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INTRODUCTION 

Vast resources of oil shale ~ in excess of 600 
bi11ion barrels of recoverable oil --" exist in the 
tri-state area of Colorado, and Oil 
shale is a mar1stone that contains about 20 
organic material; oil can be extracted from 
mining and pyrolysis in a surface retort or 
direct pyrolysis in the 
The latter ..--nho•-·rcv-1 

Since most 
located 

The 
tude 

from an in situ 
mental control 
report 

tracts 

Tecfmological Frarne1vork 

is 
shale is 

retorted at the 
spent shale may 

and the 

report is to evaluate the 
of leachate 

so that 
identified. The 

100, 000-· barrel
located on lease 

the assessment of the 

1 

of 

It is assumed herein that the modified in. situ 
about 100,000 bbl 

estimate does not include 
of mined oil shale. 

will be used to 
This 

If an oil 50 ,-,p TY' NYC 

is assumed, about raw 
oil shale with a Fischer will 
be A 
so 

tion) in 

situ retort will be 

a 

it will 
Mahogany Zone. 
about 20 

rubbliza--

in situ retort 
of rubblized raw oil 
of raw oil shale will be 

to the surface 
bulk density of raw shale 

contained in the retort would be about L 8 g/ cm3 

and the retort would about 135,000 bbl of 
oil upon retorting, , a 100 ,000--bbl/day 
facility will, on the average, about one 
typical in situ retort every L4 days. 
about 7.6 x 107 kg/day or about 2.8 x 
of raw oil shale will be mined and brought 
surface for surface retorting. 

X 

have a lower bulk density 
oil shale due to the pyrolytlc 

and conversion of carbon-
a 20 

bulk density of 
shale, 
1). 

Geographical Frameworh 

'The effect of each leachate source on the 
of surface water and groundwater will be 
at several levels, ranging 

local to major emphasis in 

L 

2. 

3, 

will the local assessment. 
assessment levels, 
boundaries, will be used: 

(Green River 

CLJpper Colorado 

The Piceance referred to 
as Piceance higher grade 

of current corn
Moreover, the 

tion in the Basin may 
for developers. 

was selected 
deposits 

are located 
within that contains the Piceance 
Bas:iJ1.. The Basin was selected 
for assessment planning 
basin that contains all western shale deposits 
suitable for Because it is a regional 

a wealth of information exists on 
data on water quality and 

SU1Vu\1ARY AND RECOMMENDATIONS 

'This is an attempt to pull together 
available inforrw.tion on the leaching of residuals 
from an in situ oil shale facility. The report 
evaluates the effect of leachate from abandoned 
in situ retorts and surface disposal piles of a 
100,000 modified in situ facility on the 

of the surface water and groundwater of the 
Upper Colorado River Basin. The study should be 
regarded as a framework that will be e:xpanded and 



updated as new infonmtion is from the 
experimental field program being conducted by 
industry. 

Conclusions 

The major conclusions of this are: 

1. Groundwater disrt~tion is a key concern 
because it is largely irreversible and may have 
long·· tenn consequences. Because flow velocities 
are low, it will take centuries for natural 
processes to remove the 
cleanup may require removal of leachate by pumping 
followed by surface treatment. Even though it 
may take centuries for leachate to move an apprecia
ble distance, there is no guar<:m tee that during 
those centuries the water will not be withdrawn 
and used. 

2. in the of an in situ 
decades or centuries after 

control measures are not clevel
and implemented. The largest increases would 

occur in pH, S04, Na, HC03, and C03, and in 
, such as phenols and organic nitro·· 
Other constituents, such as Ca and 

to decrease due to precipitation, 
and other reactions. 

3. 'The major components of spent shale 
leachate are S04, HC03, CO~~, Na, Cl, Si, and K. 
These ions are not highly toxic, are not 
detrimental for many water uses, and may be 
tolerated at rather high levels under certain 
circumstances. 'The minor components in spent shale 
leachates, which include As, Pb F, phenols, 
organonitrogen compounds and , however, are 
considered to be toxic at the levels at which they 
are present in leachates. However, there has been 
inadequate work on these minor components to 
properly evaluate t..hei r importance. 

4. Groundwaters in the Piceance Basin are 
not extensively used. Most users of the 

s waters rely on alluvial There-
fore, short-tenn groundwater effects may not be 
serious. In the long-term (for centuries following 
facility abandonment) groundwaters in the vicinity 
of an in situ would not be suitable for 
municipa~ supply or watering without a high 
level of treatment. be 
for irrigation of certain crops o 

S; The effect of in situ leachates will not 
be immediate o After dewate:dng ceases, it will 
take decades to centuries for the groundwater to 
invade and leach the retorts. Thus, serious 
problems may not occur until after the site is 
abandoned, and measures will have to be 
taken on abandonment to prevent tenn 
consequences o 

6. The effect of in situ leachates will be 
highly site-specific due to large variations in 

2 

local hydrology. Estimates presented in this report 
indicate that if a facility were located on tract C-a, 
leachate release from a single retort could continue 
for 1 to 6 yr, the leachate would be transported in 
the Lower Aquifer at about 160 ft/yr, and it could 
take a century for it to discharge into the nearest 

If the same retort were located on tract 
release leachate for 6 to 54 yr, the 

would be transported in the Upper Aquifer 
at about 20 to 30 ft/yr, and it might take 2 
centuries for it to discharge into the nearest 
stream. 

7 o It rmy be to operate field retorts 
to minimize leaching. At temperatures in excess of 
800°C silicates, which are relatively insoluble, 
are The reactions are enhanced in the 

of steam. Efficient and unifonn combustion 
before these reactions will have a 

effect on the leachability of spent 
This reduces the conductivity 

leachates but has little effect 
and other minor constituents. 

8. In situ leachates may reach surface 
streams by discharge into Piceance Creek or Yellow 
Creek 1 to 2 centuries after the completion of 

The quality in local streams may 
approach that of the initial leachate. This 
effect would be greatly diluted at dmvnstream 

The lDS)in the Piceance Creek at the White 
increase by 260 mg/1 to 42,000 mg/1 and 

on the Colorado River by 0.3 mg/1 to 

9. If leachate from abandoned in situ retorts 
degrades local groundwaters and surface waters, 
measures will have to be taken to control the 
release of leachate from abandoned in situ 
retorts. 

10 o If the mined oil shale is retorted, the 
resulting disposal piles may produce leachates. 
These will prunarily affect surface waters. 
Percolation under such conditions may affect 
groundwater quality. Consolidation and cementation 
of some types of spent shale on compaction with 
water could reduce the permeability of disposal 
piles a11d make them more susceptible to runoff. 
Erosion of the soil cover will be a long-tenn 
concern and should be considered in disposal plans. 
The primary effects of spent-shale disposal piles 
will be felt during pile construction and vegeta
tion. Subsequently, runoff may resemble that 
from native areas and likely contain nutrients, 
plant material, and suspended solids. Piles of 
raw shale and other solids, however, will be less 
impervious and percolation through them may affect 
underlying g-roundwaters. 

be possible to 1mke a grout out 
and to use the grout to seal 

This would decrease the size 
of the ~"-v"''"~cu by about 80 percent. The 
effect of spent-shale on water quality 
is unknown and should be investigated. 

12. Available data suggest that raw oil shale 
is not inert and release quantities of C03, 
HC03, Se, a11d F to those released by spent 
shales. If the amount released differs signi
ficantly from nmoff from native soils, special 
control measures may be required for disposal 
piles of raw oil shale. 

13. The concentrations of IDS and TOC 
in leachates suggest that these parmneters may 
be suitable tracers for in situ leachates. 



Recommendations 

Research on many of the covered in this 
report is incomplete or inadequate 
assess water quality effects or to 
teclmology requirements. The 
areas where additional work is 

1. Laboratory leaching studies of in situ 
shales have focused on simulated spent shales, used 
distilled water, and used contact times 
less than 30 TI1ese conditions do not 

represent conditions. The contact 
the leach water and the 

be of the order of 1 to 10 
of the leach water will be 
from distilled water. and 
may differ in · from those 

difference in the field. 
may be maximum 
rate., Field mm,c~·~<-, 

peak temperatures will 

and retorting 
exposure time to 

exceed those encountered in 
the laboratory. 
laboratory simulations 
be performed. High-h'''""",.,., 
should be leached 
continuous-flow columns using 
similar to those anticipated in 

realistic 
need to 

in 
velocities 

retorts. 
Mass~transfer should be used to 

surveys ~~d organic rh~~·"r·rAoo", 
perfonned on select and 

of these corripunents 

2. Some technological is required 
to obtain definitive estimates effect of 
in situ spent: shale leaching and to study control 
strategies. Experimental program.s such as those 
under way at tract C-a and in Wyoming should go 
forward so that much needed data can be obtained to 
better design comnercial-sized These field 
programs should be coordinated with laboratory 
studies. If the results of field environmental 
studies indicate that the effects of these 
rrental facilities 
significant, then 
should be made. 
pumping the leachates 
This may be a feasible 
data collected to date 
are removed with the 
pore volumes of 

the effects 
include 

to the surface for treatment. 
control strategy- -leaching 
indicate that most leachables 

of the first few 

3. The effect of the leachate on local 
groundwaters and surface waters has to be better 
evaluated. This and 
application of a 
system and local 
handling hydraulics and chemical transformations 
in fractured aquifers . In with this , 
laboratory and field studies need to be conducted 
to develop model input parameters. 

4. No quantitative data are available on the 
potential for attenLk'ltion of constituents on 
passage through the retort or during 
transport. The leaching columns 
(1) above need to be followed by columns containing 
aquifer media to determine the retardation of 
leachate components. 
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5. Available hydrologic data are inadequate 
leachate transport. 

, pun~ tests, and tracer 
studies should be conducted to determjne effective 

and flow directions, :omd to characterize 
systems. 

definition of the 
of solids other than raw 
will be disposed of in 

The con~osition an.d leaching 
of those other solids should be investi-

7. data that raw oil 
not inert and may large quanti ties 

substances, such as F and B. This should 
in greater detail in laboratory 
to simulate the effect of rainfall 

and snowmelt on the leachability of raw oil shales. 
This should be contrasted with similar experiments 

native soils to determine the net effect. 

8. Field studies at demonstration sites such 
as lease tracts C-a or C-b are required to 
transfer laboratory experience to the field. 
Cores or bulk samples need to be taken from 
experimental field retorts analyzed in the labora-
tory for minor, trace elements, and 
leaching conducted. Field programs need to 
be established to monitor backflood waters and 
surrounding aquifer waters. These programs 
should be long term, spanning a decade or more, and 
should include complete elemental and organic 
characterizations. 

9. Measures nBy have to be taken to control 
release of leachate from the retorts. This is 
to be challenging problem 

time. Research should be 
to identify technically and 
control techniques. Proper 

allow control of leachate flows 
be studied, 

LEACHATE FROM IN SITU RETORTS 

In situ leachates are by the interac
with in-place spent tion of local 

shales and , including 
oils, and tars. Tney originate 

m,'f<,,.,,f-n,y flows abandoned 
during 

Rc;tort construction and may permit 
gases to mix with groundwaters. 

may create cracks and fissures 
through which move or, where retorts 
intersect natural aquifer permeability 

gas to escape directly into aquifers. 
possibilities exist, and if the retorts 

are not at pressure, gases 
produced could come in contact 
with groundwaters. no data exist on 
this phenomenon ru1d it thus cannot be discussed 
in detail. However, it should be realized that the 
potential for gas interaction eyJ.sts and that it 
may increase the level of certain organic and 
inorgru1ic compounds in affected groundwaters. 



4 

RETORT 

MILES 

VERTICAL EXAGGERATION X 21 
DATUM IS MEAN SEA LEVEL 

1. Geohydrologic section through the Piceance Basin. XBL 7811-12780 

This section will primarily review and assess 
available data on the leaching of organ.ics and 
inorganics from in situ spent shales. !vbst of 
these data were derived using spent shales from 
laboratory or pilot-scale retorts. These spent 
shales are referred to as "simulated" to distinguish 
them from field spent shales. The geohydrology of 
leachate formation, the mechanics of leaching, and 
factors that affect leachate composition will be 
discussed. Available experimental data will be 
assessed and used to estimate the leachate 
composition for a field in situ retort. A method 
of estimating leachate transport will be presented. 

In these discussions, the reader should bear 
in mind that research on the in situ leaching of 
spent shales is in its infancy and that the data 
are incomplete. Because none of the information 
to be presented has been published in the technical 
literature, it has not been subjected to peer 
review. Wide variations in experimental technique, 
analytical methods and spent-shale sources have 

been prevalent. Therefore, comparisons are 
difficult to make. This material should be 
considered an attempt to present a consistent data 
base to define control technology requirements and 
as a framework for defining additional research 
needs. It should not be considered as the final 
word on the leaching of in situ spent shales. 

Geohydrology Leachate Formation 

!vbdified in situ retorting requires partial mmmg 
and fracturing of the retort block to create 
adequate porosity for effective retorting. This 
introduces permeability into an otherwise largely 
impermeable strata. The stratigraphy described 
in Figure 1 is typical of that found in the 
Piceance Basin where the richer oil shale deposits 
occur. Recent work by Occidental Oil Shale, Inc. 
(Ref. 3) indicates that the aquifer system in the 
vicinity of lease trace C-b is considerably more 
complex than previously believed (Ref. 4). 
Preliminary work indicates that instead of an 



) 

) 

Figure 2. 

upper and lower aquifer, as previously believed, 
there are 15 aquifers separated, in part, 
by aquitards, This considerably complicates the 
question of leachate transport. This report will 
refer to an "Upper" and a "Lower" aquifer. 
However, the reader should bear in mind that the 
system is substantially more complex. 

The Lower Aquifer is normally confined and the 
Upper Aquifer acts as an unconfined aquifer 
although confined conditions exist (Ref. 4). A 
head difference of 10 ft to 55 ft exists in most 
parts of the basin. Thus, perrr~ability produced 
by partial mining, fracturing, and retorting could 
create a possibility for groundwater to migrate 
into an abandoned in situ retort after completion 
of retorting. 

The extent and nature of leachate migration 
will depend on dewatering management and on how 
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Upper Aquifer 

configurations. XBL 791 179 

the retorts are located relative to the aquifers. 
Four likely configurations for retort/aquifer 
location are shown in Figure 2. 
The first three are typical of 
conditions in the center of the Piceance Basin, 
Colorado, where most of the rich oil shale deposits 
occur. In this area, the !Vlahogany Zone is sand
wiched between several tiers of aquifers and 
aquitards. Retort location within this tiered 
structure depends on resource characterization, 
and retorts will be located to maximize resource 
recovery. The retorts be located such that 
they penetrate the entire of the !Vlahogany 
Zone and intersect aquifers on both sides, or such 
that they largely intersect only a lower or an 
upper aquifer. These two cases are very different 
from the standpoint of leaching characteristics. 
If a retort connects two aquifers, the retort will 
act as a conduit transporting leachates from one 
to the other. Flow will be either upward or down-



ward, depending on the head differential between 
the aquifers. When only one aquifer is intersected, 
flow will be laterally through the retorts. The 
two-aquifer case may be represented by ±1ow through 
parallel conduits and leachate release may be 
described as a "line" source. The single aquifer 
case may be represented by flow through a series 
of retorts and leachate release may be described 
as a "point" source. The total flow delivered by 
the parallel case will be considerably larger than 
the series case. Jln additional difference is that 
leachate will pass through several abandoned 
retorts in the series case; this may result in 
constituent removal by adsorption or ion exchange. 

The retorts may also be located such that they 
do not directly intersect either the Lower or 
Upper aquifer. This is shmvn in the final 
schematic in Figure 2. This configuration is 
unlikely for retorts located in the Piceance 
Basin but may occur in Utah or Wyoming oil shale 
deposits. This would represent the ideal con
figuration as there would be little interaction 
between the spent shale and groundwater. This 
situation exists in Utah where the oil-shale zone 
may exist either above or below a groundwater 
table. 

Mechanics of Leaching 

The following description (slightly modified) 
of the mechanics of in situ leaching is from Parker 
et aL (Ref. S). 

