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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wanamy, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
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The research reported in this volume was undertaken during 
FY 1979 within the Energy & Environment Division of the Lawrence 
Berkeley Laboratory. This volume will comprise a section of the 
Energy & Environment Division 1979 Annual Report. 
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Vast resources of oil shale -- in excess of 
1.8 trillion barrels of oil -~· exist in the tri
state area of Colorado, Utah, and Wyoming. Some 
80 billion barrels of this oil are recoverable 
with technology available today -·- more energy 
than is contained in all of the known oil and 
gas reserves in the United States. The U.S. 
Department of the Interior has estimated that 
with more advanced technology and under dif·
ferent economic conditions, oil shale deposits 
in the U.S. might yield as much as 800 billion 
barrels of oil. 

Oil shale is a layered, greyish, sedimentary 
rock that was deposited eons ago in fresh water 
lakes. It contains about 20 percent organic 
material, primarily kerogen, which originated 
from algae and other micro~-organisms and wincl
bloml or water-borne pollen and spores. The 
inorganic material is a dense, tough marlstone 
composed primarily of the two carbonaceous 
minerals, dolomite and calcite. The shale may 
exist anywhere from 100 to 3000 feet beneath the 
surface interbedded with varying amounts of 
tuff, siltstone, sandstone and claystone and 
laced with groundwater 

Oil may be extracted from the shale by 
heating the rock to break dmvn the kerogen, a 
high molecular \vei ght polymer, into sma 11 er 
molecules. This process, termed pyro , may 
be carried out in a surface retort or in the 
ground (in-situ processes), The techno logy for 
surface is further advanced but is 
limited by economic and environmental factors. 
Large volumes of rock must be mined, crushed, 
transported, and disposed of. The process 
requires large volumes of 1vater and gc~nerates 
large ties of noxious • In the 
in-situ processes, the maj of the resource 
is pyrolyzed in the ground (a small amount, 

about 20 percent, is removed to create 
void space). This approach to processing oi1 
shale is presently under intensive study by 
industry and the Department of Energy as an 
economic and environmentally superior alter
native to surface processing. 

The existence of these rich Rocky Mountain 
oil shale deposits has been knmvn for more than 
a century, and the exploitation of them has been 
considered, off and on, from just about every 
conceivable angle technologically, economi~· 

ca , politically, and most recently, 
en vi ronmenta lly. 

The Oil Shale Program at the Lawrence 
Berkeley Laboratory is concerned 1vith the 
environments 1 aspects of oil shale production 
air, solid waste, and water problems -·- of far
reaching consequences. The program has identi-
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fied a number of previously unrecognized or 
little understood en vi ronmenta l concerns -
in-situ leaching, air emission of toxic trace 
elements, aqueous effluent disposal -- and is 
conducting basic and applied research in these 
areas. The goal of the program is to develop the 
scientific information necessary to understand 
and, ultimately, to control environmental 
problems. 

Information on the chemical composition of 
oil shale and its by-products is being developed 
to assess environmental impacts and to select 
and develop suitable control strategies. Law·~ 

renee Berkeley Laboratory is characterizing the 
gases, oils, waters, and solids produced by oil 
shale retortingo This 1vork has indicated that 
the primary elements of environmental concern 
are As, Se, Cd, Hg, F, and B, and that inorganic 
and organometallic species, including arsenate 
and methylarsonic acid, are present in retort 
•vaters. Methods are being developed to measure 
organometallic and organic compounds present in 
aqueous effluents and to assess their impact on 
aquatic biota. In-depth geochemical investiga
tions of the Green River Formation in Colorado 
are being conducted which indicate a remarkable 
uniformity in most major, minor, and trace 
element concentrations throughout the formation, 
Detailed elemental mass balances !lave been com
pleted on some 30 runs of several pilot-scale 
r e tor ts , and the e ff ec t of r e to rt 
conditions on trace element distribution is 
being investigated. 

