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RESEARCH ON THE CHARACTERIZATION AND CONDITIONING OF
URANIUM MILL TAILINGS

III. Summary of Uranium Mill Tailings Conditioning
Research and Implications Regarding Remedial Actions

by

D. R. Dreesen, E. J. Cokal, E. F. Thode, and J. M. Williams

ABSTRACT

This report summarizes the findings of research on uranium mill tailings conditioning
technology development performed for the Department of Energy's (DOE) Uranium
Mill Tailings Remedial Action Project (UMTRAP). Hazards and risks posed by tailings
piles are discussed in relation to the goal of conditioning the tailings to reduce these
hazards. The results of our efforts regarding characterization of tailings, removal of
radionuclides, mineral recovery, thermal stabilization, and engineering/economic analy-
sis of conditioning are presented. The implications of these results for remedial action
plans are discussed and conclusions regarding the applicability of these technologies are
also presented.

I. INTRODUCTION

In the preceding two volumes of this report (Dreesen

et al., Vols. I and II, 1983), we have described in detail
the results of our studies on the characterization of

tailings, the potential for removal of radionuclides (226Ra
and 23°Th) from tailings, recovery of mineral values from
tailings, and immobilization of tailings contaminants by
thermal stabilization. In addition, the reports include an
analysis of the engineering practicality and economic
feasibility of both reprocessing for mineral recovery and
thermal stabilization. The intent of this third volume is to

summarize these results and discuss the implications of

these findings for the overall remedial action program.
As a preface, it is important to understand that our
research was conducted for the Department of Energy

(DOE) Uranium Mill Tailings Remedial Action Project

(UMTRAP) and was aimed at developing technologies
that could meet the very strict standards for radon flux

and aqueous migration of contaminants that were fore-

seen at the time our research was initiated in early 1980.
The standards to be developed by the US Environmental
Protection Agency (EPA) for remedial action were

mandated by the Uranium Mill Tailings Radiation

Control Act of 1978 (PL 95-604) (US Congress 1978);
the draft standards issued in December 1980 contained

stringent requirements for the control of radon flux and
aqueous contaminants (US EPA 1980). However, as of
late 1981 it became apparent that the final standards for

contaminant release would be considerably relaxed. It
must be remembered that our research was directed

toward technologies to meet the preliminary strict stan-
dards; our aim was to develop effective, rapidly employ-

able technologies that would be cost competitive with
conventional remedial actions involving barrier systems.

II. HAZARDS POSED BY TAILINGS

The commonly recognized hazards posed by tailings
result from the presence of high concentrations of

naturally occurring radionuclides (e.g., 23 8
U,., 

23
°Th,

22 6Ra, 22 2Rn and progeny, and 21°Pb). In addition, and in
our opinion of equal or greater importance, are the toxic
stable elements (e.g., As, Se, Mo, Cd, and Pb). Some

tailings probably contain naturally occurring organic
substances or organic chemicals added during the milling
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process; whether these organic compounds pose any

significant hazard is not known. A number of other

tailings contaminants may not cause health impacts but

can degrade water used for domestic or irrigation
purposes (e.g., SO,-2, Mn, Cl, and Na).

The results of our analyses of tailings composition

(Dreesen et al., Vols. I and II, 1983) show that many

tailings materials contain toxic stable elements at levels

much in excess of background levels, as shown by the

following examples:

Median Soil

Concentrationa

As 6

Se 0.4

Mo 1.2

Cd 0.35

Pb 35

U 2

V 90
aBowen (1979).

Tailings Conc
Range Median
(gg/g) W•/O)

6-730 86
5-74 29

7-800 26

0.1-21 2.1

5-230 160

33-470 160

150-4130 2180

The radionuclide content of the 12 tailings site com-
posites differs somewhat between sites as a result of the

ore grade (U conc); 23°Th ranges from 170 to 1000

pCi/g, 22 6Ra ranges from 160 to 800 pCi/g, and 21°Pb
ranges from 200 to 950 pCi/g in the 12 site composite

materials. The total residual U contents vary because of

ore grade and extraction efficiencies and range from 63
to 313 'g/g. The between-site concentration factors of 5

to 6 times are no more extreme than differences within

the same site (e.g., Shiprock fines contain 2020 pCi/g
226Ra, Shiprock sands contain 400 pCi/g). These obvious
higher concentrations in the finer fractions are true for

radionuclides as well as for the toxic trace metals.

