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INTRODUCTION

Vast resources of oil shale — in excess of 600
billion barrels of recoversble 0il — exist in the
tri-state area of Colorado, Utah, and Wyoming. Oil
shale is a marlstone that contains about 20 percent
organic material; oil can be extracted from it by
mining and pyrolysis in a surface retort or by
direct pyrolysis in the ground (following rubbling).
The latter approach, referred to as "in situ”
retorting, is presently under study by industry
and the Department of Energy as a cost-effective
alternative to surface retorting.

Since most of the oil shale deposits are
located in or adjacent to aquifers, in situ proces-
sing may result in groundwater disruption. Ad-
ditionally, if modified in situ retorting is used,
in which 20 to 30 percent of the in-place shale is
mined and is either stockpiled or FGtOfL*d at the
surface, disposal piles of yaw or spent shale may
be leached by snownelt or precipitation and the
leachate transported into aquifers or surface
waters (see Fig. 9.

The purpose of this report is to evaluate the
magnitude and significance of leachate discharges
from an in situ oil shale industry sc that environ-
mental control requirements can be identified. The
report focuses on a hypothetical 100,000-barrel-
per-day modified in situ facility located on lease
tracts C-a and C-b (see Fig. 6).

Technological Framework

The framework for the assessment of the effect
of leachates on the quality of surface water and
groundwater requires various assumptions regarding,
for example, the magnitude of the processing
facility and the type of vetorting process employed.
These assumptions are summarized b@low

Tt is assumed herein that the modified in situ

technology will be used to produce about 100,000 bbl
This estimate does not include

of shale oil per day.
the concurrent surface-retorting of mined oil shale.
If an oil recovery efficiency of 50 percent

is assumed, about 3.0 x 108 kg of rubblized raw

01l shale w1th a Fischer assay of 25 gal/ton will

be required. A typical in situ retort will be

50 m wide, 50 m thick, and 90 m high; it will

penetrate the entire thickness of the Mahogany Zone.
The retort will be prepared by mining about 20

percent of the raw oil shale (followed by rubbliza-

tion) in order to create adequate porosity for

retorting., If the raw oil shale has a solids
density of 2.3 g/em3, a typical in situ retort

will contain 4.1 x 108 kg of rubblized raw oil
shale; about 1.0 x 10° kg of vaw oil shale will be

mined and brought to the surface during retort

preparation. The bulk density of raw oil shale
contained in the retort would be about 1.8 g/cm”,

and the retort would yield about 135,000 bbl of

0il upen retorting. Thus, a 1009000Wbb1/day
facility will, on the average, develop about one
typical in situ retort every 1.4 days. Therefore,
about 7.6 x 107 kg/day or about 2.8 x 1010 kg/yr

of raw oil shale will be mined and brought tc the
surface for surface retorting.

Spent shale will have a lower bulk density

than the original vaw oil shale due to the pyrolytic
decomposi tion of kerogen and conversion of carbon-
ates to (0y. Assuming a 20 percent reduction in
the density of shale during retorting, it is esti-
mated that the quantity of spent shale resultlng
from surface retorting will be about 6.1 x 107
kg/day or about 2.2 x “1010 kg/yr@ This represents
a volume_of about 4.1 x 10% m3/day or about

1.5 x 107 mg/yr, assuming the spent shale has a
porosity of 20 percent. If the average depth of
a spent shale disposal pile is 100 m, the surface
area of the disposal pile required to accommodate
the annual production of spent shale derived from
surface retorting activities will be about 150,000
e {8DUbL 37 a as) Subsequent to retorting, a
typical in situ retort will contain about
3.4 x 108 kg of residual _spent shale, assuming a
bulk density of 1.5 g/om® (Ref. 1).

Geographical Framework

The effect of each leachate source on the
quality of surface water and groundwater will be
assessed at several geographical levels, ranging
from local to regloaal The major emphasis in
this report will be on the local assessment.

Three geographical impact assessment levels,
defined by drainage basin boundaries, will be used:

1, Local impact assessment
(Piceance Creek Basin)

2. Subregional impact assessment {Creen River
Hydrologic Subregion)

3. Regional impact assessment (Upper Colorado
River Basin)

The Piceance Creek Basin (hereafter referred to
as Piceance B %Jn) contains much of the higher grade
0il shales and is the focal point of current com-
mercial activity (see Fig. 6). Moreover, the
hydraulic/stratigraphic condition in the Basin may
present significant water problems for developers.
The Green River Hydrologic Subregion was selected
for assessment because most oil shale deposits
suitable for in situ development are located
within that subregion, and it contains the Piceance
Basin. Iha Upper Colorado River Basin was selected
for as because it is the regional planning
basin that contains all western oil shale deposits
suitable for development. Because it is a regional
planning basin, a wealth of information exists on
the Basim, Jnciudjnc datas on water quality and
water rights.

SUMMARY AND RECOMMENDATIONS

This study is an attempt to pull together
available informaiion 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 bbl/day, modified in situ facility on the ;
quailty of the surface water and groundwater of the |
Upper Colorado River Basin., The study should be
regarded as a framework that will be expanded and



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

Conclysions
The major conclusions of this study are:

1. Groundwater disruption is a key concern
because it is largely irreversible and may have
long-term consequences. Because flow velocities
are low, it will take many centuries for natural
processes to remove the leachate. Aguifer
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 guarantee that during
those centuries the water will not be withdrawn
and used, :

2. Groundwater in the vicinity of an in situ
facility may be degraded decades or centuries after
site abandonment if control measures ave not devel-
oped and implemented. The largest increases would
likely occur in pH, 504, Na, HCOz, and (O3, and in

certain organics, such as phenols and organic nitro-

gen compounds. Other constituents, such as Ca and
Mg, are expected to decrease due to precipitation,
ion exchange and other reactions.

3. The major components of spent shale
leachate are 504, HCO3, COsg, Na, C1, Si, and K.
These ions are not highly toxic, are not
detrimental for many water uses, and may be
tolerated at rvather high levels under certain
circumstances. The minor components in spent shale
leachates, which include As, Pb, F, phenols,
organonitrogen compounds and others, 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 their importance.

4, Groundwaters in the Piceance Basin are
presently not extensively used. Most users of the
Basin's waters rely on alluvial aquifers. There-
fore, short-term groundwater effects may not be
serious, In the long-term (for centuries following
facility abandonment) groundwaters in the vicinity
of an in situ facility would not be suitable for
mmicipal supply or stock watering without a high
level of treatment. However, they may be adequate
for irrigation of certain sali-resistant crops.

5. The effect of in situ leachates will not
be immediate. After dewateving 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 preventive measures will have to be
taken on abandonment to prevent long-term
CONnsequences.

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

stream. If the same retort were located on tract
C-b, it might release leachate for 6 to 54 yr, the

. leachate would be transported in the Upper Aquifer

at about 20 to 30 fit/yr, and it might take 2
centuries for it to discharge into the nearest
stream.

7. It may be possible to operate field retorts
to minimize leaching. At temperatures in excess of
800°C, silicates, which are relatively insoluble,
are formed. The reactions are enhanced in the
presence of steam. Efficient and uniform combustion
will be required before these reactions will have a
significant effect on the leachability of spent
shale. This significantly reduces the conductivity
and alkaninity of leachates but has little effect
on pH, F, B, 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
retorting. The quality in local streams may
approach that of the initial leachate. This
effect would be greatly diluted at downstream
points. The 1TDS’in the Piceance Creek at the White
River may increase by 260 mg/1 to 42,000 mg/l and
at Lees Ferry on the Colorado River by 0.3 mg/l to
50 mg/1.

8. 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, If the mined oil shale is retorted, the
resulting disposal piles may produce leachates.
These will primarily 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 and make them more susceptible to runoff.
Erosion of the soil cover will be a long-term
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 groundwaters.

1. It may be possible to make a grout out
of the spent shale and to use the grout to seal
the retort (Ref. 2). This would decrease the size
of the disposal pile by about 80 percent. The
effect of the spent-shale grouting on water quality
is unknown and should be investigated.

12. Available data suggest that raw oil shale
is not inert and may release quantities of COz,
HCO3, Se, and F similar to those released by spent
shales. If the amount released differs signi-
ficantly from runoff from native soils, special
control measures may be required for disposal
piles of raw oil shale. :

13, The high concentrations of TDS and TOC
in leachates suggest that these parameters may
be suitable tracers for in situ leachates.



Recommendations

Research on many of the topics covered in this
report is incomplete or inadequate to quantitatively
assess water quality effects or to define control
technology requirements. The following are specific
arcas where additional work is required:

1. Laboratory leaching studies of in situ
shales have focused on simulated spent shales, used
distilled water, and used contact times typically
less than 30 days.
1y represent field conditions. The contact time
between the leach water and the spent shale may
be of the order of 1 to 10 yr, the composition
of the leach water will be significantly different
from distilled water, and simulated spent shales
may differ in important ways from those generated
in the field. The most important difference
may be meximum retorting temperature and retorting
rate, Field temperatures and exposure time to
peak temperatures will exceed those encountered in
the laboratory. Therefore, more realistic
laboratory similations of field leaching need to
be performed. High-temperature spent shales
should be leached with local groundwater in
continuous-flow columns using approach velocities
similar to those anticipated in field retorts.
Mass-transfer theory should be used to design
experimental simulations. Complete elemental
surveys and organic characterizations need to be
performed on select samples and the potential
toxicity of these components determined.

2. Some technological development is required
to obtain definitive estimates of the effect of
in situ spent shale leaching and to study control
strategies. Experimental programs 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 commercial-sized plants. These field
programs should be coordinated with laboratory
studies. If the results of field environmental
studies indicate that the effects of these experi-
mental facilities on groundwater quality will be
significant, then plans to mitigate the effects
should be made. These plans would likely include
pumping the leachates to the surface for treatment.
This may be a feasible control strategy--leaching
data collected to date indicate that most leachables
are vemoved with the passage of the first few
pore volumes of leachate.

3. The effect of the leachate on local
groundwaters and surface waters has to be better
evaluated. This will require the development and
application of a computerized model of the retort
system and local aquifers that is capable of
handling hydraulics and chemical transformations
in fractured aquifers. In conjunction 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 attenuation of constituents on
passage through the retort or during aquifer
transport. The leaching colums described in
(1) above need to be followed by colums containing
aquifer media to determine the retardation of
leachate components.

