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ABSTRACT 

Physical properties, including porosity, permeability, particle size 
distribution, and density of spent shale from three different retorting 
operations, (TOSCO, USBM, and UOC) have been determined. Slurry experi­
ments were conducted on each of the spent shales and the slurry analyzed 
for leachable dissolved solids. Percolation experiments were conducted 
on the TOSCO spent shale and the quantities of dissolved solids leachable 
determined. The concentrations of the various ionic species in the 
initial leachate from the column were high. The major constituents, SO~ 
and Na+, were present in concentrations of 90,000 and 35,000 mg/~ in 
the initial leachate; however the succeeding concentrations dropped 
markedly during the course of the experiment. A computer program was 
utilized to predict equilibrium concentrations in the leachate from the 
column. The extent of leaching and erosion of spent shale, and the 
composition and concentration of natural drainage from spent shale has 
been determined using oil shale residue and simulated rainfall. 

Concentrations in the runoff from the spent shale have been correlated 
with runoff rate, precipitation intensity, flow depth~ application time, 
slope, and water temperature. 

This report was submitted in fulfillment of Grant No. l4030EDB under the 
sponsorship of the Water Quality Office, Environmental Protection Agency. 
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SECTION I 

CONCLUSIONS 

1. Leaching tests show that there is a definite potential for high 
concentrations of Na+, Ca++, Mg++, and S04 in the runoff from spent oil 
shale residues. However, with proper compaction, the piles become 
essentially impermeable to rainfall. On the other hand, snowfall 
eliminates the compaction in the top foot or so, and at least the top 
2 feet of the residue becomes permeable to water. 

2. Soluble salts are leached readily from spent shale columns. 

3. Chemical concentrations of the effluent from spent shale columns may 
be predicted by using the relationships developed between soluble and 
exchangeable ions in soils which are in equilibrium with a water 
solution. 

4. Sediment contained in runoff water from spent oil shale residue will 
be detrimental to water quality unless removed by settling. 

5. Sediment in the runoff water from spent oil shale residue may be 
efficiently settled by the addition of small amounts of aluminum sulfate 
and/or by long periods of quiescent detention. 

6. The chemical quality of surface runoff water from oil shale residue 
may be estimated by procedures developed within this report. 

7. This list of conclusions is necessarily incomplete until the water 
pollution potential of snowfall on spent oil shale residues has been 
determined. This work is now (August, 1971) nearing completion. 
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SECTION II 

RECOMMENDATIONS 

This project was limited to the study of the quality and quantity of 
runoff from spent oil shale residue due to rainfall. However, in the 
oil shale area, more than half the total annual precipitation falls as 
snow. Annual precipitation is about 12 inches on valley floors and less 
than 20 inches on mesa tops. Natural snow that fell during the last of 
the rainfall experiments caused changes which indicate that percolation 
in the top few feet is going to be much more important in the case of 
snow because of the longer contact time. Water quality of runoff from 
snow melt is being investigated in another project sponsored by the 
u.S. Bureau of Mines. 

The problem of water runoff will require close attention with regard to 
flash-floods that occasionally occur. In order to handle the runoff from 
the areas that drain into the canyons (where the oil shale residue is to 
be placed), it is recommended that the water be channeled away from the 
canyons containing the spent oil shale residue. 

Because this project has demonstrated that, even on a very flat slope, 
sediment will be in the runoff, it is recommended that erosion control 
measures be studied. One possible erosion control measure would be to 
collect the surface runoff in ponds downstream of the residue pile. 
This project has demonstrated that this approach is technically feasible, 
but the economic practicality was not investigated. 

Wetting to the optimum moisture and compaction of the spent shale piles 
to 90 percent Proctor density is recommended to insure minimum perme­
ability and maximum stability of the piles. 

It is recommended that the top surface of the shale piles not be left 
bare and exposed directly to the elements because of surface runoff 
leaching, erosion, and possible difficulties in revegetation. Studies 
should be made to determine the most suitable and economic methods for 
accomplishing this recommendation. One possibility that should be 
investigated is the use of local topsoil material to cover exposed 
sections of the oil shale residue. 

Additional research, similar to that reported herein, should be carried 
out on revegetated spent shale residue and/or native surface soils. 

The foregoing recommendations are necessarily incomplete until the 
water pollution potential of snowfall on spent oil shale residues has 
been determined. This work is now (August, 1971) nearing completion. 
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SECTION III 

INTRODUCTION 

One of the largest undeveloped natural resources in the United States is 
the more than 11 million acres of oil shale land located in Colorado, 
Utah, and Wyoming in the Green River Formation (see Figure 1). Shale 
strata that yield from a few to about 65 gallons of crude oil per ton of 
raw shale are distributed throughout much of the Green River Formation. 

The oil shale ranges in thickness from a few feet to about 7,000 feet, 
and represents the equivalent of about two trillion barrels of oil in 
place, a quantity greater than that of the world's entire petroleum 
reserve plus the total petroleum production to date (1). Competent 
authorities estimate that an average yield of 75,000 barrels of crude 
oil per acre is recovereable by demonstrated mining and retorting methods 
(2). This would represent over 82 billion barrels of recoverable shale 
oil. 

The most extensive known world deposits of shale are listed in Table I. 

PRODUCTION OF SHALE OIL -- Production of oil from oil shale on a 
commercial scale dates back to the 1850's when operations were begun in 
Scotland and France. In the early 1900's, oil shale industries were 
established in New Zealand (1900), Switzerland (1915), Sweden (1921), 
Estonia (1921), Manchuria (1929), and later Russia, Germany, Spain, and 
South Africa. 

By the end of 1961, the principal production of oil from oil shale 
had been from deposits in Scotland (about 100 million barrels), Estonia 
(possibly 100 million barrels), and Manchuria (more than 100 million 
barrels). It is estimated that by the end of 1961, 770 million tons of 
oil shale was mined producing about 400 million barrels of oil (4). 

Most of the shale-retorting activities mentioned have succumbed sooner 
or later to the competition encountered from petroleum derived products. 
At the present time there is significant industry only in Estonia and 
Manchuria, while Brazil is attempting to establish an oil shale industry. 

OIL SHALE ACTIVITIES IN THE UNITED STATES -- In the United States, 
activities in shale - oil development began about 1916, and over the 
past 55 years, many attempts have been made to mine and retort oil shale 
from deposits of the Piceance Creek Basin. (note Figure 1). 

Since World War II, the major efforts have been devoted to one m1n1ng 
system, the room and pillar, and to three above ground retorting systems, 
those proposed by the U.S. Bure~u of Mines, Union Oil Company of 
California, and The Oil Shale Corporation. Of late, the U.S. Bureau of 
Mines has extensively investigated in situ retorting of oil shale. In 
their above ground retorting process the U.S. Bureau of Mines (USBM) used 
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Australia . 

Brazil 

Bulgaria 

Table I: Major Shale Oil Reserves (5) 

Burman and Thailand . 

Canada 

China: 

Fushun, Manchuria 

Other deposits . 

England . 

Estonia . 

France 

Germany (West) 

Israel 

Italy . • 

Malagasy Republic • 

New Zealand 

Republic of the Congo (former Belgian Congo) 

Republic of South Africa 

Scotland 

Spain • 

Sweden 

United States . 

U.S.S.R. 

Yugoslavia 

TOTAL 

Oil in place, 
million bbl 

200 

342,000 

200 

17,100 

34,200 

2,000 

2,700 

1,400 

17 ,300 

1,400 

2,000 

20 

34,300 

200 

200 

103,000 

30 

600 

300 

2,800 

2,000,000 

6,800 

1,400 

2,570,050 

a gas combustion retorting process. The gas combustion retorting process 
uses heat produced from the shale mass by combustion of a portion of the 
hydrocarbon vapors resulting from shale decomposition on heating. 
Crushed oil shale is charged intermittently to the top of a brick-lined 
steel shaft through a gas seal. By intermittent discharge of spent 
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shale from the bottom of the shaft, the raw shale gradually moves down­
ward in the retort, first being preheated by contact with hot combustion 
products and hydrocarbon vapors. Coking, or carbon formation on the 
shale also occurs, and as the partially decomposed material moves lower, 
some of the remaining organic matter in the shale burns to CO and C02 in 
a rising stream of hot air. This provides some of the necessary heat for 
the retorting process, the balance and major fraction being produced by 
combustion of hydrocarbons in a portion of the separated retort gases 
recycled to the bottom of the shaft. Blowers furnish air at a controlled 
rate into the shale bed at a point about one-third of the distance to the 
top of the retort. Spent shale, ideally with very low carbon content, 
preheats the recycle gas as it moves through the lowest zone of the 
retort and finally is discharged through a gas seal at the base. The 
upflowing recycle gas burns to C02' CO, and H20 in the combustion zone 
immediately above the air inlet ports. 

In the Union Oil Company (UOC) process, crushed oil shale is retorted in 
a vertical bricklined shaft, the heat being furnished by burning the 
carbon remaining in the shale after the hydrocarbons have been vaporized. 
Upflow of solid shale is provided by charging it at the bottom through a 
hopper in which a large piston moves in and out of the retort. As the 
solid shale is forced slowly up through the shaft, it meets a descending 
stream of hot gases and hydrocarbon vapors. When its temperature reaches 
about lOOO°F, decomposition and vaporization of hydrocarbons takes 
place. A suction fan in the vapor recovery system provides draft for 
moving the gases down through and out of the retort. Because the 
incoming shale is cold, oil vapors meeting it are largely condensed, 
and the liquid shale oil is drawn off at the bottom of the retort. Near 
the top of the shaft, the rising spent shale meets a descending stream 
of air which provides oxygen for combustion of carbon on the shale, 
generating the heat required for retorting in the zone immediately below. 
Burned shale, in a semi-fused or plastic state, is mechanically raked 
from the open top of the shaft and discarded. 

In the Oil Shale Corporation (TOSCO II) process, crushed oil shale is 
preheated in a dilute-phase fluidized bed and then mixed with hot balls 
in a rotating drum. The balls and shale equilibrate at a temperature of 
above 900°F which is adequate to cause thermal decomposition and 
vaporization of the organic constituents of the shale. The vapors are 
condensed and fractionated into gas, naptha, gas oil, and heavy residuum; 
concurrently, the balls are separated from the processed shale and 
recirculated to a ball heater. Heat is recovered from the processed 
shale. The processed shale is then moistened to obtain necessary 
compactive properties and to control dust (29). 

In addition to the preceding approaches, a number of other methods have 
been discussed in the literature (7). 
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FUTURE PETROLEUM DEMANDS -- Present forecasts indicate that the domestic 
demand for petroleum in 1980 will be about 8 million barrels per day 
more than the domestic petroleum supply. This gap can be partially 
closed by North Slope crude, or synthetic crudes from coal, tar sands, 
and oil shale. 

There are four principal alternatives for supplying this excess of 
demand over supply for petroleum in the United States (8). These 
alternatives are: 
1. Increase the rate of discovery of petroleum, 
2. Obtain a greater proportion of the oil from known reservoirs by new 

or improved methods, 
3. Increase the proportion of demand supplied by imported oil, 
4. Develop economical processes for producing liquid and gaseous fuel 

from alternative sources such as oil shale, coal, and tar sands. 

A majority of the studies and forecasts made concerning the first three 
alternatives for meeting the greatly increased demand for liquid fuels 
agree that they probably will not yield enough oil to meet the entire 
increase. As a result, the use of shale oil to supplement crude oil 
resources becomes likely as a major future development. 

As far as above-ground retorting is concerned, initial operations will 
probably occur in the southeastern Piceance Basin of Colorado. A 
commercial facility would process 50,000 to 100,000 tons of oil shale 
per day, and would produce 40,000 to 85,000 barrels per day of synthetic 
crude oil. A full-scale oil shale industry, including up to 10 such 
plants, might develop by 1985. A proposed initial plant site is located 
in Garfield County, Colorado, in the Parachute Creek escarpment area 
north of Grand Valley, Colorado (elevation 5,100 feet). Water reaching 
the Colorado River via Parachute Creek has dissolved solids concen­
trations as high as 800 mg/~ during parts of the year (29). 

The nearest u.S. Geological Survey water quality stations on the 
Colorado River above and below the oil shale area are, respectively, the 
stations near Glenwood Springs, Colorado (6.5 miles upstream from 
Roaring Fork River; drainage area 4,650 square miles) and near Cameo, 
Colorado (drainage area 8,050 square miles). While the flow of the 
Roaring Fork River is significant compared to that of the Colorado 
River, its salinity is consistently less. Examination of the records for 
the 5 year period of 1964 through 1968 reveals the fact that the salt 
load (in tons/day) of the Colorado River increases by a factor of 2.5 
between Glenwood Springs and Cameo. In addition, the volume-weighted 
average concentration of dissolved solids (residue at 180°C) in the 
Colorado River increases from 327 mg/~ at Glenwood Springs to 448 mg/~ 
at Cameo (the time-weighted average concentration increases from 395 mg/~ 
to 609 mg/~). The salt concentration of the Colorado River at Hoover 
Dam is 725 mg/~. Of this, 38% is contributed by natural diffuse sources 
(274 mg/~). 
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OIL SHALE RESIDUES -- In the event the industrial development of oil 
shale occurs, a considerable quantity of retorted oil shale residues 
will be produced. The minimum economic-sized shale oil plant will 
probably produce in excess of 50,000 tons of processed shale per day. 

Some of the waste may be suitable for disposal as mine fill (a maximum 
of about 60%), railroad and highway road fill, or even land fill. It 
might even be possible to utilize some of the residue as raw materials 
for making concrete, cement blocks, and bricks (9). However, the 
demand for oil shale residue for these uses is small in relation to the 
amount of residue that will be produced. Often the kerogen (kerogen is 
the organic matter found in oil shale) content is less than 20 percent 
by weight of the discarded materials. This could leave millions of tons 
of unattractive barren piles of oil shale residue to mar the natural 
beauty of the land if the residue were merely dumped at the mining site. 
Dust from the dried out residue could contribute to air pollution and 
the runoff water could contaminate water supplies with salts and other 
materials. 

EROSION OF SPENT SHALE PILES -- Erosion would be of particular concern 
on the steep slopes of unprotected residue piles. Storms could lead to 
the formation of deep gullies on the slopes and alter the pattern of 
drainage established from preceding runoffs. Continued erosion would 
also expose new surface areas to air and moisture which could lead to 
undesirable leaching and the creation of water quality problems. The 
effect of revegetation on these potential problem areas is unknown. 

If unprotected, a large portion of the sediment from the spent shale 
piles might be deposited in stream channels near the disturbed area. 
However, sediment would also be carried into large streams, where it 
would settle out or move downstream. Thus, entire river basins could 
be adversely affected by the spent shale piles if no care was taken to 
prevent these potential problems. 

Streams carrying heavy loads of sediment may require additional treat­
ment to make them more suitable for domestic and industrial uses. 
Recreational use of streams could also be adversely affected by sediment, 
and fish habitat could be destroyed (10). 

