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ABSTRACT

The long-term stability of near-surface containment systems
designed for the management of radioactive wastes and residues con-
taminated with naturally occurring radionuclides are compared at the
three different sites. The containment designs are: (1) a diked
8.9-m high mound, including a 3.2-m layered cap at a site (humid) near
Lewiston, New York, (2) a 6.8-m-high mound, including a similar 3.2-m
cap at a site (humid) near Oak Ridge, Tennessee, and (3) 4.8-m deep
trenches with 3.0-m backfilled caps at a site (arid) near Hanford,
Washington. Geological, hydrological, and biological factors affect-
ing the long-term (1,000-year) integrity of the containment systems at
each site are examined, including: erosion, flooding, drought, wild-
fire, slope and cover failure, plint root penetration, burrowing
animals, other soil-forming proce is, and land-use changes. For the
containment designs evaluated, releases of radon-222 at the arid site
are predicted to be several orders of magnitude higher than at the two
humid sites—upon initial burial and at 1,000 years (after severe
erosion). Transfer of wastes containing naturally occurring radio-
nuclides from a humid to an arid environment offers little or no
advantage relative to long-term stability of the containment system
and has a definite disadvantage in terms of gaseous radioactive
releases.

INTRODUCTION

The U.S. Department of Energy's (DOE) Niagara Falls Storage Site
(NFSS) is located near Lewiston in Niagara County, New York, about
30 km north of Buffalo. Two types of materials containing naturally
occurring radionuclides are stored at NFSS: (1) residues, resulting
from the processing of high-grade uranium ores, and (2) wastes, which
are primarily slightly contaminated soils that have been excavated
during cleanup of the surrounding area. The average radium-226 con-
centration of the 11,000 m3 of residues is 67,000 pCi/g whereas the
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average concentration of the approximately 180,000 m3 of wastes is
only 36 pCi/g (U.S. Dept. Energy 1984).

Using the U.S. Environmental Protection Agency (EPA) regulations
(U.S. Environ. Prot. Agency 1983) as guidance, three near-surface
containment designs for the long-term management of these wastes and
residues (U.S. Dept. Energy 1984) are analyzed relative to their
stability for a period of 1,000 years. The conceptual containment
design for the humid Lewis ton site is a diked, 8.9-m high mound,
including a 3.2-m layered cap (Figure 1). At an alternative humid
site near Oak Ridge, Tennessee, the conceptual design is a 6.8-m high
mound with a 3.2-m cap (Figure 2). High seasonal groundwater levels
at the two humid sites necessitate above-grade designs. At an arid
alternative site at Hanford, Washington, the conceptual design is
similar to the currently used burial practices—specifically, 4.8-m
deep trenches with a 3.0-m cap backfilled over the buried wastes and
residues (Figure 3). An internal 1-m riprap (rock) layer is included
in all three cap designs. Following is a comparison of the factors
affecting the long-term stability of these containment systems.

EROSION

Lewiston and Oak Ridge Sites. Water erosion is the principal
cause of soil loss in the humid eastern United States (Brady 1974).
The average annual erosion at the humid sites is estimated using the
Universal Soil Loss Equation (USLE) (Wischmeier and Smith 1978)
according to the approach and assumptions detailed by Knight (1983).
The USLE yields good estimates of long-term average sheet and rill
erosion rates on uniform slopes such as those at a waste-burial site
(Foster 1979). It does not estimate soil loss due to gully erosion.

The range of potential soil loss is estimated by assuming that
erosive and nonerosive land uses (row crop agriculture and natural
succession to forest, respectively) represent the extreme bounds of
possible land uses affecting long-term erosion (Table 1). The mounded
burial systems are not expected to be particularly well suited to
either use, and probable uses are expected to fall somewhere between
these two extremes.

