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Radioecological studies at Los Alamos (1, 2, 3, 4), as well as at many other
locations (3, 4), resulted in two rather significant findings. First, greater

than 99% of the actinide elements released to the environment deposit in soil
and sediment. Secondly, the actinides are tightly bound to soil and sediment.
Thus, processes that transport soil and sediment also transport these

radionuclides. Studies at Los Alamos have shown that the hydrologic erosion of
the soil is a major factor in the translational movement of plutonium deposited

on the ground surface (5, 6) and, as a consequence of rain splash of soil, also
greatly influences transport of plutonium to plants (7, 8) including vegetable

crops (9).

This paper discusses the use of CREAMS (Chemicals, Runoff, and Erosion from
Agricultural Management Systems) (10), in developing environmental research
"programs at Los Alamos and in designing and monitoring the performance of
shallow land burial (SLB) sites for low-level radioactive waste (LLW). Discus
sion is also presented on research needs and ongoing studies involving Los

Alamos to supply some of those needs.

ENVIRONMENTAL ISSUES CONCERNING LOW-LEVEL RAIOACTIVE WASTE DISPOSAL

Shallow land burial has been used as a waste disposal technique since the

beginning of man. From recorded history, we know that as early as 6000 BC,
Neolithic and pre-Elamite civilizations, in what is now Iran, used SLB for

disposal of waste (11). In more recent times, as a consequence of expanding

populations, industry, and development of energy for resources, concern has

arisen about the adequacy of SLB for containing the potentially hazardous waste

by-products generated by these activities.

In the United States low-level radioactive waste, such as generated by the

nuclear power industry, hospitals, universities, and nuclear research and

development facilities, is typically buried in shallow earth excavations of
variable size but generally averaging 15-m wide by 15-m deep by about 200-m

long (Figure 1). Trenches are filled with waste consisting of a heterogeneous

mixture of materials, including laboratory trash, reactor parts, and dismantled

buildings. A trench cap, of about 1-2 m thickness, is applied as a final

covering to complete isolation of the buried waste from the biosphere.

Over the past 40 years, operating experience at SLB sites for LLW, demonstrates

that current practices work fairly well in isolating buried radionuclides

although virtually every one of the six commercial and five DOE sites has not

proved 100% effective in confining the wastes to the trench environs (12, 13,

14). Of the six commerical LLW sites, three are currently operational; the

closure of the three commercial sites is at least partly attributable to

unanticipated problems with subsurface water and solute movement. Contamina

tion of groundwater is of particular concern because it is so vital to man and

his activities and is not readily subject to corrective measures for removal of
pollutants. At the moment, no new low-level sites are being licensed by the US

Nuclear Regulatory Commission partly because pending regulations (15)

controlling siting, design, monitoring, and closeout of SLB sites have not

been finalized.

Two important aspects of the pending regulation that affect SLB for LLW are

that the waste must be buried in the unsaturated zone and that the performance

of the site must be modeled. The first requirement is relatively easy to

satisfy by not selecting sites located in or near groundwater aquifers. The
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FIGURE 1. Hydrologic processes effecting shallow land burial sites.
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A WATER BALANCE APPROACH FOR SLB
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the plant canopy. Water that infiltrates into the soil can be lost back to

the atmosphere by evaporation (E), transpiration (T) by the plant cover, or as
the combined process of evapotranspiration (ET). Water remaining in the soil

can be stored or, when it moves below the root zone, percolate or seep (L)
into or through the waste trench. The following formulation describes some of

the relationships that exist between the various components of the water

balance:

= P-Q-ET-L (1)

where

S = soil moisture

P = precipitation

Q = runoff

ET = evapotranspiration

L = percolation or seepage

t = time

The experession relates the rate of change in soil moisture in the trench cap

to input (P) and output (Q, ET, L) in units of volume per unit area per unit

time, or equivalently, depth per time (e.g., mm per day).

Soil moisture stored in the trench cap is a function of water holding capacity

of the soil, plant rooting depth and antecedent and current values for the

terms on the right hand side of Eq. 1. Precipitation (P) is a function of the

waste site locale and is highly variable in time and space. Runoff (Q) is a

function of precipitation, soil characteristics, vegetation cover, soil

moisture, and surface management practice, including slope and slope length.