These conditions do not adequate-

5. Available hydrologic data are inadequate
to quantitatively predict leachate transport.
Hydrologic investigations, pump tests, and tracer
studies should be conducted to determine effective
porosity and flow directions, and to characterize
fracture systems.

6, There is inadequate definition of the
nature and leachability of solids other than raw
and spent oil shale that will be disposed of in
surface piles. The composition and leaching
potential of those other solids should be investi-
gated.

7. Preliminary data suggest that raw oil
shale is not inert and may release large quantities
of some substances, such as F and B. This should
be investigated in greater detail in laboratory
studies designed to simulate the effect of rainfall
and snowmelt on the leachability of raw oil shales.
This should be contrasted with similar experiments
using native soils to determine the net effect.

8. Field studies at demonstration sites such
as lease tracts C-a or (-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 major, minor, and trace elements, and
leaching studies 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 may have to be taken to control
the release of leachate from the retorts. This is
apt to be a technically challenging problem
requiring a long lead time. Research should be
initiated immediately to identify technically and
economically feasible control techniques. Proper
mine design may allow control of leachate flows
and this should be studied.

LEACHATE FROM IN SITU RETORTS

"~ In situ leachates are produced by the interac-
tion of local groundwaters with in-place spent
shales and other retorting products, including
gases, waters, oils, and tars. They originate
when groundwater flows through an abandoned
in situ retort and from gas leakage during
retorting.

Retort construction and operation may permit
retorting gases to mix with groundwaters.
Rubblization may create cracks and fissures
through which gases may move or, where retorts
intersect aquifers, the natural aquifer permeability
may permit gas to escape directly into aquifers.

If these possibilities exist, and if the retorts
are not operated at negative pressure, gases
produced during retorting could come in contact
with groundwaters. Virtually no data exist on

this phenomenon and it thus camnot be discussed

in detail. However, it should be realized that the
potential for gas interaction exists and that it
may increase the level of certain organic and
inorganic compounds in affected groundwaters.



FEET

9000 I~

8000

[

RETORT

BLACK SULPHUR CREEX

7000

Y ——

6000

IRTEENMILE CREEK

" upPER
4= BQUIFER

5000

4000

M ]

I} Lowsr
| | acuiFen

|

WASATCH FORMATION

3000

o f ., 8 MILES

VERTICAL EXAGGERATION X 2I
DATUM IS MEAN SEA LEVEL

Figure 1.

This section will primarily veview and assess
available data on the leaching of organics and
inorganics from in situ spent shales. Most 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

Geohydrologic section through the Piceance Basin.

XBL 7811-12780

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.

Geobydmlogy‘ of Leachate Formation

Modified in situ retorting requires partial mining
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 0il 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
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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, permeability produced
by partial mining, fracturing, and retorting could
create a possibility for groundwater to migrate
into an abandoned in situ rvetort after completion
of retorting.

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

Retort/aquifer configurations.
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the retorts are located relative to the aquifers.
Four likely configurations for retort/aquifer
location are shown schematically in Figure Z.
The first three configurations 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 Mahogany 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 may be located such that
they penetrate the entire depth of the Mahogany
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 comnects itwo aguifers, 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 vepresented by flow 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. An 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 squifer. This is shown in the final
schematic in Figure 2. This configuration is
unlikely for retorts located in the Piceance
Basin but may occur in Utsh 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 Utsh 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. 5).

The mechanics of the leaching of spent oil
shale can be divided into chemical and physical
aspects. The physical aspects will be considered
first. Obviously the spent shale must be cooled
to below the boiling point of water to permit
leaching. 1If 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 extemal surfaces
while displacing gases through a few of the larger
pores. The influx of water from the surface
toward the central portion of the shale fragment
will miscibly displace soluble salts from areas
near the surface of the o0il shale fragment into the
central portion of the shale fragment. In contrast,
if only the lower surface of the spent oil shale
fragment is wet with water, as might occur if
there was 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

both to and from the spent shale fragment and
the groundwater in which it is immersed.

Important chemical reactions associated with
01l 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
calcium, 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 normally 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., The temperatures necessary to produce
calcium aluminosilicates, as in Portland cement
manufacture, that is, 1400°C, are not noymally
veached in oil shale processing. Slow retorting
rates and the low thermal 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 ligquid water to exist, ionic reactions
may 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 reactions. Major anticipated reactions
are of the lime (produced by decomposition of
calcite and dolomite) with clay, feldspars, and
quartz. The precipitation of divalent cations by
carbonates present in the groundwater will also be
a major 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. TFor 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 groundwater, 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 magnesium in the
spent shale.

Factors Affecting Leachate Quality

The leaching of inorgenic and organic materials
from in situ spent shale will be influenced by
(1) chemical-mineralogical characteristics of raw
0il 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 o0il shales
and retorting conditions, are believed to be the



most significant. There is evidence that retorting
conditions can be varied to control the amount of
leachable material present. These first two items
also apply equally to both surface and in situ
spent shales. Therefore, when they are discussed,
operating conditions peculiar to surface retorting,
that is, indirect heating or inert-gas runs, will
be considered. Fach of these items will be
discussed below.

In addition to these factors, which are
recognized and quantifiable, there are two other
factors specific to field retorts about which
tittle is known. In field retorts, material at
the bottom of the retort may be incompletely
retorted, wet with oil, and have accumulated
condensed metal species, such as mercury (Ref. 7).
The effect of this bottom plug on leachate quality
is unknown and research on it is needed. In
addition, gases produced during retorting may
migrate out of the burn area and into groumdwater
aquifers. The magnitude of this would depend,
among other things, on the fracture system present
and gas holdup. This is poorly understood and
laboratory and theoretical investigations are
required.

The amount of inorganic material available
for leaching depends, ultimately, on the amount
present in the original oil shale and the form in
which it occurs. The amount of organic material
available for leaching, on the other hand, is
likely not affected by levels in the parent rock
due to volatility considerations; retort operating
conditions are believed to largely control
leachable organics. The mineral residence
determines the effect of retort operating conditions
on the chemical composition and leachability of
the spent shale. For instance, Ca and Mg occur
primarily as carbonates. If the shale is heated to
about 600°C, these carbonates are converted into
corresponding oxides which ave veadily solubilized.
I temperatures exceed about 800°C, the metal
oxides would veact with silicon to form silicates
which are relatively insoluble.

The chemical composition of the organic
fraction of oil shale, kerogen, is relatively
uniform throughout the Green River formation
(Ref. 8). However, the chemical composition of
the inorganic fraction of oil shale has been shown
to be highly variable (Refs. 9,10). Both
mineralogical composition and elemental abundances
vary widely. Tenfold to thousandfold variations
in some elemental levels in oil shale from
different depths in the same formation have been
reported (Ref, 10). Significant variations both
horizontally and vertically have also been vecorded
{Refs. 9,10),

The quality of leachate derived from in situ
spent shale will be influenced by the retorting
conditions employed., The most important conditions
are retorting temperature and input gas composition,
which determine the composition of the spent shale.
Temperature is important because it is a measure of
the amount of energy that is supplied to the raw
0il shale. This controls the chemical reactions
that occur, including decomposition of carbonate
minerals, pyrolysis-combustion of kerogen, and
volatilization of chemical species. The input gas
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is important because it provides the atmosphere

in which chemical reactions take place. Four
types of atmospheres are typically used: inert
gas, air, air and recycle gas, air and steam, or

a combination thereof. All four of these
atmospheres are used in various surface retorting
processes. Inert gas and air and recycle gas

are used exclusively in surface retorting processes;
for example, TOSCO, Paraho. Air and air and steam
atmospheres are used in various in situ processes.
When air is used, the atmosphere is oxidizing and
certain chemical reactions may occur between the
shale and the oxygen in the input gas, thus
affecting the organic and inorganic composition

of the spent shale. When recycle gas is used as

a dilvent, additional interactions may occur

between the spent shale and the recycle gas. For
example, adsorption of components from the
recycle gas onto the spent shale may occur. These

adsorbed species are more readily leached than
other chemically-bound constituents. In an inert
gas run, nitrogen is externally heated to provide
heat of pyrolysis. Under these conditions, the
atmosphere is reducing and a different set of
interactions may occur,

The highest concentration of organic constit-
uents may be found in leachate derived from spent
shale produced during (1) an externally heated
inert-gas Tun or, (2) a combustion run in which
recycle gas is used as a diluent (Ref. 11). These
conditions are more typical of various surface-
retorting processes—for example, USBM gas combustion
retort, Paraho indirect, or TOSCO—than in situ
processes. Spent shale produced during an inert-gas
rup may result in a leachate of significant organic
content since no combustion of residual organic
material occurs. Spent shale produced during a
combustion run employing recycle gas may result in
a leachate with significant levels of organic con-
stituents since recycle gas contains various vol-
atile organic compounds that may adsorb onto the
spent shale as input gas is supplied behind the
reaction front in the retort. These adsorbed con-
stituents may be readily removed by leaching. In
contrast, the lowest concentration of organic con-
taminaants may be found in leachate derived from spent
shale produced during high-temperature combustion
runs that do not utilize recycle gas. High-temper-
ature combustion runs utilize residual organic
carbon remaining on the spent shale after oil
extraction as a fuel to provide an internal heat
source for pyrolysis, and the resultant spent shale
thus contains very little organic carbon.