Pyrolysis of oil shale produces from 70 to 
about 15,000 standard cubic feet of gas per ton 
of shale processed. The proper use and disposal 
of this low-Btu gas represents a significant 
challenge to the oil shale industry. This gas 
contains a significant fraction of the recover
able energy and is highly corrosive, has a lmv 
heating value, and may contain high concentra<~ 
tions of such toxic trace elements as Hg, As, 
Se, and Cd. La1vrence Berkeley Laboratory is 
developing real-time instrumentation to measure 
toxic trace elements in oil shale gases and is 
using this instrumentation to measure As, Se, 
Cd, Hg, and Pb in gases from laboratory, pilot, 
and field retorts. A Zeeman atomic absorpticn 
spectrometer capable of making real-time, in·~ 

place measurements has been developed and used 
t:o clemons tra te that Hg em is si ons from in-situ 
retorts may be nonuniform and that the majority 
of the Hg re 1 eased occurs as a pulse towards the 
end of a run. 

Oil shale processing may also produce from 
0.1 to 22 barrels of 1vater per barrel of oiL 
This water, which is highly contaminated, rep
resents a potential resource for the arid oil 



shale region if it can be upgraded. Lawrence 
Berkeley Laboratory is exploring the use of 
various physical, chemical, and biological pro
cesses to upgrade this water for in-plant use or 
discharge. This research has led to the develop
ment of a novel technique, termed spent shale 
treatment, to reduce inorganic and organic car
bon, color, and odor of these waters. 

Leachates produced by the interaction of 
rain or groundwater with spent residuals may 
degrade local water resources. Since the rich 
oil shale deposits are laced with groundwater, 
in-situ processing may result in significant 
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underground contamination. Lawrence Berkeley 
Laboratory is investigating in-situ leaching and 
chemical transport in laboratory studies and by 
computer modeling and is searching for solutions 
to mitigate this phenomenon. This work has led 
to the identification of several possible con
trol strategies and the development of a high
strength hydraulic cement from spent residuals 
\vhich may be used to seal underground retorts. 

This report summarizes progress on these and 
other oil shale programs for the calendar year 
ending December 31, 1979. 
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J. 

INTRODUCTION 

The prospect of commercial development of 
oil shale as a source of fuel raises some diffi
cult environmental questions particularly vlith 
respect to ground and surface waters, since some 
of the richest oil shale deposits in the U.S. 
occur in the semi-arid tri-state region of Colo
rado, Wyoming, and Utah. 

Water derived from in--situ oil shale retort
ing is heavily contaminated with organic and 
inorganic constituents. It is generally alkaline 
(pH 8-9 .5) and contains a variety of polar or-

species, c acids, bases 
, N-heterocyclics, N-aromatics), and 

organic oxygen and sulfur compounds (phenols, 
pyrans, thiophenes). 

Inorganic content of retort waters is also 
high, including the following anions: HC03, C03, 
Cl, F 1 s2o3 , SCN, and SOt,,· The 
dissolved cations are Na, , Mg, Fe, and the 
amphoteric forms of Al and which exist as 
complex anions under alkaline conditions. Trace 
elements of environmental eoncern include As, 
Se, Hg, Zn, Mo, and B. 

, in addition to their ovm 
specific toxicities, may also increase the 
mobility of some elements such as As and Se by 
virtue of their complexing pov1er. The relation
ship of biotoxicities of As, Se, Hg, ~:mel other 
transition metals to their biomethylation in 
living systems is well known.l Thus, the pres
ence of even very 1 ow levels of organoraeta llic 
forms of the toxic metals, v1hich may enhance 
their biological uptake and movement through an 
ecosystem, may multiply their toxic potential to 
sens~tlve by orders of magnitude. It is 
therefore important to the organic 
forms of trace metals present process \vaters 

L 

as well as their inorganic counterparts which 
are generally present in much higher concentra
tions. Work toward this end is reported sepa
rately else1vhere in this Annual ReporL2,3 

This paper reports some of the exploratory 
work completed in 1979 on organic and inorganic 
contaminants found in process waterso The pur~ 
pose of this program was to identify and quanti
tate trace contaminants in oil shale process 
waters using appropriate separation techniques. 