The mechanics of the leaching of spent oil 
shale can be divided into chemical and physical 

The physical aspects will be considered 
first. Obviously the spent shale must be cooled 
to below the boiling point of water to permit 
leaching. If no liquid water enters the hot in 
situ retort, cooling may take years. The acci
dental or intentional injection of liquid water 
into the hot spent retort could quickly cool 
the spent shale. 

When liquid water contacts the spent oil shale, 
it will be drawn into the shale by capillary forces. 
Suddenly immersing a fragment of spent oil shale 
in water will result in capillary forces drawing 
water into the oil shale from all external surfaces 
while displacing gases through a few of the larger 

The influx of water from the surface 
the central portion of the shale fragment 

will miscibly displace soluble salts from areas 
near the surface of the oil shale fragment into the 
central portion of the shale fragment. In contrast, 
if only the lower surface of the spent oil shale 

is wet with water, as might occur if 
there wss a slowly rising water level in an in situ 
retort, water will be imbibed into the shale 
fragment from the bottom only and result in a 
miscible displacement of soluble salts to the 
upper surface of the spent shale fragment where 
the soluble salts will be more quickly leached into 
the bulk of the water. After the pore space of 
the retorted oil shale has been largely filled 
with water by capillary forces, only a small 
percentage of the residual gas saturation will 
remain within the shale. At this time, molecular 
diffusion will serve to transfer soluble material 
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both to and from the spent shale fragment and 
the groundwater in which it is immersed. 

Important chemical reactions associated with 
oil shale leaching occur at temperatures above 
600°C where some shale minerals are changed from 
their natural state into different species. The 
major reactions are the decomposition of carbonates 
above 600°C, principally those of magnesium and 
calcimn, and the formation of silicates (Ref. 6) 
above 800°C. Metal oxides formed between 600°C 
and 800°C are hydrated to strongly alkaline 
hydroxides. Retorting processes that use in situ 
oxidation to generate the energy required for the 
process will normaTl.y reach these temperatures 
although the pyrolysis of oil shale can be 
accomplished easily at lower temperatures. 
Temperatures reached during the retorting process 
may also dehydrate various minerals, particularly 
clays, 1he ten~eratures necessary to produce 
calcimn aluminosilicates, as in Portland cement 
manufacture, ti1at is, 1400°C, are not normally 
reached in oil shale processing. Slow retorting 
rates and the low thenna.l conductivity of oil 
shale may permit slow mineralogical reactions to 
occur within a field retort that might not be 
observed in laboratory studies using shorter 
heating times and operating under nonadiabatic 
conditions. Opportunities will exist during 
cooling for gas-phase reactions such as hydration 
in the presence of steam, and recarbonation in the 
presence of carbon dioxide. 

When the spent oil shale is sufficiently cool 
to permit liquid water to exist, ionic reactions 
rna.y begin. If the water is the result of 
condensing steam, only the ions available from the 
spent shale will participate in the reactions. 
If groundwater contacts the oil shale, ions 
supplied by the groundwater will also participate 
in the reactio~s. Major anticipated reactions 
are of the liw.c (produced by decomposition of 
calcite and dolomite) with clay, feldspars, and 
quartz. 'The precipitation of divalent cations by 
carbonates present in the g-rom1dwater will also be 
a rna.jor reaction. Changes in pH during the 
leaching process will also alter the solubilities 
of some ions. It should be stressed that the 
chemical environment inside the pores of the 
retorted oil shale may be very different from 
that observed in the external water. For example, 
the pH of the groundwater may be 8 to 9, whereas 
the pH inside the spent shale may be above 12. In 
addition to supplying additional soluble materials 
to the gToundwater, the spent shale may serve to 
remove various ions from the groundwater. An 
obvious example is precipitation of carbonate ions 
in groundwater by calcium and mag-nesium in the 
spent shale. 

Factors Affecting Leachate Quality 

The leaching of inorgM1ic and organic materials 
from in situ spent shale will be influenced by 
(1) chemical-rruneralogical characteristics of raw 
oil shale; (2) retorting conditions; (3) particle 
size distribution of the spent shale; (4) quality 
and temperature of groundwater; and (5) the flow 
regime of groundwater migrating through an abandoned 
retort. The first two, mineralogy of oil shales 
_and retorting conditions, are believed to be the 



most significant. There is evidence that 
conditions can be varied to control the aJllOunt of 
leachable material present. These first two items 
also apply eqw.lly to both surface and in situ 

shales. Therefore when are 
operating conditions to surface 
that is, indirect 
be considered. Each 
discussed below. 

In addition to these factox·s, which are 
"'"··--r"Tn' a11d , there are two other 
factors specific to field retorts about which 
little is known. In field retorts, material at 
the bottom of the retort be 

ivet with oil, 
metal 

material available 
for on the amount 
present in an.d the fonn in 
which it occurs . material 
available for is 

not affected levels in the parent rock 
due to considerations; retort operating 
conditions are to control 
leachable organics. 'Ihe residence 
determines the effect conditions 
on the chemical ty of 
the shale, instance occur 

as carbunates. If heated to 
, these carbonates are converted into 

corresponding oxides l'rnich are solubilized. 
If temperatures exceed about 800 °C, metal 
oxides would Teact with silicon to form silicates 
>vhich are insoluble. 

The chemical 
£Taction of oil shale 
unifo:rrn thToughout 

8). of 
of oil shale shmvn 

• 9 10)' 
and 

thousandfold vaTiations 
in oil shale from 

saxne fonnation have been 
variations both 

have also been recoTded 

of leachate derived £Tom in situ 
spent be influenced the 
conditions employed. The most 
are retoTting and input composition, 
•vhich deterrnine of spent shale. 
Temperature is importaJlt because it is a measure of 
the amount of eneTgy that is to the rmv 
oil shale. Ibis controls the reactions 
that occur, decomposition of carbonate 
minerals, PYTolysis-combustion of keTogen and 
volatilization of chemical The gas 
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is 
in 
types 

because it provides the atmosphere 
chemical reactions take place. Four 

typically used: inert 
, air and steam, or 

four of these 
in various surface retorting 
and aiT and recycle gas 

in surface retorting pTocesses; 
, TOSCO, Air and aiT and steam 
are used in vaTious in situ pTocesses. 

When air is the atmosphere is oxidizing and 
certain chemical reactions may occur between the 
shale and the oxygen in the input gas, thus 

the and inorganic composition 
When recycle gas is used as 

additiunal inteTactions may occur 
spent shale and the recycle gas. For 

of components from the 
the spent shale may occur. These 

more readily leached than 
constituents. In an inert 

is externally heated to provide 
Under these conditions, the 

and a diffeTent set of 
interactions may occuT. 

concentration of organic constit
in leachate derived from spent 

during (1) an externally heated 
nm or, (2) a combustion Tun in which 

gas is used as a diluent (Ref. 11). These 
are more typical of vaTious surface

processes~for example, USBM gas combustion 
indirect, or TOSCO-than in situ 

processes. shale produced during an inert-gas 
run. may in a leachate of significant organic 
content since no combustion of residual organic 
material occuTs. shale pToduced during a 
combustion run recycle gas may result in 
a leachate with levels of organic con-
stituents gas contains various vol-
atile compounds that may adsorb onto the 
spent as input gas is supplied behind the 
reaction front in the Tetort. Th.ese adsorbed con-
stituents be removed by leaching. In 
contrast, lowest concentration of organic con-
taminants may be found in leachate derived from spent 
shale temperature combustion 
nms rec:ycle gas. High-tempeT-
atuTe runs utilize residual organic 
carbon the spent shale after oil 
extraction an internal heat 
source for resultant spent shale 

organic carbon. 

The concentration of most inorganic 
be found in leachate derived 

at temperatures between 
600°C and 800°Co phenoroonon is primarily 
attributable to carbonate decomposition which 
occuTs at temperatures above 600°C. 
Carbonate results in large amounts 
of calcium and oxides, both of which are 
very soluble and high pH leachates. 
FuTtheTmore, spent shale resulting from retorting 
in the of aiT will no:rrnally produce 

inorganic content than spent 
shale produced in the absence of air because 
air provides an oxidizing atmosphere for Teaction 
with easily oxidized metals in the shale matTix, 
thus libeTating these metals as ions. If 



sufficiently high temperatures exist, in excess of 
800°C, mineralogical reactions may form insoluble 
Jru.nerals which could trap same otherwise leachable 
constituents (Refs. 6,12,13). 

The effect of oil- shale retorting on the 
decomposition of some carbonate minerals has been 
studied by Campbell (Ref. 6) and Campbell and 
Taylor (Ref. 13). They found that three principal 
carbonate/silicate reactions occur during oil-shale 

First, dolomite (Ca(MgxFel--x) (C03)z) 
decomposes at about 600°C to produce iron and 
magnesium oxides and calcite (CaC0:5), Between 
700°C and 800°C:, calcite to calcium 
oxide and carbon dioxide. calcium oxide then 
reacts with silica to produce calcium silicate 
compounds (3Ca0·Si0z, 2CaO·SiOz) and other compounds 
that are nonreactive (gehlen:ites and akermanites). 
Above 800-°C, nonreactive silicates, such as 
melili tes and diopside, form. The \mbalanced 
reactions are sull1J1larized from (Ref. 6) as: 

Ca (MgxFe1_x)(C03) 2 4 Fe2o3 + MgO + Caco3 + C02 (1) 

8. CaCO:'i + CaO + C02 (2) 

CaO + Si02 -~ CanSinP(n+Zm) 

Caco3 + SiOz ~ CaxSiyO(x+2y) + C02 

These reactions are greatly accelerated in the 
presence of sterun (Ref. 13), suggesting that 
silicate formation in in situ retorts employing 
steam/combustion. will be enhanced. 

(3) 

(4) 

Silicate formation at high temperatures may 
have a significant influence on the leaching 
potential of spent shales. Silicates are relatively 
insoluble, suggesting that the leaching potential 
of spent shales will be significantly reduced if 
they are produced at temperatures greater than 
800°C (likely for in situ retorts). This effect, 
which has been discussed by Smith (Ref. 12), may be 
a significant deterrent to solubilization of many 
constituents. 

However, it is important to note that the data 
of Campbell and Taylor are based on laboratory 
studies. Some leaching results to be presented later 
for simulated spent shales generated at tempera
tures in excess of 800°C are not si~1ificantly 
different from those generated at lower tempera
tures. This is likely because the laboratory 
studies were conducted under ideal conditions. 
Small quantities of finely-powdered shale were 
used in the studies of Carrpbell and Taylor to 
avoid heat- and mass-transfer limitations. 
Silicate formation in simulated or field in situ 
retorts would be limited by large particle size 
and nonuniform heating rates. Thus, it is likely 
that only a small fraction of the carbonate 
minerals will be converted to insoluble silicates. 

Some constituents, including Hg, S, N, and H 
will probably occur at lower levels in leachate 
derived from spent shale produced during high
temperature runs. 1his is due primarily to the 
volatility of these constituents. During retorting, 
they are released from the shale an.d form gaseous 
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species which may leave the retort with the offgases 
(Refs. 7). Because they are removed from the 
shale, the quantity available for leaching and, 
therefore, the le1~ls in the leachate would be 
lower than in low-temperature retort runs for the 
same oil shale. However, there is some evidence 
that suggests that volatilized Hg may accumulate in 
the lower portions of in situ retorts where it 
may be readily leached (Ref. 7). 

Likewise, inert atmospheres may enhance the 
removal of certain inorganic constituents from the 
spent shale, resulting in lower levels of those 
constituents in the leachates from inert 
atmospheres than in leachates from air atmospheres. 
This is because rl, co, and halides produced during 
retorting may react with a number of inorganic 
constituents, including As and Se, to produce very 
volatile constituents such as As!-13 (arsine) which 
would be removed from the retort. Experimental 
data on these reactions are not available, and 
they should be investigated. 

The spent-shale surface area will significantly 
affect the rate at which material is leached. This 
area comprises the external surface area and the 
internal surface area associated with pores 
created by kerogen conversion. Therefore, 
leaching rate may not be a simple function of 
particle size. Generally, leachate derived from 
spent shale of a smaller particle size range will 
contain higher concentrations of inorganic and 
organic constituents during initial periods of 
leaching because it has a greater surface area 
per given volume available for leaching. Leaching 
of larger particles will result in lower initial 
concentrations. This is in accordance with mass
transfer theory. 

The ambient quality of groundwater contacting 
in situ spent shale may significantly affect the 
quality of leachate. Groundwater with a high TDS 
and alkalinity may influence the types and quanti
ties of materials leached as a consequence of (1) 
high buffering capacity; (2) precipitation 
reactions involving ions originally present in the 
groundwater and ions leached from the spent shale; 
(3) counter-diffusion of ions originally present 
in the groundwater back into the shale matrix; and 
(4) ion exchange reactions. 1ne solubility of a 
constituent in contact with groun&vater is a very 
important property that will affect its leachability. 
The pH of spent shale leachate typically ranges 
from 7-13 (see Tables 9 and 14). Thus, constit
uents that are soluble in this pH range are likely 
to be found in leachate. Constituents that are 
soluble at alkaline pH's include As, Al, Se, Mo, B, 
F, Li, Na, K, Cl, and Zn. Those that are less 
soluble include Cr, Fe, Ca, and Mg. The presence 
or absence of such constituents in leachate would 
be mediated by the mineralogical residence of the 
element in the spent shale and the presence or 
absence of other anions or cations. For ex3JJTPle, 
even though As and Se are soluble in alkaline waters, 
if they occur in the spent shale in pyrites, which 
are not readily leached by alkaline waters, they 
would not be fow1d at high levels in the leachate. 
Likewise, the removal of Ca from solution would be 
greatly eru1anced if co3 were present. 



Grmmdwater temperature may influence the 
type and amount of materials leached from 
in situ spent shale. (Groundwater contacting 
spent shale shortly after retorting will undergo 
an increase in temperature ranging from ambient 
temperature to temperatures of boiling/vaporization.) 
Some substances are more soluble in hot water 
than cold, and vice versa. Thus, high-temperature 
groundwater may enhance the solubilization of 
some materials and inhibit solubilization of other 
materials from spent shale (Ref. 11). 

11w flow regime (i.e., flow direction, 
velocity, etc.) of groundwater passing through 
an abandoned retort will influence the leaching of 
inorganic and organic material from in situ spent 
shale . Among other things, the flow regime will 
influence contact time between groundwater and 
spent shale, surface renewal of groundwater at the 
groundwater/spent shale interface, and the manner 
in which groundwater initially contacts the spent 
shale. 

Leaching of Organic Constituents 

The leaching of organics from simulated 
in situ spent shale has been investigated by Amy 
(Ref. 11,14) and by H.stll et al. (Ref. 15). Review 
and analysis of these data indicate that in 30 
days, from L 0 to 38 mg of organic carbon may 
be leached for every 100 g of in situ spent shale 
at water temperatures of 20°C to 80°C, Most of 
this organic carbon is solubilized after the 
passage of the first few pore volumes of water 
through leaching columns. This is significant 
as it suggests that leaching of in situ 
retorts may be a feasible control strategy. Only 
limited data are available on the organic 
characterization of leachates. 'The information 
that is available indicates that about equal 
quantities of acidic, basic, and neutral materials 
are present in leachates and that organic nitrogen 
and phenols are present at concentrations greater 
than 0.1 ppm. 

The most extensive work completed to date 
(October 1978) is that of Amy (Ref. 14). He found 
that in continuous-flow experiments, most of the 
leachable organics are solubilized with the passage 
of the first few pore volumes of water. 
the TOC concentration rapidly drops and levels off 
to a low value, typically between 1 and 5 ppm. An 
example of this behavior for a combustion··run 
spent shale is shmvn in 5. Hall et aL 
(Ref. 15) and Wildung (Ref. 16) report similar 
results for, respectively, a simulated in situ 
spent shale from a steam-contmstion run of LEI'C' s 
10-ton retort and a Parah.o spent shale. 

Amy hypothesized that this behavior is due to 
two principal mechanisms: leaching from the 
exterior shetle surface and macropores and leaching 
from internal micropores. When water first passes 
through a column of spent shale, the organics on 
the surface of the particles and in the macropores 
are readily removed. Tiw amount of time required 
to remove them likely depends on the surface area 
of the particle. This accounts for the pulse of 
organic carbon during early leaching times. 
Thereafter, molecular diffusion controls the 
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Figure 3. 