STABILIZATION OF SPENT SHALE PILES -- Erosion of spent shale piles may 
be lessened to some extent through physical, chemical, and vegetative 
methods of stabilization (11). Physical methods include covering the 
fine tailings with topsoil removed from underneath the shale residue 
piles. One possibility for a surface disposal site would be a canyon in 
the vicinity of a proposed commercial plant site. The processed shale 
could be placed in a series of horizontal layers I to 2 feet thick. The 
upper surface would be a temporary surface until the last layer is 
placed. Each layer could be started a little further back into the 
canyon, giving the front surface of the pile (permanent surface) a slope 
sufficiently less than the angle of repose to insure frictional 
stability. 
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Chemical stabilization involves reacting the residue with a reagent to 
form a water and air impermeable crust or layer. 

Vegetative stabilization may pose some difficult problems. Wastes are 
usually deficient in plant nutrients or may contain material noxious to 
plant growth. Tailings and other fine wastes usually must be covered to 
a depth of four inches or more with soil and fertilized prior to seeding 
(12). However, Kentucky Blue Grass, fertilized at the rate of 150 
pounds per acre twice per year and watered at the rate of 1 inch per 
week during the 10 week summer season has been grown on the TaSCa Process 
waste after conditioning with sawdust (29). The root zone of the 
Kentucky Blue Grass penetrated over 11 inches into the processed oil 
shale residue. 

It is believed that the black color of the oil shale residue must not be 
directly exposed to the sun as the result of grass fires and/or over­
grazing. Therefore, the surface color should be more nearly that of the 
native topsoil, which could be accomplished by covering with a relatively 
thin layer of native topsoil. 

PURPOSE AND SCOPE OF REPORT -- The purpose of this report is to evaluate 
the potential water pollution of rainfall on spent oil shale residues in 
order that industry may be properly advised of the hazards before the 
fact and as a guide for the federal leasing program. 

The spent oil shale residues investigated in this study were from three 
pilot plant operations. The processes were: (1) USBM, (2) UOC, and 
(3) TOSCO. The oil shale for all three pilot plants came from the 
Piceance Basin near Rifle, Colorado. The TOSCO residue was given 
considerably more attention because the Colony Development Operation 
(Atlantic Richfield Company Operator) is currently engaged in a $17 
million field program to investigate the feasability of shale oil 
production on a commercial scale. 

Given in Figures 2, 3, 4, and 5 are pictures of the raw shale and the 
residues from the various retorting processes covered in this report. 

The project consisted of three phases of work: (1) Bench scale studies 
were used to determine (a) permeability, porosity, and particle size 
distribution, (b) the composition and maximum quantity of dissolved 
solids leachable by complete slurry treatment; and (c) the composition 
and quantity of dissolved solids leachable by simple downward perco­
lation through residue columns. (2) Pilot studies were conducted on the 
TOSCO unweathered spent shale to define (a) the composition and concen­
tration of dissolved solids in runoff from a spent shale pile; and (b) 
the properties of the residue within the pile before and after rainfall 
simulation. (3) Data was interpreted using statistical techniques to 
determine the quantitative relationships between the dependent and 
independent variables significant to spent oil shale residue leaching. 
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FIGURE 2: CRUSHED RAW SHALE 

FIGURE 3: SPENT SHALE FROM UOC RETORTING PROCESS 
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FIGURE 4: SPENT SHALE FROM USBOM RETORTING PROCESS 

FIGURE 5: SPENT SHALE FROM TOSCO RETORTING PROCESS 
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SECTION IV 

WATER POLLUTION CONSIDERATIONS 

HYDROLOGIC ASPECTS -- Among other variables, the solids leached by the 
runoff water from a spent oil shale residue pile will be a function of 
the intensity of rainfall, length of overland flow, kinematic viscosity 
of the runoff water, and surface slope. 

It would be advantageous to combine all of these parameters into one. 
By consideration of the overland flow hydrograph, such a parameter can 
be derived. 

Using the model of laminar flow and the assumptions that (1) surface 
tension effects are negligible, (2) flow is two dimensional, and 
(3) there is no infiltration, the hydrograph for overland flow may be 
developed as follows. The change of velocity with respect to depth is 
given by: 

dV g Sina (D-y) 
~= v 

where 
dV = change of velocity with respect to depth, ft/(sec)(ft), 

= velocity at any depth, ft/sec, 
dy 
V 
Y 
v 

= any depth, ft, 
= kinematic viscosity, ft 2/sec, 
= total depth of flow at lower end, ft, 

(1) 

D 
a = slope angle (if slope angle is less than 6°, Sina may be replaced 

by the slope, s, with no loss of accuracy), 
= acceleration of gravity, 32.2 ft/sec2• g 

Applying the boundary conditions that V = 0 when y = 
equation 1 yields 

V = g Sina (yD - y2/2) 
v 

The mean velocity, V, is defined as: 

fD Vd 
- 0 y 
V = -------

fD dy 
o 

Substituting equation 2 for V into equation 3 gives 
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(2) 

(3) 



g s~ne lD (yD - y2/2)dY 
V = --~--~--------------I dy 

o 

Completing the integration, V may be expressed as 

= g Sine D2 
V 3v 

The discharge per unit width, q, is V D or 

g Sine D3 
q = 3v 

(4) 

(5) 

(6) 

As with the mean velocity, the mean depth of flow may be defined as 

fL D dx 
D = 0 x 

fL dx 
o 

(7) 

where L is the total distance of overland flow (in feet), and x is in 
feet and is measured from the upstream end down. Clearly 

qx = (~) q and D = x 

therefore, 

D = 
(L 

Integration of equation 8 gives 

The equilibrium flow, qe' is 

g ::8 (3 tl3 
vxq (3 (3 = Lg Sine ' and 

3vg 1/3 
JL xl/3 dx 

Sine 0 

JL dx 
0 

- 3 D=-D. 
4 

iL 
qe = 43,200 

(8) 

(9) 

(10) 

The constant 43,200 gives ~e in square feet per second when i, the 
intensity of rainfall, is 1n inches per hour. Substitution of equations 
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6 and 10 into equation 9 gives 

D = (9.70 x 10-3) (v ILl 1/3 
SinS (11) 

Therefore, from equation 11, it is seen that all the hydrologic 
parameters of concern are contained in the average depth of overland 
flow. At 20°C (68°F), 

(10- 4) (10 iL)1/3 
D = SinS (11A) 

In order to use equation 11 a method of determining i must be used. 
Many studies have been directed to the development of empirieal 
relations for estimating rainfall intensity as required in applying the 
rational formula and other similar equations (13). The resulting 
relations are usually of the form (14) 

where 
i = rainfall intensity in inches per hour, 
td = duration of the storm in minutes, 

T = frequency of occurence in years, 
c, d, m, and n are regional coefficients and exponents. 
lIn North America,S < c < 50, 0 < d < 30, 0.1 ~ m ~ O.S, and 

0.4 ~ n ~ 1). - - --

The constants for equation 12 are obtained by a graphical or least 
squares fitting technique applied to original data. This has been done 
by Norton (15) for four Colorado and one Wyoming first order U.S. 
Weather Stations. These constants, shown in Table II, allow mathematical 
determination of the rainfall intensity for a given storm. Of particular 
interest in this study are the empirical constants for Grand Junction, 
Colorado. 

To verify whether or not the assumption of laminar flow is met, the 
overland flow characteristics should be known. The Reynolds number, R, 
is used as an index of the occurence of turbulence. The Reynolds 
number of overland flow at a section where the depth is D feet and the 
mean velocity is V ft/sec, is 

R = 4VD 
v 
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Table II: Empirical Constants for Equation 12 

Geographical Empirical Constants Elevation 
Location of Station in 

of Station c m d n feet above sea 

Pueblo, Colorado 29.9 0.232 8.9 0.872 4712 

Grand Junction, 
Colorado 6.3 0.265 1.7 0.721 4845 

Denver, Colorado 17.6 0.299 4.3 0.820 5331 

Cheyenne, Wyoming 27.6 0.199 5.2 0.853 6156 

Wagon Wheel Gap, 
Colorado 6.7 0.248 0.4 0.707 8390 

Substituting equation 5 into equation 13 gives 

4 g SinS D3 
R = 3v2 

Then, substituting equations 9 and 11 into equation 14 gives 

R = 9.29 x 10-5 iL 
v 

R = 10.0 iL 

level 

(14) 

(15) 

(16) 

Owen (16) states that overland flow becomes turbulent for R greater 
than 4,000. Therefore, to insure laminar flow 

iL < 400 • (17) 

SURFACE RUNOFF WATER QUALITY -- There are two major classifications of 
suspended solids in water, settleable suspended solids and nonsett1eable 
suspended solids. The quantity of settleable solids are important in 
determining the size of sludge handling facilities and they can be 
determined from a standard Imhoff cone test (17). 

The nonsettleable solids are either organic or inorganic. It is 
reasonable to assume that the concentration of the dissolved inorganic 
solids in the runoff water will be a function of the parameters described 
by equation 18, 

C = f(i, bw, t, v, s, L, p, k) (18) 
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in which, 
C = concentration (mg/i), 
600 decrease in surface moisture content since the last rain, 

dimensionless, 
t = time since beginning of runoff, (hr), 
p = the gross density of the surface shale (g/cc), 
k = permeability of the surface shale (cm2). 

From equation 11, D = f(i,Lv, L, s). Therefore equation 18 becomes, 

C = feD, 600, t, p, k) • 

Further refinement of equation 19 may be obtained by making the 
following assumptions. _ 
1. The concentration of dissolved solids varies inversely with D 
to some power, N, 

1 C ex--
i)N 

(19) 

(20) 

2. The concentration of dissolved solids varies directly with the change 
in surface moisture. This effect of surface moisture is greatest at the 
beginning of a storm and diminishes with time. This suggests an 
exponential relationship of the form, 

(21) 

in which K is a constant. The reasoning for the above formulation of 
the relationship between C and 600 is explained in Appendix C. 
3. The concentration of dissolved solids in the runoff decreases with 
time during a given storm. This implies an exponential relationship of 
the form, 

( 
-tY 1 C ex exp 0.435 (22) 

in which y is a constant. 

Combining equations 20, 21, and 22 with equation 19 yields 

1 (K6oo - tyj C = _ N f(p, k) exp 0.435 
D 

(23) 
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The coefficients, exponents, and f(p, k) now remain to be determined 
experimentally. 

PERCOLATION WATER QUALITY -- One of the most important factors to be 
considered from a water quality standpoint is the increase in dissolved 
solids concentration of the percolation water as it percolates through 
the spent oil shale. This change takes place by the following 
mechanisms: 
1. Ion exchange - Ion exchange is the reversible process by which 
cations and anions are exchanged between solid and liquid phases and 
between solid phases if in close enough contact with each other. 
Although ion exchange does not increase the total concentration 1n 
milliequivalents per liter of a solution, it can and does change the 
ionic composition of the percolating water. 
2. Adsorption and Desorption of Ions - The solid components in the shale 
are capable of adsorbing or releasing (desorption) solutes from or to 
the soil solution. These processes differ from ion exchange in that an 
increase or decrease in concentration of solutes in the solution occurs. 

The most important single factor in determining the composition of the 
water which percolates through the shale is the concentration and types 
of salts found in the shale. These may be divided into: 
1. Soluble Salts - These salts are readily soluble in water and are 
leached rapidly from the shale. 
2. Slightly Soluble Salts - These salts are only sparingly soluble in 
water and will leach slowly from the shale. 

Previous studies (18) indicate the shale will contain CaS04 as a 
slightly soluble salt and MgS04 or NaS04 as soluble salts. 

All of the above factors govern the composition of the equilibrium 
solution, that is, the solution that would result if a solution were 
allowed to remain in contact with the shale until no further change in 
the resulting solution occurred. 

To develop a theory that will enable the prediction of the quality of 
the percolating water, it is necessary to consider three phases. These 
phases are: 
1. an exchange phase, consisting of Ca++-Mg++-Na+ shale, 
2. a crystalline salt phase consisting of the slightly soluble salt, 
CaS04' ++ ++ + 
3. a solution phase of Ca ,Mg , and Na salts. 

EXCHANGE PHASE-SOLUTION PHASE RELATIONSHIPS -- The relationship bet~een 
soluble and exchangeable ions in soils in equilibrium with a solution 
can be represented by relationships similar to those employed for 
chemical reactions in solutions. 
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For example, for the homovalent exchange of Ca++ and Mg++, the exchange 
equation is (19) 

(24) 

and for the monovalent-divalent exchange of Ca++, Mg++, and Na+, the 
exchange equation is 

[Na+l 
a (25) 

In equations 24 and 25, the subscripts a and s refer to the adsorbed 
and solution ions respectively, square brackets denote concentration 
in moles per liter if in the solution phase, or moles per gram of soil 
if in the adsorbed phase. K and K' are equilibrium constants. K is 
dimensionless and K' is "moles/liter • If [Xl and [YJ are the number 
of moles of Na+ and Mg++ per gram of soil leaving or entering the complex 
(entering the exchange complex will be considered positive) and B is 
the ratio of grams of oven dry soil to the liters of solution contained 
in the soil duiring percolation, equations 24 and 25 become 

B(l - K)y2 + [B(Mg + KCa + 0.5 KX + 0.5 X) + Ca + KMg lY + a ass 

+ Ca Mg - KMg Ca + 0.5 X (BMg + KXMg ) = 0 (26) s s s a a s 

and 

aX4 + bX3 +cx2 + dX + e = 0 (27) 

where 
a = 0.250 B2Kf2 (28) 
b = -K'2(B2Ca + B2Mg + 0.5 BNa ) - 0.5 B (29) a a s 
c = K'2(B2Ca2 + 2 BNa Ca + 2 B2Ca Mg + 2 BNa Mg + B2Mg2) 

a s a a a s a a 

- Ca - Mg - BNa + 0.25 K'2Na2 
s s a s 

d = -2 K,2(BNa Ca2 + 0.5 Na2Ca + 2 BNa Ca Mg + BNa Mg2) s a s a s a a s a 

- 2 Ca Na - 2 Mg Na - 0.5 BNa2 - Mg K'2Na2 
s a s a a a s 

e = Kt2Na2 (Ca2 + 2 Ca Mg + Mg2) - Na2 (Ca + Mg ) s a a a a ass 
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The concentrations of Mg , Ca , Ca , Mg , Na , and Na in equations 
26 32 11 . . . 1 a a. s s s a - are a 1n1t1a concentrat10ns. 

+ Solution of equations 26 and 27 will give the number of moles of Na 
and Mg++ per gram of soil leaving or entering the complex. Because the 
total equivalents of Ca++, Mg++, and Na+ taking place in the exchange 
must sum to zero, the number of moles of Ca++ per gram of soil leaving 
or entering the exchange complex, [Z], when a given solution is brought 
into contact may be computed from 

Z = -(X/2 + Y) . (33) 

CRYSTALLINE SALT PHASE-SOLUTION PHASE RELATIONSHIPS -- The solubility 
of CaS04 is described by the solubility product 

f2 rCa ][S04 ] = K = 2.4 x 10-5 @ 25°C. s . s sp (34) 

K is the solubility product and f represents the activity coefficient 
a~Pcalculated from the Debye-Huckel theory. 

If w is the number of moles per liter of Ca++ and 804 that dissolve or 
precipitate (positive w denotes dissolving), equation 34 may be written 
as 

w2 + (Ca + 804 )w + Ca 804 - K /f2 = 0 . (35) s s s s sp 

w may be obtained by using the quadratic formula. The concentration of 
Cas and S04s are initial concentrations. 