It is assumed that as layers of soil are eroded, the natural
process of soil genesis (Brady 1974) alters the cap materials into a
form resembling the native soils of that area. Given the long period
of analysis (1,000 years) and the uncertainties about climatic fluctu-
ations, land use, etc., it is not possible to predict whether or not
the rate of soil erosion will exceed the rate at which the containment
materials are broken down into soil. The ability of the riprap layer
to withstand 1,000 years of weathering is highly uncertain (Lindsey
et al. 1962). Although such a layer will probably inhibit initial
erosion rates after the overlying soil is eroded, the riprap will
eventually be broken down into soil by physical and biological forces.
Furthermore, the riprap may be an attractive resource and might be
removed for construction materials when institutional controls are no
longer in effect.
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Figure 1. Conceptual Design for the Humid Lewiston, New York, Site.
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Figure 3. Conceptual Design for the Arid Hanford, Washington, Site.
Source: U.S. Department of Energy (1984).

The average annual soil losses are calculated using the para-
meters described in Table 1. Results are presented in Table 2. The
USLE predicted "soil loss" represents the average soil thickness
removed from a sloping surface. In reality, soil eroded from the top
of the cap will be redeposited farther downslope, and, as a result,
there will be a continual change in the slope parameter (LS) with time
as a result of the decrease in slope steepness and increase in slope
length. Because of the continual change in slope parameter with time,
the average slopes of the disposal sites are used in this analysis.

Hanford Site. Soil losses due to water erosion at the arid
Hanford site are calculated using the USLE and losses due to wind
erosion are computed according to the Wind Erosion Equation (WEE)
(Woodruff and Siddoway 1965; Skidmore and Woodruff 1968; Skidmore
1983). Soil losses due to wind erosion are computed to be 100 to
200 times greater than soil losses due to water erosion; therefore,
the wind erosion losses are reported here (Table 2 ) .

Several of the assumptions made to use the USLE are also made to
use the WEE (Table 3 ) . The erosive land use is assumed to be over-
grazed rangeland and the nonerosive land use is assumed to be native,
undisturbed vegetation (i.e., sagebrush community). The riprap layer
is assumed to be changed into soil by physical and biological weather-
ing processes. Also, wind erosion losses are calculated assuming
uniform losses whereas, in reality, losses will not be uniform.
Furthermore, at Hanford, there could even be deposition of material on
top of the trenches (as is the case with dune formation), thereby
increasing the length of time to waste/residue exposure.

Although the constraints of the USLE and WEE limit the accuracy
of soil erosion estimates, a general conclusion can be made. Based
only on the possible range in land uses, there is a large range in
the number of years it might take for the containment caps to erode



Table 1. Land Use, Stage of Succession, and Universal Soil Loss Equation (USLE) Factors
Used in Estimating Water Erosion at the Humid Sites

Site

Lewiston,
New York

Oak Ridge,
Tennessee

Land Use
(Vegetation)

Agriculture
(4-yr crop rotation)"!"3

Natural succession
(beech-maple forest)

Agriculture
(4-yr crop rotation)

Natural succession
(oak-hickory forest)

Stage of
Natural Successionf2

-

Old fieId/meadow

Shrub/young trees

Early forest development

Mature forest

-

Old field/meadow

Shrub

Early forest development

Mature forest

Length of
Stage
(years)

800

50

250

200

300

800

50

250

200

300

R

75

75

75

75

75

210

210

, 210

210

210

K

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

USLE

37

37

37

37

37

28

28

28

28

28

Factort2

LS

1.

1.

1

1

1

0

0

0

0

0

8

8

8

8

8

.8

.8

.8

.8

.8

C

0.35

0.011

0.012

0.011

0.0001

0.35

0.011

0.04

0.011

0.001

P

0.5

1

1

1

1

0.5

1

1

1

1

t1 Succession patterns developed from information in Daubenmire (1968), Whittaker (1975), and VanKat (1979)

t2 R = rainfall and runoff factors; K = erodibility factors; LS = topographic factors; C = cover factors;
P - support practice factors. All data from Wischmeier and Smith (1978), except K factors obtained
from state soil conservation services for Hadalin silt loam (Lewiston) and Lehew loam (Oak Ridge) and
LS factors estimated using Wischmeier and Smith (1978) and information describing burial site dimen-
sions and structural details presented in the 1984 report of the U.S. Department of Energy.

t3 Four-year crop rotation of wheat, meadow and corn (grown in two successive years) using good soil
management practices (e.g., contour plantings (Wischmeier and Smith 1978).