The highest concentration of most inorganic
constituents may be found in leachate derived
from spent shale produced at temperatures between
600°C and 800°C. This phenomenon is primarily
attributable to carbonate decomposition which
occurs at retorting temperatures above 600°C.
Carbonate decomposition results in large amounts
of calcium and magnesium oxides, both of which are
very soluble and produce high pH leachates.
Furthermore, spent shale resulting from retorting
in the presence of air will normally produce
leachate of a higher inorganic content than spent
shale produced in the absence of air because
air provides an oxidizing atmosphere for reaction
with easily oxidized metals in the shale matrix,
thus liberating these metals as ions. If



sufficiently high temperatures exist, in excess of
800°C, mineralogical reactions may form insoluble
minerals 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
retorting. First, dolomite (Ca(NgX}e] x) (COz)2)
decomposes at dbout 600°C to produce iron and
magnesium oxides and calcite (CaCOz). Between
700°C and 800°C, calcite decomposes to calcium
oxide and carbon dioxide. The calcium oxide then
veacts with silica to produce calcium silicate
compounds  (3Ca0-5i0;, 2Ca0-5i0,) and other compounds
wa?amammﬁﬂmnwa(@hbnnﬁsamiﬁwnmnﬁﬁg
Above 800°C, nonreactive silicates, such as
melilites and diopside, form. The unbalanced
reactions are summarized from (Ref. 6) as:

Ca(MgXFelmx) (004, A Fe,0, + MgO + Cal0g4 + €O, (1)

CaC0 - B a0 + €0, (2)

Ca0 + 810, & Ca L0000 (3)
4

FauO + 8102 Ca 81 O( %2y) Q 4

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

Silicate formation at high tewperatures 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 significantly
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 Campbell 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. This is due primarily to the
volatility of these constituents. During retorting,
they are released from the shale and form gaseous

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 levels in the leachate would be

Jower than in low-temperature retort runs for the
same 0il 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 alr atmospheres.
This is because H, €0, and halides produced during
retorting may react with a number of inorganic
constituents, including As and Se, to produce very
volatile constituents such as AsHg (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
intemal 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 rveactions. The solubility of a
constituent in contact with groundwater 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, C1, 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 example,
even though As and Se are soluble in alkaline waters,
if they occur in the spent shale in pyrites, which
are not veadily leached by alkaline waters, they
would not be found at high levels in the leachate.
Likewise, the removal of Ca from solution would be
greatly enhanced if CO3 were present.



Groundwater 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),

The flow regime (i.e., flow direction,
velocity, etc.) of groundwatexr passing through
an asbandoned 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 simuilated
in situ spent shale has been investigated by Amy
(Ref. 11,14) and by Hall et al. (Ref, 15). Review
and analysis of these data indicate that in 30
days, from 1.0 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 colums. This is significant
as it suggests that leaching of in situ
retorts mgy 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. Thereafter,
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 shown in Figure 3. Hall et al.
(Ref. 15) and Wildung (Ref. 16) veport similar
results for, respectively, a simulated in situ
spent shale from a steam-combustion run of LEIC's
10-ton retort and a Paraho spent shale.

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

colum 12 in. long, 1 in. diameter,
distilled water, flow rate 0.6 ml/min.
(Ref. 14). XBL 779-1954 .

release of organics from the micropores. This
accounts for the Iow 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 maximum pulse 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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Figure 4. Schematic of effluent from an in situ

retort. XBL 791-180

transfer theory suggest that this is likely. The
length of time it takes the pulse to pass or,
equivalently, the number of pore volumes required
to pass the pulse, will determine the initial effect
of leachate on groundwater and the utility of
leaching and subsequent collection and

treatment of the leachate for leachate control.

The T0C concentration of the tail will determine
the long-term effect of the leachate on local
groomdwaters, If the tail concentration is suf-
ficiently low and if the organics present in it are
not toxic, the long-term effects may not be severe.

There is not enough information available
from which to determine the maximum pulse concen-
tration, pulse duration, and tail concentration for
a field retort because the relationship between
particle size and these variables is undefined.
In all laboratory work, small particle size ranges
were used; field retorts will have much larger
particles. Similarly, there ave no data on the
composition of the organics in the tail.

FEven though definitive predictions cannot be
made, an estimate of the probable effect of
leachates 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 pore volumes required to pass the front. Some
of these data are presented and discussed below;
they will be used later to determine the concen-
tration of leachates from an in situ retort.

Bstimated quentities of total organic carbon
(T0C) 1leached from simulated in situ spent shale
for various 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,

the varisbility due to analytical problems 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 50 g of spent shale into
contact with varying amounts of water, for time
periods up to 30 days, and then analyzing the
individual leachates for TOC. Results from a
typical batch experiment for a combustion run are
shown in Figure 5. Pertinent experimental
conditions for the other experiments are summarized
in Table 1. ’
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Figure 5. Batch experiments conducted at 80°C:

Type 1 spent shale: distilled water;
A = small particle size range; & = large
particle size range (Ref. 14).

XBL 7710-1966

The data summarized 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 1.5 to 6.9
mg per 100 g of spent shale for inert gas runs;
from 1.0 to 4.4 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



TABLE 1

‘ QUANTITIES OF TOC LEACHED FROM SIMULATED IN SITU SPENT SHALE

Particle Combustion and Combustion
Experiment size Retort Water Leaching Inert gas Combustio recycle gas retorting

range, in time retorting®  retorting retorting® with steam
30-day batch, 20°C(Ref.14) 0.06-0.3 LLL Distilled 30 days 1.5-2.2 1.0-1.6 3.5 -
30-day batch, 80°C(Ref.14) 0.06-0.3 LLL Distilled 30 days 2.2-6.0 1.0-2.0 2.8 -
30-day batch, 20°C(Ref.14) 0.06-0.3 ILL Sggﬁgac 30 days  1.5-2.7 1.0-1.4 3.8 .
30-day batch, 80°C(Ref.14) 0.06-0.3 L Rthetic g5 400s 4.0-6.8 1.0-1.8 3.4 -

ground

Continuous flow colum(Ref.14)  0.06-0.03 LLL Distilled 80 hr 4.1-6.9% 3.8,4.4% 9.7,11.8° -
2-day batch, 25°C(Ref.17) 1-12 LETC N/A S min - 34-38 - -
Continuous flow colum(Ref.15) 0.1-0.5 LETC Tap 144 bhr - - - 10,0—32°@f

aRange corresponds to four solid:water ratios ranging from 50g shale/30 ml water to 50 g shale/200 ml water for one sample and 50g of
shale/50 ml water for a second, inert-run spent shale sample.

bR&nge corresponds to four solid:water ratios ranging from 50g shale/30 ml water to 50 g shale/200 ml water for a single combustion Tun
spent shale.

CSingle value for one combustion-recycle spent shale leached using 50 ml water per 50g of shale.
dSynthetic groundwater had a conductivity of 12,000 wrho/cm and a pH of 9.

®T0C leached after 80 hr in, respectively, a 12-in-long and a 6-in-long column. Two unique samples were tested in each colum for the
inert run and one sample was used for the combustion and combustion-recycle rums.

fBased on a single column experiment and masses leached per each 6 in. of column length.

1T



Energy Technology Center (LETC) range from 10.0.
to 38 mg of TOC per 100 g of shale for a combustion
run and a steam-combustion run. The difference
between the LLL and LETC spent shales seems 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, sre due to the steam-
combustion mode. The cause for the difference

may be related to nonuniform combustion in the
LETC retort. The LEIC retorting experiments used
very large particle size ranges (fines to 24-in
blocks). This may result in nonuniform combustion
which could leave behind leachable organic carbon.
The data reported in Table 1 from the LLL

retorts, on the other hand, were produced in runs
in which a small particle size vange was used

(0.5 to 1 in).

This summary indicates that the lowest amount
of organic material 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 ovganic material removed from combustion-recycle
spent shale is due to the adsorption of organics
from the recycle gas onto the spent shale as the
gas 1s supplied behind the reaction front. There
is no statistically significant 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
tenperatures had little effect on the amount of
organic material leached from spent shale produced
during owvdinary combustion runs, enhanced the
leaching of organic material from spent shale
produced during inert gas runs, and ivhibited the
leaching of organic material from spent shale
produced during combustion runs using recycle 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
ave summarized in Table 2 for inert, combustion,
and steam-combustion retorting. The combustion-
recycle run is not included because it is not now
of commercial 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 equilibrium leaching values presented in
Table 1, estimates of the milligrams of leached
constituent per 100 g of shale presented in
Table 1 and in Table 9 will be used later to
predict field leachate concentrations.

The major limitation with the use of TOC as
an indicator of organic constituents is that it
provides only an estimate 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 Amy's leachates (Ref. 14) are summarized
in Table 4. This table indicates that organic
nitrogen and phenol concentrations are significantly
higher in leachates 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 50-g SHALE CONTACTED WITH S0 ml WATER

Run type Particle size Water mg TOC/100g Pore volumes Tail TOC
range, in spent shale in to pass concentration,
pulse pulse ppm
Steam/combustion (Ref.15) 0.1-0.5 Tap 10.0-32.6 6 1
Combustion (Ref.14) 0.06-0.3 Distilled and 1.4-4.4 1.5-4.7 1
synthetic ground
Inert (Ref.14) 0.06-0.3 Distilled and 2.2-6.8 1.7-3.9 1-2

synthetic ground
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TABLE 3

QUANTITIES OF ORGANIC FRACTIONS LEACHED FROM SPENT SHALE AFTER 30 DAYS

leached organic fractions, ug/100g

. Organic
Water Experlnenta ‘“g .
fraction Inert gas Combustion Combustion and
retorting retorting recycle gas
retorting
Distilled Batch, Acid 370, 880 680 360
20°C Base 510, 540 460 290
Neutral 880, 1050 860 280
Total 1760, 2470 2000 930
Batch, Acid 450, 720 500 330
80°C Base 330, 360 610 470
Neutral 350, 890 180 520
Total 1130, 1970 1290 1320
Synthetic
groundwater 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)

a1 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 pmho/cm and a pH of 9.

TABLE 4
QUANTITIES OF ORGANIC NITROGEN AND PHENOLS LEACHED FROM SPENT SHALE

Mass leached per umit mass, ug/100g

a . a . :
Water Experiment Constituent Inert gas Combustion Combustion and
retorting retorting recycle gas retorting

Batch, Organic nitrogen 70-100 70 90

20°C Phenols 41-43 25 22
Distilled

Batch, Organic nitrogen 70-140 40 130

80°C Phenols 30-35 23 15

gg%gh> Organic nitrogen 90 90 70
Synthetic
groundwater

g%géh’ Organic nitrogen 90-120 70 60

(Source: Ref. 14)

a1 experiments conducted with particle size range of 0.06-0.3 in. See notes

description of other experimental conditions.

on Table 1 for
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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.
5,19-21). Amy, Parker et al., 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, HCOz, and OH. Other
constituents, such as Cl, F, Li, Mo, Pb, and In

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. This is primarily due to the
extreme 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 leaching were obtained
using distilled water (Ref. 1,5,17,22).

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 removed 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 parvameter because high alkalinity
levels may lead to carbonate precipitates involving
ceytain 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 measurements) 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/Alkalinity Groundwaters. Only two
studies have reported data on leaching that were
obtained for groundwaters. These are Jackson

" (Ref. 17).