0 80 
Time (hours) 

Continuous-flow column experiment; 
column 12 in. long, 1 in. diameter, 
distilled water, flow rate 0.6 ml/min. 

100 

(Ref. 14). XBL 779-1954. 

release of organics from the micropores. This 
accounts for the low TOC tail that persists for 
long periods after the initial pulse has passed. 

The above described mechanism is shown 
schematically in Figure 4. There are three 
aspects of this mechanism that are very important 
in predicting the effect of in situ spent shale 
leachate on groundwater quality. (This discussion 
also applies to inorganics.) These factors are 
the concentration of TOC in the tail (A in Fig. 4), 
the maximurn concentration (B), and the 
length of time the pulse persists (C). It is 
likely that the duration time of the pulse and 
maximum pulse concentration depend on the particle 
surface area. Thus, it would take longer to remove 
the organics from large particles than from small 
particles. This is shown schematically in 
Figure 4 by the dashed line. There is no 
conclusive evidence to support this. However, a 
comparison of Amy's work (he found that about 3 
pore volumes were required to pass the pulse when 
using a particle size range of 0.06-0.3 in.) and 
Hall's work (he found that 6 pore volumes were 
required to pass the pulse when 0.1-0.5-in. 
particles were used) and consideration of mass-
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me 

4. Schematic of effluent from an in situ 
retort. XBL 791-180 

transfer tlmt this is likely. TI1e 
length of time the pulse to pass or, 
equivalently, the number of pore volumes reqmred 
to the pulse, will determine the initial effect 

and the utility of 
collection and 

treatment of the leachate for leachate controL 
The TOC concentration of the tail will determine 
the long-tenn effect of the leachate on local 

If the tail concentration is suf-
low and if the present in it are 

, the long-term may not be severe. 

1here is not enough infonnation available 
from which to deternLine the maximum pulse concen-
tration, duration, and tail concentration for 
a field because the relationship between 
particle size and these vaTiables is 1mdefined, 
In all laboratory work, small particle size ranges 
were used; field retorts will have much larger 
particles. Similarly, there are no data on the 
composition of the organics in the taiL 

Even though definitive predictions cannot be 
an estimate of the probable effect of 

on the organic composition of ground
water can be made using estimates of the mass of 
TOC leached per unit mass of shale and the number 
of volumes required to pass the front, Some 
of data are presented and discussed below; 
t_hey will be used later to detennine the concen
tration of leachates from an in situ retort. 

Estimated quantities of total organic carbon 
(TOC) leached from simulated in situ spent shale 
for variou5 conditions are presented in Table 1. 
TOC is an indicator of the total organic material 
present :in leachate. Some analytical problems 
have been noted (Ref. 15) with the measurement of 
this parameter and therefore the values in 
Table 1 may be either high or low. However, 
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the variability due to analycical problell1S is 
likely small compared to the variability due to 
different retorting conditions and to different 
retorts. 

Amy's batch data summarized in Table 1 were 
obtained by bringing SO g of spent shale into 
contact with varying amounts of water, for time 
periods up to 30 days and then analyzing the 
individual lead1ates TOC. Results from a 
tYIJical batch experiment for a combustion run are 
shown in 5. Pertinent experimental 
conditions the other experiments are summarized 
in Table L 

Ji 
~ 
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0 

A 

A 
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'If "!! 

A • small particle size range 
w • Iorge particle size range 

~~-~~-_L____L 

30 
Time (days) 

Figure 5. Batch experiments conducted at 80°C: 
Type 1 spent shale: distilled water; 
!J ~ small particle size range; £ = large 
particle size range (Ref. 14). 

XBL 7710-1966 

The data sUJmnarized in Table 1 show that the 
mass of TOC leached from spent shales, produced in 
the simulated in situ retorts at the Lawrence 
Livermore Laboratory (LLL), ranges from L 5 to 6, 9 
mg per 100 of spent shale for inert gas runs; 
from 1.0 to .4 mg per 100 g of spent shale for 
combustion runs; and from 2.9 to 11.8 mg per 100 g 
of spent shale for a combustion run using recycle 
gas. Overall, for all of the retorting conditions 
investigated, the range was 1. 0 to 11.8 
mg of TOC per 100 g of spent shale. The dif
ferences between the run types is likely realistic 
as the same analytical methods and retort were 
employed. 

In contrast, the data obtained using spent shales 
from the simulated in situ retorts at the Laramie 



Particle 
size Retort 

range, in 

30-day 20°C(ReL 0.06-0.3 LLL 

30-day 80°C 0.06-0.3 LLL 

20°C(Ref. 0.06-0.3 LLL 

80°C 0.06-0.3 LLL 

Continuous flow 14) 0.06-0.03 LLL 

25°C(Ref .171 1-12 LETC 

Continuous flow 0.1-0.5 LETC 

TABLE 1 

OF TOC LEAGJED FROM SIMULATED IN SI'Tii SPENT SHALE 

Water Inert gas 
time retort in~ 

Distilled 30 days l.S-2.2 1.0-1.6 

Distilled 30 days 2.2-6.0 1.0-2.0 

30 1.5-2.7 1.0-1.4 

30 days 4.0-6.8 1.0-1.8 

Distilled 80 hr 4.l-6.9e 3.8 4. 

5 min 34-38 

144 hr 

3.5 

2.9 

3.8 

3.4 

9. ,ll. 

Coni:Justion 

with steam 

10.0-32 

to four solid:water ratios ml water to 50 g ml water for one sample and SOg of 
for a inert-run spent 

corresponds to four solid:water ratios ml water to 50 g ml water for a combustion run 
spent shale. 

cSingle value for one spent shale leached using 50 ml water per SOg of shale. 

of 12 and a of 9. 

respectively, a 12 column. Two samples were tested in each column for the 
inert run and one sample was used for the coni:Justion and coni:Justion-recycle runs. 

£Based on a column and masses leached per each 6 in. of column length. 

1-' 
1-' 



Energy Teclmology Center (LETC) range from 10.0 
to 38 mg of TOC per 100 g of shale for a combustion 
run and a steam~combust:ion run. The difference 
between the LIL and LETC spent shales seents to be 
related to differences in the simulated in situ 
retorts rather than differences in the retort 
operating conditions. We do not believe that the 
high TOC values for steam combustion, relative to 
other run conditions, are due to the steam
combustion mode. 'Ihe cause for the difference 
may be related to nommiform combustion in the 
LETC retort. The LETC retorting experiments used 
very large particle size ranges (fines to 24-in 
blocks). 'Ihis may result in nonunifonn combustion 
which could leave behind leachable org;;mic carbon. 
The data reported in Table l from the LLL 
retorts, on the other hand, were produced in runs 
in which a small particle size range was used 
(0.5 to lin). 

This summary indicates that the lowest amount 
of organic materiaJ_ was leached from combustion 
spent shales and that significantly higher amounts 
of organic material were leached from inert and 
combustion-recycle spent shales. The high levels 
of organic materiaJ. removed from combustion~recycle 
spent shale is due to the adsorption of organics 
from the recycle gas onto the spent shale as the 

is supplied behind the reaction front. There 
no statistically difference between 

the amount of organic material leached when dis
tilled water and artificial groundwater were used. 
This lends credence to laboratory data obtained 
with distilled water. It is significant to note 
that considerably higher amounts of organic 
material were leached during the continuous-flow 
column experiments than during the batch experi
ments. Similar results were obtained by Hall 
(Ref. 15). This may be due to the precipitation 
or adsorption of organics during the batch studies, 
solubility limitations during the batch studies, or 
accelerated leaching of surface organics in the 
continuous·- flow experiments. Elevated water 
temperatures had little effect on the amount of 
organic material leached from shale produced 
during ordinary combustion runs, enhanced the 
leaching of organic material from spent shale 
produced inert gas runs, 011d inhibited the 
leaching of organic material from spent shale 
produced during combustion runs gas 
when distilled water was used. 
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The number of pore volumes required to pass 
the pulse, the mass of organics per unit mass of 
spent shale in the pulse, and the tail TOC con
centration should be known to estimate the effect 
of leachates on groundwater quality. These data 
are su1l1l!larized in Table 2 for inert, combustion, 
and steam-combustion retorting. The combustion
recycle run is not included because it is not now 
of comne1~ia~ interest for in situ retorting. 
These data will be used later to predict field 
leachate TOC concentrations. Since the mass data 
for the pulse are not significantly different from 
30·-day equilibriu.m leaching values presented in 
Table 1, esb.mates of the milligrams of leached 
constituent per 100 g of shale presented in 
Table 1 and in Table 9 will be used later to 

field leachate concentrations. 

The major limitation with the use of TOC as 
an indicator of organic constituents is that it 
provides only an estim,.:J.te of the total amount of 
organic material present in leachate but provides 
no indication of the types of organic compounds 
present. Table 3 presents a summary of data 
which describe general categories of organic 
constituents--acidic, basic, and neutral fractions-
present in leachate. The acid fraction may contain 
such organic compounds as carboxylic acids and 
phenols, the basic fraction may contain organic 
compounds like amines, and the neutral fraction 
may contain hydrocarbons. These data indicate that 
retorting conditions influence the types of organic 
compounds that are present in leachate. The presence 
of significant amounts of acidic, basic, and neutral 
material, suggests that a variety of organic compounds 
is present in the leachates. The neutral fraction 
is the most predominant fraction associated with 
leachate derived from spent shale produced during 
inert gas runs . 

The concentrations of organic nitrogen and 
phenol in s leachates (Ref. 14) are summarized 
in Table table indicates that organic 
nitrogen and phenol concentrations are significantly 
higher in lead1ates produced from inert-run spent 
shales than from combustion-run spent shales. This 
is consistent with the TOC data discussed previously. 
The lowest level of these constituents occurs in 
leachates from combustion runs. Lower water 
temperatures appear to enhance the solubilization 
of both organic nitrogen and phenols. A comparison 

TABLE 2 

SUMMARY OF PULSE AND TAIL CONCENTRATIONS, AND NUMBER OF PORE VOLUMES REQUIRED TO PASS PULSE 
FOR SIMULATED IN SITU SPENT SHALE FOR A SHALE CONTACTED WITH SO ml WATER 

Run type Particle size Water mg TOC/lOOg Pore volumes Tail TOC 
range, in spent shale in to pass concentration, 

pulse pulse ppm 
~--- -------··-
Steam/combustion (Re£.15) 0.1-0.5 Tap 10.0--32.6 6 1 

Combustion (Re£.14) 0.06-0.3 Distilled and 1.4-4.4 1.5·4. 7 1 
synthetic ground 

Inert (Re£.14) 0.06-0.3 Distilled and 2.2-6.8 L 7-3.9 1-2 
synthetic ground 
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TABLE 3 

QUANTITIES OF ORGANIC FRACTIONS LEACHED FROM SPENT SHALE AFTER 30 DAYS 

Water E 
. a xpenment 

Distilled Batch, 
20°C 

Batch, 
80°C 

Organic 
fraction 

Acid 
Base 

Neutral 
Total 

Acid 
Base 

Neutral 
Total 

Leached organic fractions, ~g/lOOg 

Inert gas 
retortingb 

370, 880 
510, 540 
880, 1050 

1760, 2470 

450, 720 
330, 360 
350, 890 

1130, 1970 

Combustion 
retorting 

680 
460 
860 

2000 

500 
610 
180 

1290 

Combustion and 
recycle gas 

360 
290 
280 
930 

330 
470 
520 

1320 
~--~~-----·~----,---~~ 

~::~!~ere Batch, Acid 920 420 
20°C Base 440 370 

Neutral 1600 660 
Total 2960 1450 

Batch, Acid 1100 500 
80°C Base 590 330 

Neutral 2300 360 
Total 3990 1190 

(Source: Ref. 14) 

aAll experiments conducted with particle size range of 0.06-0.3 in. See 
notes on Table 1 for description of other experimental conditions. 

bThe two values correspond to two separate inert-run spent shales. 

cSynthetic groundwater had a conductivity of 12,000 ~mho/em and a pH of 9. 

TABLE 4 

QUANTITIES OF ORGANIC NITROGEN AND PHENOLS LEACHED FROM SPENT SHALE 

Mass leached rer unit mass, ~g/lOOg 
E . a xpenment Constituent Inert gas Combustion Combustion and 

Distilled 

Synthetic 
groundwater 

(Source: Ref. 14) 

Batch, 
20°C 

Batch, 
80°C 

Batch, 
20°C 

Batch, 
80°C 

Organic nitrogen 
Phenols 

Organic nitrogen 
Phenols 

Organic nitrogen 

Organic nitrogen 

retorting retorting recycle gas retorting 

70·100 70 90 
41~43 25 22 

70-140 40 130 
30-35 23 15 

90 90 70 

90-120 70 60 

aAll experiments conducted with particle size range of 0.06-0.3 in. See notes on Table 1 for 
description of other experimental conditions. 
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of Tables 3 and 4 indicates that about 
20 percent of the base fraction is organic nitrogen. 

Leaching of Inorganic Constituents 

The leaching of inorganics from in situ spent shale 
has been investigated by Amy (Ref. 14), Jackson et al. 
(Ref. 17), Shafer (Ref. 18) and Parker et al. (Refs. 
S, 19- 21). Amy, Parker et . , and Shafer used simu-
lated in situ spent shales and Jackson's work focused 
on field measurements of backflood waters. These 
studies indicate that the principal ions in the 
leachate are S04, Na, 1-IC03, and OH. Other 
constituents, such as Cl, F, Li, Mo, Pb, and Zn 
occur at lower levels. The leachates typically 
have a high electrical conductivity and a high 
pH. Most of these constituents are solubilized 
after the passage of the first few pore volumes of 
water. This type of behavior is identical to that 
described previously for organics. The number of 
pore volumes required to remove most inorganic 
leachables is similar to that for TOC data. 

The quantity of various inorganics leached 
from in situ spent shale is difficult to assess 
on a general basis. Ihis is primarily due to the 
extTeme variability of inorganics in oil shales, 
the wide range in groundwater quality encountered 
in areas of oil shale deposits, and the fact that 
most available data on were obtained 
using distilled water (Ref. 1, ,17, 

Available data indicate that there are major 
differences between the chemical composition of 
leachates obtained with groundwater and distilled 
water (Ref. 5,22). This is primarily because, with 
distilled water, ions are being ren~ved from the 
spent shale by desorption or chemical reactions. 
When groundwater is used, the chemical components 
in it may enter into reactions with components in 
the spent shale or in the leachate itself. Avail
able leaching data obtained using actual ground
water used a water with a high TDS and alkalinity. 
However, in some areas, good quality groundwater 
with low TDS and alkalinity is found. In these 
cases, leaching experiments using distilled water 
may be more representative than those using poorer 
quality groundwaters. Nevertheless, distilled-water 
data should be used with caution when evaluating 
the leaching of inorganics from in situ spent 
shales. 

Two general cases will be considered here for 
estimating the effect of the leaching of inorganic 
constituents from in situ spent shale. These 
cases are (1) leaching with groundwater of high 
TDS and alkalinity and (2) leaching with distilled 
or de-ionized water. Alkalinity is considered to 
be an important parameter because high alkalinity 
levels may lead to carbonate prec:i.pi tates invol v-lng 
certain cations leached from the spent shale. TDS 
is considered to be an important parameter because 
various inorganic ions (whose potential presence is 
indicated by TDS rreasurements) that are present in 
groundwater may react with ions leached from spent 
shale or may displace ions associated with the 
spent shale by ion exchange processes. 

High TDS/Alkalini~ Groundwaters. Only two 
studiesllave reportedta on leaching that were 
obtained for groundwaters. These are Jackson 

(Ref. 1'7) and Parker et al. (Ref. 19-21). These 
investigators (Ref. 17,19) used a composite 
groundwater from Rock Springs, Wyoming, where lean 
deep deposits of oil shale suitable for true 
in situ development are located, and two groundwaters 
from Utah (Refs, 20, 2.1) . The data derived from these 
studies are summarized in Tables 5 through 7. 