Many of the enriched elements are easily mobilized by

water leaching, as illustrated by the following data:

Tailings
Leachate

The results of the tailings and leachates analyses demon-

strate that the trace element composition of tailings and

leachates can be quite variable. Thus, tailings can differ

substantially in their potential toxic properties and

therefore, their hazard. Total contaminant concentration

in the tailings is a poor indicator of leachability. For

instance, U concentrations in solids vary by a factor of

about 5 times, whereas the U leachate concentrations
vary by a factor of 2000 times. Thus, the hazards posed

by leachable constituents are very dependent on the

individual tailings material in question; between-site and

within-site differences can be extreme. Generalizations

about contaminant leachability are not readily evident;

the most common highly leachable contaminants would

appear to be Mo (9 of 12 sites), V (8 of 12), Se(IV) (9 of

12), As (6 of 12), U (11 of 12), and Mn (10 of 12). Other

constituents, such as SO"2, Na, Cl, and Mg, are

commonly mobilized from these 12 tailings.

The risks to human health or resource degradation

posed by these hazardous substances are dependent on a

myriad of site-specific geochemical, hydrologic, at-

mospheric, and ecological factors. For instance, the risk

of a leachable contaminant impacting an aquifer and

subsequently human health will depend on

1. the infiltration of water into the tailings from

precipitation, a shallow aquifer, or overland flow;

2. the permeability of various tailings zones allowing

water to reach the tailings/subsoil interface;

3. the chemical precipitation, adsorption, and ion ex-

change processes that may tend to limit the migration

of this contaminant in the subsoil and in geologic

formations between the tailings and the aquifer;

4. the permeability of these formations that allows

either porous or fracture flow;

5. the proximity of the aquifer, i.e., the distance the

contaminant must travel to enter the aquifer;

6. the dispersion of the seepage plume in the aquifer;

7. possible chemical reactions between the ground
water and the seepage causing the precipitation of the

contaminant species; ,

Mo
Se

As

Cd

V

Co

U

Soil Leachate

Concentration (mg/1)

(Grants, NM Soil)

<0.2

<0.1

0.001
0.002

<0.05

<0.03

0.008

Conc
Range Median

(mng/P) (mg/P)

<0.02 - 30 1.90

<0.1 - 7.8 0.59

0.011-0.91 0.13
<0.002 - 0.11 0.005

0.03-22 1.11

0.04 - 2.7 0.06

0.004-8.7 1.85
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8. the dilution that will occur in the aquifer between the
point of contaminant entry and the point of water
withdrawal;

9. the use of this water for domestic, irrigation, or stock
water purposes; and

10. the amount of contaminant ingested and its toxicity
to the organism.

Such an example illustrates the number of mechanisms
that will affect the ultimate risk to the public. As is
obvious, generalizing risk factors among sites is not
reasonable. In fact, determining all of the operative
mechanisms as described in the above example at just
one tailings location is a very ambitious goal.

When one considers other pathways that must also be
defined and quantified, it is clear that risk analysis
requires an abundance of assumptions to provide any
quantification of risk. Consider these other pathways
that might transport these hazardous substances to a
receiving organism:

1. the upward migration of contaminants to the tail-
ings/cover surface (driven by evaporation) allowing
these contaminants to be transported as soluble
species or sediments in runoff or as particulates
moved by saltation or resuspension processes;

2. the erosion of tailings particles by runoff events on
the surface or adjacent to the tailings piles (these
processes can range from raindrop splash moving a
few tailings grains small distances to catastrophic
floods moving an entire pile);

3. the release of 222Rn from tailings, the flux of 22 2Rn
from the pile surface, the atmospheric dispersion
controlled by atmospheric conditions and terrain
effects, and the exposure of human populations to
2 22Rni and progeny;

4. the erosion of tailings particles by wind forces
causing the transport of tailings contaminants off-site
possibly increasing public exposure and migration
potential;

5. the uptake of contaminants by plants and the
subsequent assimilation of these toxic elements by
wild or domestic browsing or grazing animals; and

6. the intentional or accidental intrusion by humans,
which might cause the misuse of tailings and thereby
increase risks to the public.