(Ref. 17) 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. 20,21). 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
The data presented in colums (1) and
(5) of Table 5 provide an approximation of the
composition of the groundwater before combustion
was started. These data are for observation wells
located 90 ft to 200 £t from the burn area 6
months after the burn started. Assuming that
groundwater from the burn area 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.

Colum (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.
These 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 colum (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 colum {2) with
colums (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 CO; in the product
gas.

Column (3) in Tsble 5 gives data for a series
of wells drilled in the retorted area 4 yr
after the burn. These values represent leachate
composition at the burn site 4 yr after the
burn. 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 colum (2).
The increase in pH may be due to leaching of metal
oxides and formation of hydroxides. The decrease
in most parameters may be due to a decrease in
available leachable materials, dispersion,
diffusion, ion exchange, and precipitation. Most
parameters 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 CaCOz and Mg(OH)7. 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 colums (1) and (3). This comparison
shows that most parameters are high relative to
original 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, mg/liter

Observation Pattern wells Pattern wells Observation Observation
wells 6 mo during combustion; 4 hr after well Q 4 yr well Q 6 mo
Constituent after combustion; analysis date: combustion: after combustion; after combustion;
analysis date: 12/70 - 7/71 analysis date: analysis date: analysis date:

11/71 - 8/72 8/75 8/75 11/71 - 8/72
03] (2) (3) (4) (5)
B 11 - 40 78 5.5
Ca 11 58 2.7 3.7 8.1
ol 931 4,250 592 2,700 241
F 9.1 53 25 50 4,2
K 6.9 34 101 30 4.8
Mg 4,7 230 6.1 5.0 4.9
Na 1,830 8,900 3,460 8,400 723
NO3 1.2 4.5 - - 1.1
Si - - 16 12 -
CO3 671 1,940 1,032 5,300 465
HCO3 1,300 9,750 3,046 6,000 361
504 254 4,810 2,400 25 119
TDS? 5,029 30,030 10,721 22,604 1,938
pH 9.7 8.6 9.3 9.6 9.6

(Source: Ref. 17)
aConputed as sums of ions shown.
TABLE 6
MATERTAL EXTRACTED FROM SPENT SHALE AFTER 450 hr OF

LEACHING WITH ROCK SPRINGS GROUNDWATER
o , changes are probably primarily due to continued

Leachate composition (mg/1)2 leaching (recall that groundwater velocities are low
and that several pore volumes must pass through a
Constituent Original High temp. Low temp. retort to remove most leachables), but may also
groundwater, inert gas inert gas be influenced by differences in original ground-
mg/1 water composition in the pattern wells and observa-
tion wells.
B 8.5 41.2 - The data presented in colums (4) and (5) of
Ca 6.25 6.25 0.21 Table 5 describe the quality of groundwater in

. the same observation well 6 months and 4 yr,

Cu trace 0.26 0.15 respectively, after the bum. The difference
0= 3,300 1,053 3,050 between these two colums is due to groundwater
transport from the retorted area to the observa-

F 26.5 26.5 -

Fe 0.77 0.38 0.70

K 38.5 75.8 45.5

Li 0.18 4.17 0.28 (Footnote to Table 6)

Mg 11.75 1.8 9.0 a

Cylindrical cores, of Anvil Points oil shale

Na 2,065 4,538 4,450 %.65 cm in diameter and 5.0 cm long, were ’
in 0.19 0.20 0.19 retorted and leached in 200 ml groundwater in a

H 9.3 12.6 9.55 continuously-stirred, batch-leaching cell.

p . . . Samples, 20 ml each, were taken of increasingly
Sum of long periods for analysis and replaced by

constituents 8,458 5,748 75556 equal volumes of groundwater.

(Gource: Ref, 19)
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TABLE 7

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

f Acid required
3 . i =i
| © r% i; to titrate 55 & =
Retort g (g)ﬁ 2 B leachate, meq/1 E:Zj y Y E)
temperature, wd | '«S g ] i Y & £ N
g8 8 5 ® ~ . 4 3 2
38| 8 A g | A i &
(Leached in Douglas Creek water — air only)
430 35 86 8.55 4300 0.08 6.88 1 1.75 26 - -
430 90 86 8.21 4050 0 6.56 | 1.70 26.2 — -
780 35 67 12.00 23000 89.82 4,09 1.75 38.7 | <0.1 1
780 90 67 12.30 41400 139,15 11.47 || 2.88 41 — 1
1000 35 68 11.48 10980 12.82 6.52 || 6.1 33.7 | <0.1 1
1000 S0 68 11.44 12580 12.70 7.21 || 8.3 33.7 | <0.1 1
{(Leached in Birds Nest Creek water - air only)
430 35 86 8.67 8430 0.08 S5.74 | 1.75 23.8 - -
430 90 86 8.22 7580 0 5.74 1.8 24.5 - -
780 35 67 12,15 33000 127.51 9.01 | 2.15 37.8 - —
1000 35 68 11.28 13600 6.97 6.15 | 9.2 25.5 | <0.1 1
1000 90 68 11.03 14840 ' 3.44 4,511 6.7 23.1 | <0.1 1
{Leached in Douglas Creek water - aiv + 15% C0,)
430(Run 1) | 35 86 8.30 5610 0 0.41 |} 2.3 23.6 1 <0.1 -
430(Run 1) | 90 86 7.73% 6210 0 0.82 4§ 1.75 24.2 - 0
430(Run 2) | 35 85 9,39 5250 0.25 0.57 | 1.95 25.6 | <0.1 -
430(Run 2) | 90 85 8.29 5700 0 1.88 | 1.9 26.2 | <0.1 -
780 35 67 11.84 12580 39.42 4,67 | 3.5 37.5 1<0.1 1
1000 35 65 11.47 8770 10.00 4,18 2.1 35.7 - —
1000 30 65 11.39 7310 7.87 4.10 | 2.15 35 <0.1 1
(Leached in Birds Nest Creek water — air + 15% COj)
430(Run 1) | 35 86 8.63 8930 0.16 0.74 || 1.6 24,3 - 0
430(Run 1) } 90 86 7,36 11000 0 1.154 1.8 25.6 - -
430(Run 2) | 35 85 9.52 8700 0.41 0.491 1.94 23 — —
430(Run 2) | 90 85 8.28 9270 — 1.64 | 1.35 22.4 - e
780 35 67 12.35 26800 92.77 6.06| 2.55 35.7 - -
780 30 67 12.49 43800 83.75 12.05] 3.1 36.5 | <0.1 -
1000 35 65 11.23 12770 5.82 3,930 2.2 25 <0.1 -
1000 90 65 10.61 9580 1.48 2.604 2.1 24.5 | <0.1 0

(Source: Refs. 20, 22)

tion well. Most values in colum (4) are similar
(within 25%) to those in colum (2) suggesting that
the leachate front has reached this well (see, for
example, F, K, Na, HCOz+COz); Ca, Mg, C1 and SOy
decrease. The decrease in both Cl and 504 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 (colum 2 Table 5)
This is

after 4 yr had passed (colums 3,4).
probably due to precipitation of the slightly
soluble compounds CaCOz and Mg(CH);.

The €Oz and
OH necessary to precipitate Ca and Mg are obtained




from €Oz in the product gas, from COz leached from
the spent shale, and from CH formed during the
leaching of metal oxides.,

Relevant chemical equations and corresponding
solubility products at 25°C arve:
b N = o
CaCOg = Ca  + COy pKSO = -8,35 (5

Mg(OH), = Mg + 2007 pKg = -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:

Concentration in field
leachate, mg/1 (from
Table 5)

Solubility-limited
concentration, mg/l

Ca 2.7 2,7-3.7

Mg 4.3 5,0-6.1

This supports the hypothesis that Ca and Mg
concentrations in the leachates are controlied by
the solubility of (aCOsz and Mg(GH)7. Similar
calculations suggest that S04 is not controlled by
the solubility of €aS0z (the equilibrium concentra-
tion of S04 is 480 mg/1).

The 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 CaC0z 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. The
major components of the leachate (which occur at
greater than 1000 mg/1) are Na, Cl, S04, HCO3z, and
C0s; Ca, Mg, K, and F occur at moderate levels.
This aprees qualitatively with the laboratory data
of Parker et al. (Ref. 19) and with results ob-

tained with surface spent shales (Refs. 1,16,22,23).)

Some constituents decrease as the leachate is trans-
ported through the groundwater aquifer. These
constituents are Ca, Mg, C1, and S04. The Ca and
Mg are probably reduced by precipitation and the Cl
and S04 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. This water is similar in composition
to that reported by Jackson et al. (Ref. 17) and
discussed previcusly. Colummns (2) and (3)
summarize 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 run, Ca decreased significantly;
Mg and Na decreased slightly; Zn, (0, and Fe
remained about the same; and Cu, K, Ei, and pH
increased. In contrast, for the high-temperature
run, COz, Fe, and 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 quality, and that other ions
will be added. Those ions removed in significant
quantities are probably controlled by carbonate
or hydroxide precipitation reactions (Ca, Mg, COsz,
Fe) or ion exchange (Na).

There are significant differences between
laboratory and field experiments. In the field,
gases, oils, and liquids produced during retorting
may contact the groundwater and increase a number
of inorganic and organic constituents, including
C0z, HCOg, NH3g, and sulfur compounds. This is
evident in the data of Jackson et al. (Ref. 17)
and of Parker et al. (Ref. 19). Parker's data
indicate that (03 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 COp during field studies
may be due to the production of COp during
retorting. This COp may go into solution,
increasing the concentration of COz and HCOz. An
additional source of COz in the field is beds of
nahcolite, NaHCO3. The additional COg available
in the field enhances the long-term removal of
Ca and Mg from solution by precipitation.
Additionally, the elevated temperatures and longer
contact times present in the field would initially
enhance the solubilization of Ca and Mg.

It is intevesting 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 increased significantly. Examination
of the data suggest that this is due principally

to the Na and €Oz ions which increase according to
the Jackson study and decrease according to that

of Parker (Ref. 19). The elevated 0z and Na
levels in Ref. 17 are probably due to the
solubilization of COp and the leaching of nahcolite.
The Na difference may be due to differences in oil
shale composition or in ion exchange properties of
the spent shales. Beds of nahcolite (NaH(0z) are
known to exist in the Wyoming 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 programs are required to assess the
leaching of in situ spent shales.

