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HYDRAULIC FRACTURING AS A METHOD FOR THE DISPOSAL OF 

VOLATILE RADIOACTIVE WASTES 

J. H. Shaffer 
J. 0. Blcmeke 

ABSTRACT 

This report proposes the f^i-ther development of the 
hydrofracture process at the Oak Ridge National Laboratory 
for the permanent disposal of volatile radioactive wastes. 
The assessment of this method has included the disposal of 
129I( 14C, 85Kr> 

and tritium. It is recommended that addi-
tional studies be made of the feasibility of injecting krypton, 
as an admixture with xenon, directly into the hydrofracture 
grout stream for disposal in deep, impermeable shale forma-
tions. The annual production of °5Kr from reprocessing 1500 
metric tons of fuel would create a void of <1% when injected 
into the grout mixture used in a typical hydrofracture 
operation. 

1. INTRODUCTION 

Volatile radioactive wastes will normally be generated by head-end 
processes of planned nuclear fuel reprocessing facilities. These wastes 
must be removed from the plant off-gas streams to prevent their release 
to the atmosphere or combination with other plant streams. Although 
methods for their recovery from these streams are reasonably well-
developed conceptual methods for their permanent disposal have typically 
followed criteria established for wastes having much higher levels of 
radioactivity. This technology has generally considered the immobiliza-
tion of these volatile materials in forms that may be committed to long-
term storage and eventual disposal. However, proposed methods for 
permanent waste disposal either have been internationally unacceptable 
or insufficiently developed for critical appraisal. Of the methods 
under current development, storage and/or disposal in deep geological 
formations or arid regions represents the most realistic solution for 
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general disposal of radioactive wastes. The disposal of intermediate-
level liquid wastes (<1.5 x 10 ^ to 2 Ci/gal) into deen shale formations 
by the hydrofracture process has been used routinely to dispose of waste 

2 
solutions generated at the Oak Ridge National Laboratory (ORNL). The 
extension of this waste disposal method to include volatile radioactive 
wastes is examined in this report. 

The .lisposal of noble-gas fission products by the hydrofracture 
process was considered in a general assessment of the feasibility of 3 
underground storage and disposal of noble-gas fission products. The 
consensus of the report, with respect to the hydrofracture operation, is 
that the technology of this method has not been sufficiently developed 
for adequate appraisal. Thus, the purpose of this study is to relate 
requirements for the disposal of volatile radioactive wastes with 
operating parameters of the hydrofracture facility at ORNL. 

2. THE HYDROFRACTURE PROCESS 

Hydraulic fracturing was originally developed by the petroleum 
industry as a means of improving oil recovery from wells. Its use as 
a waste disposal method was recognized in more recent applications for 
discarding hazardous chemicals. These operations have normally been 
carried out in permeable rock formations to utilize the pore structure 
for trapping the liquid chemical waste. The program conducted at ORNL 
differs in that aqueous radioactive wastes have been mixed with cement 
to form a grout which is injected into an impermeable shale formation 

4 
well-below ground water level. 

Development of the hydrofracture process at ORNL began in 1959 with 
an evaluation of geological requirements, development of uhe grout mixture, 
and design of the facility.^ ^ Large-scale injections were made to g 
evaluate the process and equipment under proposed operating conditions. 
This facility has been used for the routine disposal of intermediate-

4 
level liquid wastes since 1966. Design and installation of a new facility 
with a service life of about 30 years OVLOO injections at anticipated 

9 
disposal rates) is essentially complete. 
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2.1 Site Selection 

The selection of potential sites for hydraulic fracturing operations 
may be guided by basic criteria established for the qualification of the 
Oak Ridge facility. A portion of the Oak Ridge Department of Energy 
reservation is underlain by thick Conasuaga formation shales. The 
upper portion of this shale formation is high-integrity„ nonfractured, 
dense gray shale that is 600 to 700 ft thick. This is underlain by 
approximately 300 ft of red shale composed of thin, horizontally oriented 
beds. Fractures induced in this formation follow the horizontal bedding 
planes. Typical grout injections propagate formation fractures out to 
radial distances of approximately 1500 ft (grout permeation to about 
500 ft), with a maximum uplift of less than 0.2 in. at the injection 
site; thus, repeated injections are possible. As many as four injections 
have been made within 10-ft elevation intervals in the red shale forma-
tion. Potentially available sites exist in the Appalachian, Illinois, 

and Michigan basins, much of the Gulf Coast, and the Pierre and Manchos 
3 

shale of Colorado and adjacent areas. 