Table 5 summarizes data obtained from LETC's 
Rock Springs Site 6 true in situ field experiment 
(Ref. 17). cl11e data presented in colwms (1) and 
(5) of Table S provide an approximation of the 
composition of the g-r·oundwater before combustion 
was started. 'l11ese data are for observation wells 
located 90 ft to 200 ft from the burn area 6 
months after the burn started. Assuming that 
groundwater from the burn a:rea would not reach the 
observation wells in this time, the reported 
quality would probably be similar to that in the 
burn area prior to start of the burn. 

Colurrm (2) of Table 5 gives the average 
quality of water obtained from a series of wells 
at which underground combustion (pattern wells) 
was started and from which products were recovered. 
The water samples were taken during the burn. 
Th.ese values represent leachate composition during 
passage of the first few pore volumes of water. 
All investigators conducting leaching experiments 
have found that the highest rate of release of 
inorganics occurs during this period. The high 
levels in column (2) are probably due to (1) inter
action of groundwaters with retorting products, 
including retort waters, gases, and oil; (2) high 
chemical reaction rates due to high temperatures 
within the retort; and (3) reactions of steam with 
spent shale. A comparison of column (2) with 
columns (1) and (5) provides an estimate of the 
effect of in situ retorting at site 6 on local 
groundwater quality. This comparison shows that 
all reported parameters, with the exception of 
pH, increase (typically fourfold or more); pH 
decreases slightly. The pH decrease may be due to 
carbonic acid produced from C02 in the product 
gas. 

Column (3) in Table 5 gives data for a series 
of wells drilled in the retorted area 4 yr 
after the bum. These values represent leachate 
composition at the burn site 4 yr after the 
bum. With two exceptions-K and pH, which 
increase-the values in column (3) are less, by a 
factor of 2 or more, than those in column (2). 
The increase in pH may be due to leaching of metal 
oxides and formation of hydroxides. The decrease 
il1 most paran~ters may be due to a decrease in 
available leachable materials, dispersion, 
diffusion, ion exchange, and precipitation. Most 
pararooters decrease by a factor of 2 to 3 except 
Ca, Mg, and Cl, which decrease by factors of 7 to 
38. The decrease :in Ca and Mg is probably due to 
the precipitation of slightly soluble compounds of 
these cations, such as CaC03 and Mg(OH) 2. The 
decrease in Cl may be due to :ion exchange. 

An estimate of the effect of the burn on the 
original groundwater quality in the retorted 
area after a long period of time is obtained by 
comparing columns (1) and (3). This comparison 
shows that most parameters are high relative to 
origina~ levels; Ca, Cl, and pH decrease. These 
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TABLE 5 

WATER QUALITY ANALYSIS OF WELLS NEAR LETC' S SITE 6, TRUE IN SITU FIELD EXPERIMENT 

Concentration 

Constituent 

B 

Ca 

Cl 

F 

K 

Mg 

Na 

N03 
Si 

co3 
HC03 
so4 
TDSa 

pH 

Observation 
wells 6 mo 

after combustion; 
analysis date: 

11/71 - 8/72 
(1) 

11 

11 

931 

9.1 

6.9 

4.7 

1,830 

1.2 

671 

1,300 
254 

5,029 

9.7 

Pattern wells 
during combustion; 

analysis date; 
12/70 - 7/71 

(2) 

58 

4,250 

53 

34 

230 
8,900 

4.5 

1,940 

9,750 

4,810 

30,030 

8.6 

(Source: Ref. 17) 

aCon~uted as sums of ions shown. 

TABLE 6 

MATERIAL EXTRACTED FROM SPENT SHALE AFTER 450 hr OF 
LEAG!ING WITH ROCK SPRINGS GROUNDWATER 

Constituent 

B 

Ca 
Cu 

co3 
F 
Fe 

K 

Li 
Mg 

Na 

Zn 

pH 
Sum of 

constituents 
(Source: Ref. 

Leachate composition (mg/1) a 

Original 
groundwater, 

mg/1 

8.5 

6.25 
trace 

3,300 

26.5 

0. 77 

38.5 

0.19 
11.75 

5,065 

0.19 

9.3 

8,458 

19) 

High temp. 
inert gas 

41.2 

6.25 
0.26 

1,053 

26.5 

0.38 

75.8 

4.17 
1.8 

4,538 

0.20 

12.6 

5,748 

Low temp. 
inert gas 

0.21 
0.15 

3,050 

0.70 

45.5 

0.28 
9.0 

4,450 

0.19 

9.55 

7,556 

Pattern wells 
4 hr after 
combustion: 

analysis date: 
8/75 
(3) 

40 

2.7 

592 

25 

101 

6.1 

3,460 

16 

1,032 

3,046 

2,400 

10 '721 
9.3 

Observation 
well Q 4 yr 

after combustion; 
analysis date: 

8/75 
(4) 

78 

3. 7 

2,700 

so 
30 

5.0 

8,400 

12 

5,300 

6,000 

25 

22,604 

9.6 

Observation 
well Q 6 mo 

after combustion; 
analysis date: 
11/71 - 8/72 

(5) 

5.5 

8.1 

241 

4.2 

4.8 

4.9 
723 

1.1 

465 

361 

119 
1, 938 

9.6 

changes are probably primarily due to continued 
leaching (recall that groundwater velocities are low 
and that several pore volumes must pass through a 
retort to remove most leachables), but may also 
be influenced by differences in original ground
water composition in the pattern wells and observa
tion wells. 

The data presented in columns (4) and (5) of 
Table 5 describe the quality of groundwater in 
the same observation well 6 months and 4 yr, 
respectively, after the burn. Tne difference 
between these two columns is due to groundwater 
transport from the retorted area to the observa-

aCylindrical cores, of Anvil Points oil shale, 
3.65 em in diameter and 5.0 em long, were 
retorted and leached in 200 ml groundwater in a 
continuously-stirred, batch-leaching cell. 
Smnples, 20 ml each, were taken of increasingly 
long periods for analysis and replaced by 
equal volumes of groundwater. 



u 
0 G

--
tort Q) 

Perature 5 
' bl) +d 

430 

430 

780 

780 

1000 

1000 

430 

430 

780 

1000 

1000 

430(Run 1) 

430(Run 1) 

.s r:: 

.J:: Q) 

g ~ 
Q) Q) 
~< +d 

35 

90 

35 

90 

35 

90 

35 

90 

35 

35 

90 

35 

90 

430 (Run 2) 35 

430(Run 2) 

780 

1000 

1000 

430(Run 1) 

430(Run 1) 

430(Run 2) 

430(Run 2) 

780 

780 

1000 

1000 

90 

35 

35 

90 

35 

90 

35 

90 

35 

90 

35 

90 
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TABLE 7 

EFFECTS OF RETORTING ,~TI LEACHING-WATER TEMPERATURES ON VARIOUS 
CHARACTERISTICS AND CONSTITUENTS OF UTAH SPENT-SHALE LEACHATES 

86 

86 

67 

67 

68 

68 

86 

86 

67 

68 

68 

86 

86 

85 

85 

67 

65 

65 

86 

86 

85 

85 

67 

67 

65 

65 

Acid required 

to 

leachate, meq/1 

0 
p 

0 

""' 
(Leached in Douglas Creek water ~ air only) 

8.55 4300 0.08 6.88 1.75 

8.21 4050 0 6.56 1.70 

12.00 23000 89.82 4.09 1.75 

12.30 41400 139.15 11.47 2.88 

11.48 10980 12.82 6.52 6.1 
11.44 

8.67 

8.22 

12.15 

11.28 

11.03 

12580 12.70 7.21 8.3 
(Leached in Birds Nest Creek water ~ air only) 

8480 

7580 

33000 

13600 

14840 

0.08 

0 

127.51 

6.97 

3.44 

5.74 1.75 

5.74 1.8 

9.01 2.15 

6.15 9.2 

4.51 6.7 

26 

26.2 

38.7 <0.1 

41 

33.7 <0.1 

33.7 <0.1 

23.8 

24.5 

37.8 

25.5 <0.1 

23.1 <0.1 

(Leached in Douglas Creek water - air + 15% C02) 

8.30 5610 o 0.41 I 2.3 
7.73 6210 0 0.82 1.75 

9.39 5250 

8.29 5700 

11.84 12580 

11.47 8770 

11.39 7310 
(Leached in 

8.6~5 8930 

7. 36 11000 

9.52 8700 

8.28 9270 

12.35 26800 

12.49 43800 

11.23 12770 

10.61 9580 

0.25 

0 

39.42 

10.00 

7.87 

0.57 1.95 

1. 88 l. 9 

4.67 3.5 

4.18 1 2.1 

4.10 II 2.15 
Birds Nest Creek water - air + 15% 

0.16 0. 741 1.6 
0 1.15 1.8 

0.41 0.49 1.94 

1. 64 1. 35 

92.77 6.06 2.55 

83.75 12.05 3.1 

5.82 3.93 2.2 

1.48 2.60 2.1 

23.6 

24.2 

<0.1 

25.6 <0.1 

26.2 

37.5 

35.7 

35 

C02) 

24.3 

25.6 

23 

22.4 

35.7 

36.5 

25 

24.5 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

(Source: Refs. 20, 22) 

1 

1 

1 

1 

1 

1 

0 

1 

1 

0 

0 

tion well. Most values in column (4) are similar 
(within 25%) to those in colwm (2) suggesting that 
the leachate front has reached this well (see, for 
example, F, K, Na, HC03+C03); Ca, Mg, Cl and S04 
decrease. The decrease in both Cl and S04 may be 
due to ion exchange reactions; the decreases in Ca 
and Mg are probably due to precipitation. 

It is interesting to note that large decreases 
in Ca and Mg were obtained relative to levels 
present in the initial leachate (column 2 Table 5) 
after 4 yr had passed (columns 3,4). This is 
probably due to precipitation of the slightly 
soluble compounds CaC03 and Mg (OH) 2. The C03 and 
CH necessary to precipitate Ca and Mg are obtained 



from C02 in the product gas, from C03 leached from 
the spent shale, and from OH formed during the 
leaching of metal oxides" 

Relevant chemical equations and corresponding 
solubility products at 25°C are: 

(5) 

++ 
Mg(OH) 2 ""Mg + 20H pK5 " -10"65 (6) 

0 

Using the above equilibria, the solubility~ limited 
concentration of Ca and Mg and corresponding 
concentrations in field leachate measured by 
Jackson et al" (Ref" 17) are: 

Ca 

Solubility-limited 
concentration, mg/1 

2o7 
4o3 

Concentration in field 
leachate, (from 

Table 

'This supports the hypothesis that Ca and Mg 
concentrations in the leachates are controlled by 
the solubility of CaC03 and Mg(OH)2" Similar 
calculations suggest that so4 is not controlled by 
the solubility of CaS04 (the equilibrium concentra
tion of S04 is 480 mg/1)" 

1he reduction of Ca and Mg during transport 
of the leachate is important when considering 
leachate disposition and effects" Even though Ca 
and Mg may be high in initial leachates, these 
levels may be reduced, by natural processes, to 
those close to original groundwater concentrations. 
Precipitation of CaC03 and Mg(OH)2 may also reduce 
the primary porosity in the aquifer media, retarding 
leachate transport. 

Several important conclusions can be drawn 
from Jackson's field measurements on site 6 
backflood waters. Elevated concentrations of 
many constituents persist in the burn area for 
several years after completion of retorting. 1ne 
major components of the leachate (which occur at 
greater than 1000 mg/1) areNa, Cl, S04, HC03, and 
co3; Ca, Mg, K, and F occur at moderate levels. 
Tlus agrees qualitative 1 y with the laboratory data 
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of Parker et al. (Ref. 19) and with results ob
tained with surface spent shales (Refs. 1,16,22,23).) 
Some co~stituents decrease as the leachate is trmls
ported through the groundwater aquifer. These 
constituents are Ca, Mg, Cl, and S04. The Ca and 
Mg are probably reduced by precipitation and the Cl 
and so4 by ion exchange. 

Table 6 is a summary of laboratory-scale 
batch leaching studies, by Parker et al. (Ref. 19), 
in which Rock Springs groundwater and Colorado oil 
shale were used" Column (1) presents the composi
tion of the groundwater used for the leaching 
experiments, 1nis water is similar in composition 
to that reported by Jackson et al. (Ref. 17) and 
discussed previously. Columns (2) and (3) 
stll11lllarize the composition of the leachate after 
450 hr of contact" These data show that retorting 
conditions significantly affect the levels of 

ions in the leachate and that some constituents 
decrease and some increase. For the low
temperature inert rrn1, Ca decreased significantly; 
Mg and Na decreased slightly; co3, and Fe 
remained about the same; and Cu, K, Li, and pH 
jncreased. In contrast, for the high-temperature 
run, C03, Fe, ar1d Mg decreased significantly; Na 
decreased slightly; Ca, F, and Zn remained the 
same; and B, Cu, K, Li, and pH increased. The 
latter two conclusions suggest, as noted above, 
that some ions will be removed from groundwaters, 
thus improving their qu.ality, and that other ions 
will be added. Those ions removed in significant 
quantities are probably controHed by carbonate 
or hydroxide precipitation reactions (Ca, Mg, C03, 
Fe) or ion exchange (Na). 

There are significant differences between 
laboratory and field experinents. In the field, 
gases, oils, and liquids produced during retorting 
may contact the groundwater and increase a number 
of inorganic and organic constituents, including 
C03, HC0:5, NH3, and sulfuT compounds. This is 
evident m the data of Jackson et al. (Ref. 17) 
and of Parker et al. (Ref. 19). Parker's data 
indicate that co3 decreases and Jackson's data 
indicate that it increases. Additionally, the 
data of Parker et al. indicate that the levels of 
Ca and Mg decrease during initial leaching periods 
and the data of Jackson et aL indicate they 
increase. The increase in C02 during field studies 
may be due to the production of C02 during 
retorting. This C02 may go into solution, 
increasing the concentration of C03 and HC03. An 
additional source of C03 in the field is beds of 
nahcolite, NaHC03. 'The additional C03 available 
in the field enhances the long-term removal of 
Ca and Mg from solution by precipitation. 
Additionally, the elevated temperatures and longer 
contact tines present in the field would initially 
enhance the solubilization of Ca and Mg. 

It is interesting to observe that the TDS of 
the leachate in the experiments of Parker et al. 
decreased relative to the original groundwater 
while, in the experiments of Jackson et al. 
(Ref. 17) it li1creased significantly. Examination 
of the data suggest that this is due principally 
to the Na and co~5 ions which increase according to 
the Jackson study and decrease according to that 
of Parker (Ref. 19). The elevated C03 and Na 
levels in Ref. 17 are probably due to the 
solubilization of C02 and the leaching of nahcolite. 
1ne Na difference may be due to differences in oil 
shale composition or in ion exchange properties of 
the spent shales. Beds of nahcolite (Na!-IC03) are 
known to exist in the Wyonting oil shales. These 
types of interactions further complicate the problem 
of estimating leachate quality from laboratory data" 
Gas-liquid equilibria, particle size distribution, 
the fraction of the retort fully combusted, mineral 
composition of the deposit, and other factors 
significantly affect leachate quality. Field 
measurement progran~ are required to assess the 
leaching of in situ spent shales. 

Table 7 is~a surrrrnary of other laboratory-scale, 
batch~leaching studies, by Parker et al. (Refs. 20, 
22), in which two separate Utah groundwaters and Utah 
oil shale were used. The purpose of this study 
was to investigate the effect of temperature on lea-



chate quality. Four hundred fifty grams of crushed 
Utah shale were retorted in a laboratory retort at 
the temperatures and under the atmospheres shown in 
Table 7. The retort vessel was brought totem
perature over a 12-hr period, maintained at that 
temperature for 48 hr and cooled for 24 hr. Small 
samples (67 to 86 g) were leached at C and 90°C 
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with ZOO ml of Douglas Creek or Birds Nest Creek 
groundwater for 21 days. The samples were agitated 
daily. The data summarized in Table 7 indicate that 
conductivity, pH, and alkalinity are significantly 
reduced in leachates derived from spent shales retorted 
at 1000° C relative to those retorted at 780° C. This 
is due to the formation of insoluble silicates at the 

temperatures as predicted Smith (Ref. 12) . 
However, even though the levels these constituents 
are reduced, they are still high enough, (e.g., 
pH "' 11) to cause significant degrada.tion of the 
local groundwaters. This occurs because there is 
not enough Si to consume all of the Ca and Mg (Ref. 
20). The higher temperature (1000°C) has little 
effect on Se, As or F and tends to enhance the 
leachability of B. Hydration of unconverted metal 
oxides produces the high pH (- ll), conductivity 

,000-lS,OOO Mmho/cm), and alkalinity reported 
1000°C leachates. 