Table 7 is a sumary of other laboratory-scale,
batch-leaching studies, by Parker et al. (Refs., 20,
22), in which two separate Utah groundwaters and Utah
0il 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 to tem-
perature over a 1Z-hr period, maintained at that
temperature for 48 hr and cooled for 24 hr. Small
samples (67 to 86 g) were leached at 35°C and 90°C
with 200 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

higher temperatures as predicted by Smith (Ref. 12).

However, even though the levels of these constituents

are reduceds they are still high enough, (e.g.,

pH = 11) to cause significant degradation 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 (~11), conductivity
{7,000-15,000 umho/cm), and alkalinity reported
for 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 move similar to low-TDS/low-
alkalinity groundwaters than to the high-TDS/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. 5,14,17,18). The results of these
investigations may be used as an approximation of
what may occur if in situ spent shale is leached
by groundwater with a TDS of less than 1000 mg/1
and an alkalinity of less than 50 mg/liter as
CaC0%. These data are summarized 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 simulated in situ spent shales 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). The differences may reflect differences
in analytical 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. 5) indicate that temperature and retorting
atmosphere have the following effects on leachate
composition:

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

TABLE 8

SUMMARY OF QUANTITIES OF TDS LEACHED FROM SIMULATED IN SITU
SPENT SHALE BY DISTILLED WATER

Quantity of leached TDS, mg/100g

Source Experimenta Water? Inert gas  Combustion Combustion with
retorting retorting recycle retorting

Simulated in situ

spent shale
UCB(Ref. 14) 30-day batch, 20°C Distilled 110-160P 510¢ 1000¢
UCB(Ref. 14) 30-day batch, 80°C Distilled 230-360° 470° 850°
UCB(Ref. 14) 30-day batch, 20°C  Synth. grndod 0, 140b 420° 600°
UCB(Ref. 14) 30-day batch, 80°C  Synth. grnd.& 0, 70P 250° 520°
UCB(Ref. 14) Continuous €low Distilled 230-440¢ 2000, 2700° 2100, 2800°
Texas Tech., (Ref. 5) 15-hr batch Distilled 80->1120 405-944 -
LETC(Ref. 17) S5-min batch, 25°C Distilled - 250-760 -

?See Table 1 for description of other experimental conditions.

bDetermined for two unique samples of inert-run shale,

CSingle value for one each combustion and combustion-recycle spent shales.
dSynthetic groundwater had a conductivity of 12,000 pmho/cm and a pH of 9.

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

conbustion-recycle run.



TABLE 9

LEACHATE COMPOSITION OF SIMULATED IN SITU SPENT SHALE

Experimenter
Amy Jackson Hall, et al.
et al. Parker, et al. {Ref. 5)
{Ref. 14) {Ref. 17) {Ref. 15}
LLL 125-kg retort . .
B LETC LETC 10-ton Low High Low High
Low temp. High temp. High temp. 10-ton high high-temp. temp. temp. temp. temp.
inert combustion comb.recycier temp. comb. steam-comb. inert inert comb. comb.
Experiment type® 8,C 8,C B.C 8 ¢ B B 8 8
Particle size
range, in. 0.06-0.3 0.06-0.3 0.06-0.3 1-12 0.1-0.5 2x1.5 cores 2x1.5 cores 2x1.5 cores 2x1.5 cores
Contact time,
batch 30 days 30 days 30 days 5 min - 15 hr 15 hr 15 bhr 15 b
Pore volumes for
continuous-flow 11 11 31 - 12 o . o -
columns
Data summary:
Constituent Constituent concentration, mg/100 g simulated
in situ retorts
Al - - - - - 0.38-1.4 1.6-2.8 0.095-1.4 — 0.095-2.8
B - - - 0.075-0.14 - -- - - - 0875014
Ca - - - 3.67-67 - 6.1-14 44-89 97-160 68-210 38210
c1 - - - 5.5 - - -- - - 5.5
€03 - - - 30-215 - - -- - - 30215
Cr - - - - - - 0.002-0.004 0.020-0.13 1.8 0.002-1.8
£ .- - - 1.2-4.2 - -- - -- - 1.24.2
Fe - -- -— - - 0.0004-0.0005 0.0005-0.0006 0.003-0.042 0.004-0.04 0.0004-0.042
HCO3 - ~- - 22-40 - - - - e 2240
K e e -— 6-7.5 - 0.76-0.94 1.2-2.9 2.1-3.4 5.2-18 0.76-18
Li - - - -— - 0.020-0.10 0.33-0.81 0.092-0.18 0.098-0.42 0020042
Mg - - - 0.28-4.0 - 0.072-0.88 0.034-0.040 0.013-8.0 0.002-0.008 0.002-8.0
Mo -- - . - - Tb Tb b 7b b
Ka - - - 12-235 - 12-21 8.8-43 22-35 11-77 8.8-235
O3 - - - 0.2-2.6 - - - - - 0,228
08 -- -- - 22-40 - -- -- - - 7740
Pb _— - — - - . 0.014-0.017 - - 0.014-0.017
Si - - e 25-88 e - - -— — 25-88
S04 - - - " 50-130 - - = - -~ 50-130
Sr - -— - - .- 0.004-0.01 0.60-2.8 1.4-2.4 1.5-8.7 0.004-8.7
In - - -— -- - 0.001-0.011 0.006-0.025 0.011-0.020 0.008-0.021 0.001-0.025
DS 0-440¢C 250-2700¢ 520-2800¢ 251-762 -— 80-108 610- 1120 405-558 615-944 0-2800
T0C 1.5-6.9¢ 1.0-4.4¢ 2.9-11.8¢ 34-38 10.0-32.6 - -- - - 1.0-38
Organic N 4.07-0.14 0.07-0.09 0.06-0.13 - - - - - e 0.06-0.14
Phenols 0.03-0.04 0.02-0.03 0.015-0.022 - - - - - - 0.01-0.04
pH 7-10 11-12 11-12 10.4-11.2 - 8.88-10.6 11.6-12.0 7.76-12.0 12.0-12.7 7-12.7

88 = batch; C = continuous flow .

bT indicates a trace detected .

CUpper {imit derived with 80-hr continuous-flow columns; see Tables 1 and 8.
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The levels of Li, Sr, and Cr in leachates
derived from high-temperature combustion
and inert runs are much higher than from
low-temperature Tuns.

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

4, The levels of Mg are higher in leachates

derived from low-temperature runs.

The last colum in Table 9 presents a range
for all of the available data on simulated in situ
spent shale leachates. The reported 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-
ments, the contact time between the leach water
and the shale, particle sizes, retorting conditions
and other experimental conditions and procedures.
Therefore, it is not possible to present a single
number, .

If one considers only the maxinum observed
value for each constituent in Table 9, the
constituents may be grouped according to how much
is leached. This grouping is as follows:

1. Less than 10 mg/100 g: Al, B, C1, Cr, F,
Pe, Li, Mo, Mg, NOz, Pb, Sr, n

2. Between 10 and 100 mg/100 g: HCO3, K, OH,
Si, Li

3. Greater than 100 mg/100 g: Ca, COz, Na, Li,
S04

This grouping shows that the major inorganic
constituents in the leachate are K, Ca, Na, S04,
Si, O, HCOz and COx.

Leachate Composition

An estimate of the average maximum composition of
leach waters exiting from an in situ retort may
be made by using the values in the last colum of
Table 9 and some simplifying assumptions. The
average maximum concentration is the average
concentration of the pulse front described on
Figure 4. ‘'The concentration of the tail is
neglected in these calculations. The necessary
assumptions are:

1. Most leachable constituents are removed
with the passage of the first Z to 6 pore
volumes of leach water.

The mass of material leached per unit mass
of spent shale using 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,

The leachate concentration exiting from
the retort is constant.

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

It is impovtant to understand the effect of
each of these assumptions on leachate composition.

20

The nurber of pore volumes required to remove the
leachable constituents is the most critical
assumption because it is directly related to
leachate concentration. Available data suggest
that from 2 to 6 pore volumes are required to
pass the front (i.e., remove most of the leach-
ables). The number of pore volumes may increase
as the surface area decreases (i.e., as particle
size increases). Thus, it is likely that a
larger number of pore volumes would be required in
a field 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-
ditions and those that will be encountered in the
field, 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 £t in depth, of the
o0il shale zone will be contacted. Additionally,
temperatures reached in in situ retorts may be
higher than those used in laboratory retorts.
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 could result in significant differences
between 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
arve the best available.

if

The 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. This 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
between the leachate from the downstream retort
and spent shale in the upstream retort. Such
interactions would likely be different from
leachate passing through aquifer material (raw
0il shale). These calculations do not apply to
leachate exiting from a2 long series of retorts
receiving lateral flow,
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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:

- 10Mim + (Cg)inv
i nV

(7

where M; = mass in milligrams of ith constituent
per 100 g spent shale (Table 9)

mass of spent shale in a single retort =
3.4 x 108 kg

concentration of ith constituent in
groundwater in milligrams per liter
volume of water within a single retort =
9 x 167 liters (assumes 40 percent voids
following retoriting, 20 percent from
mining vaw 0il shale and 20 percent

from kerogen conversion)

average maximum concentration of ith
constituent

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

i

m

(Cg) i

V =

o
e
if

=
i

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.

The first teom in this equation, 10M;jm, is the
mass 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 the groundwater that fills the spent retort. The
accuracy of Eq. (7) is limited by how well M is
known and by the actual number of pore volumes of
water required to pass the front. Some experi-
mental estimates of M; are summarized in the last
colum of Table 9. However, these values are

based on leaching times and leach-water compositions
much diffevent from those that will be encountered
in practice. Thus, these values may be high or
low due to adsorption, ion exchange, solubility,

or kinetic considerations.

The 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
sumary for simulated in situ spent shales presented
in Table 9, and groundwater composition data for C-a
summarized in colums (2) and (3) of Table 10.
Column (1) in Table 10 summarizes the mass of each
constituent leached from simulated in situ spent shale
per 100 g of spent shale (M;) when the leaching is
carried out with distilled or de-ionized water.
Distilled-water data rather than Rock Springs
groundwater data are used to determine leachate
composition for the Piceance Basin because Rock
Springs groundwater contains significantly higher
concentrations of HCOz, €03, and TDS than do native
groundwaters of the Piceance Basin. These
parameters, that is, HCOz, COz, and 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.)

