of 1 x 10*u m/s and a vertical conductivity of 1 x 10"12 m/s. The high and low values of

the conductivity range are one order of magnitude higher and lower than the typical values.

Effective porosity is traditionally considered to be that part of the total porosity that is

actively involved in conducting fluid flow. In practice, effective porosity is measured in tracer tests

and is equal to the ratio of the specific discharge (flow rate per unit area) across a surface to the

linear particle velocity of groundwater movement across that same surface. As is evident from its

measurement, "effective porosity" is determined purely from hydraulic factors and is in fact a

hydraulic rather than a volumetric property of the rock.

Because of the lack of data on effective porosity in day-rich rocks as well as other rock

types, it was necessary to estimate the magnitude of this parameter from total porosity data. Such

data are available from laboratory tests on cores and from geophysical density logs in the field.

The laboratory tests have the problem of small sample volumes, while the field tests have



calibration uncertainties. Despite these difficulties, the laboratory values of total porosity are

normally considered to be reasonably representative of field conditions, and the primary source of

uncertainty is in approximating the effective porosity from the total porosity data.

Because clay-rich material can be relatively compressible depending upon its stress history,

the porosity of the rock can be relatively high. The data base was selected to emphasize the

compacted, older rocks that would be expected to have been relatively deeply buried and therefore

more representative of clay-rich rocks at typical repository depths. The difference between total

and effective porosity is expected to be small because of the generally low influence of individual

fractures on groundwater movement. Th<? adopted data base typical values are 0.03 for total

porosity and 0.01 for effective porosity (Croff, 1985). The high and low values are within an order

of magnitude of the typical values and largely reflect uncertainties in degree of compaction.

Specific storage is a measure of the volume of water that can be removed from or added

to a volume of rock due to pressure changes within that volume. Specific storage in deep,

confined strata results from the compressibility of the water and rock and is orders of magnitude

lower than specific storage in a water table aquifer where storage changes result primarily from

emptying or filling unsaturated void space.

Accurate measurements of specific storage are obtained from multiple well interference

tests in the field. However, no field data were found in the literature on specific storage for any

of the low conductivity media considered in this study to be suitable for waste disposal. In

addition, specific storage is not normally measured using core samples because of a lack of

accuracy. Under such circumstances, the magnitude of specific storage is often approximated for

deep, confined strata from compressibility data for the water and the sediments. The basic

equation, as adapted from Freeze (1979), is:

S, = pg (ntQ + Cr), (1)

where

S, = specific storage,

p a density of water,

g = acceleration of gravity,

n, = total porosity

C* = compressibility of water, and

Cr = compressibility of rock.

The compressibility of rock is defined for an isotropic, homogeneous elastic medium as

the reciprocal of the bulk modulus, or

Cr = 3(1 - 2u)/E, ( 2)

where
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u = Poisson's ratio,

E = modulus of elasticity.

Specific storage values for this study were estimated using Eqs. (1) and (2).

The results show relatively little sensitivity to the ranges in geomechanical properties.

The adopted data base values were generally assigned higher ranges than the computed results

indicated, to account for additional uncertainties present in the computational method. Rounding

of the computed results gave storage values of 1 x 10"61/m.

A reference stratigraphic section was proposed that is believed to be representative of

typical geologic repository environments and was placed at a depth of 700 m in the stratigraphic

section.

The hydrologic properties of the strata overlying and underlying the repository horizon in

the reference section was determined from the developed data bases for the repository horizon and

from general knowledge of hydrologic material properties of the various rock types and

depositional environments as reported in standard works (DeWiest, 1965).

The clay-rich section consists of an upper 30-m-thick horizon of sand, silt, and clay

followed by 122 m of sha>e with some silt and sand. This is underlain by the reference repository

horizon, a 610-m-thick unit of gray to dark gray, low carbon, illitic shale with minor silt and

limestone. A 122-m-thick carbonate horizon is assumed to underlie the shale.

The pre-waste emplacement groundwater travel time is estimated by first solving the

steady state groundwater flow equation:

(3/axi)(kiiPg/u(3(|»/axj) = 0 (3)

where

kjj = permeability tensor,

p = density of the fluid,

u. = viscosity of the fluid,

4> = hydraulic potential,

x, = Cartesian coordinates, and

g = gravitation acceleration.

The relatively complex geometry counk i with the anisotropic hydraulic conductivities

considered in these analyses necessitate the use of numerical solution techniques in the form of a

computer code. The numerical code selected for this study is based on a weighted residual

implementation of the finite element method. The code is documented in Baca (1981).
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The results of the groundwater travel time analyses show that the distance traveled by

groundwater in 100,000 years in the clay-rich rocks is expected to be 6 m with a high value of

55 m and a low value of <1 m.