Evapotranspiration (ET) is a function of climatic variables, including

precipitation, temperature, solar radiation, soil properties, vegetation type,

and soil moisture. Percolation is a function of soil moisture and soil

properties. Soil erosion and sediment transport are strongly related to

precipitation and runoff, and, indirectly, to other terms in Eq. 1. Because

plant and animal intrusion into and through a trench cap influences water

balance, they also influence infiltration rates and erosion. Although the

effects of burrowing animals are not directly represented in Eq. 1, they could

be accounted for by the terms influencing soil moisture and erosion.

A water balance approach to resolving SLB issues offers the following advan

tages:

• it accounts for most of the hydrologic and biological factors that

influence site integrity,

. water balance models can be used to screen various modifications in

cap design for effect on erosion, percolation, and etc., and

• it can be used to estimate upper boundary conditions for subsurface

water flow.

SIMULATING WATER BALANCE

Hydrologic and erosion processes &re highly variable in time and space. As

such it is not practical to measure them under all possible combinations of

soils, climate, topography, biological conditions, and land use.

176

Conseqt

a wide

In res:

(USDA)

(10, r
and ch>

scenar

to est

collec

The CR

recent

Althou

cropla

biolog

The CR
compon

Conser

intens

senteti

with a

calcul

tion e

month'

rootir

perco.

calcu'<

Using

compor

routii

erosic

soil <•

in Co;

testv

model

APPLI

Evalu

of CR

cap c

in a

miniir.

A pac

low L

to e\

eros*

tive

pape-



:k to.

-, or as

ie soil

(L)

some of

»r

(1)

ich cap

• unit

:apacity

the

i of the

is a

.■ngth.

>n type,

i

:o

icause

:er

the

;y could

idvan-

; that

ions in

surface

. As

is of

Consequently, mathematical models are needed to predict those processes under
a wide range of conditions.

§S52&fS£S3&collecled over several decades by USOA and others.
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components include two options J «''* ™n™ ,™«,on model using rainfall

calculations, which are based or J^chie s metnoa^ J- ture mean
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soil aggregates. A more Jet^
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including results of model
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APPLICATION OF CREAMS TO SLB

tw« *niinuinn two examples demonstrate the use
Evaluating Trench Cap Designs -The *<*£"$ soVSynamics in and on a trench
of CREAMS in SLB to illustrate that water a .^ w^ter balance and erosion

J
A paper entitled "Use of .SUU^J^J
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to evaluate the effectiveness of "nous

^ 1;asij:ta"gsr
> {} deptn> vegeta-
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Model parameters for the simulation study were selected from conditions repre
sentative of Los Alamos, New Mexico, a semi-arid location in north-central New
Mexico. Los Alamos receives an annual average precipitation input of 46 cm.
Mean monthly temperature, solar radiation, and daily rainfall were selected
for the 20 year period spanning 1951 to 1970. Trench cap soil parameters were
selected from measurements on Hackroy soil (25) and a sandy backfill composed
of crushed tuff configured with a uniform slope of 22 m and a slope steepness
of 5%. Cover conditions included a non-vegetated soil, a sparse (20%) range

grass cover, and a dense (40%) alfalfa cover.

Some significant results of the model simulation were that vegetation plays a
key role in controlling both runoff, erosion, and percolation compared with a
non-vegetated surface (Figure 2). Although the plant cover increased
infiltration into the trench cap by reducing runoff (a 6-fold decrease for the
alfalfa cover over that from the bare trench cap), the transpirational losses
were sufficiently high to reduce percolation by a factor of at least five over
that estimated for the bare cap surface. The great significance of the plant
cover in controlling water balance and erosion on the trench cap will be
examined in greater detail later in this paper.