ACCOMPLISHMENTS DURING 1979 

Each of several oil shale process waters Has 
separated into methylene chloride (CHzC12)
soluble and CH2ClTinsoluble alkaline and 
acid f rae ti ons as shown in Fig, L Acid ext rae ts 
were esterified with dry HCl-methanol before gas 
chromatography--mass spectrometry (GC-r1S) analy
sis. After appropriate preprocessing of CH2Cl 
extracts of the original (pH 8.5-9o5) and 
fied (pH 2) waters, the organic extracts v1ere 
examined for trace metals by xc~-ray fluorescence 
spectrometry (XRF), inductively coupled plasma 
emission spectroscopy (ICP), and Zeeman atomic 
absorption spectroscopy (ZAA), and for trace 
organic constituents by GC·-MS. Separations were 
followed by differential ultraviolet (UV) spec~ 
trophotometry and thin-layer chromatography 
(TLC) where feasibleo The use of TLC in the 
separation of trace metals and organics, and as 
a tool in the measurement of organic carbon 
recovery, was also briefly investigated" The 
\vaters examined included Omega· .. 9 retort water 
from Laramie Energy Technology Center's (LETC) 
Site-9 true in-situ experiment, retort vJSter 
from a combustion run of LETC' s 150-ton retort 
(150-ton), retort water and gas condensate from 
a steam~combustion run of Lawrence Livermore 
Laboratory's (LLL) 6000-kg retort (L·-2), and 
three process waters from Occidental's Retort 6 

RETORT WATER 
(pH 8 5.9 51 

Ex!ract w1lh CHlC! 1 

Aquaoua Phase L_ ,----------- BtH>e Exi:rac~ 

_l -Extract 

Extracted water r-----1-l 
ZAP. XRF ICP 

Hg As, Se. Zn. Fe 

r -f- --1 .l.. ' 
ZAA X:Rf ICP GC/MS GC/MS 

Hg As, Se, Zn, Fe As. B. S1 
-- --
Alkanes 

(thru c,sl 
Bases 

{Neutrals) 

Fig. L Flow chart for CH2Cl2 extraction of trace contaminants from 
oil shale process \·Jaters (ZAA ~ Zeeman atomic absorption spectroscopy; 
XRF ~· x-ray fluorescence spectrometry; ICP ~ inductive coupled plasma 
emmision spectroscopy; TLC ~ thin layer chromatography . 

(XBL 806-1129) 
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at Logan Hash-- retort water, heater-treater 
water, and boiler blm·Jdmvn. These waters are 
described elsewhere in this report by Fish et 
al. 2, 3 

Trace Organics 

Reconstructed ion chromatograms of a base 
extract and methylated acid extract of 150-ton 
retort \vater are shown in Figs. 2 and 3. Tenta
tive identifications are noted above each peal<. 
Figure 2 shows that, of the basic components in 
150-ton retort water, the alkylpyridines vlere 
predominant. Neutral compounds included three 
cycloalkanones and t\-JO alkynes. The heptane
soluble fraction of methylated 150-ton acid 
extract (Fig. 3) contained both mono- and 
dicarboxylic acid esters. Dicarboxylic acids may 
result from the oxidative cleavage of hydroxy 
and unsaturated monocarboxylic acids. A simi
larly treated acid extract of a sample of L-2 
retort water had a simpler spectrum of mono
carboxylic methyl esters from valerie through 
decanoic acids. Aromatics and dicarboxylic 
esters were absent. These differences reflect 
differences in retort operating conditions that 
produced the two samples. 

In addition to the extracted polar constit
uents, GC-MS examination of an eluate from an 
early thin-layer chromatogram of the 150-ton 
extract (benzene-acetone, 95:5) showed the al
kanes pentadecane through octadecane and a 
number of unidentified hydrocarbons. Although 
this TLC finding is subject to further veri
fication, later column chromatographic analysis 
confirmed the presence of these hydrocarbons. 

Trace Metals 

The purpose of this work was to isolate, 
identify, and quantitate trace metals of envi
ronmental concern associated with organics in 
oil shale retort waters. The work was divided 
into two phases. Initially the CH2Cl2 extraction 
procedure shown in Fig. 1 was used to separate 
metals into CHzClz-soluble and CHzClz-insoluble 
fractions at acid and basic pH. These "acid" and 
"base" extracts contained a mixture of trace 
metals which were then identified and quanti
tated using standard analytical techniques. 