Distilled Water. This section will address 
those-studies-that used distilled or de-ionized 
water as the leach water. As noted previously, 
the distilled or de-ionized water used in many 
studies is likely more similar to low·· TDS/low·· 
alkalinity groundwaters than to the high-IDS/high
alkalinity groundwaters discussed previously. 
Nevertheless, these data should be used with caution 
if extrapolated to field conditions. 

Several investigations have been concerned 
with the leaching of inorganics by distilled 
water (Refs. S,l4,17,18). The results of these 
investigations may be used as an approximation of 
what may occur if in situ spent shale is leached 
by grmm.dwater with a TDS of less than 1000 mg/1 
and an alkalinity of less than SO mg/liter as 
CaC03. 1hese data are sun@arized in Tables 8 
and 9. 

Table 8 summarizes data for TDS, a general 
indicator of the overall inorganic quality of a 
water, leached under the retorting conditions 
specified" The data presented in Table 8 reveal 
that, depending on the particular retorting 
conditions employed, quantities of TDS ranging 
from 0 to 2800 mg per 100 g spent shale may be 
leached from in situ spent shale. 

Quantities of specific inorganic constituents 
leached from sirrrulated in situ spent shaJ.es with 
distilled water are summarized in Table 9. There 
are significant differences between the data of 
Jackson et aL (Ref. 17) and those of Parker et aL 
(Ref. 5) . TI1e differences may reflect differences 
in ana~ytical methods, retorting conditions, or 
oil-shale composition, and point to the need 
to identify and investigate variables affecting 
leachate composition. The data of Parker et al. 
(Ref. S) indicate that temperature and retorting 
atmosphere have the following effects on leachate 
composition: 

L The concentrations of Ca, Fe, K, Na, and 
Sr are higher in leachates from combustion 
runs than from inert-gas runs. 

TABLE 8 

SU!v!MARY OF QUANTITIES OF TDS LEA01ED FROM SIMULATED IN SITU 
BY DISTILLED WATER 

Quantity of leached TDS, mg/lOOg 

Source 

Sirrrulated in situ 
spent shale 

UCB(Ref. 14) 

UCB(Ref. 14) 

UCB(Ref. 14) 

UCB (Ref. 14) 

I
, . a 
'xpenment 

30-day batch, 

30··day batch, 

30-day batch, 

30-day batch, 

20°C 

80°C 

20°C 

80°C 

Distilled l10-160b SlOe 

Distilled 230-360b 470c 

Synth. d d grn . o, l40b 420c 

Synth. grnd. d o, 70b 250c 

UCB(Ref. 14) Continuou.<; flow Distilled 230-440b,e 2000, 2700e 

Texas Tech. (Ref. S) lS-hr batch Distilled 80·>1120 

LETC 17) 5-min batch, 25°C Distilled 

aSee Table 1 for description of other experimental conditions. 

bDetennined for two unique of inert-run shale. 

cSingle value for one each combustion and combustion-recycle spent shales. 

dSynthetic groundwater had a conductivity of 12,000 !Jll1ho/cm and a pH of 9. 

405-944 

250-760 

lOOOc 

8SOc 

600c 

s2oc 

2100, 2800e 

eTDS leached after 80 hr in, respectively, a 12·-in-long and a 6-in-long column. Two unique samples 
were tested in each column for the inert run and one sample was used for the combustion and 
combustion-recycle run. 



8 8 = batch; C = continuous flow. 
bT indicates a trace detected • 

limit derived with 80-hr continuous-flow columns; see Tables and 8. 



2. The levels of Li, Sr, and Cr in leachates 
derived from high- te!Tq)erature combustion 
and inert runs are much higher than from 
low-temperature runs. 

3. Ca is higher in high-- temperature inert 
leachates and K is higher in high
temperature combustion leachates. 

4. The levels of are higher in leachates 
derived from low- temperature runs. 

The last colmrrn in Table 9 presents a range 
for aU of the available data on simulated in situ 
spent shale leachates. The ranges are very 
large, varying by a factor of more than 200 in many 
cases. This large variation reflects the variation 
in the composition of oil shales used in the experi

tJw contact time between the leach water 
sizes, conditions 

concli tions and procedures. 
Therefore, is not possible to present a single 
numbero 

If one considers only the maximum observed 
value for each constituent in Ta~ble 9, the 
constituents may be grouped according to how much 
is leached.. This is as follows; 

1. Less than 10 mg/100 Al, B Cl, Cr, F, 
Fe, Li, Mo, N03, , Sr, 

2. Between 10 100 mg/100 g: HC03, OH, 
Si, Li 
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3. Greater than 100 mg/100 g: Ca, C03, Na, Li, 
so4 

This grouping shows that the major 
constituents in the leachate are K, 
Si, Cki, HC03 and C03. 

Leachate Composition 

An estimate of the average maximum composition of 
leach waters from an in situ retort may 
be made by the values in the last colunm of 
Table 9 and some simplifying assun1ptions. The 
average maximum concentration is the 
concentration of the pulse front 

4. The concentration of the tail is 
in these calculations. T'ne necessary 

assun~tions are: 

L Most leachable constituents are removed 
with the of the first 2 to 6 pore 
volumes water. 

2. The mass of material leached per unit mass 
of spent shale distilled water and 
contact times of up to 30 days is similar 
to what would be leached using local 
groundwaters and contact times greater 
than 1 yr. In other words, the values 
summarized in the last column of Table 9 
are reasonable approximations of the mass 
of material leached per unit mass of 
spent shale. 

3. The leachate concentration exiting from 
the retort is constant. 

4. The spent retort intersects a groundwater · 
aquifer and groundwater can migrate 
through the retort. 

It is important to understand the effect of 
each of these assumptions on leachate con~osition. 

The nunlber of pore volumes required to remove the 
leachable constituents is the most critical 
assumption because it is directly related to 
leach.at:e concentration. Available data suggest 
that from 2 to 6 pore volumes are required to 
pass the front (Le., remove roost of the leach
ables). The number of pore volumes may increase 
as the surface area decreases (Le., as particle 
size increases). Thus, it is likely that a 

number of pore volumes would be required in 
a retort to pass the front and the leachate 
concentration estimates to be presented here are 
high relative to field values. 

The range of values presented in Table 9 
was derived from laboratory data. There are 
significant differences between laboratory con
ditiorrs and those that will be encountered in the 

as was noted previously in comparing the 
data of Refs. 17 and 19). The primary differences 
are the short contact times between shale and 
water, the small particle size ranges, the use of 
distilled water, and the limited size of the leached 
sample relative to the field case. Under actual 
field conditions, the contact time between shale and 
leach water may be of the order of 1 to 10 yr, , 
the particles will range from fines to boulders, 
groundwater of varying composition will contact 
the spent shale, and a very large segment, from 
several hundred to nearly 800 ft in depth, of the 
oil shale zone will be contacted. Additionally, 
temperatures reached in in situ retorts may be 
higher than those used in laboratory retorts. If 
they exceed 800°C it is possible that silicates 
will form. Because silicates are relatively 
insoluble, leachate concentrations may be lower 
than those predicted from laboratory data. These 
factors cou1d result in significant differences 
bev;~een laboratory unit mass values as summarized 
in Table 9 and those that will be observed in the 
field. However, until field retorts are leached 
with local groundwater, the values in Table 9 
are the best available. 

TI1e front concentration will likely be uniform 
until the front passes. The concentration in the 
transition between the front and the tail will 
decrease. However, because many years may be 
required to reach this transition, and because 
new retorts will be continually available for 
leaching, the concentration from a large collection 
of retorts over a long time period will be 
essentially uniform. Th.is is a resonable con
clusion because the estimation procedure used here 
is for the average maximum concentration. 

The way in which the retort intersects an 
aquifer will affect leachate composition. Some 
likely configurations were shown in Figure 2. 
When both aquifers are intersected, the retort 
acts as a conduit. When flow is laterally through 
the retort, leachate from one retort will pass 
through all upstream retorts. This may result in 
adsorption, ion exchange, or other interactions 
beu,een the leachate from the downstream retort 
and spent shale in the upstremn retort. Such 
interactions would likely be different from 
leachate passing through aquifer material (raw 
oil shale). These calculations do not apply to 
leachate exiting from a long series of retorts 
receiving lateral flow. 



Given the above assumptions, an estimate of 
the average maximum composition of leachate exiting 
from a spent in situ retort may be computed as 
follows: 

c. 
1 

lOM.m + 
1 

.nv 
1 

where l\li mass in of ith constituent 
per 100 g spent shale (Table 9) 

(7) 

m mass of spent shale in a retort 
3.4 X 108 kg 

(Cg) i concentration of ith constituent in 
groundwater in milligrams liter 

V volume of water within a retort 
9 x 107 liters (assumes 40 percent voids 
folloHing retorting, 20 percent from 
mining raw oil shale a11d 20 percent 
from kerogen conversion) 

ci "' average maxirmllll concentration of ith 
constituent 

n ~ number of pore volumes (2 to 6) required 
to remove most of leachables 

Equation (7) may be used to estimate the 
average maximum composition of leachate due to the 
passage of the first few pore volumes of water, 
1ne first term in this equation, lOMim, is the 
!Tk'L'SS of material that can be potentially leached 
from a single in situ retort. The second term, 
(Cg).nV, is the mass of the ith constituent present 
in tl\e groundwater that fills the spent retort. The 
accuracy of Eq. (7) is limited by how well Mi is 
known and by the actual number of pore volumes of 
water required to pass the front. Some experi
mental estimates of Mi are summarized in the last 
column of Table 9. However, these values are 
based on leaching times m1d leach-water compositions 
much. different from those that will be encountered 
in practice. Tims, these values Jll.ay be high or 
low due to adsorption, ion exchange, solubility, 
or kinetic considerations, 

TI1e estimated average maximum composition of 
leachate discharging from a spent in situ retort 
located in the Piceance Basin is presented in 
column (4) of Table 10. These estimates were 
derived using Eq. (7), the leachable constituent 
surmnary for simulated in situ spent shales presented 
in Table 9, and groundwater composition data for C-a 
summarized in columns (2) and (3) of Table 10. 
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Column (1) in Table 10 summarizes the mass of each 
constituent leached from simulated in situ spent shale 
per 100 g of spent shale (Mi) when the leaching is 
carried out with distilled or de~,ionized water. 
Distilled-water data Tather than Rock Springs 
groundwater data are used to determine leachate 
composition for the Piceance Basin because Rock 
Springs groundwater contains significantly higher 
concentrations of HC03, C03, and TDS than do native 
groundwaters of the Piceance Basin. These 
parameters, that is, HC03, C03, m1d TDS, may play a 
significant role in controlling the composition of 
leach waters. (Clearly, experimental data derived 
using spent shales and groundwater from these 
areas are desirable but are presently unavailable.) 

Columns (2) and (3) of Table 10 present 
predevelopment groundwater quality. The leach 

water will initially have a composition similar to 
that shown in colwnns (2) or (3), depending on 
whether it is from the Upper or Lower aquifer. 

Column (4) of Table 10 presents a range for 
the average maximum composition of leachate 

from a spent in situ retort, The 
rm1ge corresponds to different retorting conditions 
(see Table 9), a pore volume of from 2 to 6, 
m1d leaching by both Upper and Lower aquifer water. 
For example, the lower value in column (4) is 
computed from the lower value for Mj_, the lowest 
value for Cg, and a number of pore volumes n equal 
to 6. The larger value in column (4) corresponds 
to the larger value for , the highest value for 

and n equal to 2, 

This compilation indicates that the average 
concentration in the leachate for tabulated 
constituents may greatly exceed levels in native 
g-.coundwaters. The significance of this will be 
discussed in a later section on assessment. The 
quality of the leachate is dominated by the mass of 
material leached from the spent shale (10 Mim) 
rather thm1 the initial composition of the leach 
water (Cg). Thus, the composition of the leach 
water does not significantly affect the composition 
of the leachate, and there is little difference 
between leachate compositions derived by leaching 
with Lower or Upper aquifer water. Likewise, 
similar computations for the Uinta Basin yield a 
leachate composition similar to that presented 
in Table 10 for the Piceance Basin. 

Leachate Transport 

A detailed qu.antitative assessment of leachate 
transport is beyond the scope of this study. Such 
an assessment would require the development of a 
sophisticated groundwater flow model for fractured 
systems and an extensive field and laboratory 
measurement program to determine appropriate 
hydraulic ffild transport variables. Instead, 
leachate transport will be assessed using parameters 
estimated from recent work on the lease tracts and 
simple Darcian flow equations, Recommendations 
will be 1nade for future work to provide more 
definitive esti1nates. 

The local assessment will focus on lease 
tracts C-a and C-b in the Piceance Basin where 

· a thick layer of oil shale known as the Mahogany 
• Zone (ranging in thickness from 100 to 200 ft) 
is situ.ated between an upper and lower aquifer. 
'The quality of water in these two aquifers in 
the vicinity of lease tracts C-a and C-b was 
summarized in Table 10. rfhe Upper Aquifer has a 
trm1srnissivity ranging up to 7500 gal/day/ft and 
an average storage coefficient of 0.001; the Lower 
Aquifer has a transmissivity ranging up to 15,000 
gal/day/ft and a11 average storage coefficient of 
0.0001 (Ref. 4). The ~fuhogany Zone has occasional 
fractures which perrnit limited exchange between the 
two aquifers. 

The difference in hydraulic head between the 
Upper and Lower aquifer is less tha11 100 ft in 
almost all areas and differences of less than 
50 ft are typical. Throughout most of the basin, 
the Lower Aquifer is characterized by a greater 
head, although in some parts of the basin this is 
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TABLE 10 

ESTIMATED COMPOSITION OF LEACHATE EXITING AN IN SITU RETORT 
THE VICINITY OF LEASE TRACT C-a 

Distilled water Qv~lity of Upper Quality of Lower Ave. concentration of 
Constituent leachate composition Aquifer Aquifer leachate within retort 

(Table 9) mg/1 mg/1 if leached with Upper 
mg/100g Aquifer water,a mg/1 

,~~~~--"-~-' 

(1) (2) ~~-~. (42 

AI 0,095-2.8 0.14 0.24 0.7-50 

B 0,075-0.14 0.33 0.84 1-3 

Ca 3.6-210 35 8,8 30-4000b 

Cl 5.5 12 22 50-130 

co3 30-215 0.88 69 190c~4100 

Cr 0.002-L8 0.01 <0.01 0.02-35 

F L 2-4.2 0.41 15 8-90 

Fe 0.0004-0.042 5.0 0.78 1-6 

HC07 22-40 482 842 620-1600 
.) 

K 0.76-18 2,2 2.6 7-340 

Li 0.020-0A2 0.13 0.13 0.3-8 

Mg 0.002-8.0 52 20 20-200b 

Na 8,8-235 212 397 340-4800 

N03 0.2-2,6 0.93 OA 2-50 

Pb 0.014-0.017 0.17 0.21 0.3-0.5 

Si 25-88 12 4.7 160-1700 

so4 soc"130 325 112 500-2800 

Zn 0.001-0.025 0.26 0.24 0.3-0.7 

TDS 0-2800 905 1075 905-54,000 

TOC L0-38 8.5 11 15-250 

Phenols 0.01"0,04 0.003 0.002 0.1-0.8 

·-~---------

aAssumes the mass of spent shale in the retort is 3.4 x 108g and the volume of water contained by the 
retort is 9 x 107 liters. Con~uted using Eq. (7), For exarnple, the lower B value shown in column (4) 
is computed as: 

(10)0.075(3.4x108) + 0. 33 (9x10 7~ 0.80 mg/1 
6(9xl07) 

bThese constituents may be reduced on passage throuF')1 the groundwater aquifer. 

not the case. Generally, the greatest head 
difference exists near the center of the basin 
where the head of the Lower Aquifer is normally 
greater than the head of the Upper Aquifer. 