Equations 26 and 27 give the relationship between the soil and solution, 
and equation 35 gives the relationship between the solution and Ca804 • 
By alternately holding the soil phase and the gypsum (CaS0

4
) phase 

constant, the equilibrium solution for this three phase system may be 
calculated through an iterative procedure. 

To calculate the quality of water percolating through the shale, the 
depth of shale is considered to be made up of n segments ~y in length. 
The total length of the column, y, is 

y 
k=n 
L ~ Yk 

k=l 
(36) 

where k designates the particular segment. Assuming the amount of 
solution present in each segment, qk' is the same in each segment, the 
final concentration of component j, C~, in the first aliquot will be 

J 
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k=n 
C~ = C. + L ACkj J J k=l 

(37) 

where ACki is the change in concentration of solute j when the aliquot 
q1 is passed through segment k. Using equations 26, 27, and 34, and 
making n in equation 37 finite, the average concentrations of the 
a1iquots may be approximated and the quality of the water percolating 
through the shale predicted (19). 
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SECTION V 

PROCEDURE AND EQUIPMENT 

BENCH SCALE STUDIES: 
1. Mechanical Sieve Analysis - A representative sample of the various 
oil shale residues was selected by proportioning. All samples were 
either air dried or oven dried until the moisture content was less than 
one percent. This moisture content was small enough not to interfere 
with the various analyses. 

The 1 1/2", 1", 3/4", 1/2", 3/8", and Nos. 4, 8, 16, 30, 50. 120. and 200 
u.S. standard size sieves were used for sieving. A portion of the 
sample was placed on the sieves and shaken for ten minutes on a 
mechanical shaker. At the end of that time the series of sieves were 
removed and the portion of sample retained on each sieve weighed and 
recorded. This procedure was followed until the total sample was 
sieved. 

For that portion of the sample passing the No. 200 sieve, a hydrometer 
was used to determine the particle size distribution. Fifty grams of 
the fraction passing the No. 200 sieve were placed in a beaker with 
250 ml of distilled water and stirred mechanically for ona hour. After 
stirring, the mixture was transferred to a graduated glass cylinder and 
distilled water added until a total volume of 1000 ml was obtained. The 
cylinder was then transferred to a constant temperature bath. After the 
soil suspension reached a constant temperature, the cylinder was removed, 
thoroughly shaken, and returned to the bath. Hydrometer readings were 
then taken at the end of 2, 3, 5, 15, 30, 60, and 360 minutes. 

2. Porosity - The porosity of the USBM and TOSCO spent shales was 
determined by placing 2000 grams of the respective shale in a plastic 
cylinder. The walls of the container were tapped with a wooden mallet 
until the volume of the sample remained constant. 

The sample was then placed under a vacuum for 3 hours, to remove any 
trapped air. A known quantity of water was then applied to the shale 
through a valve located at the bottom of the cylinder. The porosity, 
£, was then calculated from the equation 

where 

V 
V 

£ =-V
t 

V = the volume of water to fill the voids of the sample, and v 
Vt = the total volume of the sample. 
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Because of its size and irregularity, the porosity of the clinkers from 
the DOC burned shale was determined using a different procedure. A 
container was filled with Ottawa sand, weighed, and the apparent weight 
density of the sand determined. The volume of the oil shale residue 
sample was determined by calculating the volume displaced by the sample 
when it was buried in the container filled with sand. The voids of the 
DOC sample were determined as previously described and the porosity 
calculated from equation 38. 

3. Density - The density of the spent shales was determined from a 50 
gram portion of the sample which had passed a No. 40 sieve. A 250 ml 
flask was used for a pycometer, and the procedure as outlined in 
reference (20) was used to determine density. 

4. Permeability - The permeability of the spent shales was determined 
using a series of three samples. Each sample weighed 500 grams, and was 
placed in a constant head permeameter, and compacted to the same bulk 
density as in the porosity determinations. In order to prevent clogging 
of the inlet and outlet of the permeameter, 1 centimeter of fine gravel 
was placed at both ends of the sample. The head loss through the gravel 
was assumed zero because its permeability was many orders of magnitude 
greater than that of the spent shale. The samples were vacuum saturated 
and placed under a constant head of 100 em of water. 

Darcy's law which is valid for the linear laminar flow regime in porous 
media, is 

~_~v 
dy - k 

To calculate permeability, equation 39 may be written as 

where 

k = ~v 
Ap/Ay 

k is the permeability of the porous medium in cm2 , 
v is the macroscopic velocity in cm/sec, 
~ is the absolute viscosity of the fluid in poises, and 

(39) 

(40) 

~ is the pressure drop per unit length due to friction, in dynes per 
Y cm2 per cm. 

5. Blender, Shaker, and Column Experiments - In order to determine the 
composition and concentration of dissolved solids leachable from the 
spent shales, three experiments were devised. The first experiment was 
the blender experiment which consisted of taking a 100 gram sample of 
the shale (which passed the No. 40 sieve) and then mixing it with 250 ml 
of distilled water in a blender for 5 minutes. The mixture was then 
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removed from the blender, 750 ml of distilled water was added, and the 
suspension was filtered using a vacuum system with a BUchner funnel and 
No. 40 Whatman filter paper. The filtrate was then refiltered and the 
resulting solution placed in a plastic bottle for storage until the 
conductance could be measured and a chemical analysis completed. 

The second experiment was the shaker experiment which consisted of 
taking a 100 gram sample of shale (which passed the No. 40 sieve) and 
placing it in a one gallon container. ane liter of distilled water was 
added and then the container was shaken manually for 5 minutes. The 
mixture was filtered and the solution stored as described above. 

To determine the qtmntities of dissolved solids leachable by simple 
percolation, a column experiment was conducted on the TaSCa shale. The 
apparatus for the experiment consisted of a plastic column 120 cm in 
length and 10 cm in diameter. Taps were inserted into the column at 10, 
40, 70, 100, and 120 centimeters from the top of the column so that 
percolation water could be removed at these levels. The column was 
filled with 12,500 grams of the TaSCa spent shale and compacted to the 
bulk density used in the porosity determination. A constant head of 
2 cm of tap water was maintained on the top of the shale. Concentrations 
in the tap water were subtracted from observed concentrations. 

Figure 6 shows a picture of a segment of the column and a portion of the 
spent shale as removed from the column after percolation. 

PILOT STUDIES: 
The most important phase of the study was a pilot study program, using 
TaSCa unweathered spent shale, conducted on the Colorado State University 
rainfall-runoff facility. The pilot study objectives were: 
1. To determine the quality and quantity of total runoff from spent 
shale piles using natural and simulated rainfall. 
2. To determine the properties of the residue within the piles before 
and after rainfall simulation. 

Model Characteristics - The model used for the study had the following 
characteristics: 
1. Approximately 68 tons of TaSCa unweathered spent shale were placed 
in a pile 80 feet long, 8 feet wide at the bottom, and 12 feet wide at 
the top, with a depth of 2 feet. The surface of the shale had a 0.75 
percent slope. This is roughly the maximum permissible slope if 
excessive erosion is to be prevented. 
2. A four-inch layer of sand was placed below the shale to serve as a 
drain for any percolation water. 
3. An impermeable plastic barrier was placed below the sand filter and 
along the sides of the facility to insure that no percolation losses 
occurred. 
4. A three-inch perforated plastic pipe was placed in the sand filter to 
collect any percolation water and divert it to a 50-gallon drum for 
storage. 
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FIGURE 6: SEGMENT OF COLUMN AND PORTION OF TOSCO SPENT SHALE 
USED IN COLUMN STUDY 
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5. Artificial rainfall was generated by a system of nozzles spraying 
into the air over the facility. The system had the capability of 
producing rainfall intensities from about 1/2 inch per hour to over 2.5 
inches per hour. 
6. Cumulative rainfall mass curves were obtained from a recording-type 
raingage. The surface runoff was measured by an H-flume with a standard 
float gage. After passing through the flume, the runoff water was 
diverted to a small settling basin where it evaporated and seeped into 
the soil. 
7. Three access tubes for use of a neutron moisture probe were installed 
in the middle of the shale at 20, 40, and 60 feet from the upstream end 
of the facility. 
8. Four thermistors were installed 60 feet downstream for the upstream 
end to monitor the temperature of (a) the air, (b) the surface of the 
shale, and (c) the shale at depths of one and two feet below the surface. 
9. A trailer was located at the downstream end of the facility to 
serve as an onsite laboratory. 

Shown in Figures 7 thru 15 are pictures taken during the various 
stages of construction of the facility. 

CHEMICAL ANALYSES -- The procedure used to determine the concentrations 
of the various constituents is found in the 1965 edition of Standard 
Methods for the Examination of Water and Wastewater, (17), except for 

h f 11 i · .,. + * Pb* Cl- - 1- NO- d -teo ow ng 10ns: H, Na , Ca, , ,F, , 3' an Br • 
The concentrations of these ions were determined with the use of the 
respective specific ion activity electrodes. 

Briefly, measurement of ion activity is accomplished with the electrodes 
by determining the potential that is developed between the test sample 
and the special filling solution inside the electrode. The Nernst 
equation predicts that at 25°C the potential for a monovalent sensing 
electrode will change approximately 59 millivolts for each decade 
change in ion activity, while for a divalent sensing electrode the change 
is 29.5 millivolts, etc. By determining the activity coefficient, f, the 
concentration, c, of a particular ion is given by 

where 

a c =-
f 

a = the activity of a particular ion in moles per liter. 

(41) 

The complete procedure for determining f and c is given in Appendix A. 

Figure 16 is a picture of the Orion specific ion activity electrode 
equipment used for ionic analysis. 
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FIGURE 7: OVERALL LAYOUT OF RAINFALL FACILITY: Excavation for 
oil shale on right and holding pond for runoff water on left. 
Large tower in center used to mount floodlights for night work. 

30 



FIGURE 8: CLOSE-UP OF EXCAVATION: Approximately 3 feet deep x 8 
feet wide x 80 feet long. 

FIGURE 9: INSTALLATION OF PLASTIC LINER 
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FIGURE 10: SAND DRAIN UNDERLYING SPENT SHALE: Four inch layer of 
sand underlying spent shale to serve as a drain of percolation water. 

FIGURE 11: COLLECTION LINE FOR PERCOLATION WATER: A 3-inch perforated 
pipe in a gravel trench collects infiltration water and transports it 
to a 50-gallon drum for storage. 
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FIGURE 12: BACKFILLING OF FACILITY WITH 68 TONS OF FRESH TOSCO 
OIL SHALE RETORTING RESIDUE 

FIGURE 13: PARTIALLY BACKFILLED FACILITY 
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FIGURE 14: COMPLETED FACILITY: Trailer was used as a field 
laboratory. 

FIGURE 15: COMPLETED FACILITY WITH SIMULATED 1-1/2" RAIN OCCURRING: 
Note vertical pipes in center of shale for insertion of nuclear 
moisture probe and rain gage partially hidden by floodlight. 
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FIGURE 16: ORION SPECIFIC ION EQUIPMENT USED FOR CHEMICAL ANALYSES 
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SECTION VI 

EXPERIMENTAL DATA AND RESULTS 

BENCH SCALE STUDIES 

Physical Properties - The results of the mechanical sieve analysis for 
the USBM and TOSCO spent shales are given in Tables III and IV. A 
mechanical sieve analysis of the UOC burned shale was not possible 
because most of the burned shale is in the form of large clinkers as 
shown in Figure 3. 

The observed data were plotted on logarithmic probability paper as shown 
in Figures 17 and 18. In general, 68.2 percent of the plotted pOints 
will fall between the two dashed lines if the data are distributed in 
accordance with a geometrically normal frequency distribution. The 
method involved in determining the position of the two dashed lines is 
described by Ward (21). Both graphs indicate that the size distribution 
of the particles may be approximated by a geometric distribution, 
especially in the lower ranges of particle sizes « 0.10 cm). The 
smaller particles are of the most concern since they will have the 
greatest effect on the other physical parameters such as porosity, 
surface area per unit volume, and permeability. 

If the particle size distribution is geometrically (or log normal) 
distributed, then the geometric mean of the particle size distribution, 
M , in cm, can be calculated from the results of the sieve analysis using 
tHe following equation: 

log M = L P log X 
g 

(42) 

where p is the decimal fraction of the total sieve sample retained 
between 2 sieves whose geometric mean size is X cm. If Xl represents 
the size of the upper sieve and X2 represents the size of the lower 
sieve, then X = ~XlX2. The geometric standard deviation of the 
particle size distrlbution, a , dimensionless, is calculated using the 
equation g 

(43) 

where 

x = X/M g g 

Knowing the permeability, geometric mean size, geometric standard 
deviation, and porosity, the shape factor, ~ (dimensionless), of the 
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Table III: Sieve Analysis of Bureau of Mines Spent 
Oil Shale Residue 

Sieve Opening Weight retained Percent Cumulative 
u.S. standard (mm) in grams retained percent finer 

1.50 in. 38.10 0 0.00 100.00 

1.00 in. 25.40 398 2.09 97.91 

0.75 in. 19.05 1,834 9.63 88.28 

0.50 in. 12.70 2,567 13.48 74.80 

0.345 in. 9.52 1,715 9.01 65.79 

No. 4 4.76 2,441 12.82 52.97 

No. 8 2.38 1,807 9.49 43.48 

No. 16 1.19 1,422 7.47 36.01 

No. 30 0.595 1,181 6.20 29.81 

No. 50 0.297 1,061 5.57 24.24 

No. 120 0.125 1,660 8.72 15.52 

No. 200 0.074 1,546 8.12 7.40 

Hydrometer 0.0346 533 2.80 4.60 

0.0336 381 2.00 2.60 

0.0268 446 2.34 0.26 

0.0157 38 0.20 0.06 

0.0077 12 0.06 0.00 

Summation 19,042 100.00 

media may be calculated from the following equation (23): 

(k)(36 KT)(l - £)20 lnog 
4>2 = _____ - __ .....:80:..-_ 

where 
36 is a pure number, 0 < 4> < 1 (4) = 1 for spheres), 
T = tortuosity_ The theoretical value of T for fully saturated 

unconsolidated porous media that are isotropic is 2 (24), 
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Sieve 
U.S. Standard 

No. 8 

No. 16 

No. 30 

No. 50 

No. 120 

No. 200 

Hydrometer 

Summation 

Table IV: Sieve Analysis of TaSCa Spent 
Oil Shale Residue 

Opening Weight retained Percent 
(mm) in grams retained 

2.38 0 0.00 

1.19 567 5.14 

0.595 390 3.53 

0.297 588 15.33 

0.125 1,170 10.60 

0.074 784 7.10 

0.0461 1,134 10.28 

0.0346 1,125 10.20 

0.0336 2,043 18.50 

0.0268 2,882 26.10 

0.0157 287 2.60 

0.0077 68 0.62 

11,038 100.00 

Cununulative 
percent finer 

100.00 

94.86 

91.33 

86.00 

75.40 

68.30 

58.02 

47.82 

29.32 

3.22 

0.62 

0.00 

K = a dimensionless constant that depends on the shape of the cross­
section of flow and theoretically, 2 < K < 3. Ward (25) has 
determined experimentally that K has a value of 2.36 ± 0.11 for 
unconsolidated porous media. K is exactly 3 for a cross-section 
formed by closely spaced parallel plates and is exactly 2 for a 
circular cross section. 