X-ray fluorescence analyses (XRF) were 
carried out on ammonium hydroxide (NH40H) solu
tions of the metals after removal of the organic 
solvent. For NH40H-insoluble residues, metha
nol and ethanol-water (1:1) were used as sol
vents. More recently the use of a solid sub
strate of microcrystalline cellulose acetate to 
adsorb the organic metal extracts directly has 
replaced direct analysis of the aqueous sample. 
Indue ti ve ly coup led plasma emission spectroscopy 
(ICP) analyses were used for boron, arsenic, and 
other metals in organic extracts. These analyses 
were carried out in dilute acid solutions. The 
use of neutron activation analysis (NAA) was 
confined to one experiment, in which the aqueous 
eluates from zones of a thin-layer chromatogram 
of 150-ton extract were examined for metals. 
Zeeman atomic absorption spectroscopy (ZAA) was 
used to measure mercury extracted into the 

5-4 

CHzClz phase from 150-ton retort water. 

The unextracted water, the base and acid 
extracts, and the extracted water were analyzed 
by ICP or XRF. The base extract was obtained by 
extracting the filtered water at its original 
pH. The acid extract was obtained by acidifying 
the aqueous phase from the initial base extrac
tion and re-extracting it with CH2Cl2 at pH 
2. The extracted water is the aqueous phase 
remaining after the acid extraction. Thus, the 
sum of the measured concentrations for the base 
extract, the acid extract, and the extracted 
water should equal the unextracted water, within 
the limits of experimental error, An analysis of 
the data indicates that good mass balances were 
obtained on all elements for which there were 
adequate data. 

The above data plus other data not reported 
here indicate that As, Se, Fe, Co, Ni, Zn, Cu, 
Pb, Cr, Br, Mo, Sb, u, and B, among others, are 
extracted from process water by CHzC12. Addi
tional work is required to determine whether 
these elements are organically complexed or 
bound. 

Two observations of interest emerge from the 
study. First, only transition elements are 
extracted. Secondly, only .a small fraction of 
each element present, usually less than 10 
percent, is extracted into the organic phase. 
Control experiments with inorganic arsenic-doped 
150-ton retort water showed that it is not 
extracted under these conditions. Neither is 
phenyl.arsonic acid which was isolated in trace 
quantities from retort waters ,2 Arsenic and Se 
are primarily present in the acid extracts while 
the other transition metals (Cu, Zn, Cr, Ni, and 
Pb) were usually predominant in the base ex
tract. These metals can form complexes with the 
organic nitrogen compounds which are present in 
process waters. In the presence of phenols, 
pheno 1 carboxy lie acids, and acids containing 
other hetero atoms such as nitrogen, chelation 
may also solubilize these metals in CHzC12. 

Although arsenic is a major trace contami
nant of biological concern in process waters, 
others (Se, Zn, Cu, Pb, and Cr) can have serious 
negative environmental effects. All are toxic to 
biota, some forms of As, Pb, and Cr are known or 
suspect carcinogens, and Pb and Hg are neuro
toxins. The inorganic forms of toxic metals 
generally undergo biological conversion (e.g., 
methylation) to more assimilable forms before 
they can be incorporated into biological sys
tems. Thus, any organically soluble form of a 
metal, whatever its form, poses an environmental 
hazard, often out of all proportion to its con
centration. Greater lipid solubility increases 
its rate of uptake by plant and animal tissue, 
resulting in rapid biomagnification of the 
toxicant. Thus, a measure of the organically 
bound metals in a sample would be useful infor
mation, The methylene chloride extractability of 
metals from retort waters could be used routinely 
as such an environmental indicator of potential 
toxicity. 
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Major Elements 

The purpose of this work was to quantitate 
the major elements c, H, N, and S in acid and 
base extracts. Carbon, H, and N were determined 
by the Perkin-Elmer Model 240 CHN analyzer and S 
was determined by the Grote combustion method 
followed by gravimetric analysis. Table 1 sum
marizes the results of these analyses for vari
ous acid and base extracts for nine separate oil 
shale process waters. 