The values are considered to be below the point where engineering measures to remove

the inflowing groundwaters would be problematical during the construction and operation of the

borehole matrix.

V- SUMMARY

The disposal of low-level radioactive wastes in the United States has evolved from the

almost exclusive use of near-surface sanitary landfill technologies to the development of

methodologies that sustain containment for periods of thousands of years in clay-rich rocks at

moderate and deep depths. These kinds of systems are especially suited to the large quantities of

long-lived radioactive mixc4 wastes that are generated and must be disposed at many facilities. At

this time there are no disposal facilities for mixed wastes in this country, and all such wastes are

stored. Groundwater travel times are estimated to be on the order of a few meters per 100,000

years in clay-rich rocks.

The use of a matrix of boreholes drilled to moderate depths in clay-rich rocks is a low-

cost method for permanent disposal of uranium, mixed, and other wastes. The technical feasibility

for utilizing the concept has been analyzed and engineered.
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EVOLUTION OF LOW-LEVEL RADIOACTIVE
WASTE DISPOSAL

• SANITARY LANDFILL

• GEOLOGIC AND HYDROLOGIC SITING
CONSIDERATIONS

• COVERS, BARRIERS, ENGINEERED
STRUCTURES, LEACHATE COLLECTION
AND TREATMENT

• COMPLETE CONTAINMENT IN QEOLOGIC
STRUCTURES FOR THOUSANDS OF YEAR8
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URANIUM MIXED WASTES
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WASTEWATER TREATMENT SLUDGES,
MACHINE TURNINGS, METAL ALLOYS

METAL PRECIPITATES AND SLUDGES,
TSCA INCINERATOR ASH, D&D ACTIVITIES

RINSE WATER SLUDGE8, LABORATORY
V^STE

ELECTROPLATING WASTES,
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PRIOR TO DOE ORDER 8820.2A AND
MIXED WASTE ISSUES AND ASSOCIATED
LAND BANS
- PACKAGE AND SKIP
- DISPOSAL ON SITE

CURRENTLY NO APPROVED DISPOSAL
FACILITIES IN U.S. FOR MIXED

• ALL MIXED WA87E8 STORED



MATRIX BQREHOLD CONCEPT FOR DISPOSAL OF
URANIUM-MIXED WASTES

• INNOVATIVE AND TIMELY USE OF
TECHNOLOGY

• CLAY-RICH ROCKS ARE WIDESPREAD
AND ABUNDANT

• PERMANENT CONTAINMENT AS
GROUNDWATER TRAVEL TIME
TYPICALLY A FEW FEET IN
100,000 YEARS
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CHARACTERISTICS OF CLAY-RICH ROCKS

• WIDESPREAD OCCURRENCE

• LOW PERMEABILITIES

• H!QH ION EXCHANGE CAPACITIES

• HIGH PLASTICITY
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EXAMPLE - DISPOSITION OPTIONS

• NO ACTION ALTERNATIVE

• TREATMENT TO MAXIMIZE CLASS I VOLUMES

• OFFSITE DISPOSITION
-NTS
- OTHERS

• ONSITE DISPOSITION
- STORAGE
- NEAR SURFACE DISPOSAL WITH INTRUDER

BARRIER
- INTERMEDIATE DEPTH GEOLOGIC DISPOSAL
- DEEP GEOLOGIC DISPOSAL
- OTHERS
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SUMMARY

EVOLUTION OF DISPOSAL OF LOW-LEVEL
RADIOACTIVE WA8TE8

SIGNIFICANT QUANTITIES OF LONG-LIVED
RADIOACTIVE MIXED WASTES GENERATED
AT ALL DOE SITES

CURRENTLY THERE ARE NO APPROVED
DISPOSAL FACILITIES IN THE U.S. - ALL
WASTES ARE STORED

TECHNOLOGIES ARE BEING DEVELOPED FOR
COMPLETE CONTAINMENT OF LONG-UVED
WASTES INTO GEOLOGIC FORMATIONS AT
MODERATE TO DEEP DEPTHS



PRE-EMPLACEMENT DISTANCE TRAVELED BY
QROUNDWATER IN 100,000 YEARS

ROCK TYPE TRAVEL DISTANCE (M)

SHALE*

CARBONATE ROCKS

ANHYOROCK

'HORIZONTAL CONDUCTIVITY, M/8

VERTICAL CONDUCTIVITY, M/S

EFFECTIVE POROSITY

SPECIFIC STORAGE, L/M

6

»18,000

40

tOOE-11

100E-18

1.00E-02

toos-ot

i;:iii .< i:i «. i