The permeability experiments were run over a period of one week, with 
readings taken at various time intervals. The observed data were plotted 
as shown in Figure 19. As the graph indicates, the permeability of the 
spent oil shale residues appears to decrease with time and this decrease 
may be approximated by 

= 0.585 x 10-9 + 2.17 x 10-9 (USBM) 
tl/2 
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and 

k (cm2) = 0.182 x 10-10 + 2.28 x 10-10 (TOSCO) (46) 
tl/2 

in which 
tl/2 • the number of half days from the start of the permeability test. 

Equations 45 and 46 are valid only for 1 < tl/2 < ~. The initial 
permeability, at tl/2 = 0, was determined by averaging the permeability 
of three respective samples immediately after saturation. 

A summary of the physical properties of the various oil shale residues 
is given in Table V. 

Table V: Physical Properties of the Various 
Oil Shale Residues 

Oil Shale Residue USBM TOSCO UOe RAW 

geometric mean size, cm 0.205 0.007 

geometric standard deviation 8.05 3.27 

particle shape factor 0.0526 0.097 

bulk density~ glcc 1.44 1.30 1.80 

solids density, glcc 2.46 2.49 2.71 2.34 

porosity 0.41 0.47 0.33 

permeability, cm2 3.46 10-9 2.5 10-10 

maximum size, em <3.81 <0.476 

minimum size, em >0.00017 >0.00011 

It is interesting to note that the eventual permeabi1ities of the USIM 
and TOSCO residues are 63 and 91% respectively of their initial 
permeabilities. 

Additional permeability experiments were conducted on the TOSCO .pent 
shale because it was to be used in the pilot study. In particular. the 
permeability of the TOSCO spent shale and its relationship to the degree 
of saturation was determined. 

To determine this relationship, it is first more convenient to express 
relative permeability as a function of the capillary pressure, Pc' and 
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then using certain approximations obtain the desired relationship. For 
Pc > Pb' this relationship is described by 

Krw s (::)/; (47) 

in which 
Pc is in dynes/cm2 , 

Pb is a parameter called the bubbling pressure and is the approximate 
capillary pressure at which the nonwetting phase becomes continuous 
throughout the media, dynes/cm2 , 

K is the relative permeability (dimensionless) and is the ratio of the 
rweffective permeability for the wetting phase at some particular 

saturation to the permeability at saturation, k. 

A plot of the data from the capillary pressure - permeability experime~t 
is given in Figure 20. In Figure 20, y is the weight density of the 
fluid in dynes/cm3 • The equation of the line for Pc < Pb is 

K rw - (;:5 r · 5 

From Figure 20, the saturation value of p /y is 135 cm. 
c 

(48) 

Using the relationships developed by Corey (26) and assuming the residual 
saturation for this type of media is zero, equation 48 becomes 

K rw (49) 

in which S = the degree of saturation, dimensionless. The saturation 
moisture content of the TOSCO oil shale residue is 38% by weight (41% 
by volume). S = 1 and Krw = 1 when the mois ture content is 38'% by 
weight. The value of the exponent in equation 49 (3.34) indicates that 
the pore size distribution is almost uniform [a value of 3 indicates a 
completely uniform pore size distribution (26)]. 

Blender and Shaker Experiment - The chemical analyses of the blender 
and shaker experiments are given in Tables VI and VII respectively. The 
data given in each table represents the average of three samples. 

The results indicate that the concentration of dissolved solids in the 
filtrate from the blender experiment is slightly higher than that from 
the shaker. However, allowing for differences in composition due to 
sampling, it could be concluded that the blender and shaker experiments 
yield a filtrate of approximately the same concentration and composition. 
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Table VI: Results of the Blender Experiment 

Sample pH Conductance TDS (mg/t) Concentrations (mg/9.,) 
llmhos/cm 

K+ Na+ Ca++ Mg++ @ 25°C 103°C 1800 e 600°C HCO; 

Raw 8.15 310 277 146 134 24 48 10 1.0 75 

USBM 7.78 1.495 1,091 1.001 892 72 225 42 3.5 38 

aoc 9.94 11,050 10,011 9,702 9,680 625 2,100 327 91 28 

TOSCO* 8.40 1,750 1,262 1,115 1,058 32 165 114 27 20 

Table VI I : Resul ts of the Shaker Experiment 

Sample pH Conductance TDS (mg/9.,) Concentrations (mg/t) 
llmhos/cm @ 103°C 

K+ Na+ ea++ Mg++ @ 25°e HCO; 

Raw 8.41 300 270 --- -- --- --- ---
USBM 7.82 1,320 970 - --- -- --- ---
TOSCO* 8.43 1,640 1,121 10 206 102 31 20 

* -N03 concentrations for the blender and shaker were 5.6 and 5.1 mgt! respectively. 

- = C1 S04 

2.2 79 

13 600 

33 6,230 

7.6 730 

el - so: 
--- ---
--- ---
5.8 775 



Column Study - The first leachate from the column of TOSCO spent shale 
took 2 weeks to move through the column after the water was first 
applied. For the following 28 days, volumes of leachate were collected 
at various time intervals until a total of 4.6 liters had been percolated 
and collected. All samples were collected at the bottom of the column 
because it was impossible to obtain a sample from the various taps that 
had been installed in the column. (see Figure 6). 

The volume and conductance of each leachate sample collected was deter­
mined. The major constituents and their concentrations for the first 
eight samples were determined. These results are given in Table VIII. 

A computer program was developed to calculate the concentration and 
composition of the percolation water by the procedure described in 
Section III. A simplified flow chart of the entire program is shown in 
Figure 21, and Table IX gives the definitions of the terms used in the 
program. An entire listing of the program as written for a CDC 6400 
computer may be found in Appendix D. 

The quantities required for the calculation are: 
1. The initial concentration in moles per liter of the 10ns in the 
solution which is to be percolated through the shale. 
2. The concentrations of the exchangeable ions in the shale complex in 
moles per gram of shale. 
3. The concentrations of the soluble ions in moles per liter at a water 
content of B, where B is the ratio of grams of oven dry shale residue to 
liters of solution contained in the soil during pereolation. 
4. One half the summation of the product of the concentration of the 
solution anions, excluding S04' in moles per liter times the valence 
squared, and the values of the exchange constants K and K' 8S found in 
equations 24 and 25. 

The following assumptions were made: 
1. K+ was present in negligible amounts (see Tables VI and VII)t 
2. Cl- did not enter into the reactions, 
3. CaS04 was the only moderately soluble salt present, 
4. Uniform physical and chemical properties of the shale, 
5. The chemical reactions are adequately described by equations 24 and 
25. 

The experimental values and theoretical values versus volume leached are 
shown in Figures 22 and 23. Although some segments of the calculated 
curves deviate considerably from measured values, the overall agreement, 
and in particular, the equilibrium values, is quite good. 

The bottom row of figures in Table VIII are the expected eventual final 
steady state concentrations that would be expected after a very large 
quantity of water had passed through the spent oil shale residue. In 
other words, one would not expect concentrations less than these, 
regardless of how much prior leaching had occurred. It is clear that 
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ex> 

Vo1wne of 
leachate 

sample (cc) 

254 

340 

316 

150 

260 

125 

155 

250 

650 

650 

650 

760 

Table VIII: Experimental Results of the Percolation Experiment 
Conducted on TOSCO Spent Oil Shale Retorting Residue 

Total volume Conductance Concentration (mg/~) of sample 
of leachate of sample 

Na+ Ca++ Mg++ (cc) (~mhos/cm @ 25°C) 804 
254 78,100 35,200 3,150 4,720 90,000 

594 61,600 26,700 2,145 3,725 70,000 

910 43,800 14,900 1,560 2,650 42,500 

1,060 25,100 6,900 900 1,450 21,500 

1,320 13,550 2,530 560 500 8,200 

1,445 9,200 1,210 569 579 5,900 

1,600 7,350 735 585 468 4,520 

1,850 6,825 502 609 536 4,450 

2,500 5,700 - - - -
3,150 4,800 - - - -
3,800 4,250 - - - -
4,560 3,850 - - - -

00* 1,800 86 64 118 740 

-C1 

3,080 

1,900 

913 

370 

205 

138 

138 

80 

-
-
-
-
11 

* These are extrapolated values and obviously were not actually observed. These extrapolated values 
are probably accurate to within ±6%. 



I START I 
I 
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1- IF L-2 GO TO 10 

I 
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ACA-ACA 
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IENTER EQUILIBRIUM CYCLE I 
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L=2 

ACA=ACA(J) 
ANA=ANA(J) 
AMG=AMG(J) 

10- AS04=AS04(J) 
J=J-1 

GO TO 3 

I
CALCULATE X-EQ. (27)1 

3- CALCUALTE Y-EQ. (26) 
I 

9-fPRINT OUT CONCENTRATION OF IONS I 
I 

SMG=SMG-BY 
SNA=SNA-BX 
SCA=SCA+B(X/2+Y) 
ACA=ACA-(x/2+Y) 
ANA-ANA+X 
AMG-AMG+Y 

SCAl-SCA+Z 
SS041=SS04+Z 1/2 

4- UH-[2(SCAl+SS041+SMG+o.25SNA)+U] 
11=1 

S_ICALCULATE W-EQ. (35)1 
IF 11-2 GO TO 7 

AACA=SCA+W 
8CA2=8CA+W 

8S042=8S04 1/2 
6- UH-[2(SCA2+SS042+SMG+O.25SNA)+U] 

11=2 

J=O 
seA=seA 
SMG=SMG 
SNA=SNA 

SS04=9804 

J=J+1 
ACA(J)=ACA 
AMG(J)-AMG 
ANA (J)-ANA 

8- IF (3-1) 
<0 GO TO 1 
-0 GO TO 9 
>0 GO TO 9 

IEXIT EQUILIBRIUM CYCLE I 

GO TO 5 SCA2=SCA+W 
I SS042=SS04+W 

I 5 I AAASCA=SCA+w 7- IF [ABS (SCA2-AACA)GT .10- ] GO TO 4 I-----i,;~~;;....;;;;..~~ 

Figure 21: Flow chart for computer program. 
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Table IX: Definition of Terms Used in Computer Program for 
Predicting the Quality of Spent Oil Shale Percolation Water 

Computer Symbol 

SCA 

SNA 

SMG 

SCL 

SS04 

ANA 

ACA 

AMG 

CKI 

CK2 

CKS 

BETA 

BMG 

BNA 

BCA 

BS04 

UU 

L, II, J 

Definition 

++ Concentration in moles/liter of Ca in the applied 
water 

+ Concentration in moles/liter of Na in the applied 
water 

Concentration in moles/liter of Mg++ in the applied 
water -Concentration in moles/liter of Cl in the applied 
water 

=: 
Concentration in moles/liter of S04 in the applied 

water 

Conc~ntration in moles/gram of soil of exchangeable 
Na on the shale 

Concentration in moles/gram of soil of exchangeable 
Ca++ on the shale 

Concentration in moles/gram of soil of exchangeable 
Mg++ on the shale 

Exchange constant in equation 25, K' 

Exchange constant in equation 24, K 

Solubility product of gypsum 

The moisture content of the shale during percolation 

The concentration in moles/liter of soluble Mg ++ 

The concentration in moles/liter of soluble Na+ 

The concentration in moles/liter of soluble Ca* 
-= The concentration in moles/liter of soluble 804 

One half the summation of the product of the 
concentration of the solution anions, excluding 
S04' in moles/liter times the valence squared 

Parameters to direct program 
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even these minimum possible values would be in excess of the maximum 
permissible allowed for drinking water, namely 250 mg/1 for S04 and a 
total dissolved solids (T.D.S.) concentration of 500 mg/1. On the other 
hand, the concentrations naturally occurring in the ground water in this 
area are unknown. It is worth noting in this connection that 10% of the 
salinity of the Colorado River at Hoover Dam is contributed by natural 
point sources with an average salinity of 3,220 mg/1. Therefore, it is 
not inconceivable that the natural ground water salinity in the oil 
shale area may have a salinity as great as the percolation water from 
oil shale residue. Examination of the records for the Colorado River 
near Cameo, Colorado, for the water years (a water year begins October 1 
the previous year and ends September 30 of the water year) 1964 through 
1968 showed that the maximum annual dissolved solids concentration 
observed occurred at the minimum annual flow rate observed, in general. 
Low flows are usually composed primarily of ground water inflow, and 
therefore low flow quality generally is representative of groundwater 
quality. The values observed are as follows: 

Date 

September 1-30, 1966 

January 1-17, 1968 

March 1-23, 1965 

December 13-26, 1966 

December 1-31, 1963 

Mean 
Discharge 

(cfs) 

1,700 

1,398 

1,350 

1,234 

1,153 

0* 

* extrapolated value (~observed) 

Dissolved Solids 
Concentration in mg/1 

(residue at l80°C) 

691 

875 

876 

956 

970 

1.600* 

Apparently the ground water salinity in the Colorado River Basin above 
Cameo is somewhere between 970 and 1,600 mg/1 typically. Comparison 
of these latter 2 figures with those on the bottom ro~ of Table VIII 
indicate that the ultimate effect on ground water salinity may not be 
significant. On the other hand, the data in Table VIII show that the 
initial effect of oil shale development (by surface retorting) on ground 
water salinity may be substantial. 

RAINFALL PILOT STUDIES 

A total of 13 experiments were conducted on the rainfall-runoff facility. 
Of these, 10 of the storms were simulated and 3 were natural. The total 
water applied amounted to over 44 inches in a 130 day period or about 
three years of precipitation for the oil shale area. 

The inplace density of the surface of the shale (top 3 inches) for the 
first 9 experiments was 86 lbs/ft 3 • For the last 4 experiments the 
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shale was mechanically compacted to a surface density of 101 1bs/ft 3 • 
The overall inp1ace density in both instances was about 55 1bs/ft 3 • 

As developed in Section IV, the concentration of dissolved solids in the 
runoff water may be described by equation 23. The values of the 
exponents, constants, and various relationships were determined as 
follows. 

First, plots of total dissolved solids versus time for each simulated 
run were made. The values of concentration at time equal zero were 
extrapolated from each graph and plotted on semi10g paper against ~w, 
the change in moisture content from the saturated value that occurred as 
the result of solar drying prior to the rainfall event. By selecting 
the value of concentration in this manner, all independent parameters 
except ~w were constant. The data yielded the following relationship: 

{
4 .5~w 1 C ee exp 0.435 (50) 

Secondly, the values of concentration were extrapolated to time ~ on a 
reciprocal time plot and these values plotted against D on log-log 
paper. The plot gave a straight line of the form 

1 C ee-- (51) 
D 2 

Next values of concentration observed after runoff equilibrium had been 
reached (when runoff rate equals rainfall rate) were plotted versus time 
on semi-log paper. A straight line was obtained when 

(
_t

l/3
) C ee exp 0.435 (52) 

Various relationships involving p, k, and concentration were tried and it 
was found that C could best be related to p and k by 

Cee£. 
k 

Combining equations 50, 51, 52, and 53 yields 

C ee -p­
ki)2 ( 4.5~W - t

l/3
) 

exp 0.435 
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Data from all simulated runs were then plotted as shown in Figure 24, 
and a least squares analysis performed to give the relationship: 

10-9 p 
C =--~ 

( 
4.5~w - t

l/3
) 

exp 0.435 (55) 

in which C is expressed in mglt of inorganic dissolved solids. In 
Figure 24, r is the coefficient of correlation. In general, 0 ~ Irl ~ 1. 
When r = 0, there is no correlation, and when Irl = 1 there is perfect 
correlation. The value of r = 0.968, means that 96.8% of the observed 
variance is explained by equation 55. In equation 55, 
k is expressed in cm2 

n2 is expressed in cm~, 
p is expressed in gramslcc, and 
t is expressed in hours. 

