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ABSTRACT

Surface retorting of oil shale on a commercial scale will re-

quire disposal of large quantities of spent shale, representing a pot-

ential environmental problem. Concern is with release and migration

of pollutants from spent shale, controlled by water movement in pro-

posed disposal piles. The hydrology of spent-shale disposal was in-

vestigated by using a one-dimensional, unsaturated flow model. A

disposal pile in final constructed form, a disposal pile constructed

over time, and a disposal pile with a revegetated surface were con-

sidered. Results of simulation indicate that at water contents

proposed by the oil-shale industry, water movement through the disposal

piles is a long-term process. Simulation of plants demonstrates that

revegetation significantly reduces water storage in the profile. A

first-order sensitivity analysis demonstrates that the model is sen-

sitive to parameters controlling supply of water in the profile and

less sensitive to parameters controlling movement of water. Recom-

mendations are made for future research in both modeling and field

measurements.



INTRODUCTION

Worldwide depletion of petroleum reserves renewed interest in

recovery of crude oil from oil shale during the late 1970s. About 90

percent of identified oil-shale resources in the United States are in

the Green River formation, which underlies 25,000 square miles of

Colorado, Utah and Wyoming (Figure 1). The majority of high-grade

reserves are in the Piceance (Creek) basin of northwestern Colorado.

Because of this disproportionate distribution of high-grade reserves,

the Piceance basin would realize the greatest activity during predicted

commercial oil-shale development.

Oil shale is a convenient expression applied to diverse, fine-

grained sedimentary rocks containing organic material that can be re-

fined into fuels. The organic material in oil shale includes a

bitumenous fraction and kerogen, which can be converted to oil through

destructive distillation by addition of heat, a process known as retort-

ing. Shale oil is the resulting distillate. Retorted or spent shale is .

the solid waste of the distillation process.

Recovery of oil from oil shale is not a new idea. The first

patent for shale-oil recovery was granted in England in 1684. Commercial

production was first attempted by the French in 1838, but the first last-

ing oil-shale industry is attributed to the Scottish, beginning in 1850

and surviving for more than a century (Gavin, 1924). Small-scale shale-

oil production also developed in Canada and the eastern United States

1
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during the early 1800s, but became unprofitable with the 1859 discovery

of the Drake oil well in Pennsylvania.

Existence of western oil shales has long been recognized. An

Indian name exists which translates to "the rock that burns" and Mormons

are believed to have used a retort in Juab County, Utah prior to 1859.

Field studies by the U.S. Geological Survey (USGS) and the U.S. Bureau

of Mines (USBM) resulted in establishment of the Naval Oil Shale Reserves

(Figure 1) in 1916 which were expanded in 1924. The increased publicity

prompted a rush to establish oil-shale claims similar to the earlier gold

and silver rushes of the west. Mining claims were filed for virtually

every available cliff outcrop of western oil shale and at least 100 oil-

shale corporations had been founded by 1922. Reduction of financial

backing and a lack of productive results from the various retorts led to

abandonment of early operations by 1930 (Russell, 1980).

In 1944, Congress passed the Synthetic Liquid Fuels Act which

authorized construction and operation of plants to produce fuel from

various materials, including oil shale. In 1945, the USBM began construc-

tion of an oil-shale plant at Anvil Points, Colorado (Figure 1). Shale

oil was first produced at the USBM facility in 1947 (East and Gardner,

1964), but Congress discontinued funds for the operation in 1956.

In 1973, the Anvil Points facilities were acquired by the Paraho

Corporation, a conglomeration of 17 companies formed to demonstrate a

new retorting process. Over 100,000 barrels of shale oil were produced

at the Anvil Points retort, mostly during a period from 1976 to 1978

(Russell, 1980). At the present time, the Anvil Points facilities are
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maintained and operated by Developmental Engineering, Incorporated.

Current activities consist of limited operation of the retort for re-

search purposes. The research at Anvil Points and elsewhere in the

Piceance basin is expected to provide a starting point for the full-

scale shale-oil industry that some people regard as imminent (Wayne,

1980).

Disposal of commercial quantities of spent shale from surface

retorting operations represents a potential major environmental prob-

lem. The primary concern is with subsurface leaching of soluble salts

in spent shale. Leaching may be a problem not only during the 20- or

30-year life expectancy of an individual oil-shale plant, but also on

a long-term basis.

Water added during disposal, irrigation and natural rainfall

will control the release of mobile compounds in spent shale. To study

release of pollutants, the characteristics of water movement through

spent shale must be understood. Most plans for disposal of spent shale

include efforts at revegetation, so phenomena that occur everywhere in

the soil-plant-atmosphere continuum must be included as part of the hy-

drologic system. Because of limits to moisture added to spent shale

during disposal and the relatively dry climate of the western oil-shale

region, most water movement in disposal piles will probably occur in an

unsaturated state.

This thesis investigates the hydrology of a proposed spent-

shale disposal pile near Anvil Points, Colorado.. Water movement alone

and not solute movement is considered. The investigation is specific to
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shale of the Paraho retorting process as other processes produce spent

shale with different physical characteristics. A model is used which

was developed by Gupta et al. (1978) and later described by Bond et al.

(1982). The model describes unsaturated water movement with water ex-

traction by plants and is hereafter referred to simply as the flow

model.

Other models with objectives similar to the flow model are re-

ported in the literature, most notably: Molz and Remson (1970), Nimah

and Hanks (1973), Feddes et al. (1974), Neuman et al. (1975), and

Feddes et al. (1976)	 A primary difference of models of the soil-plant

system is with treatment of water uptake by plant roots. Molz (1981)

reviewed a number of available models and found that those of Nimah and

Hanks (1973), Feddes et al. (1974), and Feddes et al. (1976) have been

most successfully calibrated with field experiments. Description of

water uptake is much simpler in the model of Feddes et al. (1976) and

results are comparable to the earlier two models deemed successful by

Molz (1981). The simpler approach of Feddes et al. (1976) is used in

the flow model because it depends on fewer defined variables.

A one-dimensional, finite-difference approach to water movement

in the soil-plant system is assumed for the flow model. The one-

dimensional approach can be limiting on several scales. On the scale

of proposed commercial disposal piles, two-dimensional aspects of flow

may be significant near the boundaries or where slopes exist in layered

spent shale. The model scenarios outlined in this thesis are assumed to

be located at sufficient distances from both boundaries and sloped areas
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of a disposal pile for two-dimensional flow to be ignored. On a micro-

scale, the flow system is not one-dimensional, particularly where water

uptake by plants is of concern. However, in terms of plant-water uptake,

the one-dimensional approach is reasonably correct when evaluated on a

macroscale (Campbell and Harris, 1981).

The objective of modeling a spent-shale disposal pile is to de-

termine conditions under which water movement occurs in such a system.

Effects of pile growth over time and revegetation are considered. Inas-

much as most of the input data for the model is extracted from the

literature, a sensitivity analysis is used to establish which components

of the model are most important. Recommendations are formulated as to

where efforts to collect additional data would be best directed.



ASPECTS OF OIL-SHALE PROCESSING AND

SPENT-SHALE DISPOSAL

Shale oil can be extracted from its host rock in a number of ways.

Most methods for recovery of shale oil utilize application of heat, but

kerogen has also been recovered chemically with a solvent. The solvent

recovery procedure does not appear to be economically feasible on an in-

dustrial scale (Prien, 1974). Application of heat, or retorting, is

either done at the ground surface or in situ. The in-situ method offers

advantages over above-ground retorting in that it eliminates handling

steps and disposal of spent shale, but has met with limited success be-

cause it is difficult to uniformly fracture the formation and control

application of heat underground (Wayne, 1980). Currently, the most ad-

vanced technology for shale-oil recovery is above-ground retorting.

A number of aspects of above-ground retorting contribute to the

potential for release and migration of pollutants from spent shale.

Mining, retorting and disposal techniques influence the physical, chem-

ical and hydrological characteristics of spent shale. Location of the

disposal site is also an important consideration. However, before each

activity of the retorting process is described, the composition of Green

River oil shale will be discussed as it is the ultimate source of poten-

tial pollutants.

7
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Geology of Green River Oil Shale 

Geologic History of the Green
River Formation

The Green River formation accumulated during the Eocene epoch

in two intermontane basins, covering the area of northeastern Utah,

northwestern Colorado and southern Wyoming. Lithology of the Green

River formation is dominated by lacustrine sediments that accumulated

in the ancient Lake Uinta which flooded the intermontane basins.

The geologic history of the Green River formation has been

studied extensively by Bradley (1931) and Smith (1974), among others.

The beginning of Lake Uinta can probably be traced to the northwestern

portion of the Piceance basin where a thick sequence of lacustrine sedi-

ment occurs. The Eocene climate near Lake Uinta is thought to have been

moderate with cool, moist winters and relatively long, warm summers.

The lake is postulated to have stratified into two non-mixing layers;

initial lake stratification was likely produced by thermal density dif-

ferences. The lower layer of the lake remained essentially stagnant and,

as the supply of oxygen became depleted, a reducing environment formed.

Abundant microgranular primary pyrite in the shale supports this hypo-

thesis. An increase of ions in the lower layer of the lake probably made

the stratification permanent.

An increase of ionic concentration and gradual loss of water from

Lake Uinta resulted in deposition of a suite of saline minerals. In-

creased pulses of detrital sediments filled the lake with medium to

coarse sand which marked the close of the Green River epoch.
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Mineralogy of Green River Oil Shale

The general scheme of oil-shale composition is divided into an

inorganic matrix, kerogen and bitumen. Although mineral assemblages

within the Green River formation are variable, Figure 2 gives an aver-

age composition for several samples collected near Anvil Points.

The organic material in oil shale is classified according to

whether it is soluble or insoluble in an organic solvent, usually car-

bon disulfide (CS 2). Bitumen is the soluble fraction and is normally

only a small percentage of the total organic content of oil shale.

Kerogen is the insoluble fraction. During retorting, the complex or-

ganic structure of kerogen decomposes to bitumen, then subsequently to

oil, gas and carbon residue.

The oil-shale matrix consists of both syngenetic and clastic

minerals. Predominant syngenetic minerals of Green River oil shale are

calcite and dolomite. Analcite and pyrite are also intergrown in the

shale matrix. Principal clastic minerals found in Green River oil shale

are alumina-rich montmorillonite and illite clays. Grains of quartz,

potassium feldspar and plagioclase feldspar are also present but not

abundant. Clastic minerals are disseminated throughout the oil shale.

Saline minerals are both disseminated in the oil-shale matrix

and interbedded with the Green River formation. The suite of saline

minerals includes nahcolite (NaHCO
3
 )' dawsonite (NaA1C0

3 (OH) 3'
) and

halite (NaCl), all of which originated as precipitates from the lake

brine. Dawsonite exists as a matrix mineral while nahcolite occurs mostly
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.
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Figure 2. Average chemical composition of Green River oil shale for
samples from Rifle, Colorado (From Yen and Chilingar, 1976).
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as nodules in the oil shale, but forms a few interbeds. Halite is re-

stricted to interbeds near the center of the Piceance basin.