In general, the compositions of CHzClz 
extracts of process waters are similar, contain
ing many of the same lower molecular weight 
polar and nonpolar organic compounds. Variations 
in the relative ratios of low molecular weight 
polar components are related to differences in 
retorting temperatures and other process vari
ations (steam or gas injection, etc.). These are 
reflected in the ratios of acid to base extrac
ted by CHzClz and in their elemental compo
sition and ratios. Most waters had base extracts 
of higher carbon content than their acid frac
tions, and t>vo (Omega-9 and L-3) analyzed lower 
for carbon in the base extracts. All of the 
waters had higher N in the base extracts than in 

Table L Elemental analysis of unfiltered oil 
ca 

' 
Ha, Na, and S b , Reported values 

Sample c ll N 

150-ton Retort !•Iuter 
Base extract 65.48 8.40 8.34 
Acid extract 63.46 8.85 2. 35 

L-2 Retort \Vater 
Base extractc 69.17 8.64 8.47 
Acid extractc 62.92 9.65 1.50 

L-2 Gas Condensate 
Base extractC 66.77 8.19 1.66 
Acid extr actC 59.53 8.94 1.42 

L-3 Retort Water 
Base extract 62.92 8.10 7.60 
Acid extract 64.69 9.94 1.24 

L-3 Gas Condensate 
Base extract 60.51 8.31 7.58 
Acid extract 57.71 8. 77 1.52 

~a-9 Retort \'later 
Base extract 58.92 8.41 7.04 
Acid extract 62.65 8.93 2.55 

Occidental !!eater-Treater Water 
Base extract 67.05 8.18 7.21 
Acid extract 63.65 9.22 1.53 

Occidental Boiler Blowdovm \Vater 
Base extract 67.58 8.21 10.38 
Acid extract 64.04 9.50 0.80 

Occidental Retort \'later 
Base extract 67.78 8.22 7.96 
Acid extract 64.73 9.73 2.19 

*Insufficient sample 
l!erkin-Elmer Model 240 CHN analyzer. 
Grote combustion method followed by gravimetric analysis. 

cl'iltered through 0. 45 IJln ~1illip::>re filter. 

the acid extracts, and acid fractions were gen
erally higher in percent H and S. The difference 
between the sum of c, H, N, and S present and 
100 percent reflects the combined oxygen and/or 
metals present. 

Carbon-hydrogen ratios give some indication 
of the degree of unsaturation or aromatization. 
They are consistently higher in the base frac
tions (Omega-9 excepted), and may also reflect 
the degree of oxidation. Where carbon-sulfur 
ratios are comparable in the acid and base 
fractions, the S is primarily of the neutral 
type (e.g., thiophene). The presence of acidic 
sulfur (RS0 2H, RS03H) will reduce the carbon
sulfur ratio of the acid fraction vis a vis the 
base fraction. 

FUTURE ACCOMPLISHMENT 

This phase of the work is complete. 
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o.o 13.83 8.23 6.51 
0.40 25.26 6. 74 80.05 160.10 

0.27 15.77 8.25 8.52 294.70 
0.63 22.72 6.65 29.56 95.19 



FOOTNOTE AND REFERENCES 

*This program \vas funded by the Department of 
Energy's Division of Oil, Gas, and Shale 
Techno logy o 

L "Organometals and Organometalloids: 
Occurrence and Fate in the Environment," 
AoC.S. Symp. Ser. 82, F.E. Brinckman and J. 
M. Bellama, Eds., ACS, \vashington, D.C. 
0978), 

2. R. H. Fish, J, Po Fox, Fo E. Brinckman, and 

J. 

INTRODUCTION 

Oil shale retorting produces a number of 
solid, liquid, and gaseous wastes that may reach 
the environment through direct discharge or 
accidental spills, In-situ retorting of one ton 
of 24 gallon per ton shale produces approxi
mately half a barrel each of retort water and 
shale oil, about 10 1 000 standard cubic feet of 
low Btu gas, about Oo8 ton of retorted shale, 
and various other solid and liquid waste pro
ducts including spent catalysts, treatment plant 
sludges 1 and blovJdovm streams. Toxic and trace 
elements initially present in the raw shale may 
be distributed to these various products and to 
the environment during heat treatment of the 
shale, combustion or other end use of the oil, 
and 1 eaching of the so lid waste. Because of the 
chemical and physical environment in which these 
processes occur, a range of organometallic and 
inorganic compounds may be either synthesized or 
re 1 e_ased. The organometallic forms may increase 
trace element mobil:i. and toxic and inter--
fe1:e \•lith various re processes, 

The purpose of this program is to identify 
and quantify the organometallic and anic 
species present in shale oils process waters, 
gases, and leachates from so wastes and to 
interpret the data in an environmental framework. 