The permeability for the different compactions was calculated from 
equation 44 using in-place values of porosity. 

As with the bench top studies, the major constituents in the surface 
++ ++ + - -runoff from the spent shale pile were Ca ,Mg ,Na, S04' and HC03• 

The composition of the runoff+water also varies with time. In general~ 
at the beginning of a run, Na constituted the greatest portion of the 
cations while near the end of the run, the runoff water was essentially 
Ca++ in cation concentration. The S04 ion constituted the major part of 
the anion concentration, with HC03 concentration essentially constant at 
0.3 to 0.4 melt. 

Moisture content also affected composition. Drying of the shale surface 
causes movement of water from the interior to the surface by capillary 
action. On reaching the surface, the water evaporates leaving behind 
a white deposit that is clearly visible on the black surface. This 
deposit is dissolved during the rainfall with the result that both 
concentration and composition of dissolved solids in the runoff water 
vary with time and depend on the amount of drying prior to the rain. 
Figure 25 is a picture of this deposit. From equation 55, it would 
appear that compaction increases the concentration of dissolved solids 
in the runoff because compaction increases p and decreases k. The rate 
at which the deposit is formed therefore is clearly dependent on the 
rate at which capillary action can carry the very concentrated solution 
from the pores within the shale residue to the surface, because the 
material can be evaporated more rapidly than it can be transported to 
the surface by capillary action. If the reverse were true, compaction 
would have no effect on runoff concentrations, because evaporation 
would be the rate determining step. The maximum rate of capillary 
movement can therefore be estimated from evaporation rates. In the area 
where these experiments took place, the maximum evaporation rate from a 
fresh water surface is about 9 inches per month (in July). The 
interstitial or microscopic velocity in the pores corresponding to this 
rate is /'TIE times the 
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FIGURE 25: SURFACE DEPOSIT ON TOSCO SPENT OIL SHALE 
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aforementioned evaporation velocity, or (9 x 12 = 1 37 inches per 
0.345 

month or about 1 inch per day for fully saturated oil shale retorting 
residual. 

It should also be noted that the parameter t in equation 55 is the time 
from the beginning of runoff from a given storm. While equation 55 
indicates that if a storm were of infinite duration, the runoff concen­
tration would approach that of rainfall (all simulated and natural 
rainfall concentrations were subtracted from observed runoff concen­
trations), it does not mean that eventually, after several rainfalls, 
very little would be leached. In fact, there was no observable decrease 
in the leaching characteristics of the outdoor oil shale residue from 
the first to the last experimental run, as Figure 24 clearly indicates. 
Of course all the rainfall tests were conducted during one summer, and 
many years of weathering might show an eventual decrease in leaching 
characteristics. 

If one substitutes equation 11 into equation 55, one obtains 

c = 1.14 x 10-8 p(Sin8)2/3 

k (\)iL)2/3 (
4.5LlW - t 1/ 31 

exp 0.435 

10-4 Q(Sin8)2/3 (4.5LlW _ t l / 3 ) c = - exp 
k (10 iL)2/3 0.435 

(55A) 

(55B) 

From equation 55A, it would appear that the maximum concentrations in 
the runoff will be found when compaction is greatest, slopes are steep, 
drying has been extensive, runoff has just begun, the shale residue has 
a low permeability, runoff water temperature is high, rainfall intensity 
is low, and length of overland flow is short. However, it should be 
noted that equation 55A is based on data from only one slope and only 
2 different compactions. Further work should be done on the effect of 
compaction and slope angle. The quantities having the greatest effect 
on runoff dissolved solids concentrations are the extent of drying 
before rainfall and time since runoff began. Next in effect are the 
bulk density and permeability of the residue. Least effective (but 
still very important) are slope of residue surface, runoff water 
viscosity, rainfall intensity, and length of overland flow. 

In order to get a feel for runoff concentrations, perhaps an example 
calculation is in order. Assume: runoff water temperature = 60°F, 
1 year storm frequency, 60 minute storm duration, Grand Junction 
(Colorado) data applies, p 1.63 g/cm3 , slope = 0.1, 6w = 0.202, runoff 
has just started, k = 6.11 x 10-11 cm2 , and iL = 400 inch-feet per hour. 
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From equation 12, i = 6.3 TO. 265 /(t + 1.7)0.721 = 6.3/(61.7)0.721 = 0.321 
inches per hour, so that the length of overland flow is 1,247 feet. 
Substituting these values into equation 55B, one obtains 

C = (10-
4
)(1.63)(0.1)2/3 - exp [(4.5)(0.202)] 

(6.11 x 10-11)[(10)(400)]2/3 0.435 

18,300 mg/£. 

Using equation 16, equations 11A and 55B can be put in terms of the 
Reynolds number, R: 

(lIB) 

and 

~ 10-4 p(sin8)2/3 (4.56W - t
1

/ 3 ] 
C - k R2/3 exp 0.435 (55C) 

Ostensibly, the maximum value of R for which equations lIB and 55e are 
valid is 4,000. Substituting this value into equations 11B and 55C, 
one obtains 

1.59 x 10-3 
D ~ feet 

(sine)1/3 
(11C) 

and 

3.95 x 10-
7 

p(sin8)2/3 (4.56W - t 1/ 3 ] 
C ~ k exp 0.435 (55D) 

Figure 26 shows the variance of composition. To determine the percentage 
of any of the major cations present in the runoff water, only the change 
in moisture from saturation, 6w, and t, the time since beginniqg of 
runoff need to be known. For the previous example, 4.56w - t 1/3 ~ 0.9, 
so the composition is 9% Ca++, 78% Na+, and 13% Mg++. From Figure 31, 
18,300 mg/2 is equivalent to 260 me/£ of cations. Therefore, the 
concentrations are ~3 me/£ Ca++, 203 me/£ Na+, and 34 me/£ Mg++. The 
concentration of S04 then would be roughly 260 me/£. 

To determine the composition of the deposit left on the shale surface a 
sample of this white deposit was dissolved in a liter of water and an 
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FIGURE 26: PERCENl'AGE COMPOSITION OF CATIONS IN SURF ACE RUNOFF FROM 
SPENT SHALE AS RELATED TO INDEPENDENT P ARAMm'ERS 
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analysis made for the major constituents. The results are presented 
in Table X: 

Table X: Chemical Analysis of Surface Salt 
Evaporation Deposit 

Conductance 
llmhos/cm 
@ 25°C 

28,500 580 

Concentration (me/~) 

Mg++ Ca++ 

80 10 740 

As seen fr~m Table ~ the re~lting solution was composed basically of 
Na+ and S04 with Mg and Ca present in smaller quantities. Therefore, 
it seems reasonable to assume that the initial runoff will be composed 
primari~ of Na+ and S04' with Mg++ present in greater concentration! 
than Ca • 

Sediment - The yield of sediment from the spent shale piles is a complex 
process responding to all variations that exist in precipitation, 
vegetation, runoff, and topography. This study is aimed only toward a 
discernment of gross sediment yields from such piles. 

An Imhoff cone test was used to determine the amount of sediment 
transported by the runoff water from the shale. Table XI gives the 
amount of sediment transported in a three hour period by each storm. 

Table XI: Calculated Sediment Yield in Three Hour 
Period from Simulated Storms 

Storm Sediment, Accumulated Sediment Yield 
lb sediment (lb) lb/ (ft2) (hr) 

1 45.0 45.0 0.0150 

2 20.0 65.0 0.0067 

3 50.5 115.5 0.0143 

4 73.8 189.3 0.033 

5 153 342.3 0.083 

6 170 512.3 0.0484 

7 20.0 532.3 0.0062 

8 74.6 606.9 0.028 

9 136 742.9 0.0454 

10 121 863.9 0.0643 
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To obtain an insight into how sediment yield might vary with the various 
parameters, a modification was made of the extensively used equation 
developed by Musgrave (28). This equation states 

(56) 

where 
E' = rate of erosion (tons/acre), 
2i30 = maximum 30 minute rainfall intensity of 2 year frequency 

c2m 
= ---------

(30 + d)n 
s = slope, and 
L = length of slope (ft). 

Assuming sediment yield varies inversely with relative moisture content, 
00 (00 = 00/00 ), equation 56 becomes r r s 

.1.75 1.35 LO.35 
~ s 

E « -----------------
00 

r 

in which E = sediment yield (lb/hr-ft2). 

(51) 

A plot of this relationship is given in Figure 27. Such a plot may be 
used to give gross estimates of sediment yield from a particular storm. 
In the aforementioned example, 00 = 0.115 = 0.363, and 

r 0.317 

.1.75 1.35 LO.35/ 
~ s 00 

(0.321)1.75 (0.1)1.35 (1 241)°·35 x 10-1~ 
0.363 ' . = 2.06 . r 

Extrapolating Figure 27, one obtains a sediment yield of 0.1 
lb/(hr)(ft 2). The equation of the straight line in Figure 27 is 

E = 0.243 i O•99 sO.764 LO•198/oo 0.566 
r 

(57A) 

To obtain an idea of the size distribution of the sediment, a sample of 
the sediment in the settling basin was analyzed. The results are listed 
in Table XII. 

The size distribution of the sediment in the runoff is arithmetically 
normal with a mean size of 0.0317 millimeters and a standard deviation 
of 0.0109 millimeters. Comparing this information and the data in 
Table XII with the data in Table V, it appears that particles larger 
than the geometric mean size of the oil shale retorting residue are not 
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Table XII: Size Distribution of Sediment in Runoff 

Size (mm) % Finer 

0.074 100 

0.037 68 

0.026 30 

0.015 6 

0.0074 2 

0.0015 1 

subject to erosion by rainfall, at least under the conditions of the 
test runs. On the other hand, approximately 1/2 of the residue (by 
weight) would appear to be subject to erosion by runoff from rainfall. 
The settling velocity of the mean size particles appears to be roughly 
0.05 cm/sec (Stokes' law range) at 10°C. Stokes law is 

v = (g/18)[(s - 1)/v]d2 
s s 

(58) 

where any consistent set of units can be used. In the cgs system, v s is the settling velocity in em/sec, g is the acceleration (the 
acceleration due to gravity is 981 cm/sec2), Ss is the specific gravity, 
v is the kinematic viscosity in cm2/sec, and d is the particle diameter 
in cm. At 85°F, the settling velocity of the TOSCO runoff sediment is 

v s (59) 

Therefore, in order to remove 99% of the sediment from the runoff, 
without the aid of chemical coagulants, the overflow rate of the settling 
basin must be less than about 10-4 cm/sec. On the other hand, if the 
overflow rate is 10-2 cm/sec, about 97% of the sediment will be removed 
without the aid of chemical coagulants. In a basin of 12 feet deep, 
with this latter overflow rate, approximately 10 hours retention time 
will be necessary to remove 97% of the sediment in the runoff. 

To determine whether or not this settling time can be reduced by the use 
of a coagulant, a standard jar test was run on the sediment and 
Al2(S04)3 • l4H20 used as a coagulant. The results of this test are 
presented in Table XIII. These results indicate that A12(S04)3 • 14H20 
would make a good coagulant when applied in a concentration of 2.5 mg/~ 
and at a pH of 8.3. Under these conditions, the apparent settling 
velocity of the suspension is roughly 10-2 em/sec. 
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To account for the water, a water balance was made on each run. These 
results are given in Table XIV. 

The volume of water applied is the average rainfall intensity multiplied 
by the time of application times the area of application. The volume 
of runoff water was determined from the hydrograph recorded by the 
stage recorder. If no allowance is made for evaporation, the volume of 
water stored may be calculated by subtracting the amount of runoff water 
from the amount of water applied. The observed volume of water stored 
was obtained by multiplying the area of application by the average 
rainfall intensity times the observed time for the surface of the shale 
to become saturated. (At best, this observed time would be within ±lO%). 

As indicated by the data, the volume of water stored is small (2.0%). 
This is also indicated by the change in moisture within the shale as 
determined by use of a neutron moisture probe. The moisture content of 
the shale as monitored for the first 43 days of the experiment is given 
in Figures 28 and 29. 

Thermistors located 60 feet downstream indicated temperatures within the 
shale remained relatively constant between 20-24°C throughout the 
duration of the experiments. However, the dark color of the spent shale 
caused temperatures as high as 77°C to be measured on the surface. 
Temperatures this high could be lethal to germinating seeds. 

Minor Constituents - Chemical analyses for minor constituents were 
performed on various samples. The maximum concentrations of these 
constituents and the sources are given in Table XV. 

Organic Analyses - Several samples were selected and analyzed for total 
nitrogen and carbon. These results are given in Table XVI. The samples 
were prepared by taking a 100 rol portion of the respective sample, 
evaporating it at 80°C, and then analyzing the residue. 
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Sample 

1 

2 

3 

4 

5 

6 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Total 

Table XIII: Jar Test Data for Sediment in Runoff from Oil Shale Residue 

Altnn pH First Description of water after given time 
mg/9.. Floc 

(min) 3 min. 5 min. 10 min. 30 min. 1 hr. 8hr. 36 hr. 

0.5 8.92 none dense dense dense dense dense dense fair 

1.0 8.53 none dense dense dense dense dense smoky excellent 

1.5 8.32 10 smoky smoky smoky fair good fair excellent 

2.0 8.37 2 smoky smoky fair good excellent excellent excellent 

2.5 8.26 1.5 fair good excellent excellent excellent excellent excellent 

3.0 8.18 1.5 fair good excellent excellent excellent excellent excellent 
. ,. .... 

Table XIV: Water Balance Data for Simulated Rainfall 

Volume of water Volume of water Volume of water stored (ft 3 ) 
applied (ft 3 ) runoff (ft 3) Calculated Observed 

179 173 + 6 + 9 
]6Q 148 +12 +14 
350 350 0 +10 
480 500 -20 +20 
780 755 +25 +19 
333 320 +13 +18 
117 120 - 3 + 9 
377 352 +25 +31 
666 658 + 8 +16 
288 279 + 9 + 7 

3,730 3,655 +75 +153 
-
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Table XV: Concentrations of Minor Constituents 

Ion Maximum Source Test 
concentration observed 

(mg/R,) * 

Al+++ 2.5 TOSCO column (first leachate) 

Ba++ 4.0 RAW blender 

-Br <0.1 --- ---
-Cl 3,000 TOSCO column (first leachate) 

CO; 21 UOC blender 

Cu++ <0.1 --- ---
Cr+6 <0.1 --- ---
-F 3.4 UOC blender 

Fe+++ 1.7 TOSCO column (first leachate) 

-I 0.16 --- ---
K+ 1,100 Tosca column (first leachate) 

Mn++ <0.1 --- ---
N03 186 Tasca column (first leachate) 

Pb++ <0.1 Tasco column (first leachate) 

P07 4 35 Tosca column (first leachate) 

Zn++ 2.5 Tasca column (first leachate) 

* Maximum concentrations in actual runoff would be expected to be less 
than 4% of these values. Therefore, none of the ions listed in this 
Table XV would be present in runoff in concentrations greater than 
allowable for human drinking water. In other words, the total maximum 
concentration of all these ions in actual runoff would be less than 
174 mg/R.. 
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Table XVI: Carbon and Nitrogen Content of 
Selected Samples 

Sample 
Values found, Total residue, 

% by weight mgt! 
Carbon Nitrogen 

TOSCO Spent Shale 10.2 0.38 -

BOM Spent Shale 8.2 0.28 -
Raw Shale 14.7 0.39 -

Sample from column after 1,320 
ml of water had been 
leached through spent shale* 0.72 0 11,900 

Sample from column after 3,150 
ml of water had been leached 
through spent shale* 1.12 0 4,907 

Sample taken 1/2 hour after 
simulated 1" rainfall began 
on first compaction* 1.79 0.79 1,219 

Sample taken 1/2 hour after 
simulated 1" rainfall began 
on second compaction* 0.76 0.44 2,458 

*TOSCO spent shale 

70 



SECTION VII 

DISCUSSION OF RESULTS 

PHYSICAL TESTS 

As shown in Figure 19, the permeability of both the TOSCO and USBM 
residues decreased with time. The reason for the decrease in permea­
bility might be attributed to one or more of three phenomena: 
1. movement of fines 
2. swelling 
3. precipitation of CaC0

3 
or some other cementing compound. 