Recharge to both aquifers occurs near the 
perimeter of the basin at high elevations, 
primarily as a consequence of snowmelt during the 
spring. Discharge from the Lower Aquifer occurs 
as water moves upward from the Lower Aquifer 
through fractures in the lv1ahogany Zone into the 
Upper Aquifer. The Upper Aquifer discharges into 
Piceance Creek and Yellow Creek which are 
perennial streams. 

A diagrarn of the Piceance Basin, describing 
the locations of the two prototype oil shale 
lease tracts and groundwater flow directions, is 
presented in Figure 6. A cross section of the 
basin was shown in Figure 1. This cross section 
describes the stratigraphy and direction of ground
water movement that are characteristic of much of 
the basin. 

Prediction of leachate transport requires a 
suitable rnathematical framework and field measure~ 
ments of necessary hydraulic parameters. Neither 
of these is available for aquifers in the Piceance 
Basin. Permeability in both the Lower and Upper 
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aquifer is due mainly to fracture porosity; 
precipitation of secondary minerals in sandstones 
has largely filled the primary voids. Fracture 
aquifers are not isotropic and thus flow equations 
based on Darcy's law do not rigorously apply, 
Special equations based on flow through a series 
of fractures must be used in conjunction with data 
on the size and density of cracks, Theoretical 
modeling of flow in fracture systems and model 
application are in their infancy. However, 
available work (Ref. 25) suggests that 
movement of water in a fracture system is more 
rapid than in interg-£anular systems. Retaxdation 
caused by so-rption may be less, due to the reduced 
surface area exposed to the flowing fluid. Under 
certain conditions, may cause 
cant concentrations to appear well ahead the 
average. Therefore, the effect of leachate may be 
more severe than based on isotopic 
conditions would t:iJnes would 
be shorter). 

'I11is section will discuss the movement of 
leachate through the retort into the grouna'water 

and ultimately into local stream channels. 
discussitm will assume that after an area 

is completely retorted, the dewatering wells will 
be shut off and groundwater will return to pre· 
development conditions. How'ever, if there are 
other in situ facilities still under production, 

conditions may not be established. 
Thus, hydraulic gradients and groundvvater flow 
directions may be different from those assumed 
here. 

The dispersion of leachate constituents in 
the groundwater system will be presented and 
factors likely to retard transport identified. 
This will be developed using Darcy's law. However, 
the reader should bear in mind that Darcy's law 
does not rigorously apply to fractured aquifers. 
Points of departure will be discussed as pertinent. 

Table 11 summarizes pertinent hydraulic 
variables, water velocities in aquifers and 
abandoned retorts, &'1d travel times through the 
retorts and from the retorts to local streams. 
Inadequate data are available on most hydraulic 

and aquifer geohydrology is poorly 
understood. There are no field measurements 
available on effective porosity which is required 
to compute velocities. Recent work 
in on the lease tracts indicates that 
the systems are considerably more complex 
than previously believed. Therefore, the veloci
ties and residence times presented in Table 11 
and discussed below must be considered preliminary 
and should be updated when adequate field data 
become available. 

Retort Hydral:ll_ics. After a retort block is 
abandoned, theTewatering wells will be turned 
off and groundwater will slowly refill the 
abandoned retorts. The rate at which groundwater 
passes through the retorts will be govemed by 
the permeability of the surrounding aquifers and by 
the head difference between the aquifers. The 
lowest permeability will control the velocity of 
groundwater in the retort. Although the 
permeability of an abandoned retort is unknown, 
it can be safely assumed that it is considerably 
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greater than the permeability of surrounding 
aquifers. 'Th.ere are no estimates of average head 
difference between on the lease tracts. 
Work completed to date suggests that the forma
tions are heterogeneoL~ and head differences 
will vary from to point; thus, 
caution should exercised in predicting flow 
rates (Ref. 24). To facilitate comparison of 
conditions on the two tracts, it is assumed 
that an average head difference of 25 ft exists 
between the aquifers on both tracts. On tract 
C··a, the direction of groundwater flow will likely 
be from ~~e Upper to the Lower aquifer (Ref. 4). 
1ne permeability of the Lipper Aquifer, 1.5 ft/day, 
will control the flow of leachate through the 
retort,. If a head difference of 25 ft exists 
across a 300-ft··high retort located on this tract, 
water will invade the retort at a rate of 460 ft/yr 
and the residence time of water within the retort 
will be 1 yr, It is estimated that 2 to 6 pore 
volumes of groundwater will have to pass through 
the retort to remove most of the leachables. 
1nerefore, leachate with a concentration similar 
to that in Table 10 may be output for 2 to 6 yr 
after initiation of the leaching process. 

On tract C-b, the direction of groundwater 
flow will be from the Lower to the Upper Aquifer 
(Ref. 4), The penneability of the Lower Aquifer, 
0.1 to 0. 3 ft/day, will control the flow of 
leachate through the retorto If a head difference 
of 25 ft exists across a 300~ft-high retort located 
on tract C-b, water will invade the retort at a rate 
of 30 to 90 ft/yr and the residence time of water 
within the retort will range from 3 to 10 yr. 
Therefore, leachate may be output for 6 to 60 yr 
after initiation of the leaching process. 

These calculations indicate that leachate 
may be released from abandoned retorts for very 
long periods of time. This mean.s that the retorts 
would act as sources of contamination for long 
periods of time. Additionally, the contact time 
between the leach water and the spent shale is of 
tl1e order of years. These times are considerably 
higher than contact times used in laboratory 
leaching studies and rr~y enhance or inhibit 
certain chemical reactions relative to laboratory 
results. 

These calculations for two nearby sites 
in the Piceance Basin indicate that there is 
considerable variability in the hydrologic con~ 
ditions that will control the release and transport 
of leachate in aquifers. Effects will 
be highly At two sites 
separated by about 18 miles along a line connPr:ting 
tract centers, wide variations are apparent in the 
residence time of leachate in the retorts, 
direction of leachate flow, and groundwater flow 
velocities. On tract C~a, it is estimated that 
leachate will be released from a retort for about 
2 to 6 yr and that it will be transported in the 
Lower Aquifer at about 160 ft/yr. Gn tract C-b, it 
is estimated that leachate will be released from a 
retort for 6 to 60 yr m1d that it will be trans
ported in the Upper Aquifer at about 20 to 30 ft/yr. 

AC[llifer Hhdraulics. Once the leachate has 
emergea.trom t e-·abandoned retort, it will be 
transported in either the Lower or Upper aquifer 
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TABLE 11 