2.2 Operational Parameters 

Current operations of the hydrofracture process at ORNL are based on 
3 4 an approximate 80,000 gal (303 m ) of liquid waste per injection. This 

volume represents the annual accumulation of intermediate-level liquid 
wastes at ORNL after their evaporation to activity levels of about 0.2 
to 2.0 Ci/gal. The solids admixed with this solution yield a total 3 
volume of approximately 120,000 gal (^454 m ) of grout mixture. The 
injection well is prepared for a hydrofracture operation by using an 
abrasive jet to create a radial slot through the metal casing and cement 
at a predetermined elevation and, typically, at 10 ft intervals in the 
red shale formation. The fracture is initiated by water pressure and 
then propagated by the grout mixture at a flow rate of about 250 gal/min. 
Hydraulic pressures necessary for fracture, which are dependent on the 
well condition following the slitting operation, have varied between 
2000 to 5000 psi. The grout mixture is admitted to the injection well 
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through a concentric, pipe and is discharged in the near vicinity of the 
formation fracture ..iane. The annulus remains filled with water during 
the service life of the well. 

After the grout injection has been completed, the pressure at the 
wellhead decreases to about 1000 psi during grout solidification (^24 hr). 
During the next 30 days, the overpressure on the sealed wellhead will 
diminish as formation stresses are relieved. 

In the present hydrofracture facility, grout injections were 
initially made at a depth of about 1000 ft. In successive grout injections, 
the borehole below the fracture plane was filled with grout. The bore-
hole above this level remains filled with water. Hence, the solidified 
grout in the fracture planes is maintained under a hydrostatic head 
during the service life of the injection well and will be permanently 
sealed from the atmosphere by grout backfill at the conclusion of this 
period. 

3. WASTE DISPOSAL OPTIONS 

The volatile radioactive wastes considered for disposal by the hydro-
129 14 fracture process include I as either I„ or CH-I, C as CO or an 

85 ^ insoluble carbonate, Kr as an admixture with xenon, and tritium as 
tritiated water. The primary development efforts associated with the 
disposal of these materials have been oriented toward their immobiliza-
tion in forms that can be contained within retrieval storage facilities. 
However, the qualification of the hydrofracture process for their 
permanent disposal could alleviate some of the restrictions placed on 
these immobilized materials and could, in some instances, reduce costs 
incur", ed by their chemical and/or physical transformation into forms 
suitable for long-term storage. 

3.1 Immobilization of Volatile Wastes 

Processes to immobilize these volatile radioactive wastes have been 
reasonably well developed. Iodine, as either I or CH I, can be oxidized 

11 to its iodate form and prepared as solid barium iodate. An alternate 
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process would provide for its absorption and retention on metal-exchanged 
12 zeolites. Carbon-14, present in process off-gas streams as C0_, can be 

13 separated by caustic scrubbing and precipitated as calcium carbonate. 
Krypton-85 may be isolated from process off-gas streams by cryogenic 

14 
distillation or by selective absorption with xenon in the Fluorocarbon 
Absorption Process.^ The products from these separation- processes may 
be stored directly as compressed gases or encapsulated in zeolites by a 16 
high-temperature, high-pressure process. Fuel reprocessing schemes 
generally recover tritium as tritiated water, which may be held on solid 
sorbents and stored within sealed containers. The suitability of disposal 
methods for this material depends on its concentration to manageable storage 
volumes.^ 

3.2 Volatile Waste Disposal by the Hydrofracture Process 

The disposal of these radioactive w?stes by the hydrofracture process 
may be considered on the basis of their delivery to the wellhead s;te 
as liquids, solids, or gases. 