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

water will initially have a composition similar to
that shown in colums (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
discharging from a spent in situ retort. The
range corresponds to different retorting conditions
(see Table 9}, a pore volume of from 2 to 6,
and 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 colum (4) corresponds
to the larger value for Mj, the highest value for
Cg, and n equal to 2.

This compilation indicates that the average
concentration in the leachate for tabulated
constituents may greatly exceed levels in native
groundwaters. 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 Mjm)
rather than 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 yileld a
leachate composition similar to that presented
in Table 10 for the Piceance Basin.

Leachate Transport

A detailed quantitative 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 and 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 made for future work to provide more
definitive estimates.

The local assessment will focus on lease

- tracts C-a and C-b in the Piceance Basin where
ca thick layer of oil shale known as the Mshogany
. Zone (ranging in thickness from 100 to 200 ft)

. 1s situated 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. The Upper Aquifer has a
transmissivity 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 an average storage coefficient of
0.0001 (Ref. 4). The Mahogany Zone has occasional
fractures which permit limited exchange between the
two aquifers.

The difference in hydraulic head between the
Upper and Lower aquifer is less than 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



TABLE 10

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

Distilled water

Quality of Upper

Quality of Lower Ave. concentration of

Constituent leachate composition Aquifer Aquifer leachate within retort
(Table 9) ng/1 mg/1 if leached with Upper
mg/100g Aguifer water,? mg/1

(1) (2 (3) (4)

Al 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

Ci 5.5 12 22 50-130

CO3 30-215 0.88 69 190-4100

Cr 0.002-1.8 0.01 <0.01 0.02-35

F 1.2-4.2 0.41 15 8-90

Fe 0.0004-0.042 5.0 0.78 1-6

HC03 22-40 482 842 620-1600

K 0.76-18 2.2 2.6 7-340

Li 0.020-0.42 0.13 0.13 0.3-8

Mg 0.002-8.0 52 20 20-200P

Na 8.8-235 212 397 340-4800

NO3 0.2-2.6 0.93 0.4 2-50

Pb 0.014-0.017 0.17 0.21 ‘ 0.3-0.5

Si 25-88 i2 4.7 160-1700

504 50-130 325 112 500-2800

Zn 0.001-0.025 0.26 0.24 0.3-0.7

DS (0-2800 905 1075 905-54,000

TOC 1.0-38 8.5 11 15-250

Phenols 0.01-0.04 0.003 0,002 0.1-0.8

Yassumes the mass of spent shale in the retort is 3.
Computed using Eq. (7).

retort is 9 x 107 liters.
is computed as:

(10)0.075 (3.4x10%) + 0.33(9x107)6

4 x 108g and the volume of water contained by the
For example, the lower B value shown in colum (4)

6(9x10")

= 0.80 mg/1

bThese constituents may be reduced on passage through the groumdwater 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 Mahogany Zone into the
Upper Aquifer. The Upper Aquifer discharges into
Piceance Creek and Yellow Creek which are
perennial streams.

A diagram of the Piceance Basin, describing
the locations of the two prototype oil shale
lease tracts and groundwater flow divections, 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 mathematical 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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Figure 6. Location of Piceance Creek Basin and prototype oil shale lease tracts C-a and C-b. (Ref. 24) XBL 791-18Z
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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 intergranular systems. Retardation
caused by sorption may be less, due to the reduced
surface area exposed to the flowing fluid. Under
certain conditions, dispersion may cause signifi-
cant concentrations to appear well ahead of the
average. Therefore, the effect of leachate may be
more severe than predictions based on isotopic
conditions would indicate (transport times would
be shorter).

This section will discuss the movement of
leachate through the retort into the groundwater
aquifers and ultimately into local stream channels,
The discussion will assume that after an area
is completely retorted, the dewatering wells will
be shut off and groundwater will return to pre-
development conditions., However, if there are
other in situ facilities still under production,
predevelopment conditions may not be established.
Thus, hydraulic gradients and groundwater flow
dirvections 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, and travel times through the
retorts and from the retorts to local streams.
Inadequate data are available on most hydraulic
parameters and aquifer gechydrology is poorly
understood. There are no field measurements
available on effective porosity which is required
to compute groundwater velocities. Recent work
in progress on the lease tracts indicates that
the aquifer 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 Hydvaulics., After a retort block is
abandoned, the dewatering wells will be turned
off and growndwater will slowly refill the
abandoned retorts. The rate at which groundwater
passes through the retorts will be governed 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 urknown,
1t can be safely assumed that it is considerably
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greater than the permeability of surrounding
aquifers. There are no estimates of average head
difference between aquifers on the lease tracts.
Work completed to date suggests that the forma-
tions are heterogeneous and head differences

will vary widely from point to point; thus,
caution should be exercised in predicting fiow
rates (Ref. 24). To facilitate comparison of
conditions on the two tracts, it i1s 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 the Upper to the Lower aquifer (Ref. 4).
The permeability of the Upper 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.
Therefore, leachate with a concentration similar
to that in Table 10 may be output for Z 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 permeability of the Lower Aquifer,
0.1 to 0.3 fr/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 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 means 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
the order of years. These times are considerably
higher than contact times used in laboratory
leaching studies and may enhance or inhibit
certain chemical reactions relative to laboratory
results.

These simple 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 groundwater aquifers. Effects will
be highly site-specific. At two sites
separated by sbout 18 miles along a line conne~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 vreleased from a retort for about
2 to 6 yr and that it will be transported in the
Lower Aquifer at about 160 ft/yr. On tract C-b, it
is estimated that leachate will be released from a
retort for 6 to 60 yr and that it will be trans-
ported in the Upper Aquifer at about 20 to 30 ft/yr.

Aquifer Hydraulics. Once the leachate has
emerged from the abandoned retort, it will be
transported in either the Lower or Upper aquifer
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TABLE 11

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

Tract C-a Tract C-b
Upper Lower Upper Lower
Aguifer characteristics
Transmissibility (T), £t/day 3302 940? 200° 53P
Aquifer thickness (b), ft 2202 2202 250-400¢ 200-500°
Permeability (k), ft/day 1.59 4.3 0.5-0.8¢  0.1-0.39
Hydraulic gradient (dh/dL) 0.01° 0.01° 0.01° 0.01°
Effective povosity (¢) 0,1f OQlf Oclf Oolf
Groundwater transport
Groundwater velocity (v), ft/yr 558 1608 20-308 4-108
Shortest distance from tract to closest 4b 1b
discharging stream (d), mi
Time for leachate to reach stream (t£), yr 130u380h 180»1450h
Retort transport
Head difference between aquifers (dh), ft ZSf ZSf
Direction of groundwater flow in retort Down® Upe
Controlling permeability (k), £t/day 1.5° 0.1-0.3°
Hydraulic gradient in retort, (dh/dl) 0.083 0.083
Groundwater velocity in retort (vp), ft/yr 4608 30-908
Residence time in 300-ft-high retort (R), yr 1 3-10
Bref. 26. CRef. 4.
bRefo 24. fEstimated; no conclusive field data available.
“Ref. 3. &y = (k/¢) (dh/d1).
de = /b, he = (@) (5280) /v

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 summarized 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.

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 Agquifer.

Dispersion. After the leachate enters an
aquifer, its concentration will be reduced due to
dispersion, adsorption, 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):

2
8¢ 6°C 6C . 1 6&q
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= 0 (8)



where

distance from source in direction of
groundwater flow

concentration of solute in the source
effective dispersion coefficient
groundwater flow velocity

time

porosity

= gmount adsorbed per unit volume

=
i i

i

i}

LR g T,
i

one-dimensional trans-
media. Retardation due

Equation (8) describes the
port of a solute in porous
to sorption, ion exchange, etc., is represented by
the last term in Eq. (8). Initial conditions and
simplifying assumptions are vequired to solve this
equation. It is assumed that the output of
leachate acts as a step function, that is, the
leachate concentration from a retort is suddenly
raised to some value Cg and held there while the
retort leaches. This is likely a better approxi-
mation than a pulse input where the mass input is
assumed to take place instantaneously at t = 0 as
it may take 2 to 60 yr for the first 2 to 6 pore .
volumes to be released and 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
canmot be defined, given the present state of
knowledge, it will be qualitatively evaluated.

For a step input in an unbounded system, the
initial conditions are:

C(x,0) = 0 for t=0 and x<0
C(x,0) = C, for t=0 and x>0
Clroo,t) = 0

Clro, 1) = C

o)

The general solution to Eg. (8) is:
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where

q
X

KC (linear isotherm)
experimentally determined constant

[

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

Equation (9) may be simplified to include
only easily measured variables by making the
following substitutions (Ref, 25): L = vt; x =
AL+L and for vx/D > 40, D = 1.92dv; d = 40.8 V/k;
LY = L/(1 + K/a); and VL' = x-L'. These
substitutions yield:

i

1 0.0564AL"
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where k is the permeability in square centimeters
and L is in centimeters. EBEquation (10} will be used
to estimate the transport of leachate in aquifers
of the Piceance Basin.

Some qualitative effects that may be expected
from longitudinal dispersion of leachate in an
isotropic aquifer are:

1. For a given 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 rToot
of the travel distance; however, disper-
sion, relative to distance of travel,
decreases as the square root of the
travel 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
0.1Co will exist 9 times farther downstream than
the average flow distance, and estimated arrival
times of significant contamination, made by

using Eg. (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#0) and for the no-retardation case (K=0)
are identical except that L is reduced by 1/(1+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 solid different 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 estimates of retardation for the system under
study are available, Therefore, a range of
values for K will be assumed and a sensitivity
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 1f 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 groundwater and leachate. Thus,

the solid and solute chemical reactions of
interest belong to the ternary system Me*D - HyO -
COp (Me™ 1is an anionic metal specie of charge +n).
This system is discussed by Stum 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 Oy, lowering the pH of the groundwater.
This would allow Fe, Mn, and o;her elements to
become soluble as FetZ and Mn** due to dissolution
of Fe- and Mn-bearing minerals.

Solubility may affect the composition of
leachate within the retort and during aquifer
transport. 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 vetort, Additional solubility effects could
occur during transport due to contact with the
aquifer media, native groundwater, and changes in
leachate quality.

Dissolved constituents may be removed from
solution by sorption on colloidal or suspended
material in the water or by sorption on the
aquifer media. If sorption involves chemical
bonding, it is termed ion exchange and if it
involves physical forces, it 1s termed adsorption.
Both of these mechanisms may be reversible and
sorbed constituents may be released if conditions
change.