To determine if the movement of fines might be the cause of the decrease 
in permeability, each sample, on which the test was run, was divided in 
half and a sieve analysis run on each section. The sieve analysis 
showed an almost completely homogeneous sample with respect to size 
distribution. Therefore, it was concluded that there was no significant 
movement of fines in the samples. However, it is conceivable that a 
short migration of the fines might block interstices and cause a 
reduction in permeability. This latter possibility might not show up in 
the 2 sieve analyses made. 

These same samples were also closely examined under a microscope for 
any noticeable deposition of a cementing compound. None was observed. 

Therefore, the most likely reason for the decrease in permeability is 
swelling of the shale. Because the chemical analyses of all experiments 
indicate the presence of Na+, the swelling could be due to the hydration 
effects of the sodium ion. 

In order to put the results of the shaker, blender, and column 
experiments on a comparative basis, the mass of the various ions leached 
per 100 grams of TOSCO spent shale were determined. These results are 
given in Table XVII. As indicated by the data, the amounts of the 
various ionic species leached per 100 grams of shale residue are very 
similar. 

Table XVII: Mass of Various Ions (mg) Leached 
per 100 Grams of TOSCO Spent Shale 

Ion Shaker Blender Percolation 

Ca++ 102 114 64 
Mg++ 31 27 40 

N~ 206 165 258 

SO~ 775 728 675 

Cl - 5 8 18 

Total 1,119 1,042 1,055 

71 



Also, for comparison with the bench-scale study results, blender 
experiments were conducted on six surface soil samples, and chemical 
analyses made of the major constituents found in 3 samples of surface 
soil obtained in Parachute Canyon near Grand Valley, Colorado. These 
results are given in Table XVIII. Figure B3 shows the approximate 
locations of the surface soil samples. These soil and talus slope 
samples were obtained April 3, 1970, and are as follows: 
1. Surface soil east slope 
2. from cut below #1, 10 feet of colluvial material (colluvial soils 

are soils that contain sharp angular fragments of the rock from 
which they originated) 

3. nearly level surface soil 
4. from cut on road, colluvial material about 10 feet below the surface 
5. about 10 feet below surface colluvial material exposed in gravel pit 
6. surface soil in pasture. 

The data indicate a great deal of variation in the concentration and 
composition of each ion found in the surface soil. However, the total 
concentration of the ions is of the same order of magnitude as the 
total concentrations determined in the blender experiments on the TOSCO 
and USBM spent oil shale retorting residues. The composition of the 
surface soil samples is shown in Figure Bl. 

Sample 
Number 

1 

2 

3 

4 

5 

6 

Table XVIII: Chemical Analyses of Filtrate from Blender 
Experiments Conducted on Surface Soil Samples 

Conductance Concentration (melt) 
~mhos/cm 

Ca++ Mg++ Na+ ~ @ 25°C SO~ HCO; Cl -
865 

1,610 9.70 3.08 1.33 0.12 12.80 0.72 0.24 

87 

700 0.72 0.25 5.55 0.10 3.87 0.86 2.06 

1,870 

148 0.85 <0.01 0.41 0.13 0.29 0.92 0.19 

Total 

+0.47 

-0.17 

<-0.01 

This seems reasonable because the local surface soil, for the most part, 
is '~eathered" shale. The weathered oil shale, because of surface 
exposure over a long period of time, has lost most of its organic 
content; consequently it is similar to the spent shales. However, a 
direct comparison between surface soil and oil shale residue would only 
have meaning if surface soil tests were performed on the runoff facility_ 
The results in Table XVIII can be compared with those listed in Table 
VI. 
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PILOT STUDY 

As described in the preceding section, the concentration of TDS in the 
runoff is given by equation 55, and the cationic composition in the 
runoff is given in Figure 26. 

To verify these results equation 55 and Figure 26 were used to predict 
the concentration of ca++, Mg++, and Na+ in the runoff water from the 
three natural rainfall events (the first 3 tests) that occurred during 
the course of this study. This was done as follows. 

First a plot of conductance vs TDS was constructed for the assimilated 
data, as shown in Figure 30. Thus, from the simple measurement of 
conductance, an estimate of the TDS of a sample can be determined. 

Next, a graph of TOS versus total melt of cations was constructed as 
given in Figure 31. Therefore, knowing the TDS as determined from 
Figure 30, the melt of cations can be estimated. 

Using the value_of intensity as determined by the recording rain aage, 
an estimate of D was made from equation 11. Using this value of D, the 
quantity cD2 k was calculated and the percentage composition of the 

p 
cations in the surface runoff determined from Figure 26. Because the 
HC03 concentration is relatively constant (about 0.35 melt), the S04 
concentration was calculated from anion-cation balance. 

The results of the measured concentrations versus the predicted values 
are given in Figure 32. The figure indicates the described procedure 
may be used to give a reasonable prediction of runoff quality by 
knowing only the conductance of the runoff water and the intensity of 
rainfall. 

The results of the column study indicated that the soluble salts would 
be leached by percolation through the spent shale. This result could 
not be verified in the pilot study because no percolation occurred 
during the rainfall simulation. 

In general, only minor fluctuations were observed in the moisture 
content of the shale below the 9 inch depth. The greatest moisture 
change occurred at the station located at the downstream end of the 
facility. This should be expected because a greater portion of the 
runoff passes this point. 
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SECTION X 

SYMBOLS AND ABBREVIATIONS 

subscript referring to absorbed phase, also ionic activity 
ratio of grams of oven dry soil to liters of solution contained 
in the shale during percolation, grams/liter 
concentration, mg/2 
coefficient in equation 12, also concentration in moles/liter 
initial concentration of component j, moles/liter 

final concentration of component j, moles/liter 

concentration of component j in segment k, moles/liter 

depth of flow at lower end of watershed, ft 
mean depth of flow, ft 
depth of flow at a distance x downstream, ft 

parameter in equation 12 
sediment yield in equation 57, 1b/(hr)(ft2) 
rate of erosion, tons/acre 
2.71828 ••• (base of Napierian logarithms) 
activity coefficient, dimensionless 
acceleration of gravity, 32.2 ft/sec2 or 981 cm/sec2 

intensity of rainfall, in/hr 
maximum 30 minute rainfall of 2 year frequency, in/hr 

subscript referring to jth component 
constant used in equation 21 (4.5), equilibrium constant in 
equation 24, and constant characteristic of the cross-section 
of flow through porous media (2.36) in equation 44, dimensionless 
in all 3 cases 
equilibrium constant in equation 25, I moles/liter 
relative permeability (ratio of the permeability at a given 
saturation to the permeability at 100% s~turation), dimensionless 
solubility product for CaS04 = 2.4 x 10- (mo1es/1iter)2 at 25°C 

permeability, cm2 or subscript indicating particular segment 
total length of overland flow, ft 
geometric mean size of the particle size distribution, cm 

exponent in equation 12 
exponent in equation 20 = 2 
exponent in equation 12 
pressure, dynes/cm2, and fraction by weight of sample retained 
be~een adjacent sieves, dimensionless 
bubbling pressure, dynes/cm2 

capillary pressure, dynes/cm2 

discharge per unit width, ft 2/sec 
equilibrium discharge per unit width, ft 2/sec 

volume of solution present in kth segment, liters 
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e 
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v 
~ 
p 
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~ 
w 
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r 

w 
s 

D 

> 
< 
E 
6 

= discharge per unit width at a distance x downstream, ft 2/sec 

= Reynolds number, dimensionless 
= degree of saturation, dimensionless 
= slope (dimensionless) or subscript denoting solution phase 
= tortuosity of porous media (2), dimensionless, and frequency of 

occurrence, years 
= time since beginning of runoff in hours (equation 18) 
= duration of storm in minutes (equation 12) 

= time in half days, days/2 

= macroscopic velocity in porous media, cm/sec 
= velocity of overland flow, ft/sec 
= bulk volume of shale, cm3 

= void volume of shale, cm3 

* = = moles per liter of Ca or S04 that precipitate 
= moles of Na+ per gram of shale entering exchange complex, 

moles/gram, and the geometric mean size of the sieve openings 
between adjacent sieves, cm 

= a horizontal coordinate, feet 
= geometric deviation, dimensionless 

++ = moles of Mg per gram of shale entering exchange complex, 
moles/gram 

= total depth ~f shale and a vertical coordinate, feet 
= moles of Ca+ per gram of shale entering exchange complex, 

moles/gram 
= porosity, dimensionless 
= slope angle, degrees or radians 
= viscosity, poises = gram/(cm) (sec) 
= kinematic viscosity, ft 2/sec and cm2/sec = stokes 
= exponent in equation 47 
= density, grams/cc 
= geometric standard deviation, dimensionless 

= shape factor, dimensionless 
= moisture content by weight, dimensionless 
= relative moisture content (ratio of moisture content to moisture 

content at saturation), dimensionless 
= saturation moisture content by weight, dimensionless 

the bar over a symbol indicates the mean value 
proportional to 
greater than 
less than 
summation 
finite difference 
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co infinity 
d derivative 
f integral 
°c centigrade degrees 
cc cubic centimeter 
cm centimeter 
ft foot 
g gram 
hr hour 
in. inch 
~ liter 
lb pound 
In base e logarithm 
log base 10 logarithm 
me milliequivalent 
mg milligram 
ml milliliter 
nun millimeter 
No. number 
sec second 
TDS total dissolved solids 
TOSCO The Oil Shale Corporation 
UOC Union Oil Company 
USBM United States Bureau of Mines 
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APPENDIX A 

CHEMICAL ANALYSIS WITH SPECIFIC ION ACTIVITY ELECTRODES 

Direct potentiometric measurement of ion activity is based on the fact 
that definite energy levels exist between two different states of the 
same matter; and that these differences are proportional to the relative 
populations of the atoms or ions involved. In electrolyte solutions, 
these energy level differences are measured as an electrical potential. 
The Nernst equation of classical thermodynamics expresses this potential 
for a given activity of an ion relative to a standard state as follows: 

E = Eo - [RT/(zF)]ln a (Al) 

where 
E = potential observed for any given activity of a particular ion, 

E 

R 
T 
z 

o 

F 
and 

volts 
= potential of the standard state (a = 1 mole/liter), volts 

= universal gas constant = 8.314 joules/(OK)(mole) 
= absolute temperature in degrees Kelvin 
= number of electrons transferred in the reversible reaction 
= equivalents per mole (for specific ion measurements, z takes the 

sign of the ion and is simply the valence of the ion) 
= Faraday constant = 96,500 coulombs per equivalent 

a = the activity of the particular ion to be determined, moles per 
liter. 

Measurement of ion activity is accomplished with the electrodes by 
determining the potential that is developed between the test sample and 
the special filling solution inside the electrode. The Nernst equation 
predicts that at 25°Centigrade the potential for a monovalent sensing 
electrode will change approximately 59 millivolts for each decade change 
in ion activity, while for a divalent sensing electrode the change is 
29.5 millivolts per decade change in ion activity, etc. 

In order to determine the concentration of a particular ion it is 
first necessary to prepare a working curve on semi-logarithmic graph 
paper by plotting the electrode potentials given by a standardizing 
solution on the linear axis. The log axis represents the activity of 
the particular ion in solution. 

The following procedure was developed to measure the concentration of 
a particular ion in a solution. The concentration of a particular ion 
is given by 

a = fc (A2) 
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where 
a = the activity of a particular ion, moles/liter 
c = the concentration of a particular ion, moles/liter and 
f = the activity coefficient, dimensionless. 

Because the electrode measures activity, it is necessary to determine 
the activity coefficient in order that the concentration may be obtained. 
Because the activity depends upon the total ionic strength, it is 
necessary to relate the ionic strength to some easily measured parameter. 

During the course of this project, an empirical relationship between 
ionic strength V and conductance of aqueous solutions contacted with oil 
shale retorting residues was determined. For V in moles/liter, the 
relationship is 

V = (2.5 x 10-7)(conductivity)1.57 (A3) 

where the conductivity is in vmhos/cm at 25°C. A plot of equation A3 
along with the experimental data from which it was determined is shown 
in Figure AI. 

The activity coefficient may be calculated from the Debye-Huckel formula, 

log f = _ 0.5 z2 ~ 
10 1 + I; 

(A4) 

in which z denotes the valence of the ion. Equation A4 is valid for 
V ~ 0.1 moles/liter. 

Knowing the above relationships, it is a simple matter to estimate the 
activity coefficient by simply measuring the conductance of a given 
solution. When the analysis is complete, the true ionic strength may be 
calculated from 

i=o 
11 =! I: c z2 ... 2 i i 

i=l 
(AS) 

where ci is the concentration of the ith type of ion, zi_ is its valence, 
and the summation is carried out for all types of ions,~oth positive 
and negative, in the solution (n is the number of different ions in 
solution). 

If the agreement between the assumed ionic strength and the calculated 
ionic strength is good, no adjustment in the activity coefficient is 
necessary. If there is a large difference between the assumed and 
calculated ionic strength, the activity coefficient must be adjusted 
until the agreement is tolerable. 
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Using the subscripts 1, 2, and 3 to denote, respectively, singly, doubly, 
and triply charged ions, one can rewrite equations A4 and AS respectively 
as follows: 

0.5 IiJ = ------ (A6) 
1 + ~ 

and 

(A7) 

Using equation A2, equation A7 may be rewritten as 

-.![~l: 4 9 
a3] II 

2 fl al + f L a2 + r L 
2 3 

(A8) 

Clearly fl = f 1/4 = f3l / 9 , so equation A8 may be rewritten 2 

(A9) 

Simultaneous solution of equations A9 and A6 gives the true value of the 
ionic strength II providing that the activities of all the ions in 
solution have been determined. Short of a complete chemical analysis, 
equation A3 is most useful. The usual case, however, is that some of 
the activities are known and some of the concentrations are known. In 
this latter case, equations A7 and A9 may be combined to give 

(AlO) 

where II is a constant for a given solution and II is a function only of 
fl for ~ given solution. Consequently, simultanegus solution of 
equations AlO and A6 gives the true value of the ionic strength ll. The 
range of plotting values of fl for which equation A6 is valid is 0.76 to 
1. 