AQUIFER CHARAC1tRISTICS AND LEACHATE TRANSPORT IN THE VICINITY OF LEASE TRACTS C-a AND C-b 
~~~~---

Aquifer characteristics 

Transmissibility (T), ft 2 /day 

Aquifer thickness (b), ft 

Penneability (k), ft/day 

Hydraulic gradient (dh/dL) 

Effective porosity (¢) 

Groundwater transport 

Upper 

330a 

220a 
l.Sd 

O.Ole 

O.lf 

Lower 

940a 

220a 

4.3d 

O.Ole 
O.lf 

Tract C-b 

Upper Lower 

zoob 53b 

250-400c 200-SOOc 

0.5-0.8 d 0.1-0.3 d 

O.Ole O.Ole 

O.lf O.lf 

Groundwater velocity (v), ft/yr 

Shortest distance from tract to closest 
discharging stream (d), mi 

ssg 160g 20-30g 4-lOg 

Time for leachate to reach stream (t), yr 

Retort transport 
Head difference between aquifers (dh), ft 

Direction of groundwater flow in retort 

Controlling permeability (k), ft/day 

Hydraulic gradient in retort, (dh/dl) 

Groundwater velocity in retort (vR), ft/yr 

Residence time in 300-ft-high retort (R), yr 

al~L 26. 
b Ref. 24. 
cRef. 3. 
d 
k "' T/b. 

and eventually be discharged in a local surface 
stream. If it is assumed that the aquifers are 
isotropic and that the hydraulic parameters 
summarized in Table 11 are reasonable, flow 
velocities and leachate transit times from tracts 
C-a and C-b will be similar to those shown in 
Table 11. Bear in mind, however, that the 
aquifers are anisotropic.· This means that 
velocities may be higher than those computed from 
Darcian theory and thus, the length of time it 
will take leachate to reach streams will be shorter 
than sunnnarized here. 

Tract C-a is about 4 miles from the nearest 
discharging surface stream, Yellow Creek, along a 
line parallel to the groundwater flow direction. If 
leachate moves downward through the retort and is 
transported in the Lower Aquifer, its average flow 
velocity will be about 160 ft/yr and it will take a 
minimum of a century for the leachate to appear 
in Yellow Creek. It will take even longer for 
the leachate to reach Yellow Creek if it is 
transported in the Upper Aquifer. 

4b lb 

130··380 h 180-1450h 

25f zsf 

Downe Upe 

l.Se 0.1-0. 

0.083 0.083 

460g 30-90g 

1 3-10 

e~f. 4. 

£Estimated; no conclusive field data available. 

&v = (k/¢)(dh/dl). 
ht = (d)(5280)/v. 

Tract C-b is about 1 mile from Piceance Creek 
along a line parallel to the flow direction. If 
leachate travels upward through the retort and is 
transported in the Upper Aquifer, the average 
groundwater flow velocity will be about 20 to 30 
ft/yr and it will take a minimum of 2 centuries 
for the leachate to discharge in the Piceance 
Creek. It would take even longer for the leachate 
to reach Piceance Creek if it were transported 
by the Lower Aquifer. 

Dispersion. After the leachate enters an 
aquifer, its concentration will be reduced due to 
dispersion, adso1~tion, and other natural processes. 
This section will discuss longitudinal dispersion 
and other factors likely to retard leachate 
transport. 

Leachate transport in isotropic aquifers 
may be described by (Ref. 25): 



where 

x "" distance from source in direction of 
groundwater flow 

C "' concentration of solute in the source 
D ~ effective dispersion coefficient 
v = groundwater flow velocity 
t time 
a = porosity 
q = amount adsorbed per unit volume 

(8) describes the one-dimensional trans
port of a solute in porous media. Retardation due 
to sorption, ion exchange, etc, is represented by 
the la$t term in Eq. (8). Initial conditions and 

are required to solve this 
is assumed that the output of 

leachate acts as a step ftmction, that is, the 
lead1ate concentration from a retort is suddenly 
·raised to some value C0 and held there while the 
retort leaches. 'This is likely a better appro xi
mation than a pulse input where the mass input is 
assumed to take place irstant<:meously at t "' 0 as 
it may take 2 to 60 yr for the first 2 to 6 pore 
volumes to be released a11d new spent retorts will 
be periodically available for leaching as the 
groundwater levels rise following shutdown of 
the dewatering wells. In practice, the input 
function will likely fall somewhere between a step 
and a pulse function. Because the input function 
csnnot be defined, gi wn the present state of 

, it will be qualitatively evaluated. 

For a step input in an unbounded system, the 
initial condition..<; are: 

C(x,O) ~ 0 for t~O and x<O 

C(x,O) ~ C0 for t~O and x>O 

C(··OO, t) "' 0 

C(+oo, t) "' C
0 

The general solution to . (8) is: 

[

vt··x-!5.25.] 
1 + erf a + 

ADtCl+!) a 

where 
q "' KC (linear isotherm) 
K "' experimentally detennined constant 

The solution (9) assumes that retardation is 
essentially instantaneous and linear. If it is 
not, other solutions are more suitable, as given 
in Ref. 25. 

Equation (9) may be simplified to include 
only easily measured variables by making the 
following substitutions (Ref. 25): 1 ~ vt; x ~ 
61+1 and for vx/D > 40, D ~ 1.92dv; d ~ 40.8 IK; 
L' ~ L/(1 + K/a); and 'ilL' ~ x--L'. These 
substitutions yield: 
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c 1 0.056461' 
Co "' I erfc kl/ 4 (1') 1/2 (10) 

where k is the permeability in square centimeters 
and 1 is in centimeters. Equation (10) will be used 
to estimate the transport of leachate in aquifers 
of the Piceance Basin. 

Some qua1itative effects that n~y be expected 
from longitudinal dispersion of leachate in an 
isotropic aquifer are: 

1. For a giwn distance of travel from the 
source, the dispersion of a constituent 
increases as the fourth root of the 
permeability 

2. Dispersion increases as the square root 
of the travel distance; however, disper
sion, relative to distance of travel, 
decreases as the square root of the 
traw 1 distance 

In an anisotropic system, dispersion conditions 
approach those of the isotropic system if a 
sufficiently large system is considered (Ref. 25). 
For a fractured system with a normal distribution 
of crack sizes and no retardation, a concentration 
0 .1C0 will exist 9 times farther downstream than 
the average flow distance, and estimated arrival 
times of significant contamination, made by 
using Eq. (10), could be in error by as much as 
a factor of 10 or more (Ref. 25). Therefore, 
the analyses presented here may underestimate 
leachate transport. 

The solutions to Eq. (8) for the retardation 
case (K~) and for the no-retardation case (K~O) 
are identical except that L is reduced by 1/(l+K/a) 
in the retardation case. This means that the 
shape of the dispersion front is the same in both 
cases but that the retarded front moves more 
slowly. 

Retardation. Generally, when water contacts 
a sol~ifferent from the one it previously 
contacted (leachate contacting aquifer media) and 
when unlike waters mix (leachate and Upper Aquifer 
water) chemical and physical interactions may occur. 
Equation (10) includes the effect of such 
attentuation during transport. This may be 
caused by ion exchange, adsorption, solubility 
limitations, biodegradation, and other factors. 
No estlinates of retardation for the system under 
study are available. Therefore, a range of 
values for K will be assumed and a sensi ti vi ty 
analysis presented. 

Retardation may result from solubility 
considerations including the dissolution or 
precipitation of constituents due to contact of 
water with a solid phase. Calculations presented 
previously suggest Ca and Mg may be reduced by 
precipitation during aquifer transport. This 
could reduce aquifer permeability k and retard 
leachate transport. The extent of dissolution 
or precipitation may be estimated from equilibrium 
constants if all participiating reactions are 
known. Unfortunately, this is seldom the case, 
and in a system as complex as the aquifer-leachate 
system, predictions of solubility are not 
presently possible. Qualitatively, many of the 
minerals that the leachate will contact are oxides, 
hydroxides, carbonates, and hydroxide-carbonates. 
These same ligands are the principal constituents 



of both native ~£oundwater and leachate. Thus, 
the solid and solute chemical reactions of 
interest belong to the temary system Me+n ~ HzO -
COz (t-.1e+n is an anionic metal specie of charge +n). 
This system is discussed by Stumm and Morgan 
(Ref. 27). The presence of organic matter in 
leachate may have an important effect on leachate 
transport. The organics may complex the metal 
ions, increasing their mobility. They may also 
deplete any Oz, lowering the pH of the groundwater. 
This would allow Fe, lv'm, and elements to 
become soluble as Fe+2 and due to dissolution 
of Fe- and minerals. 

Solubility may affect the 
leachate within the retort and 
traJlsport. Since the residence time of leachate 
in the retort is of the order of 1 to 10 yr, many 
solubility reactions may reach equilibrium within 
the retort. Additional effects could 

due to 

Dissolved constituents be removed from 
solution sorption on or suspended 
material the water or by sorption on the 
aquifer media. If sorption involves chemical 
bonding, it is temted ion exchan.ge and if it 
involves physical forces, it is termed adsorption. 
Both of these mechanisms may be reversible and 
sorbed constituents may be released if conditions 
change. 

Adsorption is strongly pH-dependent 
and usually occurs over a narrow pH The 
location of the adsorption pH 
scale is characteristic of ion ond its 
complexes and is insensitive to the 
ad_sorbent. T11is mechanism will likely control 
the concentration of a number of leachate 
constituents, such as Zn and Cr, aquifer 
transport. 

Many solid substances, when placed in contact 
with a liquid, lose some constituents and retain 
others. 'The lost components are usually replaced 
with similar species from solution such that the 
basic structure of the original solid is retained. 
This phenomenon is called ion exchange. In the 
geologic setting roost ion exchange reactions 
involve cations, and clay minerals are especially 
important because often have a high exchange 
capacity. The ion capacity and adsorption 
characteristics of aquifer media in oil shale 
regions need to be determined. The Upper Aquifer 
consists of fractured lean oil shale, siltstone, 
and sondstone; the Lower consists of 
fractured oil shale and 

Assessment Situ Sbale Leacbate 

This section will use infomtation developed 
in previous sections to assess the effect of 
in -situ spent shale leachate on the quality of 
groundwater and surface water. 

Effect on Groundwater ~lity. Groundwater 
degraaation is a h~y concern ecause it is typical
ly irreversible and may have long-term conse

_quences. Since grotmdwater flow velocities are 
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low, it will truze centuries for contaminated water 
to be discharged. If these waters are withdrawn 
at some point during these centuries of transport, 
t11ey may still have significant effects. Thus, 
even though it may taJ<e centuries for contaminated 
water to move an appreciable distance from the 
retort there is no guarantee that during these 

that a farm or home or even a city will 
be built at the retorting site of the tract and 
that groundwaters will be withdrawn for use. 

A simple quantitative assessment of the 
effect of in situ spent shale leachate on grolllld
water quality can be made using Eq. (10), the 
average composition of in situ leachate from 
Table 10, and the hydraulic information presented 
in Table 11. 

The graphical solution of Eq. (6) for the trans
port of leachate from tract C-·a :in the Lower Aquifer 
is shown in Figure 7. This figure compares disper-
sion with no retardation (K = 0) with dispersions at 
two different levels of retardation (K = 0. 1 and 
K = L O). The three approximately vertical lines 
shown on each graph represent the dispersion front. 
Each successive line corresponds to the dispersion 
front at a different point in time. The three lines 
shown on each graph correspond to 1 yr, 5 yr, and 10 
yr after the initial release of leachate from a retort. 
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'04 0 t"lyr 

0 

0 08 ~-~-~--, --
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Figure 7. Transport of in situ leachate in the 
Lower Aquifer in the vicinity of lease 
tract C-a. XBL 791-177 

Figure 7 shows that for a step input, the 
concentration of various constituents in the 
aquifer will be the same as in the leachate for 
some distance from the source. At a distance 
L "' vt for the no-· retardation case, and 
L ~ vt/(1 + K/a) for the retardation case, the 
initial concentration in the leachate, CQ, is 
reduced to one-half its initial value, Since 
Eq. (10) is for an isotropic aquifer, these same 
concentrations may occur at distances greater than 
L in practice. 

A comparison of the three graphs on Figure 7 
indicates that the net effect of retardation 
is to slow the propagation of the dispersion front. 



This means that irrespective of the magnitude of 
the retardation factors, the of the 

in the vicinity of an in situ facility 
have approxima,tely the same as 

the leachate, The distance that the leachate 
travels beyond the source will be deter~ 
mined by retardation of the media 
which it passes. 

Some constituents may be attenuated and 
others may not be. Sodium tends to remain in 
solution once it has been released. Thus, the 
no retardation case would to and the 

of the in 
7a would. 

that 5 yr after 
and about 750 ft 
levels may range 

release 
from the in situ 
from 340 to 4800 

distances than about 760 ft the center 
the concentration of Na would 
, the Na concentration of native 
contrast, other constituents 

be retarded. Tl1e data of Jackson et al, 
1'7) indicate that Cl ;;mel be 

stilJ. other 
Ivln) may be adsoTbed by 

still others Pb 
reduced by 
concentration of ft fTom 
the in situ S yr after the initial release 
of leachate may not be a_ffected an.d thus remajn 
at their arobient levels. However, in the vicinity 
of the retorts 10 to 20 ft from the center of 
facility, the of these constituents could 
be elevated and the levels recorded in 
Table 10. 

constituent 
water flow 

water trans
time 

each 

aquifers 
Ground

of the lease 
used although 
'Therefore, 
quality 

However, this does 
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could be a principal water supply. 
main concern is with long-tenn 

criteria recommended by the 
uses of domestic water supply, 

and are summarized in 
to predevelopment and 

quality. This table 
that predevelopment groundwater in neither 

aquifer is ideally suited for use as a domestic 
or for livestock watering (unless treated) 

levels ofF, Fe, Pb, or S04. 
be locally sui table for certain 

However, high levels of 
evaluated on a case-by

'The quality of postdevelopment 
indicates that they may still be 

suitable for certain irrigation applications. 
levels of salinity, F, and Li will have 

to evaluated on a case-by-case basis. The ' 
waters would not be suitable for either domestic 

or stock due to high levels of 
, i11cluding Pb, Fe, F, and 

trace organics, such as phenols. 
is required to identify other 

present in the leachates, Because 
may be toxic at low concentra

org<mic characterizations should 

'This comparison indicates that predevelopment 
~roundwaters are generally acceptable as an 
irrigation watel' but may require limited treatment 
on a basis, for use as a domestic 
supply or stock watering. If these waters 
were further degraded by in situ spent-shale 
leachate, the level of treatment required to 
render them suitable for domestic supply or stock 

would be and the cost to supply 
Since the area is 

roost users are 
or farms or ranches, it is 

unlikely that treatment would be affordable. 
Therefore, the would be largely 
tmavailable for uses unless large-scale 

here: 

of the area were to occur. 

at this point to recall that 
on a number of 

ones are reiterated 

L of leachate from an in situ 
occurs as a steu function 

2, Most leacha1Jl~· constitueilts are removed 
with the of the first 2 to 6 pore 
volumes water 

3. The leachate concentration exiting from 
the retort is constant 

4. The data surnmarized in the last column of 
Table 9 are reasonable approximations of 
the true value for Mi, the mass of each 
material leached per 100 g of spent 
shale 

5. The aquifers that transport the leachate 
are isotropic 

6, Ground~Jaters return to pred.evelopment 
conditions on abandonment of the facility 

None of these will rigorously 
hold when applied to an. actual in situ facility. 
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TABLE 12 

COMPARISON OF UPPER AQUIFER AND LEACHATE QUALITY WITH WATER QUALITY 
LEVELS NOT TO BE EXCEEDED IN MAIN WATER MASS 

Water quality criteria Predevelopment ground~ 
water quality 

Parameters Domestic 
water 

supp1ies,a 
mg/1 

Livestock 
watering,a 

mg/1 

Irrigation,a 
mg/1 Average 

concentration 
of Upper 

Average 
concentration 

of Lower 

Postdevelopment 
groundwater 
quality, 

mg/1 

Aluminum 5.0 5~2o 

Boron (b) 5.0 0.75~2.0 

Chloride 250 (c) 

ChronLi.um 0 .OS LO 0.1-LO 

Fluoride L4-2.4 2.0 1~15 

Iron 0.3 None 5-20 

Lead 0.05 0.1 5-10 

Lithium 0.075~25 

Nitrate/nitrogen 10 lOOd None 

Phenols 0.001 

Sodium (b) 

Sulfate 250 

Total dissolved 
solids (d) 

Zinc 5 25 2.0-10 

aReference 28. 

binadequate data available to set standard. 

However, this is the best estimate that can be 
made gi"iren the present state of knowledge. The 
output of leachate is neither a step nor 
a pulse function but rather something in 
between. This will tend to decrease leachate 
concentrations on transport in the and 
produce a gently sloping dispersion 
on Figure 8. It may take more than 6 pore 
volumes of water to remove roost of the leachables 
due to the large particle sizes in field retorts. 
This will decrease the average maximum leachate 
concentration. The data in Table 9 not 

what in situ 
retort is leached 'Ihese 
values are all based on short-term (about 30 days 
or less) leaching conducted with 
distilled water. the con tact time 
will be years and the leach water will have a 
composition similar to that shown in Table 10. 
The true values for Mi may be or lower. 
For example, Ca and Mg may be lower due to 
precipitation of slightly soluble compoun.ds. 
And finally, the aquifers are anisotropic and may 
not return to predevelopment conditions. Other 
oil shale developments may alter predevelopment 
conditions, producing steeper hydraulic grandients 
and different flow directions. Because of the 
snisotropic nature of the aquifers and the 
possibility of other developments, flow velocities 

0.14 0.24 

0.33 0.84 

12 22 

0.01 <0.01 

0.41 15 

5.0 0.78 

0.17 0.21 

0.13 0.13 

0.9 0.4 

0.003 0.002 

212 397 

325 112 

905 1075 

0.26 0.24 

cVariable; depends on soil condition. 
d N03 + N02. 

0.7-50 

1-3 

50~130 

0.02-35 

8-90 

1-6 

0.3-0.5 

0.3-8 

2-50 

0.1-0.8 

340-4840 

500-2800 

905-54,000 

0.3-0.7 

may be higher than predicted here and. transit 
times shorter. Ihis would result in an earlier 
arrival of the leachate front at downstream points. 
The net effect of these items is unknown and, 
therefore, the type of analysis presented here 
should be periodically revised as new data are 
developed. 

(\ Conceptual esiimoie for 
\ an actual in situ facility 

\/ 
\ 

' ' ' -~~--~~~··~~-~-~-~--"'~-----~---~-' 

Distance from source 

Figure 8. Schematic representation of effect of 
study assumptions on leachate dispersion 
in groundwater aquifers. XBL 791-181 

In conclusion, it is evident that measures to 
control the release of leachate from in situ 



retorts may be required if the retorts are not 
wholly confined by aquitards. Some 
control methods include reducing the penneability 
of the retort and by grouting 
or plugging, selective or by 
a material, such as retardation. 
However, it should be out that before ra~ 
tional control decisions can be made, the nature 
and the magnitude of the phenomenon and 
leachate transport in aquifers the Piceance Basin 
need to be investigated Both lab~ 
oratory and field studies 
define long··term leachate 
tion factors for the 

The effect of in situ leachate 
from a facility located in Piceance Basin on 
groundwaters in other areas will he minimaL Since 
t.'1e velocity of is low it will take 
many centuries grmmdwaters from 
an industry located in the Piceance to 
reach gx·oundwaters in areas outside of the Basiil. 

the Piceance Basin for centuries. 
assuming no change in the 
will discharge into either 
Yellow Creek. A schernatic 

system, it 
~v,JW<vv Creek or 

of in situ leachates and other 
the flow 

into the 
gaining read1 of a stream is in 
Figure 9. Tl1is schematic is considered to be 
representative of actual conditions that exist 
throughout many parts of the Piceance Basin" 

30 

The potential effect of the discharge of in situ 
leachate from a single line source into surface 
streams is summarized in Table 13. This table pre
sents the average mu1ual discharge and maximum pos
sible increase in IDS, Na, and TOC at four points 
in the Colorado River Basin due to the dis-
charge , in situ spent-shale 
leachate into surface waters. If pulses from 
several line sources of retorts arrived at the 
streams simultaneously, the increases would be 

larger. It would take centuries 
for concentrations shown in this table to be 
reached. These values were computed using the 
estimated leachate composition values from column 
( 4) of Table 10 :mel the following assumptions: 

lo T11e base flow discharging into Piceance 
Creek and Yellow Creek will have the same 
composition as shown in column (2) of 
Table 10. In other words, there is no 

retardation of TDS, Na, or 
aquifer transport. 

2. 'Ihe average annual discharge of ground
water into the Piceance Creek and Yellow 
Creek is 12,520 acre-ft. Approximately 
90 percent of this discharges into 
Piceance Creek and the balance into Yellow 
Creek 

3. 1he increase TDS, Na, and TOC in 
surface waters will be the same as the 
increase in these parameters in the 
groundwaters, attenuated by dilution 
from tributary strean5. 

It is likely that some constituents may be 
either reduced or increased during aquifer 
transport and certain otheTs, such as Na may be 
unaffected. T11erefore, the values in columns (2) 

Ground Surface 
~---·'-~~~·~~Unsaturated Zone 

_,~-~~~-~~·--·~·~~~~ Piezometric Surface 

·-Gaining Reach of Stream 