Table 2. Estimates of Long-Term Erosion of Earthen Caps at
Two Humid Sites and An Arid Sitet1

Site
Land Use
(Vegetation)

Cap Thickness (m)
Cap Loss at
1000 Years

Total Years
Initial 1000 Years Meters Percent to Erode Cap

HUMID SITES

Lewiston, New York

Oak Ridge, Tennessee

Natural succession
(beech-maple forest)

Agriculture

Natural succession
(oak-hickory forest)

Agriculture

3.2

3.2

3.12

1.2

3.1

2.2

0.08

2.0

0.10

1.0

63

3

31

2,200,000

1,300

420,000

2,400

ARID SITE

Hanford, Washington Natural succession
(sagebrush)

Rangeland, overgrazed
(shrubs/annual grasses)

1.6

1.4

1.4

1.6

47

53

1,800

1,500

T1 Assumes that the initial cap thickness is actively maintained for 200 years and that institutional
controls then cease for the next 800 years.



Table 3. Land Uses, Stage of Natural Succession, and Wind Erosion
Equation (WEE) Factors Employed in Estimating Wind Erosion

from the Arid Site

Land Use

Stage of
Natural
Succession

Length of
Stage
(years)

WEE Factorst1

K1

Sagebrush used
for rangeland
(overgrazed)

Native sagebrush j
community"}"2 (Mature

800 98 1.0 18.9% 1000 732

30 98 1.0 18.9% 1000 732

770 98 1.0 18.9% 1000 1742

I' = Erodibility factor. Computed assuming 20% of the soil
particles of the site's soil is greater than 0.84 mm in diameter.

K' = Surface roughness factor,
trench is smooth.

Assumes the top of the burial

C = Climatic factor. Calculated according to Woodruff and
Siddoway (1965).

L1 = Open-field length. Assumes prevailing wind is along the
length of the trench as given in the 1984 report of the
U.S. Department of Energy.

V = Vegetative cover factor. Assumes productivity of developing
and overgrazed community to be 41 g/m2/yr, mature community to be
80 g/m2/yr (from Uresk et al. 1977).

Because successional patterns are poorly understood in arid
western ecosystems, it is assumed that 30 years is required to
develop a sagebrush community.

(Table 2). Given such great ranges because of uncertainties in future
land uses, there is no significant difference between the humid and
arid sites with respect to eventual erosion of the caps.

FLOODING

At the Lewiston site after controls cease, the drainage ditches
will fill with sediments and the area could become as poorly drained
as it was prior to the construction of the drainage ditches. Further-
more, rerouting of more water into the drainage system from offsite
areas could increase the potential for floods at the site. Increased
saturation of the pile may trigger slope failures at the outer slope
of the pile.

The containment areas at Oak Ridge and Hanford are not expected
to be subject to severe flooding because of the location of the Oak
Ridge burial area on top of some knolls and the location of the
Hanford burial area on a plateau above the floodplain of the Columbia
River.



SEVERE EROSION EVENTS AND DROUGHTS

Lewiston and Oak Ridge Sites. Gully erosion will eventually
develop on the steep (20%) outer slopes of the caps at the humid
sites. Drainage control measures such as drainage swales to collect
runoff from the pile and riprapped channels down the side slopes can
be used to minimize gully development; but, without maintenance, the
effectiveness of such drainage control measures will decrease. In
addition, drought or fire could damage the vegetative cover, and
without a vegetative cover, the steep outer slopes of the piles will
be extremely vulnerable to gully erosion.

Seasonal droughts will result in the formation of dessication
cracks in the surface of the clay layer. As the surface layers erode,
or if there is a prolonged drought, the cracks will be more extensive.
Radon emissions will tend to increase with cracking of the clay layer.
However, underneath the clay layer will be the clayey wastes that will
still serve to retard the radon emanating from the major source—the
residues buried even deeper beneath the wastes.

Hanford Site. In arid climates, sudden, heavy rains ("flash
floods") may cause substantial sheet erosion and possibly gully
erosion of the trench covers. However, the flat topography of the
plateau, the low relief of the trench covers, and the distance of the
burial site from major surface drainage systems should minimize the
potential for gully erosion at the Hanford site.