The saline minerals in oil shale have potential economic bene-

fit as sources of aluminum, soda ash and salt. However, if not re-

moved, complex mineral assemblages in oil shale affect both the heat

requirements for retorting and the composition of spent shale. In

spent shale, saline minerals provide perhaps Che greatest potential

for degradation of water quality.

Mining and Crushing 

Mining techniques which have been suggested for oil shale in

the Piceance basin include caving methods, surface stripping and room-

and-pillar mining (Nowacki, 1981). The caving method has several

derivative techniques, but has not been investigated for feasibility

in mining oil shale. Surface, or open-pit mining is generally used

for economic recovery of near-surface, low-grade ore bodies. Several

proposals have been made to surface mine oil shale in the Piceance

basis, but these proposals have been rejected as too detrimental to

the land surface. However, the high resource recovery rate of surface

mining and resulting area made available for spent-shale disposal are

incentives for consideration of this method in the future.

Room-and-pillar mining is particularly well suited for the

layered oil-shale formation and is used at Anvil Points. In the mining

operation, pillars or blocks of formation are left to provide roof

support while 45 to 85 percent of the oil shale is removed. The en-

vironmental impact of room-and-pillar mining is considerably less
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than that of surface mining, and this technique will likely remain in

use by the oil-shale industry.

Mined shale is transported to a stockpile and crushed in pre-

paration for the retort. Currently, the shale is transported by

truck at Anvil Points. Other transportation modes will be considered

for commercial oil-shale production. Shale is crushed to reduce the

raw material to an acceptable feed size for retorting, the size de-

pending on characteristics of the retort used.

Above-Ground Retorting Processes 

During early western oil-shale activities, literally hundreds

of retorting processes were invented and two or three dozen different

retorts were built (Russell, 1980). Only a few of the early retorts

produced oil. At present, three basic methods for retorting above-

ground are being developed by industry. Distinction between methods

is based on the manner in which heat is applied to shale during the

retorting process.

The TOSCO-II and Lurgi-Ruhrgas processes use recycled hot

solids as heat carriers (Prien, 1974). Heated ceramic spheres are

used in the TOSCO-II process while hot sand or other finely divided

solids are used in the Lurgi-Ruhrgas process. An internal combustion

zone is used to furnish heat for the Union Oil Type A, USBM Gas Combus-

tion, and Paraho direct-heating mode retorting processes. Hot gases

and carbon residue provide fuel for the internal combustion retorts.

External furnace retorting processes where gases and other fuels are

burned outside the retort of potential industrial interest include the:
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Petrosix, Union Oil Type B, and Paraho indirect-heating mode processes.

Only the Paraho direct-heating mode process is considered in this

study.

Paraho Direct-Heating Mode Process

The Paraho direct-heating mode retorting process evolved from

the earlier USBM gas combustion process. The first retort constructed

by the USBM at Anvil Points was similar to one developed in the 1920s

by the Nevada-Texas-Utah (NTU) Company. A batch operation was used for

the vertical USBM and NTU retorts. In the batch-type operation, the

retort is loaded and processed in a single cycle. Success with the

early USBM retort and further experimentation resulted in the continuous

gas combustion retort. As opposed to the batch type, the continuous

retort operated on a constant feed of crushed shale.

The Paraho retort is an improved upon version of the USBM gas

combustion retort. Changes in design of the raw shale feed system and

discharge grates improve the flow of shale through the retort (Prien,

1974). In addition, a multiple-level, gas-air recycling system was

added to improve thermal efficiency (Figure 3).

In the Paraho retort, shale moves vertically downward by

gravity. A hydraulically operated grate at the top controls the flow

of raw shale, the size of feed ranging from 1.3 to 7.6 cm (Nowacki,

1981). Incoming shale is warmed by ascending hot gas and is converted

to oil mist, gas, and carbon residue in the combustion zone which

operates at a temperature of about 650
o
C. Air-gas injection to the
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retort outlet serves a dual purpose of cooling the spent shale and pre-

heating gas for combustion.

Shale-oil products are recovered as a precipitate of the oil

mist from the top of the retort. Crude shale oil then proceeds to units

where it is upgraded to synfuel. Spent shale exits the retort and is

transported to a disposal area.

Description of Retorted Oil Shale 

The physical and chemical characteristics of spent shale strong-

ly depend on the retorting process used. Discussion here is limited to

characteristics of oil shale retorted by the Paraho direct-heating mode

process.

Physical Characteristics

Spent shale directly out of the Paraho retort is dark gray to

black in color. The black is mainly carbon residue. Color of weathered

spent shale ranges from light gray to black. Many of the spent shale

fragments are porous, and by common textural classification, retorted

shale is a silty gravel.

The particle size distribution of spent shale depends on com-

position of raw shale feed, temperature reached in the retort, and

compaction during disposal. Oil-shale fragments with a high kerogen

content generally do not have sufficient structural integrity to remain

intact during retorting and tend to break down to finer sizes. If suf-

ficiently high temperatures are reached in the retort, cementing reac-

tions will bond shale fragments together. Conversely, compaction of
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spent shale during the disposal process significantly reduces the larger

size fraction (Table 1).

The temperature of spent shale is another important physical

characteristic. Significant cooling occurs in the Paraho direct heating-

mode retort after shale leaves the combustion zone. Spent shale exits

the retort at temperatures near 250°C. In a field experiment, spent
shale at 1 in depth cooled to 70 °C within 10 days of emplacement, and to
near 30°C within 30 days (Figure 4).

Chemical Characteristics

The chemical characteristics of spent shale depend on the

mineralogical composition of raw shale feed, type of retorting process

used, and temperatures reached during retorting. Saline minerals not

removed from shale during the retorting process are potential polutants.

Higher temperatures tend to burn off more of the residual carbon on

spent shale.

The inorganic chemical characteristics of spent shale have been

studied by both batch and leaching experiments. Results of a batch test

in which unsieved spent shale was mixed with distilled water are given

in Table 2. For the batch experiment, water and spent shale were mixed

in a ratio of 1:1 and allowed to equilibrate for 24 hours. Leaching

studies perhaps provide a more useful measure of the potential for salt

release from spent shale as such studies involve water application to

columns in a manner that resembles natural rainfall or irrigation.

Leaching experiments have been performed on both the labora-

tory and field scale with the various retorted shales. The Colorado
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Table 1.	 Particle size analyses of retorted shale, prior to and
following compaction* (After Harbert et al., 1979).

Particle Size

Retorted Shale,
Uncompacted
(percent)

Retorted Shale,
Compacted
(percent)

Gravel > 2 mm 90.5 47.8

Sand 0.05 - 2 mm 5.2 27.6

Silt 0.002 - 0.05 mm 2.9 17.2

Clay < 0.002 1.4 7.4

*Values given are the means of four replications, analysis of < 2 mm
particles was by the hydrometer method.
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Table 2. Chemical analysis of unsieved spent shale (From Fransway and
Wagenet, 1981).

Electrical Conductivity (mmho/cm) 21.3

Specific Ion Analyses (meq/liter)
(1:1 extract)

Ca 20.8

Mg 242.4

Na 243.2

13.8

SO
4

496.7

Cl 3.0

pH (1:1 extract) 8.5
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State University (CSU) Experiment Station conducted a large-scale lysi-

meter study which included monitoring of the leaching characteristics

of Paraho spent shale (Table 3). During the lysimeter study, CSU sup-

plemented natural rainfall with irrigation. The study demonstrates

that Paraho spent shale is highly saline and alkaline. The CSU study

also shows that ionic concentration of leachate is a function of time

or the volume of percolate that has passed through the lysimeter.

Dominant ions in solution are Ca, Na, SO 4 , and Cl.

In addition to salinity problems, toxic trace elements and

organic compounds have been identified in spent shale. Arsenic is per-

haps the most obvious toxic trace element of the list in Table 3.

Various known and suspected carcinogens of the polycyclic organic mat-

erial (POM) class are found in the residual carbon of spent shale (EPA

Oil Shale Research Group, 1981).

Spent-Shale Disposal 

Shale-oil production from a commercial surface retorting opera-

tion will require disposal of massive quantities of spent shale. Assum-

ing a shale grade of 35 gal/ton, a retorting operation of commercial

scale prOducing 50,000 bbl/day of shale oil will use an estimated 60,000

tons of raw shale per day. This leaves about 51,000 tons of spent shale

to dispose of on a daily basis (Wayne, 1980). For a lower grade shale,

an even greater volume of spent shale will require disposal.

Both underground and surface disposal of spent shale are con-

sidered feasible. Subsurface disposal entails backfilling the mine,
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which is practical only where the mine remains dry because disposal below

the watertable would produce a high potential for leaching. Not all of

the shale can be disposed of underground because when any solid rock is

mined, crushed, and processed as ore, a volume expansion occurs. In the

case of oil shale, the problem is magnified by the tendency of shale to

expand during retorting to as much as half again its original volume.

Only 50 to 85 percent of the processed shale can be returned to the mine

(Nowacki, 1981) and the remaining spent shale will require disposal on

the surface.

Surface disposal of spent shale is considered to be more attrac-

tive than subsurface disposal, mainly because its technological feasibil-

ity has been demonstrated in other ore processing operations and because

operating costs are predicted to be less (Nowacki, 1981). To date, de-

tailed plans for surface disposal of spent shale have not been developed,

but two general approaches are being considered. The first approach is

disposal as a head-of-canyon fill (Figure 5). A disposal pile of mesa-

type construction is the second alternative. Both approaches are likely

to be used as many different sites will be required to dispose of commer-

cial quantities of spent shale. Most construction techniques and features

of the pile are common to both surface disposal alternatives.

Development of the disposal site will generally begin with removal

and storage of surface materials for later use. Transportation of spent

shale to the disposal site will be by truck, conveyer, or similar mode.

Water will be added for cooling and dust control at the retort. Once

spent shale is •transported to the disposal site, it will be spread in
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roughly half-meter lifts. Water added at the disposal site will bring

the moisture content of spent shale to an optimum level for compaction.

A moisture content ranging from 10 to 20 percent by weight is generally

considered acceptable (Argall, 1978). Mechanical compactors will be

used on the first lift of shale to reach a density of about 1.5 g/cm
3

.

The mechanical compactors may also be used along the edges of the can-

yon fill. Trucks and other heavy equipment traffic will compact the

center of the disposal pile to a density near 1.2 g/cm
3

.

Maximum height and areal extent of each completed disposal pile

will depend on the nature of the area being filled. Estimates of pile

height range from tens up to several hundred meters, with an average

near 70 m (Andrews et al., 1975).

Most oil-shale development plans include a soil covering for

the disposal piles. However, topsoil is not abundant everywhere in the

Piceance basin and its availability at each location will determine the

final characteristics of the disposal pile.

Revegetation of the disposal piles is proposed by the oil-shale

industry for stabilization of the surfaces. A wide variety of shrubs

and grasses have been suggested for use (Harbert et al., 1979).

Description of the Anvil Points Site 

Topography of the Piceance basin is similar to that over large

areas of the southwestern United States (Schumm et al., 1974). The

basin consists of the Roan Plateau which is bounded by the White and

Colorado rivers (Figure 1) and cut by numerous smaller canyons. Eleva-

tion ranges from 1520m to more than 2440 m (Weeks et al., 1974).
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Anvil Points is located near the Colorado River, below cliffs

of the Roan Plateau at an elevation of 1700 m. Topography near Anvil

Points consists of ridges, valleys and alluvial fans descending from

the cliffs above.