ACCOMPLISHMENTS DURING 1979 

In 1979, a formance 1i chromato--
graph coupled to a graphite furnace atomic 
absorption detector (HPLC~,GFAA) was used to 
identify and 
in several process \·Jaters from field and 
lated in-situ retorts. This v10rk revealed that 
each water has a distinctive arsenic 
and that arsenate, methyl arsonic acid, and 
phenylarsonic acid are present in several of the 
waters while m:seuite and d arsinic acid 
are not observed. Arsenic l·las selected for these 
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K. L, Jewett, "Speciation of Inorganic and 
Organic Arsenic Compounds in Oil Shale 
Process Waters," Energy and Environment 
Division Annual Report 1979, Lawrence 
Berke ley Lab ora tory Report, LBL-1 0486 ( 1980), 
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investigations because previous work at this 
Laboratory revealed that total arsenic concen
trations in oil shale process waters and shale 
oils were high, ranging from 0.3 to 15.3 ppm in 
the waters and 0.5 to 19.8 ppm in shale oi.ls.l 
The results of this investigation are sulllll!arizecl 
here. 

The work this year has focused on process 
waters from several simulated and field in-situ 
oil shale retorting processes. Most of these 
were retort waters or concentrates and various 
mixtures of retort water. Retort vmters a:re 
produced within the retort with the oil as a 
vapor that is condensed from the gas stream and 
is separated from the oil by heat treatment and 
decantation. The waters originate from mineral 
dehydration, combustion, groundwater seepage, 
and steam and moisture in the input gas. 

A summary of the waters that we investigated 
and their distinguishing factors are presented 
in Table L Simulated waters are p reduced in 
pilot-scale laboratory retorts designed and 
operated to simulate large~scale modified in
situ retorts, \Ve studied two such vlaters, one 
from a steam-combustion run of Lawrence Liver-, 
more Laboratory's (LLL) 6000-kg retort (L-2),2 
and the other from a combustion run of Laramie 
Energy Technology Center's 150·-ton retort 
(l50-ton).3 Field in-situ process \•JSters are 
produced during demonstration·-scale field ex
periments conducted by industry and the Depart-, 
ment of Energy to develop oil shale technology. 
\>Je studied process waters from Geokinetics' 
horizontal true in-situ process,4 from LETC's 
Rock Site 9 true in-situ experiment 
(Omega-9) and three process waters from the 
Occidental Logan Hash modified in-situ 
process.6 

The origin of the three process waters--
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Table 1. Water types and sources and retort operating conditions for samples used 
in arsenic speciation study. 

lvater 

SIMULATED IN-SI'IU RE'IDRTS 

L-2 Retort Water 

150-ton Retort Water (Run 13) 

FIELD IN-SI'IU RE'IDRTS 

Quega-9 Retort Water 

Geokinetics Retort Water 

Occidental Retort Water 

Occidental Boiler Blowdown 

Occidental Heater.JI'reater Water 

Retort/ 
Precess 

LLL 6000-kg/ 
modified in-situ 

LETC 150-ton/ 
modified in-situ 

LETC Site 9/ 
true in-situ 

Retort 16 
true in-situ 

Retort 6 
modified in-situ 

Retort 6 
modified in-situ 

Retort 6 
modified in-situ 

Shale 
Source 

Anvil Points, 
Colorado 

Anvil Points, 
Colorado 

Rock Springs, 
Wyaning 

Book Cliffs, 
Utah 

Logan Wash, 
Colorado 

Logan Wash, 
Colorado 

Logan Wash, 
Colorado 

Retorting 
Atmosphere 

air/steam 

air 

air 

air 

air/steam 

air/steam 

air/steam 

Retorting 
Terrperature 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) Field retorting terrperatures are not accurately known due to corrosion problems with thermocouples. 
However, mineral analyses of spent shales from the Geokinetics and Occidental processes suggest 
terrperatures may locally reach 10000C. 