Adsorption typically is strongly pH-dependent
and usually occurs over a marrow pH range. The
location of the adsorption region on the pH
scale is characteristic of the metal ion and its
complexes and is relatively insensitive to the
adsorbent. This mechanism will likely control
the concentration of a number of leachate
constituents, such as Zn and Cr, during 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 phenomencn is called ion exchange. In the
geologic setting most ion exchange reactions
involve cations, and clay minerals are especially
important because they often have a high exchange
capacity. The ion exchange 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 sandstone; the Lower Aquifer consists of
fractured 0il shale and saline minerals.

Assessment of In Situ Spent Shale Leachate

This section will use information 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 Quality. Groundwater
degradation is a key concern because it is typical-
ly irreversible and may have long-term conse-
Jquences. Since groundwater flow velocities are

low, it will take centuries for contaminated water
to be discharged. If these waters are withdrawn
at some point during these centuries of transport,
they may still have significant effects. Thus,
even though it may take centuries for contaminated
water to move an appreciable distance from the
retort, there is no guarantee that during these
centuries 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 ground-
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 = 1.0). The three approximately vertical lines
shown on each graph represent the dispersion front.
BEach 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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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/(1l + K/o) for the retardation case, the
initial concentration in the leachate, C,, 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 composition of the
groundwater in the vicinity of an in situ facility
will have approximately the same composition as
the leachate. The distance that the leachate
travels beyond the source will largely be deter-
mined by retardation of the aquifer media through
which it passes.

Some constitusnts 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 apply to Na, and the
propagation of the dispersion front shown in
Figure 7a would apply. This figure indicates
that § yr after the initial release of leachate
and about 750 £t from the in situ facility the Na
levels may range from 340 to 4800 mg/l. At
distances greater than about 760 ft from the center
of the facility, the concentration of Na would
be about 200 mg/1, the Na concentration of native
groundwater. In contrast, other constituents
may be retarded. The data of Jackson et al.

{Ref. 17) indicate that Ca, Mg, C1, and 50 may be
reduced; still other constituents (including Fe,
$i, and Mn) may be adsorbed by the aquifer media
and still others (including Pb and Se) may be
reduced by sclubility reactions. Thus, the
concentration of these constituents 750 £t from
the in situ facility 5 yr after the initial release
of leachate may not be affected and thus remain

at their awbient levels. However, in the vicinity
of the retorts, say 10 to 20 ft from the center of
facility, the levels of these constituents could
be elevated and approach the levels recorded in
Table 10.

In summary, this analysis suggests that the
composition of groundwaters in the vicinity of an
in situ facility will approach that of in situ
leachate (Table 10). However, because the
velocity of groundwaters is low, centuries may
pass before the leachate travels an appreciable
distance from the facility. However, water trans-
port along fractures may reduce this time
estimate. The distance from the source that each
constituent will travel will depend on the ground-
water flow velocity and the awount of vretardation
experienced. After a sufficient period of time,
ranging from several years to several hundreds
of years, and depending on the specific site, the
composition of local groundwaters may approach
the leachate compositions shown in Table 10.

The significance of groundwater degradation
may be determined by examining the present uses
of the groundwater and by comparing the requisite
quality to sustain these uses with estimated
quality of the groundwater following leaching of
in situ spent shale, Groundwaters in the Piceance
Basin are primarily used for single-family
domestic supply, stock watering, and itrrigation.
These users rely primarily on alluvial aquifers
rather than the Upper or Lower aquifers. Ground-
waters in the immediate vicinity of the lease
tracts are not known to be presently used although
they are used along the White River. Therefore,
immediate effects on local groundwater quality
may not be a serious problem. However, this does
not preclude their future use. If significant
development were to occur in the Basin as a
consequence of energy development, it is likely
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that groundwater could be a principal water supply.
Therefore, the main concern is with long-term
degradation.

The water-quality criteria recommended by the
EPA fo sustain the uses of domestic water supply,
stock watering, and irrigation are summarized in
Table 12 and compared to predevelopment and
postdevelopment groundwater quality. This table
shows that predevelopment groundwater in neither
aquifer is ideally suited for use as a domestic
supply or for livestock watering (unless treated)
because of high levels of F, Fe, Pb, or 504.
These waters may be locally suitable for certain
salinity-tolerant crops. However, high levels of
Li and F will have to be evaluated on a case-by-
case basis. The quality of postdevelopment
groundwaters indicates that they may still be
suitable for certain irrigation applications.
High levels of Na, salinity, F, and Li will have
to be evaluated on a case-by-case basis. The:
waters would not be suitable for either domestic
supply or stock watering due to high levels of
certain trace inorganics, including Pb, Fe, F, and
Cr, and certain trace organics, such as phenols.
Additional study is required to identify other
trace organics present in the leachates. Because
somg trace organics may be toxic at low concentra-
tions, complete organic characterizations should
be determined.

This comparison indicates that predevelopment
groundwaters are generally acceptable as an
irrigation water but may require limited treatment
on a case-by-case basis, for use as a domestic
supply or for 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
watering would be greater and the cost to supply
the water accordingly higher. Since the area is
sparsely settled and because most users are
individuals or single farms or ranches, it is
uniikely that treatment would be affordable.
Therefore, the groundwaters would be largely
unavailable for these uses unless large-scale
development of the area were to occur.

It is dmportant at this point to recall that
the above analysis is based on a number of
assumptions. Some of the key ones are reiterated
here:

1. 'The input of leachate from an in situ
facility occurs as a step function

2. Mpst leachable constituents are removed
with the passage of the first 2 to 6 pore
volumes of leach water

3. The leachate concentration exiting from

the retort is constant

4. The data summarized in the last colum of
Table 9 are reasonable approximations of
the true value for M;j, the mass of each
material leached per 100 g of spent
shale

5. The aquifers that transport the leachate
are isotropic
6. Groundwaters return to predevelopment

conditions on szbandonment of the facility

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



TABLE 172

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 Livestock Irrigation,? Postdevelopment
water watering,® mg/1 Average Average groundwater
supplies,@ mg/1 concentration  concentration quality,
mg/1 of Upper of Lower mg/1
Aquifer, mg/l1  Aquifer, mg/1
Aluminum 5.0 5-20 0,14 0,24 0.,7-50
Boron ®) 5.0 0.75-2.0 0.33 0.84 1-3
Chloride 250 - {c) 12 22 50-130
Chromium 0.05 1.0 0.1-1.0 0.01 <0.01 0.02-35
Fluoride 1.4-2.4 2.0 1-15 0.41 15 8-90
Iron 0.3 None 5-20 5.0 0.78 1-6
lead 0.05 0.1 5-10 0.17 0.21 0.3-0.5
Lithium 0.075-25 0.13 0.13 0.3-8
Nitrate/nitrogen 10 100d None 0.9 0.4 2-50
Phenols 0.001 . 0.003 0.002 0.1-0.8
Sodium - . (b) 212 397 340-4840
Sulfate 250 B - 325 112 500-2800
Total dissolved ) _
solids (d) 905 1075 905-54,000
Zinc 5 25 2.0-10 0.26 0.24 0.3-0.7

dReference 28.

blnadequate data available to set standard.

However, this is the best estimate that can be
made given the present state of knowledge. The
output of leachate is likely neither a step nor

a pulse function but rather something in

between. This will tend to decrease leachate
concentrations on transport in the aquifers and
produce a gently sloping dispersion front as shown
on Figure 8. Tt may take more than 6 pove

volumes of water to remove most of the leachables
dus to the large particle sizes in field retorts.
This will decrease the average maximum leachate
concentration. The data in Table 9 may not
approximate what happens when a typical in situ
retort is leached with native groundwater. These
values are all based on short-term (about 30 days
or less) leaching experiments conducted with
distilled water. In the field, the contact time
will be years and the leach water will have a
composition similar to that shown in Table 10.

The true values for Mj may be higher or lower.

For example, Ca and Mg may be lowey due to
precipitation of slightly soluble compounds.

And finally, the aquifers are anisotropic and may
not return to predevelopment conditions. Other
0il shale developments may alter predevelopment
conditions, producing steeper hydraulic grandients
and different flow directions. Because of the
anisotropic nature of the aquifers and the
possibility of other developments, flow velocities

CVariable; depends on soil condition.

d
NO3 + NOZA

may be higher than predicted here and transit
times shorter. This 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.
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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
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retorts may be required if the retorts are not
wholly confined by aquitards. Some potential
control methods include reducing the permeability
of the retort and surrounding aquifers by grouting
or plugging, selective leaching, or by introducing
a material, such as clay, to enhance retardation.
However, it should be pointed out that before ra-
tional control decisions can be made, the nature
and the magnitude of the leaching phenomenon and
leachate transport in aquifers of the Piceance Basin
need to be investigated experimentally. Both lab-
oratory and field studies are required to better
define long-term leachate composition and retarda-
tion factors for the retort-aquifer system.

The effect of in situ spent-shale leachate
from a facility located in the Piceance Basin on
groundwaters in other aveas will be minimal., Since
the velocity of groundwater is low, it will take
many centuries for groundwaters originating from
an industry located in the Piceance Basin to
reach groundwaters in areas outside of the Basin.

Effect on Surface Water Quality. In situ
spent-shale leachate will travel through aquifers
of the Piceance Basin for centuries, Eventually,
assuming no change in the hydrologic system, it
will discharge into either Piceance Creek or
Yellow Creek. A schematic describing the flow
of in situ leachates and other leachates into the
gaining reach of a stream is presented in
Figure 9. This schematic is considered to be
representative of actual conditions that exist
throughout many parts of the Piceance Basin,

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 annual discharge and maximum pos-
sible increase in TDS, Na, and TOC at four points
in the Upper Colorado River Basin due to the dis-
charge of groundwater-borne, 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
correspondingly larger. It would take centuries
for the concentrations shown in this table to be
reached. These values were computed using the
estimated leachate composition values from column
{4) of Table 10 and the following assumptions:

1. 'The base flow discharging into Piceance
Creck and Yellow Creek will have the same
composition as shown in colum (2) of
Table 10. 1In other words, there is no
significant retardation of TDS, Na, or
TOC during aquifer transport.

The average ammual 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 (Ref., 4).