A severe drought or fire at Hanford could greatly reduce or
destroy the vegetative cover over the trenches, and subsequent high
winds could increase the rate of soil loss. The presence of the
riprap layer may initially serve to reduce such losses by acting like
"desert pavement" (a stone-covered surface resistant to wind erosion
that is naturally present in many deserts).

SEISMIC ACTIVITY

Although measures such as careful compaction of the wastes,
scarification of transition surfaces, and gradual gradation of
materials can initially reduce the potential for slumping, they will
probably not eliminate the problem on the steep outer slopes at the
humid sites over hundreds of years. Seismic events may cause ground
cracking or slope failure, especially along the sand/clay interfaces.
No such slope failure is expected for the burial trenches at the arid
site.

At Hanford and Oak Ridge, seismic events may facilitate settling
of the material used to fill the spaces between the residue containers
and thereby cause limited subsidence and possible cracking of the
cover material. Such subsidence may lead to increased radon releases
until the cracks caused by subsidence are filled by natural erosion
processes or by active maintenance.

Seismic events may damage the subsurface clay cutoff wall at the
Lewiston site. No studies have been conducted to demonstrate and



predict the long-term durability of a cutoff wall (Harris et al.
1982). However, the slow lateral migration of groundwater at Lewiston
(US. Dept. Energy 1984) lessens the importance of this impact-.

BIOTIC EFFECTS ON LONG-TERM INTEGRITY OF CONTAINMENT SYSTEMS
t

Biota can affect the long-term integrity of the containment
systems in a variety of ways tLat are both beneficial and adverse.
Beneficial effects include soil stabilization, erosion control, and
physical and chemical modification of the cap materials to improve
tilth and allow for potential productive use of the cap surface.
Adverse effects include plant and animal intrusion into the caps and
eventually into the buried wastes and residues. Numerous examples of
plant root intrusion into buried radioactive wastes have been reported
(Cline and Uresk 1979; Fitzner et al. 1979; Breedlow et al. 1982;
Yamamoto 1982). Burrowing rodents, carnivores, ants, and termites
have also been reported as intruding into buried radioactive wastes
(Fitzner et al. 1979).

Lewiston and Oak Ridge Sites. Initially, the effective rooting
zone at the humid sites will be only about 0.6 m (0.45 soil plus
0.15 m sand above the riprap layer), which will preclude the develop-
ment of most mature native trees (Spurr and Barnes 1973) and limit the
growth of many other plants except grasses, forbs, and some shallow-
rooted shrubs and small trees. Some woody species may persist as
stunted individuals. Eventually, soil settling and rock fragmentation
will fill the interstices between the riprap with particles and will
provide a pathway for plant roots (Hakonson et al. 1983).

The early cap communities will be slightly more susceptible to
erosion and will be particularly susceptible to drought. Following
severe drought, likely to occur several times over 1,000 years, large
areas of nearly bare ground may be produced that will be subject to
accelerated erosion. The stressed plant communities on the caps will
also be more susceptible to the adverse effects of herbivores (grazing
animals and insects), disease, and fire than the surrounding plant
communities growing on normal soils of the area.

The riprap layer will initially deter burrowing animals from
intruding into the wastes and residues. However, as root growth
modifies and disrupts this layer, mammals and ants and other insects
will intrude into the contaminated materials because the materials
will be within the known tunneling depths of these organisms (C»ine
et al. 1982).

Potential agricultural use of the cap surfaces for pasture,
grain, or row crops will be initially limited because many crop plants
such as corn, soybeans, alfalfa, and other legumes require rooting
depths considerably greater than 0.6 m for optimal growth (Mitchell
1975). The soil formation processes discussed previously will eventu-
ally lead to a deeper rooting layer.

Hanford Site. Native shrub-steppe grassland—consisting of
grasses, forbs, and shrubs adapted to arid conditions—will develop on



the caps at the Hanford site. These plants are mostly deep-rooted,
with high levels of root growth activity when soil moisture is avail-
able (Fitzner et al. 1979). The upper 1.2 m soil layer will probably
be adequate to support the development a nearly normal native sage-
brush community. Because the riprap layer will initially be a barrier
to most root penetrations, the deep-rooted shrubs and forbs could
experience moisture stress during periods of drought. Soil settling,
rock fragmentation, and the soil-pulverizing activities of burrowing
animals and insects will eventually fill some of the interstices
between the rocks of the riprap with soil particles and provide a
pathway for root extension through the layer. Continued penetration
of the riprap layer by roots will permit small rodents (mice and
pocket gophers), ants, and other insects to gain access tc the wastes
because the wastes are well within known tunneling depths of these
organisms in the loose sandy soils at Hanford (Cline et al. 1982).