Adding a clay layer within the trench cap effectively eliminated percolation
compared with the soil/backfill cap design (Figure 3). However, the clay
barrier reduced percolation at the expense of increasing runoff by almost 65%
because of the higher antecedent moisture in the 15 cm of topsoil.

w
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CREAMS 20 YEAR SIMULATION-

AVERAGE ANNUAL HYDROLOGIC VALUES
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FIGURE 2. Predicted Average annual hydrologic values for a soil over sandy

backfill trench cap at Los Alamos, N.M., 1951 -1970. (from ref. 22).
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T*bl« I. Slaulated 20 year average annual wat«r balance (or Kaxcy Flati, Kentucky during

19)9-1976 aa a function o( treneh cap aanaRcacnt practice.

Rooting Depth

Practice (ca)

Bare aoll

Craes, unaoued

Craaa, mowed

(3 tlmee/yr)

Craai, sowed

(every 3 veeka)

White Pine

Whit* Pine

30c

60

60

60

90

180

Runoffa

(ca)

49

23

2*

34

11

9.7

ET

(ca)

63

93

93

62

105

106

Percolation

(ca)

3.8

2.1

2.0

1.3

0.61

0.0

Ero»lonb
T/ha

*S7d

12

IS

27

0.0

0.0

•20 year average precipitation • 117 ca

bShe«t and rill eroalon only
'Depth to which evaporation occurs

dEro«lon rate* greater than about lOT/ha arc
conaldered to be exceealve In cultivated cropland for oalntalnlng crop productivity.

> ' V i '- >

Table XI. Average annualprecipitation and percolation J» ^/
■anageaent practice on SLB trench deslgna at Haxey Flata.

°'

Year

19S9

1960

1961

1962

1963

1964

196S

1966

1967

1968

1969

1970

1971

1972

1973

1974

197S

1976

1977

1978

TOTAL

Annual

Precipitation

112

106

121

12S

89

100

117

112

114

111

as

122

114

US

112

144

ISO

97

111

1SS

2312

White

Pine

S.6

0.0

0.0

l.S

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.03

0.0

4.1

0.8

0.0

0.0

0.0

12.0

Houeda

Craaa

S.9

3.6

0.0

3.6

0.0

0.0

O.S

0.0

0.0

0.0

0.0

0.0

0.0

1.0

1.1

S.9

4.0

0.9

0.0

0.03

16. $

Unaowed

Craaa

6.9

1.0

0.8

4.2

O.S

0.0

2.8

0.0

0.0

0.0

0.0

0.0

1.4

2.1

2.9

7.9
■ a
3.6

2.8

0.0

2.4

41.S

Ji

r

J:
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CREAMS 20 YEAR SIMULATION- AVERAGE ANNUAL HYDROLOGIC

VALUES FOR RANGELAND PROFILES WITH BIOBARRIERS

91 cm ROOTING

DEPTH

91 cm ROOTING

DEPTH

45 cm ROOTING

DEPTH

IS cm

TOPSOIL

76 cm

BACKFILL

15 em

TOPSOIL

30 cm

CUT

46 em
BACKHLL

IS em

TOPSOIL

30 cm

CLAY

46 em

BACKFILL

-6

-4

E
u

P ET S R P ET S RP ET S R

LEGEND:
P=PRECIPITATION. ET=EVAPOTRANSPIRATION. S=SEEPAGE. R=RUNOFF.

FIGURE 3. Predicted average annual hydrologic values for a topsoil over clay over

backfill trench cap at Los Alamos, New Mexico. 1951-1970 (from ref.

22).

These results demonstrate the highly interactive nature of the ecosystem

processes operating on an SLB site. To further emphasize that fact, studies

at Los Alamos (16) have shown that while a clay moisture barrier may prevent

percolation, the integrity of a saturated bentonite clay barrier (subject to

swelling and shrinking) can be rapidly destroyed by invading plant roots,

which abstract the moisture from the clay, causing it to shrink and crack.

In addition to evaluating the hydrologic response from multi-layered trench

caps, CREAMS is useful in optimizing configurations of specific cap materials.

For example, an important variable in the design of an SLB trench cap is the

thickness of the cap material. Optimizing water storage capacity of the cap

where it can be pumped back to the atmosphere by evapotranspiration, provides

a potentially effective means of preventing percolation.