A suggested systematic procedure for obtaining the true value of II with 
as little effort as possible is as follows: 
(1) use equation A3 to estimate ll, 
(2) use equation A6 to calculate f

l
, 

(3) calculate 1.1 using equation A7, 
(4) estimate 1.1 Cusing equation A9, 
(5) estimate llausing equation AlO, 
(6) if the 1.1 obtained in step 5 is the same as the II obtained in step 1, 

no further work is necessary, 
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(7) if the condition in step 6 does not hold, then the ~ obtained in 
step 5 should be used to calculate a new value of f1 using equation 
A6, and steps 4 through 7 repeated until equations AlO and A6 are 
both satisfied by the same values of fl and ~. 

An alternate graphical procedure would be to plot equation AlO on a 
graph on which equation A6 is already plotted. Because the plot of 
equation A6 is the same for all solutions, a master graph could be made 
using 3 cycle semi-log graph paper with log ~ plotted versus f

l
- At 

any rate the correct values of ~ and f are those where equations A6 
and AlO intersect on the graph. A master graph such as that mentioned 
above is Figure A2. Also plotted on the same graph are values of 

f4 = f and f9 = f3 • 
121 
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APPENDIX B 

SOIL DATA 

Figure B1: % Composition of Cations and Anions in Filtrate 
from Blender Experiments Conducted on Surface Soil Samples. 

Triangles are cation compositon (height of triangle indicates %K+), and 
circles are anion composition. Numbers are sample conductance in 
~mhos/cm at 25°C. Straight line is composition of runoff from oil 
shale retorting residue. Arrows indicate the direction in which 

composition changes during a given rainfall. 
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Figure B3: Approx­
imate Location of 
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Colorado). 
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is 36 square miles 
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The oil shale mines at N = 8.1, E = 6.6 (8,000 feet) and at N = 8.6, 
E = 4.9 (7,300 feet) should be noted. The Bureau of Mines Experiment 
Station (N = 7.8, E = 6.8) appears to be at an elevation of about 5,700 
feet. The coordinates of the TOSCO offices and experimental plant 
are roughly N = 9.2, E = 4.8 and N = 9.1, E = 5 respectively. The 
coordinates at which the 6 samples were taken were approximately as 
follows: 

Sample Coordinates 
Number N E 

1 9.4 4.9 

2 9.4 4.9 

3 8.8 4.9 

4 8.9 4.8 

5 8.4 4.8 

6 7.4 4.9 
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APPENDIX C 

EXPERIMENTAL DATA 

The experimental data for the experiments on the CSU rainfall-runoff 
facility are summarized below. It is of interest to note that the 
dissolved solids removed during a given test, F, in lb/(hr)(103ft2) was 
directly related to Aoo by the following empirical equation: 

10glO F = - 1 + 3.7600 (Cl) 

However, equation Cl is strictly limited to the CSU rainfall-runoff 
facility and can not be applied elsewhere. Therefore, it is simply a 
qualitative expression that shows that F is directly related to 600, and 
is in fact the basis for the formulation of equation 21. 

The test conditions are summarized in Table Cl. 

Tests 

1-6 

7-10 

Table V 

Ps' 
g/cm3 

1.39 

1.63 

1.30 

Table Cl: Experimental Test Conditions 

E 00 s 

0.442 0.317 

0.345 0.212 

0.47 0.38 

k x 1010, 

~2 

1.42 

0.611 

2.5 

00 i, 

in./hr 

0.115-0.256 0.46-2.25 

0.11 -0.165 0.40-2.12 

p is the residue bulk density, E is the residue porosity by volume, 
W

S is the saturation moisture content by weight, k is the residue 
p~rmeability, w is the observed moisture content by weight (600 = W - 00), 
and i is the rainfall intensity. s 

In the following tables, the total mel! = mel! cations - melt anions. 
Also the total mg/! = mg/! Na+ + mg/! Ca++ + mg/! Mg++ + mg/! SO~ + 
mg/! HCO)_ 
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TEST: 1 

Ps = 1. 39 grams lee 

Ws = 31.7 % 

r--- 6t 
Hours Conduct-

I 
since anee 
runoff IJmhos/em :Sediment pH 

Sample begin 250C gIl 250C 

t- ! 0.00 --- --- ----

1-2 0.25 410 5.5 8.14 

1- '} 0.50 278 4.9 8.20 

1-4 0.75 216 4.8 8.29 

f 1-5 1. 25 191 4.9 8.36 

1-6 1. 75 131 4.3 8.27 

1-7 2.25 137 3.0 8.40 

1-8 Z.75 124 2.5 8.48 

1- 9 3.50 137 2.1 8.48 

1-10 Irainwater 80 7.20 
-. 

'\8 " 0.442 

UJ" 25.6 ote 
6w = 0.061 

0.54 in/hr 

1.42 x 10- 10 em 2 

.---~---

Dissolved Solids milliequivalent/l / mg/l 

Na + Ca++ Mg++ SO~ HCO; Total 

~ ~ I~ ~ ~ ~ 
t>:. 42.3 t>: 50.1 ~ 2.5 ~ 210 t:z ~3. 8 ~ 328.5 

~ 38.6 ~ 35.1 ~ ~0.6 ~ 145 ~ 18.3 ~ 237.0 

~ 11. 7 ~ 28.1 ~ 6.2 ~ 98.1 ~ 18.9 ~ 163.0 

~ 4.8 ~ 25.1 ~ (.().6 ~ 51.0 ~ 21. 4 ~ 10l.3 

~ 3.4 ~ 23.8 c:>::. (0.6 ~ 141.8 ~ 24.4 ~ 93.4 

~ 3.0 ~ 14.0 ~ <0.6 ~ ~8.8 ~ 21.4 i~ 67.2 

~ 1.6 ~ 16.4 ~ ~O. 6 ~ ~5.0 ~ 22.0 
I.:J( 

65.0 

~ 2.1 ~ 14.0 ~ (0.6 ~ ~O.Z ~ 19.5 ~ 55.3 

~K < 1.1 9.6 A (0.6 ~ (4.8 ~i~ 29.9 _/39.5 
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Sample 

2-1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

~-

At 
Hours 
since 
runoff 
begin 

o 

0.167 

0.317 

0.580 

1. 17 

1. 61 

2.42 

3.42 

'fEST: 2 

Ps = 1. 39 grams/cc 

Ws " 31. 7 0J0 
~l--"'~" 

'onduct­
ance 
mhos/em ;ediment 

2SOC gil 

917 2.07 

1415 2.9 

1095 2.5 

788 2.1 

340 3.1 

248 2.6 

196 1.6 

184 1. 3 

".,,------- -.-~.-.-.-.~-.. 

pH 
250C 

7.87 

8.02 

7.99 

8.05 

7.82 

8.19 

8. 38 

8.34 

'\8 = 0.442 

UJ:;21.1:t 

Aw = 0.106 

:: 0.46 in!hr 

II :: 1. 42 x 10- 1 0 em 1 

----------~-----

Dissolved Solids millieqUiValent/l/ mg/l 
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TEST: 3 '\s = 0.442 = 1.00 in/hr 

Ps = 1. 39 grams/cc UJ = 23. 0 ~ It '" 1.42 x 10-10em1 

Ws = 31. 7 Aw = .081 
At 

Hours onduet- Dissolved Solids milliequivalent/l mg/l 

since anee 
runoff mhos/em ediment pH Na+ Ca++ Mg++ HCO; Total Sample begin 250C gIL 25CC 

3-1 1265 1.5 7.85 

3-2 0.0833 930 4.4 7.74 

3-3 0.250 470 4.1 7.88 

3-4 0.583 248 3.5 7.96 

3-5 1.083 163 3.3 8.21 

3-6 1.583 125 2.9 8.19 

3-7 2.583 106 2.8 8.46 

3-8 3.583 88 1.6 8.52 
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TEST: 4 '\8 '" 0 • 442 = 1. 70 in/hr 
Ps = 1.39 grams/ee w= 16.1~ k 1. 42 x 1 0- 1 0 e m ~ 
ws= 31.7% flw = .156 

flt 
Hours onduet- Dissolved Solids milliequtvalent/l/ mg/l 

sinee anee 
runoff mhos/em ediment pH Na+ Ca++ Mg++ SO: HCO; Total Sample begin 250C gIl 2Sctc 

4-1 3130 7.7 

4-2 0,0833 1830 4.6 8.01 

4-3 0.333 735 3.7 8.21 

4-4a- 0.833 414 8.17 

4-4b·" 0.853 383 8.23 

4-4 0.873 292 3.5 8.41 

4-5a 1. 33 242 8.40 

4-5b 1.35 192 8.12 

4-5 1. 37 164 2.9 8.22 

4-6a 2.33 163 8.34 

4-6b 2.35 139 8.39 

4-6 2.37 120 1.2 8.23 

4-7a 3.08 137 8.12 

4-7b 3,10 100 8.41 

I 4-7 3.12 153 0.7 8.11 

* Refers to station 30 feet downstream 

** Refers to station 50 feet downstream 
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TEST: 5 I\s = 0.442 : 2.25 in/hr 

Ps = 1. 39 grams/ee w= 11.5 '1> k = 1. 42 x 10- 10 em ~ 
Ws = 31.7'" Aw = .202 r- At 

Dissolved Solids milliequivalent/l / mg/l Hours onduet-

I since anee 
! runoff mhos/em ediment pH Na+ Ca++ Mg++ SO: HCO; Total Sample bt'gin 250C gIl 250C 

5-1 5060 20.4 

5-2 0.10 1390 18.2 8.24 

5-3 0.35 470 8.5 8.13 

I 5-4 0.85 235 7.7 8.24 

5-5a4 1.85 148 8.23 

5-5b"· 1.86 139 8.34 

5-5 1.87 110 4.1 8.12 

5-6a 2.35 161 8.01 

5-6b 2.36 121 8.11 

5- 6 2.37 87 4.1 8.36 

5-7a 2.85 151 8.19 

5-7b 2.86 112 8.23 

5-7 2.87 100 3.2 8.00 

5-8a 3.85 109 8.12 

5-8bl 3.86 96 8.11 

5-8 3.87 105 2.4 8.05 

* Refers to station 30 feet downstream 
** Refers to station 50 feet downstream 
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TEST: 6 '\s = 0.442 = 0.94 in/hI' 

Ps = 1. 39 grams/cc UJ = 18.71- k = 1. 42 x 10·
1O

cm 2 

Ws = 31.7% 6w = .130 

6t 
milliequivalent/l! mgll 

Hours onduct- Dissolved Solids 

sinee ance 
runoff mhos/em ediment pH Na+ Ca++ Mg++ SO: HCO; Sample begi.n 250C gIl 250C 

Total 

6-1 4100 14.1 8.01 

6-2 0.0833 1110 12.3 7.82 

6-3 0.250 627 11.3 8.09 

6-4 0.500 300 9.6 8.11 

6-5 0.750 211 9.7 8.13 

6-6 1.25 184 7.6 8.24 

6-7 2.00 125 6.8 8.15 

6-8 2.25 121 3.8 8.20 

6-9 3.00 115 3.4 8.07 
~......:.==-___ ~,.---= __ ";'l_._ ~._ 
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At 
Hours 
since 
runoff 

Sample bC'gin 

7-1 ------

7-Z 0.0833 

7-3 0.333 
I 

I 
7-4 0.583 

7-5 1. 08 

7-6 1. 58 

7-7 2.08 

7-8 2.58 

7-9 3.08 

7-10 3.58 

TEST: 7 

Ps = 1. 63 grf1lll8/cc 

Ws = 21. 2 ~ 

Conduct-
ance 
~mhos/cm ~ediment 

250C gil 

2310 4.2 

664 2.3 

1560 3.2 

855 2.3 

487 2.0 

372 2.0 

323 1.5 

278 2.0 

273 1.7 

243 2.5 

pH 
250C 

8.21 

8.01 

8.11 

8.13 

8.36 

8.42 

8.22 

8.09 

8.09 

8.19 

'\8 '" 0.345 

w" 15.4; 

Aw = 0.058 

0.40 1n/hr _11 2 
It " 6.11 X 10 em 

Dissolved Solids milliequivalent/ll mg/l 

Na+ Ca++ Mg++ SO~ HCO; Total 

~ 375 ~ 97.4 I~ 153 ~ 1548 I~ 23.2 ~ ~196.6 

~ 93.8 ~ 42.0 ~ 12.3 ~ 330 ~ 25.0 ~ 503.1 

~ ~32 ~ 96.6 K 53.2 ~ 898 C:~ 26.2 ~ 1306 

~ 132 ~ '73.8 ~ 18.6 ~ 509 ~ 26.2 ::s:. 759.6 

~ 56.6 ~ 47.6 ~ 8.4 ~ 240 ~ 27.5 ~ 380.1 

~ 40.2 ~ 36.2 ~ 8.5 X 191 ~ 23.8 ~ 299.7 

~ 34.7 ~ 28.0 K 6.2 ~ 150 ~ 25.0 ~ 243 •. 9 

~ 29.9 ~ Z5.2 K 6.0 ~ 130 ~ 22.0 ~ 213.1 

~~~ ~ ~~ 28.7 23.6 4.9 120 23.8 . .1201. 0 

~~~ ~ ~~ 17. 7 ~3. 4 2. 3 2~. 8 .it48. 0 77.8 
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TEST: 8 '\s : 0.345 i "1.20 in/hr 

Ps :: 1.63 gr8l1JB/cc OJ: 11.0 ~ k ,,6.11 X 10-11 cm2 

ws" 21. 2 70 Aw =O.~O2 

6t 
tnilliequivalent/l/ mg 11 Hours rndUct

• 

Dissolved Solids 

since ance 
runoff ru hos/ c mredime't pH Na+ Ca++ Mg++ SO~ HCO; Sample begin I 250C gil 250C 

Total 

8-1 290 8.0 8.10 

8-2 0.117 2800 8.2 8.08 

8-3 0.367 805 4. 7 8.21 

8-4 0.534 605 3.7 8.00 

8-5 1. 62 340 4.0 8.31 

8-6 1. 79 210 3.9 8.12 

8-7 2.29 174 3.3 7.99 

8-8 2. 79 173 3.6 8.22 

8-9 3.62 169 3.5 8.14 
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r' 
I 

Saml'le 

9-1 

9-2. 