Climate of the Piceance basin is arid-steppe (Wymore et al.,

1974). Winters are cold with accumulation of snowfall, while summers

are hot with low relative humidity. Summer temperatures may exceed

40°C, and winter temperatures may drop to below minus 40°C (Weeks et al.,
1974).

Characteristics of precipitation in the Piceance basin vary

greatly over the year. Summer rainfall occurs mostly as convective

storms, which typically are scattered and independent with respect to

both space and time. Convective storms cover smaller areas and are of

shorter duration and higher intensity than winter frontal storms. The

winter storms are not as independent, sequences of storms commonly track

into the basin. In the basin, precipitation increases with elevation.

Mean annual precipitation for Anvil Points is approximately 28 cm

(Harbert et al., 1979).



UNSATURATED-ZONE MODELING

Hydrologic modeling of above-ground disposal of spent shale re-

quires understanding of water movement in an unsaturated system. This

chapter explains the concepts of modeling the unsaturated zone. The

state of water in unsaturated soils, components of the governing flow

equation and necessary assumptions are discussed. Particular emphasis

is on specifics of the flow model used in this study.

The flow model was originally developed to simulate vertical,

one-dimensional unsaturated water movement under agricultural conditions.

It is designed as a model for isothermal water flow in the liquid phase

of constant fluid properties. Movement of the vapor phase is ignored.

State of Water in Unsaturated Soils 

Vadose-zone water is not free in the thermodynamic sense due to

capillary and adsorption forces. These forces arise from local interac-

tion between soil and water and are amenable to analysis through their

associated scalar potentials (Philip, 1975). Note that as used here,

the term "soil" refers generally to porous media, a classification which

includes oil shale. In wet, coarse-textured soils, capillary forces

dominate, while adsorption assumes greater importance in the presence of

clay, particles or in very dry media. Adsorption is most significant in

soils containing a significant fraction of colloidal clay.

The energy status of water is described as the total soil-water

potential cp
t' 

which consists of several components (Feddes et al., 1978):
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where 4) is the matric or pressure potential, 4) is the gravitational

potential, 4)	 is the osmotic potential, and 41
gas 

is the pneumatic
mos

potential with dimensions of energy per unit volume. The dots on the

right side indicate that additional potentials are theoretically pos-

sible. Osmotic potential is generally not considered because it

assumes importance only in water with high solute concentration in the

presence of a diffusion barrier. As gas pressures in natural soils

generally do not differ from atmospheric, the pneumatic potential is

also commonly ignored. Thus, only the pressure and gravitational compo-

nents are normally considered to contribute to the soil-water potential.

Water of the vadose zone moves in the direction of decreasing

hydraulic head, H, which represents the soil-water potential as poten-

tial energy per unit weight (dimensions of length). Hydraulic head is

the sum of elevation head z and pressure head 4,, such that

	H =	 - z	 (2)

where z is depth below a datum at the soil surface and is positive

downward, and ip with dimensions of length (L) is defined by the rela-

tionship

(3)
Y

where y is the specific weight of water (mass'L
-2

*t
-2

)

The pressure head in unsaturated soils is negative, because

work is needed to extract water against soil-matric forces. It is not

necessary to specify these forces in detail; it suffices that pressure

27
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head can be measured by well-established techniques such as those dis-

cussed by Taylor et al. (1961). The measured potentials are defined

relative to the reference state of water of composition identical to

the soil solution at atmospheric pressure and arbitrary datum, z = 0.

The Governing Flow Equation

Darcy's law describes the flow of water in saturated porous

media. Buckingham (1907), and later Richards (1931), modified the

equation to describe the flow of water in unsaturated porous media. In

the vertical direction for unsaturated media, Darcy's law is

3Hq = -K(Ip) —
az

where q is flux (L.t-1), and K(4)) is the unsaturated hydraulic conduc-

tivity (L.t-1), expressed as a function of pressure head.

By the equation of continuity for the vertical direction, the

rate of change of soil water in an incompressible medium is

96 = -
3t	 3z

where O is the volumetric water content of the soil (L
3 .1,-3), and t is

time.

Combination of equations (4) and (5) yields the basic partial

differential equation for soil-water flow in the vertical direction, or

30	 a (K( 	9H
)at	 az

(6)

To reduce the number of dependent variables, the specific moisture

capacity C(i) is introduced

(4)

(5)
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C(110 =
	

(7)

where C(Ip) is a function of pressure head (L
-1
). By the chain rule of

calculus,

36 _ 36
at -	 at

Substitution of equation (8) into equation (6) gives

	

C (ip )	 = a (K0)(21 - 1))
at	 az	 az

It is convenient to refer to a negative pressure head as a posi-

tive tension or suction head, h, where

h = -	 (10)

Equation (9) is then rewritten in terms of suction head with addition

of a sink term as

ah
C(h) —=	 (K(h)(

lh 
+ 1)) + S(z,t)

at	 3z	 az

where S(z,t) is a sink term representing water uptake by plants with

dimensions of volume of water extracted per volume of soil per time

(t
-1
). The sink term is positive when water is removed from the sys-

tern.

Equation (11) is the governing partial differential equation

describing non-steady flow of water in a soil-plant system. Equation

(9) is Richards equation, named in honor of the soil physicist who first

developed it (Richards, 1931). In the flow model, equation (11) is

solved by a Crank-Nicolson finite-difference scheme. Details of the

numerical equations are provided in Appendix A. A non-linear

(8)

(9)
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interdependence of parameters renders description of unsaturated flow

and numerical solution of Richards equation difficult. Consideration

of the sink term further complicates solution.

Description of Unsaturated Flow Parameters 

The mathematical statement of unsaturated flow requires defini-

tion of the specific moisture capacity and unsaturated hydraulic con-

ductivity. Specific moisture capacity is determined as the derivative

of the soil-moisture characteristic curve, equation (7). Unsaturated

hydraulic conductivity is expressed as a function of pressure head,

suction head or volumetric water content.

For solution of an unsaturated flow problem, the flow model con-

stantly refers to the non-linear relationships among water content,

suction head and unsaturated hydraulic conductivity. To provide a con-

venient interpolation technique and lessen large data-storage require-

ments of flow problems with many layers, polynomial representations of

unsaturated flaw parameters are used. Details of the polynominal func-

tions are presented in Appendix B.

Soil-Moisture Characteristics

Moisture characteristic curves graphically represent water con-

tent of soils as a function of matric suction or pressure head. At zero

suction, the soil is saturated and application of a suction head causes

the largest pore size to empty. As suction is increased, progressively

smaller pores empty. Because of differences in the distribution of
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pore sizes, the moisture characteristic curve is different for each soil

type (Figure 6).

In general, the relationship between matric suction and water

content for a particular soil is not unique. This non-uniqueness is

termed hysteresis and is represented by wetting and drying curves of the

moisture characteristic following different paths. The drying curve is

measured from a starting point near saturation and the soil is drained.

The wetting curve is recorded when the soil imbibes water under decreas-

ing suction. Hysteresis is generally explained by swelling and shrink-

ing of clay particles, variation in the wetting and drying contact angle

of water with soil, and differences in suction required to drain or fill

pores where the diameter is larger than the opening.

Hysteresis is ignored by the flow model. In practice, the meas-

urement required to account for this effect is impractical because of

variability of soil systems in the field (Gupta et al., 1978). Addition-

ally, it is difficult to define the limits and associated parameters of

pathways when drying commences before wetting is complete, or vice versa.

Unsaturated Hydraulic Conductivity

Saturated hydraulic conductivity remains constant for a stable

and homogeneous soil with constant fluid properties. In unsaturated

soils, hydraulic conductivity becomes a function of water content as

flow of the liquid phase occurs only through that pore volume filled

with water. The hydraulic conductivity is expressed as a function of

suction head through the soil-moisture characteristics (Figure 7).
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Measurement of unsaturated hydraulic conductivity is possible by

methods such as those reviewed by Marshall and Holmes (1979). However,

most of these methods are difficult to employ experimentally and natural

variation of soils makes numerous replications necessary. Because of

the complications, considerable effort has been made to develop analy-

tical models for predicting unsaturated hydraulic conductivity relation-

ships.

Models for predicting the hydraulic conductivity of unsaturated

soils are reviewed by Mualem (1976a) and a new model developed by the

author is presented. Most conductivity models use the measured mois-

ture characteristic curve to derive the unsaturated hydraulic conduc-

tivity relationship. Theory of these models is based on the assumption

that the soil has interconnected pores of radius r that cari be repres-

ented by capillary elements. The model of Mualem is proposed as a

simplification over other models which minimizes deviations between meas-

ured and predicted unsaturated hydraulic conductivity curves. The sug-

gested algorithm for relative hydraulic conductivity (Kr(Se) = 
K(e)/Ksat )

is
1nr p S e

Kr (S e) = S
e
- L	 dS e/11)/f dS e

, 12

o

where the effective saturation S
e 

is given by

Q-9r
S -e 0 -0s r

O
s 
is the saturated water content, and 0

r 
represents the residual water

content. On the basis of best fit to measured hydraulic conductivity

(12)

(13)
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curves for 45 representative soils, Mualem established the exponent of

equation (12) as n = 1/2.

A computer program named HYDRAK (Bond et al., 1982) evaluates

the integrals of equation (12) to calculate the relative unsaturated

hydraulic conductivity curve. The relative curve Kr(S
e
) is commonly pos-

itioned with a matching point of the saturated hydraulic conductivity,

which is relatively simple to determine experimentally. Additional

matching points may be used if reliable measurements of unsaturated

hydraulic conductivity are available.

The residual water content 0
r 
reflects the smallest pore size

involved in liquid capillary flow. When the measured moisture charac-

teristic does not extend to the residual water content, the curve is

extrapolated to that point by an algorithm suggested by Mualem (1976a).

A computer program EXTEND, which was developed based on this algorithm,

is described in Appendix C.

Initial and Boundary Conditions 

To complete the mathematical statement of an unsaturated flow

problem, the initial and boundary conditions must be specified. For the

one-dimensional flow model, only upper and lower boundary conditions are

considered.

The initial conditions vary with the nature of the problem being

solved. Initial conditions of the profile can be defined in terms of

suction head or water content. The flow model uses h(z,0) = h
o
(z), where

h
o (z) is the initial distribution of suction head.
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Lower boundary conditions for the flow model of a profile of

semi-infinite depth, an impermeable base, and a static or dynamic

watertable are possible. The semi-infinite profile assumes the water-

table is deep and that gravity is the only gradient responsible for

flow at the base of the profile. A unit hydraulic gradient in the last

depth interval models this condition. An impermeable boundary is mod-

eled by no-flow conditions at the base of the profile. For simulation

of a shallow profile, watertable conditions are considered. A static

watertable is modeled by specifying head and a dynamic watertable is

modeled by specifying flux.

Upper boundary conditions considered by the flow model are those

of prescribed flux (Neumann) and prescribed head (Dirichlet). The

Dirichlet boundary condition results from ponding of water at the soil

surface which can occur as a specified part of the flow problem or dur-

ing field conditions of flood irrigation, heavy rainfall or snowmelt.