3. The increase in 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 streams.

It is likely that some constituents may be
either reduced or increased during aquifer
transport and certain others, such as Na may be
unaffected. Therefore, the values in columns (2)
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Figure 9. Flow of leachates into gaining reach of a stream,
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"TABLE 13

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

Average Maximum possible Maximm possible Maximum possible
annual increase in TDS increase in Na increase in TOC
discharge, due to discharge due to discharge due to discharge
Watercourse acre~-{t/yr of in situ leachate of in situ leachate of in situ leachate
into Piceance Creek into Piceance Creek into Piceance Creek
and Yellow Creek, and Yellow Creek, and Yellow Creek,
mg/1 mg/1 mg/1
Piceance Creek at
White River 14,500 700-42,000 260-3,800 12-180
White River near
Watson, Utah 532,000 20-1,270 8-110 0.4-5
Green River near
Green River, Utah 4,427,000 3-150 1-14 <0.05-0.7
Colorado River at
Lees Ferry,
Arizona 12,426,000 1-50 0.3-5 <0,05-0.2

and (3) of Table 13 represent the likely range

to be encountered for inorganic constituents.

The Na colum represents the lower limit because
Na is usually not attenuated during aquifer
transport. The TDS colum, 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
maximm values., However, it is possible that
organics present in the oil shale will be
solubilized or exchanged for those in the leachate.

This tabulation 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 made 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 approach 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-

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 many 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
terms and then extend these observations to the
disposal of raw shale.

Certain in situ processes require partial
mining of the retort in ovder 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 schemes 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
and site-specific conditions. It is important

to recognize that transport of mined shale to
another site is unlikely if theve is a significant
distance involved.

Surface retorting of mined oil shale will
produce significant amounts of spent shale. This
spent shale may be disposed of in surface storage
piles, returned to the retort as a slurry to
plug the abandoned retort (Ref. 2), or upgraded for
use in other industries. There has been little
evaluation of the last two options and they will
not be considered in this assessment. Retort
plugging with spent shale slurry is a possible
control technology for in situ leachates.

The disposal of spent shale produced by
surface vetorting activities in surface piles will
require (1) location of an appropriate disposal
site, (2) compaction of spent shale, (3) covering
of spent shale with top soil, and (4) revegetation
of the spent shale disposal pile. Water quality
effects may occur at any stage of the disposal
operation due to meteorological phenomena. During
precipitation or snowmelt, 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 groundwater 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 example, indicated that optimum
placement for spent shale from the TOSCO process
was at 85 1b/ft3 with 12 percent moisture. At
these values, a flow-type failure would not result
from dynamic loading even though some local
sloughing, 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
surroumding aquifers.

Environmental and aesthetic considerations
will likely require that the spent-shale 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 climate 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 which is a continuous natural process.
Thus, the soil cover created during revegetation
may eventually evode, particularly from steep
upper slopes. This should be considered in
solid-waste disposal management plans and future
research (Ref. 29).

Leachate Composition., The composition of
spent-shale leachates has 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); and Schmidt-Collerus
et al. (Ref. 33). The composition of wmvegetated
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:

1. Rate at which water is applied to surface
disposal piles

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

3. Top soil characteristics

The rate at which water is applied to a surface

disposal pile will be a fuimction of local

precipitation and climatic 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 colum and aquifer media.

Runoff from Spent-Shale Disposal Piles.
Potential short-term effects from runoff occur
during the construction of the pile and the
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TABLE 14

LEACHATE COMPOSITION OF SPENT SHALES FROM SURFACE RETORTS

. Stollenwerk Data

Constituent 3 Margheim, Ref. 1 and Runnells summary

TOSCO UsSBM uoc Ref. 22, surface

TOSCO retorts

As - - - 0.005-0.013 0.005-0.013
B - - - 0.2b -1,2¢ 0.2-1.2
Ba 4.0 - - - 4.0
Ca 64-144 42 327 : - 42-327
c1 5-18 13 33 - 5-33
Co; 21 - - - 21
F 3.4 - - 0.09b-5,5¢ 0.09-5.5
Hcog 20 38 28 - 20-38
K 10-32 72 625 - 10-625
Mo - - . 0.2b-0.8¢ 0.2-0.8
Mg 27-40 3.5 91 - 3.5-91
Na 165-258 225 2100 - 165-2100
NOy 5,1-5.6 - - - 5.1-5.6
Se - - - 0.005-0,006 0.005-0.006
S0, 675-775 600 6230 - 600-6230
DS 1121-1262 970-1091 10,011 - -~ 970-10,011
pH 8.40-8.43 7.78 9.94 - 7.78-9.94
Particle 68% 7% 90%

passes passes passes

200 mesh 200 mesh - 200 mesh
Contact
time for ~5 minb-
batch 5 min 5 min 5 min 127 days®

a’Ranges for three types of experiments--blender, shaker, and column.

bDetermined from leaching curve at t=0 for Mo, F, B. For Se and As, 33 day
contact time.

“Determined from leaching curve at t=127 days for Mo, F, B.

development of vegetation on the surface. Sources leachate from the spent shale. The character of

of rmoff are rainfall, snowmelt, and surface and this leachate was described in detail earlier in
groundwaters used for leaching and irrigation. this report (Table 14) and it may contain high concen-
In early stages of pile construction, runoff from trations of Na, Ca, Mg, and S04, and lesser

working areas and slopes will contain mostly amounts of suspended sediment (Ref. 23,31). As



the pile construction continues, the character of
the runoff changes to one containing nutrients,
plant waterial, and suspended solids mostly
devrived from the revegetation zone. The quantity
of the vunoff is a function of the ammual rainfall
corrected for evapotranspiration losses and
percolation. Because the pile is relatively
impermeable, the latter may be considered negligi-
ble. Runoff quantities are not computed for this
report because it is assumed that all runoff will
be captured behind dikes and retumed 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 intercepted
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 embankment thus protecting
vegetation on the lower slopes (Ref. 30).

Long-term effects of runoff derived from
completely revegetated piles may be minimal.
will remain in place until disposal operations
are completed for a given site. Rumoff will be
captured and returned 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.

Dikes

Percolation from Spent-Shale Disposal Piles.
In areas of low precipitation (< 15 infyr)
percolation may not occur becsuse infiltrated
moisture near the pile surface may evaporvate.
Consolidation and cementation of spent shale due
to compaction with water may make the disposal
piles relatively impervious under certain condi-
tions. It may be possible to operate the surface
retorts to optimize the pozzolanic nature of spent
shales. These properties 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 percolation may result during initial periods
of pile compaction or as a consequence of residual
pile permeability.

Water percolating through the spent shale
would leach out inorganic and organic materials in
a manner analogous to that previously discussed
in relation to in situ spent shales. Eventually,
leachate would reach the underlying unsaturated
zone where part of it would be held by capillary
action while the remainder would infiltrate 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 hydrologic 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 manner as those for
spent shale., A canyon or similar topographical
feature would be filled with the excavated
materials. For environmental reasons, finished
slopes and surfaces of the embankment might have to
be revegetated. As with spent-shale piles, there
are three sources of contaminants in rumoff:
stormwater, snowmelt, and irrigation water. On
passing through the pile, they would leach salts
from the raw shale particles. In addition, runoff
would occur from the surface of the revegetated
layer.

0il shale that is mined and directly
discarded in surface disposal piles will have a
different character from that of surface-retorted
spent shale that is discarded in surface-retorted
piles. The organic material present in oil shale
consists almost entirely of kerogen and bitumen,
both of which are extremely insoluble in water.
This contrasts with the organic 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 £ill due to
particle size, material strength, and amount of
compaction; and (2) material composition affecting
the rate and amount of leaching.

The quality and quantity of runoff from raw-
shale disposal sites will be somewhat different
from runoff from spent-shale areas. O0il shale
that is mined and directly piled will produce a
leachate with much 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
0il shales with distilled water. This table shows
that Ca, B, C1, K, Mg, Mo, Na, Si, 504, and TDS
are significantly greater in leachate from spent
shales than in leachates from raw oil shales.
However, the pH of the raw and spent shales and
the COz, F, HCO4, and Se leached from them are
not significant%y different. This implies that
direct disposal of raw oil shales without retorting
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 runcff from
vegetated areas from 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 from 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 more permeable raw shale will allow water
to pass through the fill to the umderlying
ground surface. From there it may either percolate
to groundwater or pass horizontally to retention



TABLE 15

BATCH LEACHING OF UNRETORTED OIL SHALE WITH DISTILLED WATER

Surface

Anvil Points  Anvil Points Utah Raw 0il
Parameter 0il shale 0il shale 0il shale shale spent shale:
Marghe im® Stollenwerk Jacksag summary SUMmaTy
(Ref. 1) and Runnells et al. (Table 14)
(Ref. 22) {Ref. 17)
As - 0.015 - 0.015 0.005-0.013
B - 0.1b-0.7¢ 0.019-0.057 0.019-0.7 0.2-1.2
Ca 10 - 5.2-6.7 5.2-10 42-327
Cl 2.2 - 3.6-4.5 2.2-4.5 5-33
€Oz - - 11-15 11-15 21
F - 1.70-6.5° 0.2-0.35  1.7-6.5  0.09-5.5
HCO3 75 - 37 37-75 20-38
K 24 - 0.6-0.8 0.6-24 10-625
Mo - 0.1°-0.%° - 0.1-0.3  0.2-0.8
Mg 1.0 - 1.1-1.6 1.0-1.6 3.5-91
Na 48 - 1.4-20 1.4-48 165-2100
NO3 - - 0.2-2.0 0.2-2.0 5.1-5.6
O - - 1.7 1.7 -
Se - Ou009d - 0.009 0.005-0.006
si - 0.9-2.8 0.9-2.8 -
SO4 79 - 1.2-11 1.2-79 600-6230
TS 277 - 61-113 61-277 970-10,011
TOC - - 1 1 -
pH 8,15 - 9.3-9.8 8,15-9.8 7.78-9.94

8Contact time: S min.

bCont&ct time: ~5 min.; determined from leaching curve at t=0.

“Contact 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 assumed that all runoff
from a raw-shale pile is caught behind dikes and
returmed 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 avsenic and other trace constit-
uents removed from the oil; petroleum 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
retains 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.
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For in situ oil recovery operations alone, or
for underground disposal of spent shale, that is,
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 purpose 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
alr quality standards permit 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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