retort water, boiler blowdown, and heater
treater water--is shown in Fig, l, Retort water 
and oil are collected together in an underground 
sump at the bottom of the retort, These two 
products are introduced into a Separator Tank 
where the majority of the water is separated 
from the oil by decantation, The water collected 
from the Separator Tank is referred to here as 
"retort water," The oil from the Separator Tank 
is then introduced into the Heater-Treater to 
remove any residual moisture, usually less than 
five percent by weight, The oil is heated and 
the water is separated by decantation. The water 
collected from the Heater-Treater is referred to 
here as "heater-treater" water, The aqueous 
streams from the Separator Tank and the Heater
Treater are then introduced into a low-pressure 
boiler, together with makeup water from local 
surface streams, and the mixture is used to 
generate process steam, About 20 percent of the 
input water is blown down to maintain operation 
of the unit, This underflow is a concentrated 
stream which contains greater than 90 percent of 
the original organics and inorganics in 20 
percent of the original volume of water. This 
water is referred to here as boiler blowdown, 

The sample waters are rich in organics and 
particulates, and appear to be microbiologically 
active if unrefrigerated. Samples chilled to 
4°C were received and maintained at this 
temperature throughout the study except for 
filtering and chromatographic sampling" 

The processes investigated in this work do 
not represent commercial technology because 
additional work is required to resolve a number 
of technical problems, inc 1 uding rubb lization 
and process control, This additional work may 
lead to the development of a process that is 
very different from those that generated the 

waters we studied, Therefore, the reader is 
cautioned that these results should not yet be 
extrapolated to a commercial oil shale industry. 

Experimental 

A high performance liquid chromatograph was 
coupled to a graphite furnace atomic absorption 
spectrometer (HPLC-GFAA), using a laminar-flow 
cell, to separate and detect five known arsenic 
compounds, The technique used has been described 
elsewhere7,8 and is shown schematically in 
Fig, 2. Five known arsenic compounds--arsenite 

Oil 
and 

residual 
water 

Heater
treater 
water 

Retort 
water Boiler 

blowdawn 

Oil/water 

Oil /water 

Retort 

Fig, 1. Aqueous waste streams of Occidental 
Logan Wash Retort 6. (XBL 805-971) 
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(AsOz), dimethylarsinic acid ((CH3) 2As(O)OH), 
methylarsonic acid (CH3As(O)(OH)2), phenylarsonic 
acid (¢-As(O)(OH)2, and arsenate (AsO i-) were 

on a Dionex anion exchange column 
ng a solvent ient program of water/ 

methanol (80/20 ) to 0.02 H ammonium car~, 
bonate in lvater~,methanol (85:15, v/v) at 10% 
min. 9 Seven oil shale process waters (Table 1 
vJere filtered through O,lf5 ]Jm filters, sepa-· 
rated by HPLC using the Dionex column, and were 
automatically analyzed for arsenic at 193.7 nm, 
follmving the UV on signal 
(254 nm) of the HPLC column eluate, 

ion 

Results of the arsenic speciation studies 
are summarized in Table 2 and a cal chromat-
ogram is shown in • 3, This shovJs an 
arsenic nt and the UV on sig·· 
nals for the three \vater samples from the Occi-· 
dental modified in-situ process, The chrornato~ 

gram obtained for each sample consists of a 
series of peaks which represent one or more 
arsenic compounds eluting from the Dionex 
column, The UV absorption signal, also shown in 

• 3 superimposed on the AA pulsed output, 
:represents the complex mixture of aromatic 
organic compounds typically seen in the samples, 
An arsenic standard, which consisted of. an 
aqueous solution of sodium arsenite, cacadylic 
acid, methyl arsonic acid, and sodium arsenate, 
is shown in the top segment of , 3, Table 2 
summarizes the retention times of the tenta~ 
tively identified species and additional 
unidentified species for each water. 