Neumann boundary conditions can occur either as infiltration or evapora-

tion.

The rate of infiltration at the soil surface depends on a number

of factors. Initial water content, soil texture, intensity of water

application, and duration of the application all influence the infiltra-

tion rate. The flow model considers infiltration as a Neumann boundary

condition as long as flux is less than or equal to the maximum potential

rate. The final solution over each time step gives the suction head,

between prescribed limits corresponding to saturation and the residual

water content. If water content at the surface node over any time step

exceeds the value at saturation, the solution is repeated using a
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Dirichlet boundary condition. Runoff occurs if the depth of ponding ex-

ceeds a specified limit and is eliminated from the flow system consid-

ered by the model.

Evaporation from a bare soil surface removes water by vaporiza-

tion, the energy for which is provided by net solar radiation. As a

boundary condition, evaporation is modeled similarly to infiltration,

but the sign of prescribed flux is negative. However, estimation of

the evaporation function is more complex than calculation of infiltra-

tion because it involves the concepts of potential and actual evapora-

tion. Parallel concepts of potential and actual evapotranspiration are

used for estimation of the plant sink term.

Potential Evapotranspiration 

Potential evapotranspiration is defined as "when a vegetated sur-

face is losing water to the atmosphere at a rate unlimited by deficien-

cies of water supply" (Dunne and Leopold, 1978). By specifying such

stringent conditions, the effects of soil, vegetation and water avail-

ability are eliminated from the definition and potential evapotranspira-

tion is isolated as a response to atmospheric demand. The concept has

been severely criticized (Gay, 1981) but, because it describes water loss

independently of the status of soil water, potential evapotranspiration

remains useful.

Aside from measurement of pan evaporation, a number of models

have been developed to estimate potential evapotranspiration. Many of

these models are empirical, but others have a more fundamental basis.

Doorenbos and Pruitt (1977) review available formulae and Gupta et al.
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(1977) provide a computer program named FAOPET which estimates potential

evapotranspiration by selected methods. A review by Stanhill (1961) of

calculational methods reveals that when compared to lysimeters, the

method of Penman provides the most satisfactory estimate of potential

evapotranspiration. The Penman equation has perhaps the strongest phys-

ical foundation and Stanhill (1961) considers it the only practical

physical model to apply. For these reasons, details of the Penman model

are presented in favor of others.

The Penman method is based on an energy balance combined with

aerodynamic effecst. The Penman equation is

PET = WR
n 
+ (1 - W) f(u) (e

s 
- e)
	

(14)

where

(15)

f(u) = 0.27 (1 + U/100)
	

(16)

In equations (14), (15), and (16), W is a dimensionless weighting

coefficient, Rn is •net radiation (mm/day), f(u) is a wind transfer

function, (e
s 
- e) is the vapor pressure deficit of the atmosphere,

A is the slope of the saturated vapor pressure-temperature curve (mb/ °C),
y
c 

is the psychrometric constant (mg/ °C), and U is daily wind (km/day)
at 2 m height. The first term on the right side of equation (14) re-

presents contribution of net radiation to potential evapotranspiration

and the second term denotes contribution from air turbulence. Relative

importance between the two terms is expressed by the weighting coeffi-

cient W.
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Net radiation R
n 

is calculated from observable climatological

data and converted to potential evapotranspiration in the FAOPET pro-

gram. Estimation of net radiation requires air temperature, the ratio

of actual to possible sunshine hours, relative humidity, and atmospher-

ic pressure. Extraterrestrial radiation is also used, but is tabulated

in the program as monthly averages over the earth.

Recent research by Ben-Asher (1981) indicates that changes in

potential and actual evapotranspiration are complimentary. The suggested

complimentary relationship states that potential evapotranspiration de-

creases as actual evapotranspiration increases. However, because the

relationship has no physical basis and has only been applied on the scale

of a watershed, it is not included in this study.

For bare soil conditions, potential evapotranspiration and

potential evaporation are synonymous. In the presence of plants, the

common approach is to partition potential evapotranspiration (PET) into

its components, as expressed by the equation

PET = PE + PT	 (17)

where PE denotes potential evaporation and PT represents potential

transpiration. Partitioning functions generally use a measured ratio

of leaf cover to ground area known as the leaf-area index which changes

over time as the plant canopy develops. Another method to partition

potential evapotranspiration reported in the literature is by experi-

mental observation of specific plant communities (Hinds, 1975).
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Actual Evapotranspiration 

Actual evapotranspiration parallels potential evapotranspira-

tion in that it can be separated into its components of evaporation

and transpiration.

Actual evaporation is considered to occur in two separate

stages (Ritchie, 1972). During the first stage, the soil is wet and

evaporation occurs at or near the potential rate, subject to restric-

tion of the saturated hydraulic conductivity. Conditions in the field

allowing first-stage evaporation may occur immediately following a rain-

fall or irrigation event. During the second, or falling-rate stage, the

soil dries and evaporation becomes limited by the unsaturated hydraulic

conductivity and the status of soil water.

The classical concept of water availability in the falling-rate

stage for actual transpiration becomes more complex. In the past,

available water capacity has been defined as the difference between

water contents at field capacity and the permanent wilting point.

Permanent wilting point is the point below which plants can no longer

extract water from the soil and loss of turgor or wilting occurs,

comnonly assigned the water content at a suction head of 15,000 cm.

Field capacity is an approximation for which definitions in the litera-

ture vary between sources. In general, field capacity is considered to

be the maximum amount of water that a freely-drained soil can retain.

This usually corresponds to a suction head between 100 and 300 cm (Dunne

and Leopold, 1978).
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Numerous hypotheses have been suggested for the relationship be-

tween actual and potential transpiration. The limiting cases are illus-

trated in Figure 8. In the figure, relationship (a) assumes a constant

ratio of actual to potential transpiration until available water is used.

The second relationship, (b) in Figure 8, linearly accounts for the ef-

fect of the amount of water remaining in the soil on actual transpira-

tion.

More recently, it has been recognized that transpiration is

better described by characteristics of water uptake which depend on prop-

erties of plants. The effects of rooting density, depth and growth rate,

as well as limits expressing ability of the plant to extract water from

the soil are included as part of the sink term.

Estimation of the Sink Term

Current study of the extraction of water from soil by plant roots

is classified into one of two approaches. The first approach investi-

gates microscopic flow processes in the vicinity of a single root. But,

in general, the detailed, time-dependent geometry of root systems makes

it impractical to develop models for water transport where flow to in-

dividual roots is considered (Molz, 1981). Consequently, the second

approach which represents water uptake by roots as the macroscopic sink

term in equation (11) has received more attention. Flow to individual

roots is ignored and flow conditions are defined for the composite soil-

plant system. The macroscopic sink term is also referred to as an extrac-

tion function (Molz and Remson, 1970).
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Figure 8. Actual transpiration as a ratio to potential
transpiration plotted against available water
depletion (After Dunne and Leopold, 1978).
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Many different extraction functions have been suggested and are

reviewed by Molz (1981). The flow model uses the extraction function

of Feddes et al. (1976) which has the form:

	

S(z,G) = a(G) r(z) S msx 	(18)

where S(z,O) is the sink term expressed independently of time, S
max

represents the maximum rate of root-water extraction, r(z) is a dimen-

sionless root density distribution function which changes in time as

roots grow, and 04(9) = S(0)/Smsx is a dimensionless function defining

the shape of the extraction term (Figure 9).

In Figure 9, indicated soil-water content limits are associated

with root-uptake activity. The water content at wilting is Ow, Qd

corresponds to the water content at which plant growth becomes limited,

G
an 

represents a fixed anaerobiosis point at which deficient aeration

conditions hamper root growth and water uptake becomes zero, and es is

the water content at saturation.

Under maximum transpiration conditions, Od < Q < 9an
, and

pzr	
r(z)dz =
Zrz

S
maxPT = j	 S(z,G)dz = Smax J

o	 o

where z
r 

is the depth to which roots have extended at a certain time.

Actual transpiration T, at conditions less than maximum, 0
w
< 0 < G

d'

is then
,zr

T =j	 S(z,9)dz < PT	 (20)

o

The root density function is described by an exponential relationship

(19)
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a(0)=S(0)/S max

I

S(0)

Smax

o

Od Oan Os
>0

Figure 9 1 General shape of the dimensionless coefficient a
(9) as a function of water content (From Feddes
et al., 1976).
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r(z) = ae-bz 	(21)

where

a = b/(1 - e-bzr)
	

(22)

with a and b as empirical parameters which are determined by fitting

the relationship to root growth data. Parameter a has dimensions

(L-1).

The above approach to estimating the extraction function is

useful in that it separates the sink term into its macroscopic compo-

nents. Potential transpiration is represented by Smax. The root den-

sity function r(z) distributes the potential transpiration demand over

the soil depth where plants are active. Finally, the actual amount

of transpiration is controlled by ability of the plant to extract

water, represented by the dimensionless function a(9).

The extraction-term model is simplified because no attempt is

made to account for dependence of plant growth on available water.

Feddes et al. (1978) present an integrated model for computing the

influence of water use on crop production, but such an approach is

more complicated than practical for this study.

Assumptions for the Flow Model 

The flow model is based on a number of simplifying assumptions

which limit application of the model and interpretation of results.

These have been made to allow development of an abstract model of the

soil-plant-atmosphere system to which mathematics can be applied without

undue difficulty. The salient assumptions and reasons for each are

summarized as follows:
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(1) The soil, plant, and atmosphere form a thermodynamic continuum,

throughout which a fluid potential exists. This concept provides a

means of treating processes occurring in these domains in a unified

way.

(2) Movement of water is one-dimensional and vertical. Macro-

scopic flow is considered in the plant-root system as the detailed,

time-dependent geometry of roots is practically impossible to deter-

mine. Also, the profile is assumed to be a sufficient distance from

sloped areas and boundaries.

(3) The spent-shale matrix is assumed to be incompressible because

once compacted, changes in volume are minimal (Peterson et al., 1978).

(4) Isothermal conditions prevail. Interest is in modeling dis-

posal over the long term and spent shale cools at a sufficiently rapid

rate for thermal effects to be ignored (Figure 4).

(5) Water movement occurs in the liquid phase only. Jury et al.

(1981) conclude that isothermal vapor-phase flow becomes significant

only under extreme dryness and with normal soil conditions, water move-

ment in the liquid phase dominates.

(6) Hysteresis of soil-hydraulic properties is not considered be-

cause in practice, the measurement required to account for this effect

is impractical. Additionally, mathematical description of other than

a highly idealized case is difficult.

(7) The pore-size distribution can be related to the soil-moisture

characteristic for estimating relative hydraulic conductivity. The

model of Mualem (1976a) compares well with measured relationships.
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(8) Infiltration is controlled by the initial soil-moisture profile,

soil-hydraulic properties, and intensity and duration of water applica-

tion. No attempt is made to account for interception of water by

plant canopies or plant litter, entrapment of air, raindrop impact,

or filling of pores with fine soil material as these phenomena are

mechanistically complex.