Upper 
Aquifer 

Shale 
Layer 

Lower 
Aquifer 

Figure 9. Flow of leachates into gaining reach of a stream. XBL 791-178 



31 

TABLE 13 

THE INCREASE IN TDS AND TOC IN SURFACE WATERS OF THE UPPER COLORADO RIVER BASIN DUE TO THE 
DISCHARGE OF IN SITIJ LEACHATES INTO PICEANCE CREEK AND YELLOW CREEK AS BASE FLOW 

Average 
annual 

discharge, 
Watercourse acre-ft/yr 

Piceance Creek at 
White River 14,500 

White Fiver near 
Watson, Utah 532,000 

Green River near 
Green River, Utah 4,427,000 

Colorado River at 
Lees Ferry, 
Arizona 12,426,000 

Maximum possible 
increase in TDS 
due to discharge 

of in situ leachate 
into Piceance Creek 
and Yellow Creek, 

700-42,000 

20-1,270 

3-150 

1-50 

and (3) of Table 13 represent the likely range 
to be encountered for inorganic constituents. 
The Na column represents the lower limit because 
Na is usually not attenuated during aquifer 
transport. The TDS column, on the other hand, 
represents an upper limit because some of the 
constituents making up TDS will likely be attenuated 
during transport. The TOC values may be greatly 
reduced and the values in column (4) are probably 
maximum values. However, it is possible that 
organics present in the oil shale will be 
solubilized or exchanged for those in the leachate. 

This tsbulation indicates that the inorganic 
quality and, possibly the organic quality of 
local, subregional, and regional waters may be 
significantly affected if in situ leachate dis
charges into surface streams. The increase in 
salinity of surface waters may violate the 
salinity standards for the Colorado River, depending 
on interpretation of the law. 

Similar calculations can be nude for other 
constituents. These will indicate that surface 
streams near an in situ facility that are largely 
fed by groundwater will eventually be degraded 
and their quality will approad1 that of the in situ 
leachate. Thus, the comparison shown in Table 12 
applies, suggesting that these streams would not 
be suitable for drinking water or stock waters 
and would have limited use as an irrigation 
supply. However, at points farther downstream 
the degradation of surface waters would decrease 
due to dilution. 

LEACHATE FROM SURFACE DISPOSAL PILES 

In situ processing will produce several 
different types of solid wastes that will likely 
be disposed of in surface piles. These may 
include spent shale, raw oil shale, and other mine 
spoils and solids from water and waste-water treat-

Maximum possible 
increase in Na 

due to discharge 
of in situ leachate 
into Piceance Creek 
and Yellow Creek, 

260-3,800 

8-110 

0.3-5 

Maximum possible 
increase in TOC 
due to discharge 

of in situ leachate 
into Piceance Creek 
and Yellow Creek, 

12-180 

0.4-5 

<0.05-0.7 

<0.05-0.2 

ment facilities and air-pollution control 
facilities. Different processes will generate 
different solid wastes. For example, plans for 
tract C-a are to retort mined-out shale and return 
the spent shale to the retort; plans for C-b are 
to dispose of the mined-out shale directly. 
Disposal piles containing these types of solids 
will affect water quality as a consequence of 
runoff and percolation from the piles. Quantitative 
data exist on spent and raw oil shales but little 
information is available on the other oil-shale 
related solid wastes. 

The following section will qualitatively 
discuss each type of solid waste and quantify 
effects to the extent possible with existing data. 
No attempt will be made to model the percolation 
or surface runoff from these piles or to 
quantitatively predict their effect on water 
quality 

Spent-Shale Disposal Piles 

There have been Hl8ny investigations on the 
subject of disposal of spent shales from surface 
operations but few on the disposal of excavated 
raw shale and spoil material. Let us first 
discuss the disposal of spent shale in general 
ter~ and then extend these observations to the 
disposal of raw shale. 

Certain in situ processes require partial 
mining of the retort in order to create adequate 
porosity for effective retorting. The retort is 
created by first mining out 10 to 30 percent of 
the in-place oil shale followed by rubblization 
of the remainder. There are several utilization/ 
disposal schernes for oil shale mined and brought 
to the surface at an in situ facility. These 
include (1) on-site surface retorting and 
subsequent disposal of spent shale, (2) direct 
disposal of raw oil shale without retorting, and 



(3) transport of mined shale to another site for 
surface retorting and subsequent disposal of spent 
shale. The actual utilization/disposal scheme 
selected will be determined largely by economics 
an.d conditions. It is important 
to that transport of 111ined shale to 
another is unlikely if there is a 
distance involved. 

Surface retorting of mined oil shale will 
significant amounts of shale. TI1is 

shale may be disposed of surface 
, returned to the retort as a 
the abandoned retort . 2) , or for 

use in other industries. has been ttle 
evaluation of the last two options and they will 
not be considered in this assessment. Retort 

-·-~'""~-'""' with spent shale slurry is a possible 
technology for in situ leachates. 

TI1e disposal of spent shale produced by 
surface retorting activities in surface piles will 

(1) location of an appropriate disposal 
site (2) compaction of spent shale, (3) covering 
of shale with top soil, and (4) revegetation 
of spent shale disposal pile. Water quality 
effects may occur at any stage of the disposal 

due to meteorological phenomena. During 
precipitation or snowrrelt, a portion of the water 
will percolate downward into the disposal pile 
while the remainder (less evapotranspiration) 
will run off. Runoff derived from spent-shale 
disposal piles may adversely affect surface water 
quality, and water percolating through the 
disposal pile may adversely affect groundwater 
quality if it reaches the g-roundwater table. 

Spent shale produced by surface retorting 
may be disposed of by piling it in nearby canyons 
and gulches. Several studies have been made on 
the piling and revegetation of spent shale 
(Refs. 29,30). In general, spent shale is wetted 
before placement to cool it, reduce dust, and 
facilitate compaction. Pile stability studies by 
Colony, for , indicated that optimum 

for shale from the TOSCO process 
was at 85 with 12 moisture. At 
these values, a flow- type :failure would not result 

loading even though some local 
slumping, and bulging might occur. 

After compaction the permeability of some spent 
shales may be reduced, thus enhancing surface 
runoff and limiting percolation of water into 

aquifers. 

Environmental and aesthetic considerations 
will likely require that the surface 
be revegetated. 'The following steps may be 
required before the surface will sustain vegetation 
(Refs. 29,31): 

1. Leach salts from the top layer of the 
shale pile 

2. Create a soil layer for plants with such 
additives as soil conditioners, native 
microorganisms, top soil, and fertilizers 

3. Select a mixture of local and imported 
plants compatible with local clirnate and 
soil conditions 

4. Irrigate the planted surface for 2 yr 
or more to establish a good root system 
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5. Protect surfaces with mulches and fences 
so that the slopes of the pile are 
protected from animals and runoff erosion 

Revegetated spent-shale piles are subject to 
erosion whid1 is a continuous natural process. 
Tims, the soil cover created during revegetation 
may eventually erode, particularly from steep 
upper slopes. TI1is should be considered in 
solid--waste disposal plans and future 
research (Ref. 29). 

The composition of 
been studied by 

Margheim (Ref. 1); Wildung (Ref. 16); Stollenwerk 
and Runnells (Ref. 22); Culbertson et al. (Ref. 23); 
Ward et al. (Ref. 31); Ref. 32); andSchmidt-Collerus 
et al. (Ref. 33). The composition of unvegetated 
surface-retorted spent shale leachate in milligrams 
per 100 g of spent shale is summarized in Table 14. 
However, if the disposal piles are revegetated, or 
have been previously leached, leachate composition 
will be very different from that shown in Table 14. 

A discussion of factors that influence the 
quality of in situ spent-shale leachate appeared 
in a preceding section. Some of the factors 
identified in that discussion will also influence 
the quality of surface-retorted spent shale 
leachate. These factors include (1) retorting 
conditions, (2) particle-size distribution of 
spent shale, and (3) chemical/mineralogical 
characteristics of raw oil shale. The reader is 
referred to the previous section for a discussion 
of these factors. In addition to these factors, 
certain other factors will influence the quality 
of surface-retorted spent-shale leachate, 
including: 

L Rate at which water is applied to surface 
disposal 

2. Temperature and quality of water applied 
to surface disposal piles 

3. Top soil characteristics 

Tile rate at which water is applied to a surface 
disposal pile will be a function of local 
precipitation and clima.tic conditions. A greater 
rate of application will cause water to percolate 
more rapidly into the pile, thus affecting the 
contact time between individual parcels of water 
and individual particles of spent shale. The 
temperature and quality of water applied will be 
a function of the water source. If water is 
derived from precipitation falling directly on the 
pile, it will resemble distilled water in quality 
and temperature. However, if the water is derived 
from overland runoff produced during a precipitation 
event, its quality and temperature will be affected 
by the ground surface over which it has flowed. 

The specific composition of surface runoff or 
percolation could be calculated using the factors 
in Table 14 if the water application rates and 
times were known and if information were available 
on the attenuation of leachate constituents by the 
soil column and aquifer media. 

Runoff from Spent-Shale Disposal Piles. 
Potential short-tern! effects from runoff occur 
during the construction of the pile and the 



Constituent 

As 

B 

Ba 

Ca 

Cl 

co; 

F 

HC03 
K 

Mo 

Mg 

Na 

N03 
Se 
so4 
TDS 
pH 

Particle 

Contact 
time for 
batch 
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TABLE 14 

LEACHATE COMPOSITION OF SPEJ\lT SHALES FROM SURFACE RETORTS 

__ Margheim1 Ref. 1~---
TOSCOa USBM UOC 

4.0 

64-144 

5-18 

21 

3.4 

20 

10-32 

27-40 

165-258 

5.1-5.6 

675-775 

1121-1262 
8,40-8.43 

68% 
passes 

200 mesh 

5 min 

42 

13 

38 

72 

3.5 

225 

327 

33 

28 

625 

91 

2100 

600 6230 

970-1091 10,011 
7.78 9.94 

7% 
passes 

200 mesh 

5 min 5 min 

Sto11enwerk 
and Rtmne11s 

Ref. 22, 

0.005-0.013 
o.2b -1.2c 

0.005-0.006 

90% 
passes 

200 mesh 

Data 
summary: 
surface 
retorts 

0.005-0.013 

0.2-LZ 

4.0 

42-327 

5-33 

21 

0.09-5.5 

20-38 

10-625 

0.2-0.8 

3.5-91 

165-2100 

5.1-5.6 

0.005-0.006 
600-6230 

970-10,011 
7.78-9.94 

aRanges for three types of experiments--blender, shaker, and colurrm. 

bDetermined from leaching curve at t=O for Mo, F, B. For Se and As, 33 day 
contact time. 

cDetermined from leaching curve at t=l27 days for 1--b, F, B. 

development of vegetation on the surface. Sources 
of runoff are rainfall, snowmelt, and surface and 
groundwaters used for leaching and irrigation. 
In early stages of pile construction, runoff from 
working areas and slopes will contain mostly 

leachate from the spent shale. The character of 
this leachate was described in detail earlier in 
this report (Table 14) and it may contain high concen
trations of Na, Ca, Mg, and S04, and lesser 
amounts of suspended sediment (Ref. 23,31). As 



the pile construction continues, the character of 
the nmoff changes to one containing nutrients, 

material and suspended solids mostly 
f:rom revegetation zone. The quantity 

of the runoff is a function of the armual rainfall 
corrected fo:r evapotranspiration losses and 
percolation, Because the is relatively 
impermeable, the latter may be considered negligi .. 
ble. Runoff quantities are not computed for this 

because it is assumed that all runoff will 
be captured behind dikes and returned to the pile 
for disposal, This will be the case in actual 
practice. Colony, for example, proposes using a 
dike system supplemented by benches constructed 
on pile slopes to collect :runoff. All inte:rcepted 
runoff is returned to the fill. The disposal 
operation site is thus isolated from the local 
surface waters. In addition, the benches 
intercept leachate from spent shales in upper 
levels of the embaJlkment thus protecting 
vegetation on the lower slopes (Ref. 30). 

term effects of runoff derived from 
revegetated piles may be minimal. Dikes 
in place until disposal operations 

aTe completed for a given site. Runoff will be 
captured and Tetumed to the pile for evaporation 
and percolation. The quality of runoff from 
revegetated piles may approach that of the 
runoff from the natural ground cover of the region. 
It will contain similar concentrations of plant 
materials, suspended solids, and minerals. 

?erco!at~on f~ Spe!]:t~S0ale Displsal Piles. 
In areas of low precipitation l<lS in yr) 
percolation may not occur because infiltrated 
moisture near the pile surface may evaporate. 
Consolidation and cementation of spent shale due 
to compaction with water may malce the disposal 

relatively impervious under certain condi
tions. It may be possible to operate the surface 
retorts to optimize the pozzolanic nature of spent 
shales. These propeTties could be used to reduce 
the permeability of spent-shale disposal piles, 
thus minimizing the potential for percolation 
through the piles. Ward and others (Ref. 31), 
however, have noted that snowfall may eliminate 
the compaction in the top foot or so, and the top 
2 ft may become permeable to water. Thus, most 
applied water would appear as runoff, However, 
some peTcolation may result during initial periods 
of pile compaction or as a consequence of residual 
pile permeability. 

WateT through the spent shale 
would out inoTgan.ic and organ.ic materials in 
a manner analogous to that prev~Lously discussed 
in relation to in situ spent shales, Eventually, 
leachate would reach the undedying unsaturated 
zone wnere part of it would be held by capillary 
action while the remainder would infilt:rate down 
to the groundwater table. When leachate reaches 
the groundwater table, initial dilution with ground
water will serve to decrease the levels of various 
constituents. Natural treatment process (e.g., 
ion exchange, adsorption, microbial decomposition) 
and hydTologic dispersion would also decrease 
levels of various constituents as the water 
passes through the soil column and aquifer media. 
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Raw-Oil-Shale Disposal Piles 

In general, raw-shale disposal piles would be 
constructed in much the same marmer as those for 
spent shale. A canyon or similar topographical 
feature wou1d be filled with the excavated 
materials. For environmental Teasons, finished 
slopes an.d surfaces of the embankment might have to 
be revegetated. As with spent-shale piles, there 
are three sources of contaminants in runoff: 
ston!lWater, snmvmelt, and irrigation water. On 
passing thTough the pile, they would leach salts 
from the raw shale particles" In addition, runoff 
would occur from the surface of the revegetated 
layer. 

Oil shale that is mined and directly 
discarded in surface disposal piles will have a 
different character from that of surface-Tetorted 
spent shale that is discarded in surface,-retorted 
piles. The organic material present in oil shale 
consists alrnost entirely of kerogen and bitumen, 
both of which are extremely insoluble in water. 
This contrasts with the org<mic material present 
in spent shale which, in certain cases, may be 
significantly soluble in water (Refs. 11,14). 

Additionally, there are several differences 
in the. characteristics of raw and spent shales 
that may affect the quality of the runoff and 
percolation. Among these are differences in: 
(1) porosity and permeability of the fill due to 
particle size, material strengch, and amount of 
compaction; and (2) material composition affecting 
the rate and amount of leaching. 

The quality and quar1ti ty of runoff from raw
shale disposal sites will be somewhat different 
from nmoff from spent- shale areas. Oil shale 
that is mined and directly piled will produce a 
leachate with rrruch lower levels of TDS and of various 
inorganic constituents than corresponding spent 
shales. This is demonstrated in Table 15 which 
summarizes available data on the leaching of raw 
oil shales with distilled wate:r. This table shows 
that Ca, B, Cl, K, Mg, ~b, Na, Si, S04, and TDS 
are significantly greater in leachate from spent 
shales than in leachates from raw oil shales. 
However, the pH of the mw and spent shales and 
the C03, F, HC03, and Se leached from them are 
not significantly different. This implies that 
direct disposal of raw oil shales without retoTting 
could have a significant effect on water quality, 
depending on how the leachate is generated and 
ultimately controlled. Studies should be conducted 
to determine if :raw shale piles can be vegetated. 
On the other hand, the quality of runoff from 
vegetated areas fTom both raw and spent shale 
disposal sites will be similar, assuming that 
factors such as irrigation and fertilizer applica
tionS" do not vary significantly. 

Runoff quantity may be greater fTom raw-shale 
piles because material contained in the fill will 
be more pervious and will have less moisture 
retention capacity as a result of the bigger voids 
created by larger and stronger raw shale particles. 
The rno:re permeable raw shale will allow water 
to pass through the fill to the underlying 
ground surface. From there it may either percolate 
to groundwater or pass horizontally to retention 
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TABLE 15 

BATCH LEACHING OF UNRETORTED OIL SHALE WITH DISTILLED WATER 

Parameter 

As 

B 

Ca 

Cl 

co3 
F 

HC03 

K 

l'--lo 

Mg 
Na 

N0
3 

(]-! 

Se 

Si 

so4 
TDS 
TOC 

pH 

Anvil Points 
oil shale 
Margheirn" 
(Ref. 1) 

10 

2.2 

'75 

24 

LO 
48 

79 

277 

8.15 

aContact time: 5 min. 

Anvil Points Utah 
oil shale oil shale 

Stollenwerk JacksOJ5 
and Runnells et al. 

(Ref. 22) (Ref. 17) 

0.015 
0.1b-0.7c 0.019~0.057 

5.2~6.7 

3.6-4.5 

11-15 
L7b~6.5c 0.2-0.35 

37 

0.6·-0.8 
o .1 b ~o. 3c 

1.1-1.6 
1.4-20 

0.2-2.0 

1.7 

0.9-2.8 

1.2-11 

61-113 

1 

9.3-9.8 

Raw oil Surface 
shale spent shale: 

SUJTll11a ry soomary 
(Table 14) 

0.015 0.005-0.013 

0.019-0.'7 0.2-1.2 

5.2-10 42-327 

2.2-4.5 5-33 

11-15 21 

1.7-6.5 0.09-5.5 

37-75 20-38 

0.6-24 10-625 

0.1-0.3 0.2-0.8 

1.0·-1.6 3.5-91 
1.4~48 165-2100 

0.2-2.0 5.1-5.6 

1.7 

0.009 0.005-0.006 

0.9-2.8 

1.2-79 600-6230 

61-277 970-10,011 

1 

8.15-9.8 7.78-9.94 

bContact time: -5 min.; determined from leaching curve at t=O. 

cContact time: 127 days 

dContact time: 33 days. 

dikes. This is in contrast with spent-shale piles 
in which permeability may be reduced by 
cementation. Applied water may not move beyond 
the plant root zone and would be largely 
transpired instead of moving down through the 
interior of the embankment. For the purposes of 
this investigation it is assun~d that all runoff 
from a raw-shale pile is caught behind dikes and 
returned to the pile for disposal. In actual 
practice, water so retained would be available 
for project use depending on water quality 
requirements of intended uses. 

Other Solid-Waste Disposal Piles 

Solid wastes from the shale-oil recovery 
process also include mine spoils; solids from gas 
scrubbers; spent catalysts from refinery operations 
impregnated with arsenic and other trace constit
uents removed from the oil; petroleunt coke, if 
it is not marketed for other use; and waste-water 
treatment sludges. Project wastes may also be 
liquids that cannot be reused or economically 

treated. These wastes generally contain high con
centrations of salts, toxic materials, and 
hydrocarbons which cannot be released to the 
environment. It has been proposed that the imper
vious nature of the spent-shale embankment be used 
to contain the liquid and solid wastes. Colony, 
for example, uses the retort and sour waters 
from the retorting and upgrading facilities to 
cool and moisturize the spent shale before piling 
and compaction (Ref. 31). Solid wastes would also 
be incorporated within the embankment as part of 
the placing operation. As long as the fill 
retai~s its impervious nature, contaminants will 
be retained within the body of spent shale. If 
surface water does manage to penetrate the 
compacted material and reach zones where solids 
and liquid wastes have been incorporated, leachate 
will be produced that contains contaminants from 
the additional wastes in addition to those leached 
from the spent shale itself. If this leachate 
reaches the surface of the pile and becomes part 
of the site runoff it will be retained by the 
protective dikes as long as these retain integrity. 



For in situ oil recovery operations alone or 
for W1derground disposal of spent shale, that , 
for retort plugging, there are no spent-shale piles 
available for convenient disposal of project 
wastes, For this case, disposal process waste 
options include treatment and recovery operations 
and conveyance of residuals to environmentally 
safe sites for disposal. 

For the pm:pose of this investigation it is 
assumed that solid and liquid wastes will be either 
disposed of within a spent-shale pile, if 
available, or conveyed to safe sites for disposal. 
In either case, the contaminants from project 
wastes will not reach surface or groundwater in 
substantial quantities. It will also be necessary 
to dispose of construction debris, including slash 
removed from the site and building material waste. 
It is assumed that this debris will be burned if 
air quality standards pennit or otherwise disposed 
of in suitable land-fill operations. In either 
case, the effects on water resources are assumed 
to be negligible. 
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