3.2.1 Disposal as liquids 
The current operations of the hydrofracture facility optimize the 

disposal of aqueous waste solutions. Thus, within volumetric limitations, 
existing technology can be used to commit tritiated water for direct 
disposal. The direct disposal of iodine and carbon dioxide as solutes 
in aqueous solution may be feasible provided that their stability in 
aqueous wastes can be established. The dissolution of noble gases in 
aqueous wastes may also qualify their disposal by liquid disposal techniques. 
However, their concentrations in reasonable aqueous volumes will require 
pre-equilibration with their gaseous phase at relatively high pressures. 
The use of nonaqueous liquids to improve noble gas solubility values, 
and perhaps those of iodine and CC^, will require an evaluation of their 
suitability as a component of the grout mixture. Although improved 
solubilities may be possible with nonaqueous solvents, the dissolution of 
noble gases should remain a function of their partial pressures in a 
contiguous gas phase. 
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3.2.2 Disposal as solids 
Demonstration of the disposal of radioactive solids by the hydro-

fracture process is planned in the Oak Ridge facility using the sludge 
18 component of the intermediate-level wastes generated at ORNL. This 

proposed operation will inject the radioactive sludge as a slurry into 
129 

the grout stream. Conceivably, the disposal of I as barium iodate and 
14 C as calcium carbonate could also be accomplished by this slurry 
technique. Unfortunately, solid zeolite sorbents used for the encapsula-

19 
tion of krypton are not compatible with aqueous process streams. 
Therefore, an evaluation of krypton release rates from these structures 
under simulated hydrofracture process conditions would be necessary 
before this disposal method could be adapted. 

As an alternate proposal, solid wastes can be pelletized before 20 
addition to the grout mixture. The development of this technique 
would also support the direct disposal of krypton-bearing zeolites. 
Iodire and carbon dioxide, either as pellets of barium iodate and calcium 
carbonate or as absorbed species on a solid pellet substrate, could also 
be qualified for disposal by this technique. 

3.2.3 Disposal as gases 
The direct entrainment of radioactive gases in the grout stream would 

represent a further development of the hydrofracture process for its 
application as a general waste disposal technique. In relation to other 
options, this method would simplify process operating procedures and 
should not compromise radiation safety control practices. The gaseous 
wastes can be metered from their storage containers and, after compression, 
can be injected directly into the discharge stream from the grout pump. 
In addition, gas injection rates and intervals could be varied while 
maintaining rigid control over other process parameters. 

The qualification of the hydrofracture process for waste disposal 
by gas entrainment would provide a direct method for the permanent 

85 14 disposal of Kr, and possibly iodine as I or CH„I, and C as C0„. 
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4. ENTRAINMENT OF KRYPTON IN HYDROFRACTURE GROUTS 

Of the three options available for the disposal of volatile radio-
active wastes by the hydrofracture method, that of direct gas entrainment 
will provide greatest utility of the process. In addition, the field 
demonstration of this waste disposal technique could be accomplished in 
the existing ORNL facility after minor modifications to the plant equip-
ment and operating procedures. Furthermore, direct gas entrainment is 
presently the only apparent method for the disposal of krypton by this 
process. Consequently, this assessment of the feasibility of volatile 
radioactive waste disposal by the hydrofracture process was based on the 
disposal of krypton by this method. For reference purposes, this study 
has arbitrarily considered the disposal of the annual krypton production 
from a fuel reprocessing capability of 1500 metric tons of uranium by a 
single injection during a typical hydrofracture operation at ORNL. 

85 4.1 Production of Kr 

The Barnwell Nuclear Fuel Plant* was designed to reprocess 1500 metric 
tons of spent fuel per year. The operation of this plant at full capacity 

85 3 would yield an estimated 16 MCi of Kr from head-end operations. The 
cumulative volume (0°C, 1 atm) of this off-gas stream would consist of 

3 85 3 approximately 150 m of krypton (^10% Kr), 1500 m of xenon, and about 
6 3 1.5 x 10 tti of air. If the spent fuel was cooled for 140 to 180 days 

before processing, the radioactivity associated with this stream would be 
85 

essentially that of Kr. Clearly, this cumulative volume is too 
excessive to be considered for direct disposal by the hydrofracture method. 