(9) Potential evapotranspiration calculated by the Penman method

is an adequate representation of atmospheric demand. The Penman meth-

od is physically based, accounts for air turbulence, and calculated

results agree with lysimeter measurements (Stanhill, 1961).

(10) Potential evapotranspiration can be partitioned into potential

evaporation and potential transpiration independently of its estimation.

This assumption is based on isolation of atmospheric demand by poten-

tial evapotranspiration.

(11)Water uptake by plant root systems can be modeled independently

of plant growth by means of the macroscopic sink term. The interdepen-

dence of water uptake and plant growth is not considered because such

an approach is beyond and defined scope of this study. The macro-

scopic scale for water uptake is assumed because complexity of root

systems makes microscopic description of flow near a single root im-

practical.



DATA COLLECTION AND ANALYSIS

Data requirements for unsaturated-zone modeling are considerable

and include both field and laboratory measurements. Specifically, the

model uses as input data:

(1) Configuration of the vertical profile, depth and thickness of

each layer

(2) Moisture characteristics and unsaturated hydraulic conductivity

relationships for each layer

(3) The initial distribution of suction head for the profile

(4) Boundary conditions

(5) Climatic conditions, namely precipitation and potential evapo-

transpiration

(6) Irrigation amounts and times

(7) Parameters defining plant growth and soil-water extraction be-

havior.

The above list represents a large amount of data because much

of it must be specified in daily or hourly time intervals. For this

study, metric units are used with input to the flow model of centi-

meters (cm), grams (g), and days.

A difficulty commonly encountered in modeling unsaturated sys-

tems is that much of the input data is unavailable from direct measure-

ment. Some of the missing data are estimated by theoretical means,

while other data may be substituted from literature. The following is a

48
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discussion of collection of best available data and its preparation for

the flow model.

Description of Model Cases 

To satisfy the stated objectives of this study, four different

cases were modeled as follows: (1) an existing disposal pile, (2) a

growing, or transient disposal pile with relatively dry initial condi-

tions, (3) a transient disposal pile with relatively wet initial con-

ditions, and (4) a revegetated disposal pile.

Existing Disposal Pile

The scenario for an existing disposal pile of spent shale, com-

pleted with a soil cover, is represented in Figure 10. Spent shale

was assumed to be uniformly compacted to 1.2 g/cm
3 
at 30 m thickness

and covered with 0.2 m of soil. The existing pile was simulated for a

1-year period.

Transient Disposal Pile

The transient pile cases simulated water movement in a disposal

pile which grew with time. The two transient pile cases considered dis-

posal of spent shale at both relatively dry and relatively wet initial

conditions. A 5-year construction period with 10 m lifts of shale was

assumed for the 50 m high disposal pile (Figure 11). The layers of shale

were assumed to have been emplaced on the first day of each year. All

of the shale layers were assigned a compaction density of 1.2 g/cm
3
, ex-

cept the lowest 5 m which was assigned a compaction density of 1.5 g/cm
3 .
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Figure 11. Schematic of the transient spent-shale disposal
pile.
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The pile was covered with 0.5 m of soil for year 5 and simulation con-

tinued to 30 years. The soil cover was assumed to be the same as soil

at the base of the profile.

Revegetated Disposal Pile

The scenario for revegetation simulated cheatgrass (Bromus

tectorum) on the transient disposal pile with dry initial conditions.

The vegetation was modeled for a 1-year period (year 6) to provide com-

parison with the transient pile case without plants.

Model Nodal Structure

For the one-dimensional flow model, the finite-difference nodal

structure is simply a line of nodes. The nodes are regularly spaced,

except for additional nodes at the soil surface and at interfaces be-

tween layers to provide better resolution. The existing pile case used

29 nodes and the total number for the transient cases ranged between 34

and 56.

Material Hydraulic Properties 

Moisture characteristics and saturated hydraulic conductivities

for the soil and shale are from the literature (Bloomsburg and Wells,

1978, and Mualem, 1976b). For each material, the moisture characteris-

tic curve and saturated hydraulic conductivity were used to derive the

unsaturated hydraulic conductivity relationship.

Moisture Characteristics

Topsoil near the retorting facilities at Anvil Points considered

for modeling is the Nihill channery loam. This soil formed on alluvium
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derived from the Green River formation. Moisture characteristics were

not measured for the Nihill soil, but substitution was made based on an

available particle-size analysis. The size distribution was matched

with a similar analysis of the Gilat loam (Table 4) from Mualem (1976b).

Table 4.	 Comparison of particle-size distributions for the Nihill
channery loam and the Gilat loam.

Size
Fraction

Nihill
Channery Loam

(a) Gilat Loam (b)

sand

silt

clay

48%

29

23

48%

32

20

(a) Arithmetic mean of four samples
(b) From Mualem (1976b)

The match of textural descriptions for the two soils is not a

strong basis for substitution of moisture characteristics, as structural

influence is ignored. However, structural characteristics are difficult

to quantify, so the approach is considered reasonable.

Moisture characteristics for Paraho spent shale are from

Bloomsburg and Wells (1978) of the University of Idaho. Samples of

spent shale were provided to the University of Idaho by the USBM. The

samples were sieved to 9.5 mm prior to shipping and later reduced to

2 mm and finer size to accommodate spent shale in a small test apparatus.

The University of Idaho used a capillary pressure-saturation

apparatus to measure moisture characteristics of the spent shale.
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Samples were packed dry in the pressure cell to densities ranging from

1.0 to 1.6 g/cm
3
. Dry-packing the shale introduces error as water will

be added in field disposal. The shale samples were vacuum saturated

prior to testing, which consisted of an initial drainage, resaturation,

and secondary desaturation. Only results from secondary desaturation for

shale with densities ranging from 1.2 to 1.5 g/cm
3 
are reported by

Bloomsburg and Wells (1978).

The moisture characteristic curves for Paraho spent shale do not

directly account for hysteresis. However, the secondary desaturation,

or drying, curves reported by Bloomsburg and Wells (1978) are between

those of initial drying and rewetting. This suggests that moisture

characteristics used for spent shale average the effects of hysteresis.

Because moisture characteristic measurements for Paraho spent

shale were incomplete for high values of suction head, the curves were

extrapolated using program EXTEND (Appendix C). The resulting moisture

characteristics for spent shale as well as the soil are illustrated in

Figure 12.

Hydraulic Conductivity Relationships

Mualem (1976b) provides a saturated hydraulic conductivity for

the Gilat loam and Bloomsburg and Wells (1978) measured saturated hydraul-

ic conductivities of the spent shale. In addition, measurements of

saturated hydraulic conductivities for unsieved Paraho spent shale were

made at Battelle Pacific Northwest Laboratory (Gates, 1982). These

measurements indicate that the hydraulic conductivity of shale compacted

to 1.2 g/cm
3 
may be higher than that measured by the University of Idaho.
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Figure 12. Moisture characteristic curves for the'Nihill,
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and spent shale compacted to 1.2 and 1.5 g/cm.
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Consequently, the hydraulic conductivity for 1.2 g/cm
3 

shale was in-

creased by an order of magnitude for all but simulation of the existing

disposal pile. Table 5 lists the saturated hydraulic conductivities

used in this study.

Table 5. Summary of saturated hydraulic conductivities.

Material
	

K
sat 

(cm/hr)

Nihill soil	 0.720

1.2 g/cm3 shale (existing
pile case)
	

0.672

1.2 g/cm3 shale
	 6.720

1.5 g/cm3 shale
	 2.66 x 10-3

The relationship of Mualem (1976a) was used to derive the

hydraulic conductivity relationships for the different materials

(Figure 13).

Initial Conditions 

The existing disposal pile case was assumed to be at an equilib-

rium initial condition. This is expressed as a constant hydraulic head

over the profile, with suction head equal to elevation above the water-

table.

Two different initial conditions were simulated for the transient

disposal pile cases. The first case modeled spent shale emplaced at 15

percent by weight initial water content. An initial water content closer

to saturation was used in the second case (Table 6). In each case, the
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Figure 13. Hydraulic conductivity relationship for the
soil and spent shale compacted to 1.2 and 1.5 g/cm -j .
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initial condition of the soil at the base of the profile was assumed to

be at equilibrium with the watertable and soil at the top was assigned

a volumetric water content of 0.12. The water contents were transformed

to suction heads through the moisture characteristic curves for input to

the flow model.

Table 6. Summary of initial moisture content and saturated porosity for
each material used in the transient pile scenario.

Initial Moisture Content 
Dry Case Volumetric Wet Case

	Weight	 Water	 Weight	 Volumetric	 Saturated
Material
	

Percent	 Content	 Percent Water Content Porosity

Soil cover	 -	 0.12	 -	 0.12	 0.44

1.2 g/cm
3 

shale	 15	 0.18	 30	 0.36	 0.47

1.5 g/cm
3 

shale	 15	 0.23	 26	 0.40	 0.40

Boundary Conditions 

Boundary conditions for the disposal pile scenarios were identi-

cal. A static watertable was assumed at the base of the profile,

modeled as h(Z,t) = 0, where Z is maximum depth. A flux boundary con-

dition, considering both infiltration and evaporation was modeled at

the surface: q(0,t) < Mt), where Q0 (t) is the prescribed flux

(L
3-2

't
-1

), denoted as positive into the soil surface. When prescribed

flux exceeds the capacity of the soil for infiltration, ponding occurs,

which is modeled as h(0,t) = -P(t), where P(t) is the depth of ponding.

In the flow model, a depth of 0.5 cm is allowed to pond on the soil
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surface before runoff occurs. Precipitation is the sole source of water

for infiltration.

The flow model calculates actual evaporation from potential

based on an empirical relationship suggested by Beese et al. (1977)

R
e 
= -0.5767 (log h) + 1.78
	

(23)

where R
e 
is the ratio of actual to potential evaporation. Coefficients

in equation (23) are from a field experiment on a loess soil. The rela-

tionship reduces potential evaporation as suction head increases.

Precipitation 

The precipitation data are from Rifle, Colorado, 8 miles east of

Anvil Points. Monthly summaries of weather observations by the National

Oceanic and Atmospheric Administration (NOAA) for a 5-year period were

reviewed. Two years were selected; cumulative precipitation for 1976

was 23.1 cm and the cumulative amount for 1979 was 30.6 cm.

NOAA precipitation data from Rifle are in daily total amounts.

However, the flow model requires an hourly distribution over each day,

which was derived by incorporating regional climatic information. A

qualitative comparison of the distributions of daily rainfall for Rifle

and Grand Junction, Colorado shows good correlation for winter storm

events and considerably lower correlation for summer convective storms.

Consequently, the hourly distributions from Grand Junction were applied

to the daily precipitation amounts from Rifle. The low correlation of

summer events between each locale does not invalidate this approach be-

cause of the independence of those events and high evaporation potential

during that time of year.
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The 1976 precipitation data were used for the existing disposal

pile case. The transient pile cases were modeled with the 1979 data,

illustrated as a cumulative total in Figure 14. For the transient pile

case, the data were repeated on an annual cycle.

Potential Evapotranspiration 

The information required to estimate potential evapotranspiration

by the Penman method available at Rifle is limited to daily maximum and

minimum temperatures. More complete records for 1976 and 1979 from

Grand Junction were used to replace the missing data. The resulting

annual distribution of potential evapotranspiration for 1979 is shown

in Figure 15.