9-3 

9-4 

9-5 

9-6 

9-7 

9-8 

9-9 

9-10 

9-11 

9-12 

---

-
Clt 

Hours 
since 
runoff 
begin 

------

0.0833 

0.167 

0.333 

0.580 

0.830 

1.330 

L 83 

2.33 

2.83 

3,83 

TEST: 9 

Ps" 1. 63 gr&mIJ/CC 

ws::' 21.2'" 

Conduct-
ance 

",mhos/em ~ediment 
250C gil 

1860 14.2 

3640 5.5 

1160 5.5 

714 4.6 

320 4.8 

222 3.0 

182 2.5 

128 4.4 

129 3,6 

116 2.4 

117 3.2 

------ 83 -----
. -.~-,,-

pH 
250C 

8.32 

8.21 

8.26 

8.14 

8.20 

8.19 

8.19 

8.02 

8.11 

8.17 

8.13 

7.41 

t\s :: O. 345 

UJ" 13. 2. ~ 

Aw = 0.080 

1 " 2.. 1 2 1n/hr 

k • 6.11 X 10-11 cm2 

Dissolved Solids milliequivalent/l/ mg/l , 
Na+ Ca++ Mg++ SO: HCO; 

! TotaL i 

~ K ~ ~ ~ ~' 347 80,4 90.2 1297 26.2 1840 

~ K ~ ~ ~ ~ 994 97.6 151 2795 23,2 4060.8 

K 74. 7 ~ 85.8 ~ 2z.. 0 ~ 440 ~ 25.0 ~ 647.5 

K 36.8 ~ 58.6 I~ 15.0 ~ 249 ~ 25.0 ~ 384.4 

K 20.0 K 35.4 K 6.0 ~ 136 ~ 25.6 ~ 223.0 

~ 8.5 ~ 24.8 
I.;( 

6.7 r::>:. 80.4 
.~ 
26.2 ~ 146.6 

~ 6.9 ~ 21.8 ~ 3.4 ~ 46.2 ~ 23.8 ~ 102.1 

~ 3.4 ~ 18.2 ~ 2.5 ~ 36.6 ~ 25.6 ~ 86.3 j 

~ 2. 1 ~ 19.8 'J( 2.3 ~ 38.0 A 24,4 ~ 86.6 

,~ 2.3 K 14.8 ~ 1.8 ~ 25.0 ~~ 22.6 ~ 66.5 

~ 1.6 K 15.0 ~ t.O ~ 23.1 ~ 25.0 ~1 65.7 i 

I:S::K~~~;N '(1.1 10.4 {0.6 <4.8 32.3 42.7 ! 
'- -- ..... ·L.... 
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TEST: 10 t'\s .. O. 345 " 1.72 1n/hr 
Ps :: 1. 63 gr8lD8/cc UJ "' 16. 5 ~ k = 6.11 x 10-11 cm2 

Ws :; 21. 2 ~ AUJ :: 0.047 

At 
Dissolved Solids milliequivalent/i! mg/1 Hours onduct-

since ance 
runoff ~mhos/cm Sediment pH Na+ Ca++ Mg++ SO~ aco: Total Sample begin 250C gIl 250C .) 

10-1 473 12.0 6.26 

10-2 0.150 643 7.8 8.07 

10-3 0.350 322 6.1 8.02 

10-4 0.600 211 5.6 8.15 

10-5 0.850 203 5.3 8.2t 

10-6 1. 350 189 3.1 8.19 

10-7 1.85 179 2.7 8.24 
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APPENDIX D 

COMPUTER PROGRAM 

++ Th!s is+the ~mputer program used to predict the concentration of Mg , 
S04' Na ,Ca , and total dissolved solids (see Figures 22 and 23) 
in the percolation water (for a CDC 6400 computer), as discussed in 
Section VI. 
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PPOGR A·i MA J N ( INPUT. ntlTPUT • T APf 5-= 'NPUT ,T APE (,=OlJTPUT) 
OT~fNS TO~·i r. (11' .Qr~( I 0 \ .Rr (l O).R' (4) .R? ('.) .DC,\ (50) .D~I·r, (t,O) .DNA (50) 
I~EAD(5·JOl SCA"StAf. .. SNA.:';SO' .• SCL.c:K1.CK2.CKS 

10 ~ORMAT(~~10.q, 
R fAD ( 5 • 3 1) A CA. AM r, • A N A. • fH·H; " RCA. 8 "I A • ~ ~ (' 4 • IJ II • U l H I 

)1 FnRHAT(5F9.9.2F9.~.?F~.A) 
T-=A 
8£TA-=?A41J.O 
MM=O 
J=O 
SSCA=SC~ 
S5NA-=5NA 
5St-tG=5~-1G 
SSS()4=SS04 
SAN.A=ANA 
SACA=~CI\ 

S"MG-=AMG 
SCA=SCA 
SNA=5NA 
SMG=SMG 
SS04-=SS04 
U=UU 
l~2 

12 GO TO (201.202).L 
202 SCA=SCA+BCA 

SMG=SMG+BMG 
SNA=SNA+BNA 
5504=550'+ +8504 
ANA=5ANA 
ACA=5ACA 
AMG=SAMG 
U=thUUU 

J3 CALL fQUJlCSCA.SMG.SS04.SNA.ACA.AMG.ANA.CKS,U.CKl,CK2.SETA) 
J=J+ 1 
OCACJ,=ACA 
ONAfJ)=ANA 
OMG(J'=AMG 
IF ( J-I) 12. 1 0 • 1 0 

)0 WRITE(6.a7) MM.SCA.SMG.SS04.SNA 
87 rORMAT(lHO.I3.20XoSCA*26~*SMG*27~*ssn4*26X*SNA*/(4F30.10)) 

MM=MM+l 
J-=O 
SCA-=S5CA 
SMG=SSMG 
SNA=SSNA 
S504=55504 
u=uu 

201 J=J+l 
IFfMM-10) 23.?3.5l 

23 CONTfNUf 
l =1 
ACJ1=OCA(Jl 
J1MG-=OMG'J) 
ANA=ONAeJl 
J=J-l 
GO TO 13 

S1 CONTINUE 
f~tO 
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SUBROUTINE fQUIl (SCA.S~G.SS04.SNA.ACA.AMG.ANA.CKS.U.CK1.CK2.BETA) 
OTMENSION C(11).RRCIO).RI(lO).R)(4l.R2(4).DCA(SO).OMG(SO),ONA(SO) 
IFlAG=O 
Cf})=250.0*BfTA**2*CK2**2 
CC2'=-1000.0*BfTA*CK2**2*{BETA*ACA+8ETA*AMG+O.5*SNA)-O.5*BETA 
C()=1000.O*8ETA*r.K2**2*(BETA*ACA**2+2.0*SNA*ACA+2.0*BETA*ACA*AMG+ 
72.0*SNA*AMG+BE1A*AMG**2)-SCA-SMG-8ETA*~NA+250.0*CK2**2*SNA**2 
C(4)=-2000.0*BfTA*C~2**2*(SNA~~ACA**2+2.0*SNA*ACA*AMG+SNA*AMG**2)-A 

4NA*CZ.O*SCA+2.0*SMG+O.S*BETA*ANA)-lOOO.O*CKZ**Z.SNA**2*(AMG+ACA) 
C(S)=lOOO.0*C~2**2*SNA**Z*(ACA**2+2.0*ACA*AMG+AMG**2)-ANA**2*(SCA+ 

2SMGl 
CALL RTSLVCC.4.RR.RJ) 
N=O 
DO 50 1=1.4 
WRITEC6.49l RR(I).Rlf}) 

49 FORMATC1HO.ZSX*RR(ll*25x*RJ(I)*/(2F30.10» 
If(ABS(RI(I».GT.l.E-OS) GO TO 50 
N=N+l 
Rl (N) =RR (1) 

50 CONTINUE 
IFCN.LT.l) GO TO 500 
IfCIFLAG.GT. 0) GO TO 200 
IflAG = 1 
'<MIN=100.0 
00 70 1=I.N 

10 XMIN = AMINI (XMJN.Rl(I» 
X=XMIN 
tiOLD = X 
GO TO 300 

200 XMIN=lOO.O 
00 90 I=l.N 
IF(ABS(Rl(I)-HOLOl.lT.XMIN) GO TO 80 
XMJN = XMIN 
GO TO 90 

80 XMIN=ABS(RlfI)-HOlD) 
M=t 

90 CONTTNUE 
X=RlfM) 
WRITEC6.48'X 

48 fORMATCIHO.2SX*X*ZX*=*2XIF30.10l 
HOLD=X 

300 CONTTNUE 
A = 8ETA*(1.-CK1) 
B=SCA+BETA*CAMG+CKI*ACA-0.5*CKJ*X+O.5*X)+CKl*SMG 
V=SCA*AMG-SMG*ACA*CK1+0.5*BETA*(*AMG+O.S*CKl*X*SMG 
AR6= B**2-4.*A*V 
Y=(-B+SQRT(ARG)/C2.*A) 
SCA=SCA+aETA*cX/2.0 +Y) 

SMG=SMG-BET~*y 
SNA=SNA-SETA*'J. 
ACA=ACA-ex/2.0+Y) 
AMG=AMG+v 
ANA=ANA+X 
Z=O. 

4 SCAl=SCA+Z 
SS041=SS04+Z 
UH=SQRT(2.*(SC~)+SS041+SHG+O.25*SNA)+U' 

11=1 
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100 9B=SCA+SS04 
CC=SC4*SS04-CKS*EXP(9.336*UH/fl.+UH» 
Z='-88+SQRTtBS*RB-4.*CC»*O.5 
!~(JT.fQ.2) GO TO 102 

101 AACA=SCA+Z 
SCA2=SCA+] 
SS042=5504+Z 
UH=SQRTt2. 0 (SCA2+SS042+SMG+O.ZS*SNA)+U) 
11=2 
GO TO 100 

102 SCA2=SCA+Z 
JF(ABS(SCAZ-AACA).r,r.l.f.-OS} GO TO 4 
AAASCA=SCA 
SCA=SCA+Z 
SS04=SS04+Z 

17 tF(ABSfSCA~-AAA SCA). GT.l.E-04) GO TO 
GO TO 9050 

~OO W~ITf{6.5001) 

5001 FORMAT(lHD.* NO REAL QUARTIC ROOTS*) 
9050 CONTINUE" 

RETURN 
END 
SUBROUTINE RTSLV (COE.N!.ROOTR.~OOTl) 
DIMENSJON COEfl1).ROOTR()O).ROOTT(lO) 
N2=Nl+1 
N4=O 
I=Nl+1 

19 IF(COE(I»9.7.9 
7 N4=N4+1 

ROOTRfN4)=O. 
ROOTT(N4)=O. 
1=1-1 
IF(N4-Nl)19.37.19 

9 CONTINUE 
10 AXR=O.8 

AXT=O. 
L=J 
N3=1 
ALP1R=AXR 
ALP' T=A)C J 
M=l 
60T099 

11 BETIR=TEMR 
BET)t=TEMI 
AXR=O.8S 
ALPZR=AXR 
ALP21=AXI 
M=2 
GOTOQ9 

12. BET?R=TEMR 
BE'TZI-=TEMI 
AXR=O.9 
ALP3R=AXR 
ALP3J=AXI 
..,=3 
G01099 

13 BET3R::TEMR 
RET3T=TfMI 
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14 TE1=ALP1R-ALP3R 
TE2=ALP1I-ALP3T 
TfS=Al .. P3R-ALP?t:' 
TE6=ALP3I-ALP21 
TEM:T~5~Trs+TE6~Tf6 

TE3=(TE1~TES+TE2·rf6}/TEM 

Tf4:(1E2*TE5-TE1*TE6l'TfM 
Tf.7:TE3+1. 
Tf9=T£3*TEJ-TE4*TE4 
TflO=2.*Tf3*TE4 
DE15=TE7*eET3R-Tf~08fT]1 
DE16=TE7*BET31+TE4*B£T3R 
TEll=TE3*8ET2P-TE4*BET2T+BETlR-DEl~ 
TE12=TE3*BfT21+Tf4*8ET2R+BETIJ-DE16 
TE7=TEq-l. 
TE1=TE9*8ET2R-TEIO*BET21 
T£2:TE9*8ET2T+TE10*RET2R 
TE13=TEJ-BfT1R-TE1*8ET3R+TE10*BET3I 
TE14=TE2-BET1T-Tf7*RE11J-TflO*BFT3R 
Tf1S=DE'S*TE3-DE1A*Tf4 
T[16=Of15*T£4+0£16*T£3 
T£1=T£13*TE13-TE14*Tf.14-4.*(lEl1*TE15-TEJ2*TE16J 
TE2=2.*TE1;~TE14-4.*(TE12*TE)5+TEll~TE16) 
TEM=SQRT (TE1*Tfl+TE2*TE2l 
I~(TEI)113.113.J12 

113 TE4=SQRT (.5~CTEM-TE1)) 
TE3=.5~TE2/TE4 
GO TO 111 

112 TE1=SQRT (.5~(TEM+TE1)) 
IFfT(2)110.200.Z00 

110 T£3=-TE3 
200 T£4=.5~TE2'TE3 
III T£7=T£13+TE3 

T£8=TEI4+T£4 
TE9=TEI3-T£3 
T£10=T£14-1E4 
TE1=2.~T£15 

TE2=2.*TE16 
lrfTE7*Tf1+TE8*TE8-TEq*TE9-TE10~TEIO)204.204.20S 

204 T£1=TE9 
TE8=T£10 

205 TEH=TE7~Tf7+TE8~TE8 
TE3e(TE1*TE7+TE2~TE8)'TEM 
Tf4=(Tf2*TE1-TE1*lE~)/TEM 

AXR=AlP3R+TEJ*TE5-TE4*TE6 
AXT=ALP3J+TE3·TE6.TE4*TE~ 
ALP4ReAX~ 
AtP4T=AXI 
M~4 

GO TO 99 
15 N6=1 
38 tFfABS (HflL)+ABS (8Elll-I.E-10)lS.18.16 
16 TE7=ABS (AlP3R-AXR)+A8S (ALP31-AXTl 

IFfTf11(ABS (AKR)+A8S (AXI))-1.E-1)tS.18.)7 
] 7 N3=N3+ 1 
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AlP1 R=AlP?R 
AlP1I=AlP21 
A.lP2R=AlP3R 
AlP2J=AtP3J 
AlP3R=AlP4R 
AlP31=AlP4J 
BET1R=BET2R 
BET1T=BET2J 
BET2R=BET3R 
8ET2J=8£T31 
BET3R=TEMR 
BET3J=TEHT 
IffN3-100l14·18.18 

18 N4=N4+1 
ROOTR(N4)=ALP4R 
ROOT T (N''') =ALP4 T 
N3=O 

41 TffN4-Nl )30.37 • .37 
37 RETURN 
30 IF(A8S (ROOTICN4l)-1.f-S')O.lO.31 
31 GO TOt32.10).l 
32 AXR=ALP1R 

AXT=-AlPIT 
AlP1I=-AlPl T 
M=S 
GO TO 99 

33 8ET1R=TEMR 
BETJT=TEMI 
AXR=ALP2P 
AX!=-ALP21 
AlP2T=-AlP2T 
"'=6 
GO TO 99 

34 BET2R=T£MR 
8£T2T=TEMI 
.AXR=AlP3R 
A)(t=-ALP31 
AlP3I=-ALP3T 
L=2 
M=) 

9q TEMR=COE (} ) 
TEMT=O.O 
D0100I=1.Nl 
Tfl=TEMR*AXR-TrMl~AXT 
TE~T=TfMJ*A.xR+TEMR*AJT 

100 TEM~= TEJ+COE(J+l) 
HElL=TfMR 
BEll=TE"-J 

42 IffN4l102.10).)O? 
102 DOIOII=l.N't 

TEM1=AXR-ROOTR(J) 
TEM2=AXr-~OOTlfT} 
TEJ=TEM1*TEH1+TEM2*ffM2 
TE2=(TEMR~TEM1+TEMJ*TEM2l/TEl 
TtMI=(TEMI~T£Ml-TEMR*TfM2)/TEl 

10] T{MR=Tf2 
]03 GO TO(JJ.12.13.)S.33.34).~ 

ENO 
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