The effect of increased trench cap thickness on various components of the

water balance for both vegetated and the bare soil conditions is illustrated

in Figure 4. If we focus on seepage or percolation as a function of increas

ing cap thickness, we see that increasing thickness had little effect under

bare soil conditions, but as thickness increased to about 1 m, seepage below

the vegetated surface reached a minimum dictated by a plant rooting depth of

1 meter. Further increases in cap thickness had little effect on seepage

because the plant roots could not exploit the deeper regions. Increasing
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PRFAMS 20 SIMULATION
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RANGE GRASS COVER
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TRENCH0CAP9THICKNESS (M)

to thenon-vegetated surface) is apparent in Figure

Evaluating Plant Cover Effects ■-The strong influence of the planter in
controlling percolatnon and erosion ^""ater balance. Since plants use
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long-term control of subsurface water and solute transport. However, as will
be discussed later, relatively small changes in ET can result in large and
significant changes in percolation and runoff, which leads to a dilemma. If
we need to effect a 5% change in total ET but our methods of measuring and
computing ET can result in errors on the order of 5%, then a great deal of
uncertainty remains in our calculations for percolation and runoff. Clearly,
carefully controlled and long term studies are required to validate ET models
in general and the ET component of CREAMS in particular. Even so, the
possibility of percolation control through vegetation and ET management as
predicted by the CREAMS model has such enormous economic significance that
continuing model improvements and applications appears warranted.

Maxey Flats in Kentucky, a commercial LIW site that was operated from 1963 to
1972 was chosen to illustrate the use of CREAMS for selecting optimum plant
covers for trench caps. The site was chosen for the analysis because water
accumulated in the trenches due to the bathtub effect described earlier. The
accumulated water is pumped from the trenches and routed to a gas-fired
evaporator to prevent subsurface water and solute transport to offsite areas.
About 2.3 x 10& I of water accumulated in the trenches each year until 1982
when most of the site was covered with an impermeable synthetic covering to

prevent percolation into the trenches.

Annual precipitation at Maxey Flats averages 121 cm, of which about 3 cm
percolated into trenches as measured by water levels and pumping volumes at
the site. Estimates based on CREAMS simulations verify that the amount of
percolation accounted for only 2-3% of the annual precipitation while runoff
and ET distributed the remainder. The relatively small amount of percolation
into the trenches at Maxey Flats led to the hypothesis that the problem of
water accumulation in the waste trenches could be minimized by increasing -
runoff, evapotranspiration, and/or soil moisture storage capacity in the

trench cover.

The CREAMS model was used to simulate water balance and erosion at Maxey Flats
under a variety of plant cover conditions. Soil and climatological data for
the CREAMS model were taken from existing site data and from Morehead,
Kentucky, a nearby community. The native soil at Maxey Flats is a silt clay-
loam that has very poor hydrologic characteristics because of the mechanical
mixing of the soil on reapplication as a trench cap. Estimates of evapotran

spiration as a function of plant species were made from the literature (27,
28, 29). Slope length was established as 70 m with a convex slope of 2-12%
(2% on the peak of the trench cap, 12% on the flanks). .

Average annual hydrologic values based on the CREAMS simulation for the 20
year climatologic record (1959-1978) are summarized in Tables I and II.
Erosion rates from the vegetated trench cap averaged at least 30 times less
than on the bare soil surface regardless of vegetation species used to cover

the cap. While the plant cover reduced the amount of runoff over bare soil
conditions, it did so at the expense of increased infiltration. However, by
adding transpiration as a component of the water balance, the overall effect

of the plant cover was to decrease percolation. The size of the decrease in
percolation over bare soil conditions appeared to be a strong function of the
plant species and cover management practices. For example, frequent mowing of
the pasture resulted in less percolation than infrequent mowing or no mowing

at all because more precipitation was lost to other sources including runoff.

While ET was larger for the grass under the unmowed and infrequently
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FIGURE 6. Predicted precipitation and evapotranspiration through a soil trench

cap at Maxey Flats. Kentucky. 1959-1978. as a function of plant cover

and management practice.

to occur in only 5 years with the White Pine cover. Although the pine cover

did not eliminate the occurrence of percolation, it did reduce the total
amount of percolation over the 20 year period by a factor of about 3 (12 cm vs
42 cm) over that estimated for the unmowed pasture cover.