The flow model uses hourly factors to distribute potential eva-

potranspiration over each day. A distribution experimentally determined

at the University of California at Davis (Gupta et al., 1978, p. 116)

was used to determine the hourly potential evapotranspiration (Figure

16). The distribution assumes that nearly 90 percent of the evaporation

occurs between 6 AM and 6 PM. Assuming a constant relationship over the

year may not be valid for the shorter days of the winter months in

northwestern Colorado, but evaporation potential is much lower then and

the hourly distribution assumes less importance.

Components of the Sink Term 

Most work on collecting data for modeling water uptake by plants

has concentrated on agricultural crops. Data on growth patterns and

transpiration behavior for natural vegetation generally lack sufficient
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Figure 15. Potential evapotranspiration (PET) for 1979 as calculated
by the Penman method.

Figure 16. Hourly distribution of potential evapotranspiration (From
Gupta et al., 1978, p. 116).
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detail to be useful for modeling the soil-plant system. However, useful

data are available for the cheatgrass considered in this study.

The cheatgrass is assumed to begin growing on day 120 of simula-

tion. A short growing season of 70 days is used as in the field,

cheatgrass typically dries by mid-summer. The roots extend to a maxi-

mum depth of 80 cm and the growth pattern is given in Table 7. Para-

meters for the root density function were evaluated by fitting root

growth data in terms of root weight density, or the weight of root mass

per unit volume of soil (Mayer et al., 1981). The coefficient b of

equations (21) and (22) was estimated as b = 0.034. The parameter a is

re-evaluated at each time step during simulation. Node spacing near the

surface was changed to match the root growth rate for plant simulation.

Table 7. Growing days required for cheatgrass roots to reach various
depths (From Mayer et al., 1981, p. 12).

Depth
(cm) Days

Depth
(cm) Days

0.0 5 30 20

2.5 6 35 25

5.0 7 40 35

7.5 8 50 40

10 10 60 50

15 11 70 60

20 15 80 70

25 16
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During the growing season for cheatgrass, potential evapotrans-

piration was partitioned into its components according to an experimen-

tally observed relationship (Hinds, 1975). Hinds approximated

partitioning of potential evapotranspiration as a function of growing

time, t, as

PT = c((t - 40) + 0.42) PET 	 (24)

where c = 0.0013 if t < 40 and c = -0.0035 if t > 40, and PT = 0 if

t < 5 or t > 70.

In the flow model, limits for the dimensionless coefficient

a(8) of the sink term are expressed as suction head, rather than the

water content limits in Figure 9. The wilting point limit Ow is as-

signed a suction head of 15,000 cm. Feddes et al. (1976) suggest for

vegetable crops that soil water begins to inhibit plant growth at a

suction head of 400 cm. Assuming that cheatgrass as a natural vege-

tation is more resilient, this limit (A d) is assigned a suction head

of 1000 cm. Again, based on the assumption of resiliency for cheatgrass,

suction head at the anaerobiosis limit an 
is set at 5 cm, which is an

order of magnitude lower than that suggested by Feddes et al. (1976).



MODELING RESULTS

Results of unsaturated-flow modeling can be presented in a var-

iety of forms, including tabulation of water balance data, and graphs

of the vertical and temporal distributions of water content, suction

head, water storage, or flux. The following chapter uses these forms

to describe the modeling results.

Existing Pile Case 

Table 8 gives the annual water balance for the existing pile

simulation. The water balance simply states that input from precipita-

tion minus runoff, evaporation, and deep drainage equals change in

storage of the soil profile.

Table 8. Annual water balance summary for the existing Ole simulation.

Component Annual Total (cm)

Precipitation 23.06

Runoff 3.66

Evaporation 16.30

Drainage at the watertable 0.00

Change in storage 3.10

The distributions of moisture over both depth and time are illus-

trated in Figures 17 and 18, respectively. The increase of moisture
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content with depth in Figure 17 reflects the transition between layers.

The sharp breaks in Figure 18 represent rainfall events. Temporal

variation is nearly attenuated by 25 cm depth.

After the one year of simulation, the model demonstrates that

redistribution of moisture is restricted to the upper 2 m of the ex-

isting disposal pile. No drainage occurs at the base because infil-

tration is stored in the profile.

Transient Pile Cases 

Results of the transient pile simulations are presented for

both the short and long term. Figures 19 and 20, respectively, illus-

trate the variation in water content during the first 50 days of

simulation for dry and wet initial conditions. The early results are

restricted to shallow depth because fluctuations are attenuated by 6 m.

By the end of the first year of simulation, sufficient water

movement has occurred to compare responses with depth between the two

initial conditions. Figures 21 and 22 show the respective distribu-

tions of moisture in the initially dry and wet profiles for year 1 of

simulation.

After construction of the disposal pile is complete, the mag-

nitude of the flow problem increases and it becomes more useful to con-

sider results over the long term. Figures 23 and 24, respectively,

illustrate the distributions of moisture in the initially dry and wet

profiles from years 6 through 30.

As water movement in the disposal pile is of interest, drainage

or flux past different depths is considered. Figures 25 through 28
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Figure 19. Water content versus time during year 1 at depths
0.2, 0.5, and 6.0 in for the initially dry profile.

68



40 50

.40

Figure 20. Water content versus time during year 1 at
depths 0.2, 0.5, and 6.0 m for the initially
wet profile.
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Figure 25. Cumulative drainage with time in the initially
dry profile at depths 10, 20, 30, 40, and 55 m
for year 10.
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Figure 26: Cumulative drainage with time in the initially
wet profile at depths 10, 20, 30, 40, and 55 m
for year 10.
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Figure 27. Cumulative drainage with time in the initially
dry profile at depths 10, 20, 30, 40, and 55 m
for year 30. .
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illustrate cumulative drainage at specified depths for the transient

pile simulations. Figures 25 and 26, respectively, compare drainage

from the dry and wet initial conditions for year 10; Figures 27 and 28

compare results for year 30. The total drainage each year past the

base of the profile for the 30-year transient pile simulations is il-

lustrated in Figure 29.

Plant Simulation 

Only results near the surface are considered for plant simula-

tion over the one-year period. Figures 30 and 31, respectively, illus-

trate moisture distributions in the upper 10 m of the vertical profile

for the cases with and without cheatgrass vegetation. Figure 32 illus-

trates the difference in water storage between the cases.

Discussion 

Results from simulation of the existing disposal pile indicate

that a different approach to modeling is necessary. An equilibrium

initial condition is not a likely scenario for the disposal pile.

The transient pile cases, subjected to identical input, but con-

trasting initial conditions, produce different responses. This differ-

ence is found throughout the simulations. Over the short term, the

magnitude of change in moisture is smaller for simulation of the in-

itially wet profile than for the dry condition because capacity for

storage of infiltration is less for the wet layers (Figures 19 and 20).

The profile at the end of the first year for the dry initial condition

(Figure 21) is that of an advancing wetting front combined with
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initial conditions.
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Figure 32. Total water storage to a depth of 10 m for simulation of
year 6 with and without plants.
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redistribution. Moisture is added to the front by infiltration and re-

distribution drains the water which has entered the profile to greater

depth. In Figure 21, water moves into the spent shale compacted to 1.5

g/cm
3 
from both drainage and the soil below. For the initially wet

profile (Figure 22), the upper portion drains, but begins to absorb

moisture from infiltration by day 365.

The contrast between transient pile simulations over the longer

term is illustrated in Figures 23 and 24. Moisture distributions in-

crease with time from the dry initial condition and decrease from the

wet condition. Figure 24 shows that drainage of the initially wet pro-

file forms a saturated or perched zone above the shale compacted to 1.5

g/cm3 which drains by year 15. The higher compacted shale remains

close to its saturated porosity of 0.40. For each transient pile simu-

lation (Figures 23 and 24), the sharp decrease in water content near the

surface is due to evaporation.

A striking difference between drainage from dry and wet initial

conditions is reversal of the cumulative drainage curves with depth

(Figures 25 through 28). In the dry profile, more water movement occurs

near the soil surface while cumulative water movement is greater at the

base of the initially wet profile. The drainage curves appear as straight

lines due to attenuation of seasonal variation of infiltration at depth.

By year 30, the curves for the initially wet profile group together

(Figure 28), indicating nearly constant cumulative drainage over the pro-

file.

Figure 29 shows that all infiltration into the initially dry

profile is stored during simulation because no drainage occurs at the
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base. Drainage from the wet initial condition peaks near the end of

' transient pile growth and levels off near the end of simulation. The

shoulder on the trailing end of the drainage curve for the initially

wet profile is probably delayed response of perched water moving through

the higher compacted shale.

Water movement in the initially wet profile approaches steady

state after 30 years, while that for the dry profile remains far from

this condition. For the initially wet profile, the annual drainage at

the lower boundary tends to a constant rate (Figure 29) and flux be-

comes uniform over the profile. The drainage curves for the initially

dry profile at 30 years (Figure 27) do not cluster together, and drain-

age out the base has yet to occur.

Simulation of cheatgrass proves that plants are powerful water

extractors and can significantly reduce water storage in the upper pro-

file (Figure 32). Under the modeled conditions, the effects of plant-

water uptake are limited to 10 m (Figure 30). For the influence to

extend deeper, a longer period of simulation would be required. The

straight-line segments of the curve for day 180 (Figure 30) reflect the

wider node spacing below rooting depth of the plant.



SENSITIVITY ANALYSIS

Sensitivity analyses generally involve study of the response of

a system to various disturbances. The magnitude of these disturbances

depends on the quantity of interest and the disturbances may either be

temporary or permanent (McElwee and Yukler, 1978). Determination of

sensitivity may itself be simple, looking only at the response to per-

turbation, or complex, involving prediction and error analysis. This

study considers first-order sensitivity. By means of the first-order

analysis, relative influence of each input parameter is established.

Theory 

To derive the general mathematical definition of sensitivity,

consider the explicit function

	F = f(x1 ,x2 ,	 ,xn)	 (25)

where the factor F depends on the parameters xl , x2, x
n (McCuen,

1973). The change in F resulting from a change in a single parameter

x. is given by the Taylor series expansion

	

aF	 a2F 	2

	

f(x.+.,Ax.)= F + —	 x +	 Ax	 •1	 1	 Dx.	 i	 2! axi
2 	i + .

1

If sensitivity is restricted to a first-order analysis, the

non-linear terms are ignored and equation (26) reduces to

aF
f(xi + Ax.) = F + -57,7 Ax.

1
(27)

(26)
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Thus,

AF = f(xi + Axi) - F = (F/x.
1
) Axi	(28)

The general definition of sensitivity is derived from equations (25)

and (28)

S. .=-1=[f(x.-1-Ax.)- f(x1,x2"." xn)]Axi1	 3x.	 1	 11

where S. denotes sensitivity with respect to parameter x..1	 1

The left side of equation (29) suggests that sensitivity of F

tochangesinx.can be determined directly by differentiating equation1

(25). However, owing to the complexity of many models, it is diffi-

cult to find partial derivatives with respect to some variables. To

deal with model complexity, Coleman and DeCoursey (1976) suggest a

finite-difference approximation to the partial derivative.