Because our research was not intended to investigate
these pathways, we can offer no general enlightenment as
to their relative contribution to risk. However, to
evaluate the conditioning technologies we were develop-
ing, we needed to establish a measure of effectiveness. In
this case we determined the reduction in hazard potential
by investigating the conditioning products themselves for
decreased leachable contaminants and radon emanation
levels. This is an objective means of measuring reduced
hazard. We assume that by reducing the source of
danger by conditioning tailings, the risks to the public
will be lessened but will still be dependent on pathway
factors.

III. GENERAL CONDITIONING
CONSIDERATIONS

The goal of achieving substantial reductions in 222Rn

flux and contaminant leachability led to consideration of
a number of conditioning approaches. Attaining radon
reductions of several hundredfold might be met (1) by
coating individual tailings grains or filling tailings pores
with materials with very low Rn diffusion coefficients, (2)
by reducing the surface area (primarily internal surface
areas) to reduce emanating power, or (3) by altering
mineral lattices to reduce the likelihood that decay recoil
will allow Rn to escape the lattice. Similarly, reducing
contaminant leachability might be achieved through (1)
converting soluble mineral forms to refractory
substances, (2) filling tailings pore space with sufficiently
impermeable filler to virtually prevent liquid water move-
ment, or (3) applying agents to cause the precipitation,
absorption, or ion exchange of contaminants as they are
released from the tailings particle. The approaches
described above are basically aimed at immobilizing
contaminants; another route would be to remove the
contaminants from the main silicate matrix and be forced
to dispose of a much smaller volume of residue similar to
high-level waste. To achieve significant radon reduction
over the long term, such removal processes must extract
more than 90% of both of its long-lived parents, 226Ra
and 23°Th.

In assessing the immobilization scenarios, we decided
it would be more promising to investigate thermochemi-
cal mineral alterations rather than the use of coating or
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sorptive amendments. A large mass of such amendments
would be required because of the scale of tailings piles (2
x 106 MT+), which is a disadvantage because of the
considerable materials and transportation costs that
would be incurred. In addition, the possibility of finding
an inexpensive amendment that would solve both the
radon and the leachable contaminant problems seemed
slight. Therefore, mineral alterations seemed a more
promising approach to achieve long-term (>1000 yr)
control of contaminant releases. Our initial mineralogical
investigations (Dreesen et al., Vol. I, 1983) showed that
the mineral contents of tailings varied considerably
between piles and within piles. Any generality that might
be made would be that quartz often predominates but
that feldspathic minerals can also be the major compo-
nents. Minor amounts of clay are usually present and
gypsum appears to result from H2SO 4 milling processes.
Thus, it was apparent that a general conditioning process
aimed at mineral alteration would have to be tolerant of
variable mineralogical inputs. Thermal treatment became
the most likely process candidate to achieve the silicate
mineral alterations that are necessary to meet remedial
action standards.

IV. THERMAL STABILIZATION PROCESS AND
PRODUCTS

Of primary importance in selecting thermal treatment
or "thermal stabilization" as a prime conditioning
alternative was that an existing technology, i.e., coal-
fired rotary cement kilns, could be readily adapted to
perform the sintering. Initial cost estimates were
favorable in that the process did not appear significantly
more costly (<3 times) than conventional remedial
actions. Both preliminary laboratory-scale thermal
stabilization experiments and pilot-scale rotary furnace
tests (Dreesen et al., Vol. II, 1983) produced conditioned
tailings having several hundredfold reductions in radon
emanation as well as substantial depression of leachable
contaminants. We found that the conditioned tailings, in
general, show only modest increases in contaminant
release rates after severe particle breakdown and water
leachings to simulate weathering.

Revised economic analyses were performed after the
pilot-scale rotary furnace test results were available and
showed that considerable reductions in costs might be
achieved because of improved throughput rates. An
estimated cost of $8.00/ton has been calculated for
operating and capital expenses at a favorable site (i.e.,
low-cost coal, sufficient land area for kiln operations, as

at Shiprock, New Mexico). Such costs should be com-
petitive with other remedial actions that meet strict
contaminant release standards. However, with the ap-
parent relaxation of applicable standards, thermal
stabilization costs are probably not competitive on a
direct, short-term economic basis compared with alterna-
tive remedial actions. It remains to be established
whether the relaxed standards will meet the original
UMTRAP goal of adequately protecting the public
health while providing for long-term, maintenance-free
disposal.