Periodically, the vegetation on the cap will be wholly or
partially destroyed by wildfire. Wildfire is a fairly common and
often natural (lightning-initiated) occurrence in the shrub-steppe
communities of the Hanford site. Although fire helps to maintain the
overall vigor of the ecosystem, burned areas are subject to increased
wind erosion for at least one growing season following a fire (Hinds
and Thorp 1970). If the fire is extensive, natural seed sources
within effective dispersal distances are reduced and the erosion-prone
period is increased.

RADON RELEASES

Outgasing of radon-222 depends largely on the thickness and
moisture content of the various layers of residues and wastes and the
cap. Radon fluxes at the surface of the containment systems were
calculated according to the method of analysis given in a report of
the U.S. Nuclear Regulatory Commission (1983) and the assumptions
given in a report by the U.S. Department of Energy (1984). At the
humid sites, fluxes over the areas containing wastes only are pre-
dicted to be identical to the fluxes over the areas having the more
highly contaminated residues buried beneath the wastes (Table 4).
Erosion of the caps under erosive land use is predicted to result in
higher fluxes by the year 1,000, but the fluxes will still be several
orders of magnitude below the EPA regulatory criterion of 20 pCi/m2/s
(U.S. Environ. Prot. Agency 1983). At the arid site, however, the
drier wastes and cap over the residues are expected tc be a less
effective radon barrier (Table 4), and fluxes in the areas of the
trenches having buried residues may exceed the criterion.

To reduce the radon releases at the arid site, the trenches could
be deeper or a backfill material having a lower radon diffusion
coefficient (e.g., clay) could be used. Clay is not readily available
in the Hanford area, and to reduce the radon flux to levels similar to
that at the humid sites, the trenches would have to be as deep as 30 m
(U.S. Dept. Energy 1984).



Table 4. Estimated Surface Radon-222 Fluxes at Two Humid
Sites and One Arid Site?1

Site

HUMID SITES

Lewiston, New York

Oak Ridge, Tennessee

ARID SITE

Hanford, Washington

Buried
Radioactive
Material

Wastes and under-
lying residues

Wastes only

Wastes and under-
lying residues

Wastes only

Wastes and under-
lying residues

Wastes only

Surface Radon Flux
(pCi/m2/s>

Initial

1.1 x 10-8

1.2 - 10-8

7.9 x io-9

7.8 x io-9

29

3.5 x IO- 1

At Year
l,000t2

2.1 x io-3

2.1 x io-3

2.2 x io-8

2.2 x io-8

110

3.5

t1 Source: U.S. Dept. Energy (1984).

t2 Assumes that the initial cap thickness is actively maintained
for 200 years and that institutional controls then cease for
the next 800 years.

CONCLUSIONS

The long-term stability of the containment systems at the humid
and arid sites will be affected by several interacting physical and
biological factors. Uncertainty about future land use leads to a
range of several orders of magnitude in predicted rates of cap erosion.
Site- and design-specific considerations lead to differences in the
relative importance of the various physical and biological factors.
Gully erosion and slope failure are more likely at the humid sites,
primarily because of the mounded design of the containment system.
Flooding and poor drainage can be an important factor at a humid site
having low topographic relief. Adverse effects due to drought can
occur at both humid and arid sites. Wildfires are a more important
consideration at the arid site. Biointrusion ini.o the buried wastes
and residues will probably occur with 1,000 years at all sites. Given
the great uncertainties, no significant difference can be discerned
between arid and humid sites with respect to the long-term stability
of the containment systems considered. However, management of wastes
and residues containing naturally occurring radionuclides at an arid



site is clearly less desirable with respect to the major pathway of
concern—release of radon gas—because the drier cover materials are
less effective radon barriers.
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