Although intermediate processing of this off-gas stream by cryogenic 
distillation would minimize the volume of contained krypton, the Fluoro-
carbon Absorption Process was chosen for this study because it represents 
a more realistic appraisal of the Barnwell plant. The end product should 21 contain krypton as a 50% mixture in either xenon or argon. This 

14 

process is also capable of removing iodine as either or CH^I, and C 
*0wned by Allied-General Nuclear Services, Inc. 
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as C O B a s e d on this product stream composition, the annual production 
3 of krypton can be contained in approximately 300 m (0°C, 1 atm), with a 

85 A 3 Kr activity of about 5.3 x 10 Ci/m . 

4.2 Krypton Solubility in Grout Mixes 

Although direct measurements are not available, the solubility of 
krypton in grout mixtures may be assumed from values cf its solubility 
in the aqueous component. The value for aqueous solvents has been 

3 _5 estimated at approximately 1.4 x 10 mole fraction por atmosphere of 
krypton gas pressure over a temperature range : 25 to 50°C and pressures 
to 200 atm. Corresponding coefficients for xenon solubility are not 
available at these pressures, but xenon solubilities are expected to 
exceed those of krypton. Thus, the value estimated for krypton solubility 
should represent the minimum solubility value for the krypton-xenon gas 
mixture in the aqueous phase of the grout mixtures. Based on an aqueous 

3 
volume of 80,000 gal (303 m ) per grout injection, the annual production 
of a krypton-xenon gas mixture can be dissolved in the grout mixture at 
a total pressure of about 56.8 atm (835 psia). 

4.3 Gas Injection Parameters 

As noted in Sect. 2.2 of this report, a grout injection pressure of 
2000 to 5000 psi (136 to 340 atm) is required for propagation of the 
fracture plane in the Conasauga formation shale. Comparison of the 
pressure range with that- estimated for complete dissolution of the krypton-
xenon mixture (^57 atm) will illustrate the equivalence of the direct gas 
injection method with that of injecting a krypton-saturated liquid phase. 
At these excessive pressures, the rapid dissolution of the krypton-
xenon mixture entrained in the grout stream can be reasonably assured. 

3 
For a total grout mixture volume of about 120,000 gal (454 m ), the krypton-
xenon injection rate under standard conditions would be approximately 0.63 

3 
std m /min for its uniform dispersal in the grout mixture, based on a 
grout injection rate of 250 gal/min. Under these conditions, the radia-

85 tion level from Kr decay would be approximately 133 Ci/gal of grout 
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85 mixture. At a power output of 0.574 W/g or Kr, this concentration 
of krypton will correspond to a power output of about 0.27 W per gal of 

_ . 23 grout mixture. 
At the conclusion of the grout injection period, the overpressure at 

the wellhead will diminish to about 1000 psi (68 atm) for grout solidifica-
tion. Considering the hydrostatic pressure head at the bottom of the bore-
hole, the total pressure on the grout mixture in the fracture plane should 
be approximately 1450 psi (99 atm) and should be more than adequate for 

\\ 

maintaining the krypton-xenon mixture as a dissolved phase. ^Although the 
grout mixture was developed to retain all of its moisture after solidifica-
tion, the behavior of the dissolved noble gas mixture during grout solidifi-
cation cannot be adequately assessed. However, itsVjtotal release as 
dispersed gas voids would correspond to less than 1 vol % of the solid 
grout. . 

-y.4 Release Rate Considerations 

85 
A preliminary evaluation of potential Kr release rates fxcm a x 

hydrofracture operation performed under reference conditions* considered 
the back diffusion of krypton into the borehole from solidified grout 
fixed in the shale fracture. As an initial condition, the krypton-
bearing grout mixture was bound by the borehole and the outer periphery , 
of the fracture plane. The connecting voids in the solidified grout 
mixture (estimated porosity, 27%) were assumed to be filled with water. 
Under these conditions, krypton would diffuse as a dissolved species 
in the continuous aqueous phase. Considering an initial concentration of 85 3 3 Kr dissolved in the aqueous phase of 0.54 std cm per cm of water 
at a hydrostatic pressure of about 31 atm, the cumulative annual release 