S. = (F
2 - F1)/(x. 2 

- X . 	= AF/Ax.1	 1 (30)

where subscripts 1 and 2 respectively refer to the state of the system

before and after 3C. is perturbed.
1

For the purpose of comparing parameters, Coleman and DeCoursey

(1976) suggest

Sri = (AF/Axi) (xi - x.)/F1	(31)

where S . is the relative sensitivity coefficient and x. is the mini-ri

mumvaluethatx.can assume.1

The minimum value x. of equation (31) is not known a prioriio

(29)

and its determination may bias the resulting sensitivity. Consequently,

a simpler form of relative sensitivity is proposed
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S . = (AF/Ax ) (x. /F )	 (32)
ri	 i	 il 1

or in another form

Sri = (AF/F1 )/(Ax./x.il )1 (33)

These expressions for relative sensitivity normalize the effects of

magnitudes of both F and xi to facilitate comparison between varia-

bles. The normalization is arbitrarily based on the state of the sys-

tem prior to perturbation and the resulting sensitivity coefficient

S . is dimensionless.
Tl

The factor F represents output from the flow model of which

principle forms are suction head, water content, flux, evaporation,

and transpiration. Selection of F is subjective, but should adequately

reflect sensitivity of the intended hydrologic characteristic (McCuen,

1973). The spatial and temporal variation of sensitivity may also be

important and deserve consideration.

Calculation of Sensitivity 

Two reference cases for sensitivity were •developed which de-

scribe the state of the flow system prior to perturbation of input.

The two cases considered a reference profile with and without vegetation

at the surface (Figure 33). Development of the profile paralleled that

of transient-pile simulation. The first two years were modeled as be-

fore, with the third year as the interval of interest for sensitivity.

The full year simulated for each sensitivity parameter resulted

in a considerable amount of data. To reduce the amount of information

for interpretation, two approaches were used. The first approach
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Figure 33. Schematic of the profile for sensitivity.
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considered sensitivity to annual totals of evaporation, transpiration,

and drainage past 50 cm depth. The depth selected for analysis of

drainage corresponds to the transition from soil cover to spent shale.

The second approach considered changes in head with depth from

days 120 to 150. Figures 34 and 35 illustrate the distributions of

precipitation and potential evapotranspiration over the interval of

interest. Sensitivity coefficients were evaluated to a depth of 100

CM .

Sensitivity to a number of input parameters was investigated,

including: node spacing, hydraulic conductivity of soil and shale com-

pacted to 1.2 g/cm
3
, initial condition of the spent shale, potential

evapotranspiration, precipitation, limits of the dimensionless coeffi-

cient of the sink term, and rooting depth and density of simulated

vegetation. In general, perturbations to the parameters reflect either

possible natural variation or a range of values discussed in literature

of the oil-shale industry.

Saturated hydraulic conductivities for the soil cover and 1.2

g/cm3 spent shale were increased and decreased by an order of magnitude.

This is within the range of variation of natural materials suggested by

Freeze and Cherry (1979).

The initial water content of the lift of shale emplaced during

year 3 of simulation was varied +5 percent by weight, which corresponds

to perturbation of 33 percent of the original amount. This variation

is within the range considered acceptable by the oil-shale industry.
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Rainfall was simulated to obtain distributions with annual

totals +20 percent of the 1979 record which is close to the mean

annual precipitation at Anvil Points. The 20 percent perturbation

is based on the difference between annual precipitation for 1976 and

1979.

The estimates of potential evapotranspiration were perturbed

by +10 percent. This variation is based on the difference between

calculated amounts for 1976 and 1979, but was arbitrarily increased

to 10 percent.

A simulation of plants was made with node spacing equal to

the case without vegetation.

Limits of the dimensionless coefficient a(0) of the sink term

evaluated for sensitivity are the wilting point 8 and the point at
w'

which the status of soil water begins to limit plant-water uptake and

plant growth
d 

(Figure 9). Based on characteristics described by

MacMahon and Schimpf (1981), suction head corresponding to Ow was in-

creased from 15,000 cm to 50,000 cm. Sensitivity to
d 
was tested by

changing the limit to field capacity, estimated with a method described

by Gardner (1970). Assuming an arbitrarily negligible drainage rate of

0.01 cm/day (Campbell and Harris, 1981), and a unit hydraulic gradient,

the water content which gives this flowrate is the field capacity. For

the soil, a suction head of 70 cm corresponds to this water content,

decreased from 1000 cm.

The final rooting depth of simulated cheatgrass was increased

from 80 to 100 cm to reflect properties of other arid grasses. Figure

36 compares growth rates assumed for the two cases.
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tivity cases.
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The mot density distribution was tested for sensitivity by de-

creasing the empirical parameter b of equation (21) from 0.034 to 0.025.

Because equation (21) is a negative exponential relationship, this re-

sults in a higher root density at equal depth (Figure 37). Sensitivity

is based on the average root density over 80 cm depth.

Results 

Tables 9 and 10 provide summaries of the sensitivites of annual

drainage past 50 cm depth, evaporation, and transpiration. Relative

sensitivity to parameters not related to simulation of plants are in

Table 9. Table 10 provides relative sensitivity to plant parameters.

Simulation of cheatgrass with different node spacing produced

no change in the annual totals tested for sensitivity. The change in

suction head for the different node spacing at 10 m is also less than

1 percent.

Sensitivity with respect to suction head over both depth and

time was calculated for each of the parameters except precipitation.

The resulting coefficients are illustrated as a function of depth at

different times. Scale of the graphs varies with the range of the

relative sensitivity coefficients to demonstrate temporal and spatial

distributions.

Figures 38 through 41 illustrate the sensitivity of suction

head to parameters not directly related to simulation of vegetation

for days 120 and 150. Sensitivity to hydraulic conductivity of the

soil cover is shown in Figure 38; Figure 39 illustrates sensitivity

to the hydraulic conductivity of spent shale compacted to 1.2 g/cm3 ;
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Table 9. Relative sensitivity of annual drainage and surface evapo-
ration to parameters not related to simulation of plants.

Sensitivity Parameter
Percent

Perturbation
Drainage

Past 50 cm Evaporation

Soil Hydraulic Conductivity -o.m.* 0.001 0.012
+o.m. 0.000 -3.3 x 10

-5

1.2 g/cm3 Shale Hydraulic -o.m. 0.114 -0.028
Conductivity +o.m. 0.005 -0.003

Initial Conditions -33 -0.102 0.022

+33 -0.332 0.039

Potential Evapotranspiration -10 -0.392 0.378
+10 -0.465 0.020

Precipitation -20 3.047 -0.294
+20 -1.373 1.562

*o.m. denotes an order of magnitude perturbation
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Table 10. Relative sensitivity of annual drainage, surface evaporation
and transpiration to parameters used for plant simulation.

Sensitivity
Parameter

Percent
Perturbation

Drainage
Past 50 cm Evaporation

Transpira-
tion

Feddes Sink Term
Limit h(0d ) 0.385 -0.057 -0.003

Feddes Sink Term
Limit h(8

w
) +o.m. 0.000 0.000 0.000

Rooting Depth +25 -0.634 0.284 0.043

Rooting Density +17 -0.986 0.359 -0.007

*o.m. denotes an order of magnitude perturbation.
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Figure 38. Relative sensitivity of suction head versus depth
on days 120 and 150 for perturbation of hydraulic
conductivity (Ks ) of the soil cover.
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the effect of different initial conditions is shown in Figure 40; and

sensitivity to estimates of potential evapotranspiration is illustrated

in Figure 41.

Figures 42 through 44 illustrate sensitivity of suction head

to parameters used in simultion of cheatgrass for days 130, 140, and

150. Sensitivity to the limit 9d of the sink term is shown in Figure

42; Figure 43 illustrates the effect of increased depth of root pene-

tration; and Figure 44 illustrates sensitivity to root density. In-

creasing the wilting point limit Gw produced no change in head and is

thus not shown.

Discussion 

The list of parameters investigated for sensitivity does not

exhaust all possibilities, but it provides a framework for comparison

of components of the flow model.

The absolute value of coefficients for relative sensitivity of

drainage in Tables 9 and 10 can be placed roughly in order. Drainage

has greatest sensitivity to the annual total of precipitation, followed

by potential evapotranspiration, and initial condition of the spent

shale. Sensitivity is smallest to hydraulic conductivity. Of the

parameters describing plant-water uptake, sensitivity of drainage is

highest to rooting density and depth. This is followed by the limits

G
d 

and G
w 

of the sink term.

Ordering sensitivity of surface evaporation to input parameters

follows the same trend as sensitivity of drainage. Annual transpira-

tion did not change significantly (Table 10).
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The coefficients in Table 9 indicate that sensitivity to

hydraulic conductivity of the spent shale is greater than sensitivity

of the soil. This is probably because spent shale covers a much

larger depth than the soil.

The sign of sensitivity coefficients in Tables 9 and 10 de-

pends on relative differences of both the output and input parameters

of equation (32). Because calculation is based on the final minus in-

itial state, sign of the coefficients can be used to •gain insight to

behavior of the flow system.

Decreasing the hydraulic conductivity of the spent shale makes

the denominator of equation (32) negative. Because the sensitivity

coefficient in Table 9 is positive, drainage has decreased. From Table

10, the evaporation increases. Increasing hydraulic conductivity of

the spent shale produces the opposite effect.

Increasing the initial water content of spent shale decreases

the amount of drainage and increases evaporation. At the higher water

content, capacity to store water in spent shale is less, increasing the

amount of infiltration which remains in the soil cover and is available

for evaporation. Decreasing initial water content of the spent shale

reverses this response.

Decreasing estimates of potential evapotranspiration reduces sur-

face evaporation, resulting in more water being available for drainage.

The positive perturbation reverses this response.

Perturbation of precipitation produces a response different

from other parameters in that increasing and decreasing the annual total



106

both decrease the amount of drainage and increase surface evaporation.

Nbre water is available for evaporation with increased precipitation,

and the distribution of potential evapotranspiration was not simultan-

eously adjusted. This may have resulted in larger than normal evapora-

tion potential during rainfall events. A similar change in the temporal

distribution of decreased precipitation would explain the increased

evaporation, although the effect is less.

Perturbations of the plant-uptake parameters except the wilting-

point limit reduce the amount of drainage (Table 10). Lowering the

suction head for the limit G
d 
of the sink term expands the range of

water content at which maximum transpiration occurs (Figure 9). In-

creasing rooting depth and density both expand the active proportion of

the sink term in the soil. Total transpiration does not increase sig-

nificantly, but perturbations to the root distribution diffuse the sink

term over more of the soil, and combined with surface evaporation, de-

crease the amount of drainage.

Relative importance of input parameters can also be established

based on the range covered and depth of influence of sensitivity co-

efficients for suction head (Figures 38 through 44). The depth of root

penetration and initial condition of the spent shale are the parameters

with the largest range and depth interval of influence. Hydraulic con-

ductivity of the spent shale also produces a wide range for its sensit-

ivity coefficient, but the response is more localized with depth.