ADVANTAGES/DISADVANTAGES OF CREAMS

The use of CREAMS for environmental science applications provides a powerful
tool for examining ecological relationships involving soil, water, and biota.

CREAMS is well-documented and accepted and used by several agencies and
groups. Additionally, CREAMS is based upon extensive data sets from agricul
tural research in croplands and has been tested and validated for these condi

tions. There are ongoing efforts to improve various components of CREAMS
including the hydrology and plant components (30, 31).

However, the application of CREAMS to arid/semi arid rangelands and, specif

ically, to waste management extends the model beyond its capabilities

primarily because data describing those unique conditions are not readily
available. For example, in rangelands, but particularly in disturbed systems

such as SLB sites, plant succession becomes an important consideration in
long-term water balance of a site. At Los Alamos, waste disposal site
vegetation changes from initial invader species, such as Russian thistle

(Gutierrezia sarothrae) and yellow sweet clover (Melilotus officinalis),

to a shrub (Quercus spp, Rhus spp) and evergreen tree (Pinus ponderosa)
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SEDIMENT YIELD RATIO (TREATMENT/BARE)
AS A FUNCTION OF SURFACE TREATMENT AND TIME
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FIGURE 7. Sediment yield ratio (treatment/bare soil) as a function of biological

factors and time.

The preliminary data indicated that soil cast to the trench cap surface by

pocket gophers steadily decreased erosion to about 60% of bare soil erosion as
a consequence of increased infiltration and decreased runoff velocities re

sulting from the surface soil casts. Erosion from the vegetated plots was 40%
of bare soil conditions, after three months, while erosion from the vegetated
plots with animals was the lowest at 20% of the bare plot treatment. While
plants and animals provide effective control of erosion, they do so at the

expense of increasing the infiltration of water into the trench cap.

The data for native vegetation in Figure 7 (solid triangle) is the normalized
erosion .rate from an undisturbed soil covered by a 15-20% blue gramma
(Bouteioua gracilis) grass cover. Erosion rates from the natural plots
averaged 2% that of the Barley plots despite the fact that both plots had
about the same relative cover. These data suggest that both edaphic and

biological successional processes are important in returning disturbed sites
to erosional stability. The rates and pathways of disturbed land succession
are important research questions that must be answered to improve designs and

performance predictions for SIB sites.

Finally, results from ongoing rainfall simulator studies at Nevada Test Site
(36) demonstrate the overwhelming importance of desert (or erosion) pavement

in controlling runoff and erosion (Table III). In contrast, the sparse

vegetation cover plays little direct role in controlling erosion. However,

plants do greatly influence antecedent soil moisture, a variable that

influences the amount of runoff and erosion.
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Table III Summary of sediment yield data from 12 experimental ru1no?f-eir°f10n
Table ill. jumma y^ ^ ^^ j^ ^^ ^^ sediment ynelds in g/m',

two plots per treatment, Spring 1983 (from reference 36).

Location

Area 11

Mercury

Treatment

control, natural

vegetation removed

vegetation and erosion

pavement removed

control, natural

vegetation removed

Dry

1.3

1.2

82.6

49.5

61.9

vegetation and erosion. 555.0
pavement removed

Wet

6.0

8.2

104.0

25.9

46.2

404.0

Very Wet

12.3

16.2

179.0

29.0

52.6

302.0

SUMMARY AND CONCLUSIONS

The use of CREAMS in arid and semiarid rangelands and for aPPlica^°"J **
-- land burial provides a powerful too or develop,ng management alter-

research by several groups and agencies is intended to rectify these
deficiencies.

Perhaps the greatest weakness of CREAMS, or any similar model, is the lack of
struSure and feedback to account for time dependent changes in physical and
biological attributes of a site. Plant and animal succession, and their
in! Sice on soils, becomes important over the time scales being considered
for SLB performance. Until significant advances are made in our understanding
and ability to mathematically describe ecosystem processes, models such as
CREAMS will be somewhat limited in scope and utility. However, the need for
tools to wisely manage natural resources will continue and represent
challenges- to the agricultural and environmental scientist to meet those

needs.
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