85 3 " of Kr into the borehole was estimated at cm (STP) . 
85 

Although a quantitative assessment of Kr release rates to the 
atmosphere cannot be assigned from this preliminary evaluation, the 
relatively low value obtained for krypton diffusion to the borehole <1' 
should stimulate further investigation of this waste disposal technique. 
^Conducted by J. T. Holdeman, Computer Sciences Division, ORNL. 
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In actual practice, the krypton release rates can be more adequately 
8 5 

controlled by varying the initial Kr concentration in the grout mixture 
and increasing its radial distance from the borehole. A detailed study 
of this complex diffusion process and supporting experimental data on 
actual diffusion rates through solidified grout mixtures should define 
this phenomenon in terms of a process operating parameter. These results 
may be verified by evaluating krypton release rates following the field 
demonstration of the disposal method. 

5. CONCLUSIONS AND RECOMMENDATIONS 

This report has reviewed the hydrofracture process at ORNL with 
respect to its application for the disposal of volatile radioactive wastes. 
The basic technology of this process provides for the mixing of an aqueous 
stream with a mixture of dry cementaceous solids to form a grout. This 
mixture is injected into a deep well at pressures sufficient to create 
fracture planes in the selected geological rock formation. Thus the 
storage reservoir is created as thin radial sheets in which radioactive 
wastes are imbedded in a solidified grout mixture. The disposal of 
volatile radioactive wastes by this process will depend on their inclusion 
in the grout mixture as liquids, solids, or entrained gases. Although 
volatile wastes may be immobilized and disposed of as slurries or solid 
pellets according to a current development program, we recommend that addi-
tional research be conducted to establish the feasibility of disposal as 
entrained gases. This extension of the hydrofracture technology could pro-
vide more versatile application of the disposal method, may simplify the 
handling of volatile radioactive wastes at the wellhead, and may reduce 
costs associated with disposal operations by elimination of intermediate 
process steps. 

85 
As a basis for this recommendation, the disposal of Kr obtained from 

reprocessing 1500 metric tons of spent fuel during a typical hydrofracture 
operation was arbitrarily chosen for reference purposes. This disposal 
rate will yield very low gas voids in the solidified grout mixture, but 
the permissible disposal rates may be controlled at a lower rate by 
consideration of allowable radiation intensity levels and power output O C 
concentrations from Kr decay. Respective values of 133 Ci/gal and 0.27 
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W/gal, which were calculated for the reference disposal rate, exceed 
those approved for current hydrofracture operations. However, disposal 
rates that would be permitted on the basis of these two parameters will 
be independent of the method chosen for combining the volatile wastes 
with the hydrofracture grout mixture. The direct gas injection method 
should provide a more versatile control over these parameters than the 
other disposal options. 

The direct gas injection method will necessitate the addition of a 
gas compressor to the equipment line at the hydrofracture facility. 
Because of the high-pressure requirement (>5000 psi) to guarantee gas 
injection under extreme formation fracturing conditions, this equipment 
unit will represent a major capital investment. Based on a tentative 
evaluation, a compressor powered by a 600-hp motor at an estimated cost 
of $100,000 will be necessary for gas injection service. The cost of 
this machine can be amortized over a long-service life; however, the value 
of its use for intermittent operations during this period may warrant 
further fiscal evaluation. 

Development of a direct gas injection capability for the hydrofracture 
process will require an experimental engineering program to assign equip-
ment requirements and operating procedures for the field demonstration 
exercise. Associated laboratory programs will be necessary to assess the 
behavior of entrained gases during process operations and to evaluate 
gas release rates to the atmosphere. The recommended program for this 
process development activity may be outlined by the following tasks: 
1. develop a coordinated experimental plan that will lead to a field 

demonstration of gas injection technology; 
2. design, fabricate, and operate a prototype engineering facility for 

shakedown and cold testing of the gas injection method; 
3. examine entrained gas behavior under grout transport conditions and 

after grout solidification; 
4. measure the diffusivity of volatile radioactive wastes through 

solidified grout; 
5. assess radiation safety of the disposal method based on performance 

of the prototype engineering facility and gas release rates calculated 
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for their diffusion through solidified grout and surrounding 
geological formations; and 

6. provide field demonstrations of the gas injection method. 
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