Relative sensitivity is less for potential evapotranspiration and even

less for rooting density, the sink-term limit Gd , and hydraulic conduc-

tivity of the soil cover.
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The interface of the soil cover and spent shale at 50 cm depth

is clearly illustrated in Figures 38 through 41. Response of the sys-

tem at the transition depends on location of the perturbation in the

profile. For example, the magnitude of the sensitivity coefficient

for the initial condition of spent shale increases at the interface

(Figure 40), while the influence of potential evapotranspiration is

restricted to the soil cover (Figure 41). Potential evapotranspiration

controls the upper boundary condition so its influence is restricted to

near the surface.

The irregular nature of relationships in Figures 42 through 44

probably indicates response of the sink term to the distributions of

potential evapotranspiration and precipitation. In general, the mag-

nitude of relative sensitivity coefficients for plant parameters in-

crease with time as the simulated vegetation grows.

In conclusion, results of the sensitivity analysis in this study

agree with a similar test of three input parameters to a model developed

by Nimah and Hanks (1973). Nimah and Hanks found their model to be

sensitive to depth of penetration of plant roots and initial conditions

of the soil. They also report that selection of the wilting-point limit

is not critical.



SUMMARY AND CONCLUSIONS

Primary objectives of this study have been to (1) determine

the conditions under which significant water movement occurs in a dis-

posal pile of retorted oil-shale waste, (2) investigate the effect of

plant-water uptake on the flow system, and (3) establish the relative

importance of parameters of the flow model. The one-dimensional flow

model of Gupta et al. (1978) was used to meet these objectives.

Four different cases were simulated, all of them hypothetical

as no spent-shale disposal pile of commercial scale has yet been con-

structed. The first case simulated an existing disposal pile. Based

on the results, it was apparent that additional modeling was necessary

to accomplish the stated objectives of this study. The second and

third cases simulated a transient disposal pile which grew over a 5-year

period. Simulation was continued to 30 years for both wet and dry in-

itial conditions. The initially wet profile produces a draining flow

system, while the dry initial conditions result in an advancing wetting

front. The fourth case modeled vegetation on the disposal pile during

year 6 of simulation. Results demonstrate that plants are powerful

water extractors and substantially reduce moisture storage in the pro-

file.

To establish sensitivity for parameters of the flow model,

first-order coefficients were calculated. Sensitivity of suction head

over time and depth and annual totals of drainage, evaporation and

108



109

transpiration were investigated. Based on the magnitude of sensitivity

coefficients, the flow model is most sensitive to precipitation and

rooting depth and density of the simulated vegetation as well as esti-

mates of potential evapotranspiration and the initial condition of the

spent shale. The model is relatively less sensitive to hydraulic con-

ductivities and limits of the dimensionless coefficient a(9) of the

sink term.

The following conclusions are made from the results of this

study:

(1) Movement of water through spent shale occurs over the long term

at water contents proposed by industry for disposal of the shale. At

the end of the 30-year simulation for the dry initial condition of

spent shale, no drainage at the base of the profile has occurred.

(2) Drainage of the initially wet spent shale provides a signifi-

cant potential for release of pollutants. Sustained drainage follows

the initial pulse.

(3) Two-dimensional aspects of flow may become significant in

portions of the profile where saturation occurs if layers are sloped

or near boundaries of the disposal pile.

(4) In addition to the purpose of stabilization of the disposal

piles, successful revegetation significantly reduces water storage in

the pile. Consequently, revegetation will be important in controlling

release of pollutants from spent shale.

(5) The flow model is sensitive to parameters which directly supply

water to or extract water from the profile, namely precipitation,

potential evapotranspiration, and the initial condition of spent shale.
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The flow model is also sensitive to parameters which distribute

the sink term in the profile, namely rooting depth and density. Sensi-

tivity is less to parameters which control water movement and water up-

take by plants, namely hydraulic conductivity and limits of the

dimensionless coefficient, a(0), of the sink term. Because of insen-

sitivity of the flow model to hydraulic conductivity, the assumption

of constant fluid properties and substitution of hydraulic properties

for the soil are reasonable.

Recommendations for Future Research 

Recommendations for future research resulting from this study

fall into one of two categories. The first category considers addi-

tional modeling which would be useful to refine description of the flow

system. The second category outlines field and laboratory measurements

which would be useful as support to modeling.

The following recommendations are suggested for modeling:

(1) Two-dimensional aspects of the flow system should be considered

to investigate the effects of sloped layers and boundaries. Resulting

flux near the top of the one-dimensional profile could be used as an

upper boundary condition for a Mo-dimensional model.

(2) Vapor-phase flow should be considered. Effects of elevated

temperatures may be important at early stages of spent-shale disposal.

(3) Disposal of spent shale at different elevations should be

modeled. Elevation in the Piceance basin influences the amount and

characteristics of precipitation.
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(4) Water release from accumulation of snowmelt should be considered.

The sensitivity analysis demonstrates that distribution of precipitation

is important.

(5) Because of the importance of its distribution, long-term simu-

lation should be made with a combination of records of precipitation,

rather than repetition of the 1979 data. Simulation should also be

continued beyond thirty years.

(6) The complimentary relationship for potential and actual eva-

potranspiration suggested by Ben-Asher (1981) should be investigated.

The flow model is sensitive to estimates of potential evapotranspira-

tion.

(7) Vegetation with characteristics different from cheatgrass

should be modeled as other types of plants may be more effective at

stabilization of the disposal piles and removal of water.

(8) Finally, the hydrologic model should be coupled with a chemical

model to fully describe release and migration of pollutants.

The following measurements of field and laboratory parameters

are suggested:

(1) Develop a set of lysimeter measurements with which model re-

sults can be compared. Both the current modeling effort and future

work should be compared with field data.

(2) Measure precipitation and meteorological parameters used for

estimating potential evapotranspiration at the Anvil Points site as

site-specific data would improve validity of predictive modeling results.

Similar information should be gathered for other parts of the Piceance

basin.
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(3) Determine characteristics of plants other than cheatgrass to

support simulation of vegetation.
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APPENDIX A

MOISTURE FLOW EQUATION IN

FINITE DIFFERENCE FORM

In the flow model, Richards Equation (11) with sink term (p.29)

is represented by a Crank-Nicolson finite-difference scheme

1	 t.	 Z	 - Z1+1	 1-1	 qi+1/2	 qi-1/2 ' - 1

hi - hi-1j-1/2   	2 	j-1/2	 j-1/2	 cj-1 2C. (A.1)

where
j

C
j-1

C. +j-1/2	 1 
.

Ci 2

Si
	 j-1
i 
+ S

i Sj-1/2
2

J-1/2
jj-1

q • 	q
i 

2

= Kl 1	 1-1 
sti -1/2	 1-1/2 +1

AZ.
\	 1

(A.2)

113



114

and with increments

Z = Z. - Z.	 (Z = 0) and At. -t.	 (t = 0)i	 1	 1-1 o	 j	 3-1	 o

where i denotes the node of depth Z, and j denotes the j th time step,

t.. Hydraulic conductivity between nodes is calculated as the arith-

metic mean

K. +
Ki	 1	 1+1 

2 (A.3)

Equation (A.1) is a non-linear equation which is solved for h.
1

(1 = 1,	 N) at each time step j, based on the head values from the

previous time step j-1. To begin solution, the initial head values and

boundary conditions are specified. The difference equation at interior

nodes (i = 2, ..., N-1) is
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with AZ = Z i+1 - Z. 1 for (i = 2, ..., N-1). The tri-diagonal system

of equations (A.4) is solved subject to various boundary conditions.

The fixed surface-head boundary condition is

* j	 * j	 *	 * j
B h+C h=D -A h.2 2	 2 3	 2	 2 1 (A.5)

for a given hi and the system of equations begins with i = 2. The

surface-flux boundary condition is

* *	 *
B h" + C h = D1 1	 1 2	 1

where
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1 .
 The time-averaged surface flux qi-1/2 is specified

1/2

and the system of equations (A.4) begins with i = 1.

The fixed-head lower boundary condition is

A! hi + B* hi = D* - C* hi
N-1 N-2	 N-1 N-1	 N-1	 N-1 N

where h is specified, and the system of equations (A.4) ends with

i = N-1.

(A.7)

An iterative predictor-corrector scheme is used to solve the non-

* * *
linear system of equations. The coefficients A., B., C., and D. are1 1	 1	 1
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evaluated for the 0 -1 of the previous time step and equation (A.4) is

solvedfortheh..The new suction heads are then used to re-evaluate

the coefficients and solve for a corrected set of values. Accuracy of

the iterative solution is controlled by reducing the time step so that

the mass balance for water is held within specified error limits.

During each time step, the mass balance error is calculated

as

error = 1 AI. - AE. - AD. - AW.I
	

(A.8)

where 6d,,,, 6,E,, and AD. respectively denote infiltration, evaporation,J	 J	 J

and drainage during each time step j. The soil-water storage AVI. isJ
calculated as

Aw, = 7	 (9. + 9j ) AZ./2
J	 1=1

i=1
(A.9)

The program maintains computational accuracy by adjusting the

time step so that the mass balance error of equation (A.8) remains

less than a prescribed limit. The continuously changing time step is

restricted to specified limits; model computations proceed with the

maximum time step and use a reduced time step as required to maintain

the prescribed mass balance error.

The water contents 9j over the nodes are calculated at each

time step from the soil-water characteristic curves associated with

each layer of the profile using the calculated heads. These curves are

represented by polynomials (Appendix B).



APPENDIX B

POLYNOMIAL DESCRIPTION OF HYDRAULIC PROPERTIES

Polynomial representations of hydraulic properties of layer

materials are used in the flow model as a method of interpolation.

The relationship describing each hydraulic property can be fit with

a single polynomial or divided into a maximum of four subsets, each

with a separate polynomial.

For each subset, the polynomial expressions are of the form:

Soil-moisture characteristic:

9(h) = A + B (log h) + C (log h)
2 + . .

Hydraulic conductivity:

log K(h) = A + B (log h) + C (log h) 2 +

where A, B, C, . . . are coefficients of the polynomials, evaluated by

least-squares fitting to the data set.
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APPENDIX C

COMPUTER PROGRAM EXTEND

Measurement of soil-moisture characteristic curves at high suc-

tion is often limited by the laboratory apparatus and Mualem (1976a)

discusses a need for an objective analytic procedure for extrapolating

measured curves to the residual water content.

Two conditions must be fulfilled by the extended soil-moisture

characteristic curve. As the water content approaches the residual

value, the derivative de/dh must approach zero to insure that K(8
r
) =-

0 and secondly, the curve extension must pass through the last measured

point.

The algorithm suggested by Mualem to accomplish these objectives

is

A
	-

r 	 (11_4n\_ 	LLIA.
	.  -9	 hmin	 r

(C. 1)

where9,9raretheactualandresidualwaterritents,9.is the min-
min

imummeasuredwatercontent,h.is the suction head corresponding to
min

. , and A is an exponent based on a specified number of the measuredmin

points.

Equation (C.1) is solved for the actual water content to complete

the soil-moisture characteristic curve once the exponent A is fixed. The

exponent is calculated by regression of the measured data points as
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(C.2)

kn min In ( 
- O

r )
1=1	 hi min-9r

where N is the number of points on which A is based. A requirement is

that the sum of the squared deviations of the measured - data from the

analytical curve is a minimum.
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