There are a number of important questions that
require resolution before accurate costs of a thermal
stabilization process can be determined. One significant
expense is the cleanup of gaseous and particulate emis-
sions in the kiln flue gas. The extent of controls
necessary to meet applicable standards cannot be de-
termined unless a continuous pilot-scale kiln test is
carried out to monitor off gas as a function of tempera-
ture, combustion air volume, and other process
parameters. Although we do not have an accurate
estimate of the magnitude of the emissions, we believe
that their overall composition will be similar to that of
coal-fired boilers; some volatile contaminants such as Cl,
As, Se, and 2"°Pb will probably be present in higher
concentrations (gg/m 3). It is likely that if any agency
were to sponsor an actual thermal stabilization opera-
tion, further confirmation of the longevity of immobiliza-
tion would be required. Sufficient confirmation might
require performing tests similar to those being performed
on glass or ceramic-like waste forms for high-level
radioactive waste disposal (Boatner and Battle 1981).
Other tests might include evaluations of the sintered
product (e.g., standard tests of specific gravity, porosity,
water sorption, hardness, strength, petrographic analysis,
modulus of elasticity) or standardized accelerated
weathering tests (e.g., freeze/thaw, sodium sulfate sound-
ness, wetting/drying, abrasion, ultrasonic cavitation)
(Lindsey et al. 1982). The final question is the ultimate
disposition of the thermally stabilized tailings product.
We have proposed that it be piled on site above grade
and covered with a thin layer of earth or gravel to
attenuate the gamma flux. However, we believe consider-
ation should be given to disposal under more lenient
conditions such as the use of these materials as road base
for highways, parking lots, or other construction. To
lessen public concern, such construction should not
include habitable structures even though this concern
may not be technically justified. If the thermally
stabilized tailings were used for such beneficial uses, the
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sintered product would be disposed of in a controlled
manner and further immobilized in concrete, asphalt, or
soil structures; the federal or state government would not
be responsible for maintenance because there would not
be a disposal site.

V. RADIONUCLIDE REMOVAL AND MINERAL
RECOVERY

The approach we have investigated for radionuclide
removal is the use of concentrated H2SO4 to solubilize
(Ra, Ba) SO4, PbSO4, and other sulfate compounds that
are very sparingly soluble. It appears that 226Ra and Ba
are appreciably extracted by this method. Concentrated
(98%) H 2SO 4 provides little free sulfate because the
primary ions present are H÷ and HSO-,. It is not as
effective as aqueous H2SO 4 in dissolving transition metal
ions but does extract 226Ra, 230Th, and 210Pb. Uranium is
also solubilized but not as efficiently as by aqueous
H2S0 4. Because we did not proceed with these investiga-
tions beyond the point of determining the efficacy of
concentrated H2SO 4 leaching, we cannot address ques-
tions of engineering feasibility or cost practicality. We
did encounter some obvious problems, such as difficulty
in performing liquid/solid separations with concentrated
H2SO 4, which is an extremely viscous leaching agent.

A major question to be resolved with this and other
radionuclide removal technologies is the final disposition
of the small volume, highly radioactive waste produced.
Because this waste would contain appreciable gamma
activity from approximately 1000 Ci of 222Rn progeny
per pile, as well as hazardous long-lived alpha emitters
such as 23°Th, it would be somewhat similar to reactor
fuel reprocessing wastes that contain the high gamma-
yielding fission products and long-lived transuranics. The
possibility of codisposal of such high-activity uranium
tailings or ore-processing residues with other similar
wastes from the nuclear fuel cycle should be considered.

Undoubtedly, there would be numerous other tech-
nical obstacles to resolve for such a radionuclide removal
technology to be employed. Considering the fact that
other radionuclide removal approaches, such as HNO3 ,
HCI, and high-temperature chlorination, have been more
thoroughly investigated than our scheme and have been
shown to be technically and economically unfavorable,
we can offer no great hope that a concentrated H 2 S0 4

process would offer any distinct advantages for applica-
tion as a remedial action compared with these other
radionuclide removal processes. However, there is suffi-

cient promise with processes such as this one, that
support should continue for research on uranium ore
milling technologies that provide radionuclide removal.
Such future research should also address whether other
mineral values might be recovered simultaneously with
the radionuclides to partially offset the costs of such
processes. We feel that any future research should
address both 226Ra and 23.Th removal to ensure a long-
term control of radon flux and radium migration.

Our general skepticism toward radionuclide removal
does not carry over to the reprocessing of tailings for
mineral recovery as part of remedial action at some
tailings sites. We have shown that substantial quantities
of U and V as well as Mo and Co can be recovered by
strong aqueous H2SO 4 leaching from a number of

tailings types. We have also shown that a number of
inactive tailings sites contain appreciable mineral values:

Substantial Quantities

Durango - U, V, Co

Old Rifle - U, V

Tuba City - U, Co

Marginal Quantities

Mexican Hat - U, V, Co

Grand Junction - U, V

Salt Lake City - U, Mo

In addition, much of the required technology has already
been applied by Ranchers Exploration and Development
Corporation for the reprocessing of uranium mill tailings
at Naturita, Colorado (Deuel 1979; White 1978). Our
cost analysis of reprocessing the Durango tailings pile
estimated that $32-million worth of U (at $25/lb) and V
(at $3.54/lb) (and perhaps $4- to $5-million worth of Co)
could be recovered at a cost of approximately $20
million for the leaching and recovery steps. Thus, more
than $12-million benefit (1981 dollars) would be gained
to apply to the relocation and covering costs. The
remedial action costs were estimated at $22 million to
meet the strict standards (Ford, Bacon & Davis Utah
Inc. 1981) using a 3-m cover thickness. Thus, more than
50% of the total remedial action costs might be re-
covered through reprocessing. If substantial relaxation in
the EPA standards translates into requirements for a
much thinner cover, then the remedial action costs will
be lower, perhaps to the point of break-even or slight
profit. The expectation of a profit is not totally un-
reasonable because Ranchers Exploration and Develop-
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ment Corporation had plans to reprocess the Durango
tailings and cover thle reprocessed tailings with - 0.5 m
of compacted shale, presumably at a profit (Deuel 1979).
However, yellowcake was selling at a significantly higher
price at that time.

We perceive a number of technical benefits that might
result from reprocessing, in addition to the cost advan-
tages: (1) the tailings would be disposed of in lined and
well-engineered excavations; (2) potential water con-
tamination might be reduced by the acid leaching of
soluble contaminants (water washing at the termination
of leaching might also be performed to further reduce
soluble constituents); (3) the structural stability would be
enhanced because the tailings would be blended to a
more uniform texture; (4) the upward migration of salts
and uptake of contaminants by plants would be less
likely as a result of the leaching and washing procedures;
and (5) a valuable resource would have been exploited.
At this time it seems probable that a major goal of
remedial action will be the prevention of human intrusion
into tailings. Thus, remedial action will obviously make
access to the tailings for reprocessing more difficult in
the future. In addition, recontouring tailings piles may
mix soil and tailings, causing a dilution of the mineral
values that will be a disincentive to reprocessing. For the
above reasons, we feel that mineral recovery deserves
intensive investigation as part of the remedial action for
those sites with tailings having substantial recoverable
mineral values.

VI. CONCLUSIONS

The implications of our research must be judged in the
light of assumptions regarding future standards and
regulations for uranium mill tailings remedial action.

* If future standards are strict and require drastic
reductions in contaminant release rates and long-term
isolation, we feel that thermal stabilization technology
offers the best presently known means for the long-
term immobilization of these hazardous substances.
Before actual implementation of thermal stabilization
an intensive but short-term effort to establish process
parameters and emission controls would be required.

* If future standards are relaxed considerably from
their initial form, we believe that mineral recovery is
justified for a limited number of sites (3 to 6 sites)
containing appreciable mineral values. Certainly, if
any of these tailings piles require relocation as part of

the remedial action, we can see no technical or
economic reason that should prevent reprocessing as
an integral part of remedial action.
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