Table 2 indicates that arsenate, methyl-
arsonic acid, and arsonic acid are the 
predominant ident eel arsenic species in the 
oil shale process tvaters studied, No arsenite or 

dimethylarsinic acid tvas detected in any of the 
samples, and a 11 of the samples had a neu tra 1 
(nonionic) arsenic compound that eluted with the 
solvent front, Arsenate and methylarsonic acid 
were identified in all of the samples, and 

acid vias identified in all samples 
except 150-·ton retort water, 

[LJ. 
Fre~ction 

Coliector 

+~-~ 

Drain 

HGI\ 

~ 

~ 
Drain ~-=mental 

~amp!o 

, 2. Schematic of automated graphite furnace 
atomic absorption detector (GFAA) coupled with 
programmed gradient- flow high-performance 
liquid chroma.tograph (HPLC). At pre-selected 
intervals (ca. 45 s) lO ]JL segments of the 

.HPLC eluant are sampled and selectively 
analyzed for arsenic (or another element) to 

the element-specific AA chroma 
lustrated in Fig, 3, (XBL 

'l'able 2. Tentative identification of inorganic and organoarsenic compounds by HPLC~GFAA in various oil shale 
process waters 8 • 

Sample 

Calibration 

SIHULATED IN-SITU RETORTS 

1~2 Retort 'Hater 

136--,tonne Retort Hater 
(]50·· ton) 

FIELD IN~·SITU RETORTS 

Omega~9 Retort Water 

Geok:i.netics Retort Viate:r 

Occ:t dental HeD ter~"Trea teJ: 
\oh1Ler 

Occidental Boile1: Hlm7dot>Jn 
Hater 

Oc~idental Retort Vlater 

NailsOz (CH3)zAs(O)(OH) 
Sodium Dimethylat~sinic 

Arsenite Acid 

2.1! ± 0.1+3 16.28 j; 1.84 

aA dash (·,_.-) sigcd.fies that the speeies ~vas not detected. 
identified. The numerical values are the :retention times 

CH3ils (0) (OH) 2 
Methyl arsonic 

Acid 

25.37 j; 0.44 

25.19 (+) 

23.79 (+) 

25. J. 9 (+) 

26.01 (+) 

25. 11 (+) 

24.90 (+) 

24.63 (+) 

~-As(O)(OH)2 
Phenyl arsonic 

Acid 

35.7 ± 0.44 

35.64 (?) 

31;.88 (+) 

33,25 (+) 

36.36 (+) 

34, 55 (·:·) 

35.88 (?) 

·---·-··~~~ 

Na3As04 
Sodium Unknown 

Arsenate 

44.8! ± Ll 

42.89 (+) 1.04 

43.9] (+) 0.46 

43.71 (+) L37 
20.37 

44.51 (+) LOB 
20.38 

46.82 (+) 0.96 
14.64 

44.20 (+) 0' 75 

44.75 (+) 0. 51 
14.99 

(+) signifies that the species tvas tentatively 
the species or unknot,;;n peaks were detected. 
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Spectrum 
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Retort Water 

<:WI 
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Fig. 3. Fingerprint of arsenic species and UV 
absorption signal of three waters from the 
Occidental modified in-situ process, Retort 6, 
Logan Wash, Colorado. The standards (std) are 
sodium arsenite (NaAs02), cacadylic acid, 
L e., d imethylarsinic acid (CA), methyl arsonic 
acid (MAA), and sodium arsenate CNa3As04), 
200 ng each as As. (XBL 803-8499A) 

The on.g:tn of the separated species is not 
fully understood at this time and can only be 
inferred from what is known about the retorting 
process and from environmental arsenic chemis
try. The arsenic species present in the process 
waters probably originate from partitioning 
between the oil, gases, and raw shale and the 
water. In in-situ retorting, a hot reaction zone 
is propagated vertically down a packed bed of 
shale, The oil, water, and gas move over 
unretorted shale in front of this reaction zone, 
Therefore, the retort water, which is produced 
from combustion, mineral dehydration, and input 
steam in the reaction zone, is in intimate 
contact with oil, gases, and unretorted shale, 
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Arsenic compounds present in these oils, gases, 
and the shale may partition into the water phase 
during transit from the reaction zone to the 
exit of the retort where the products are 
collected, Reactions may also occur after the 
water is collected at the exit of the retort, 
For example, arsenic in the water or oil may be 
biologically methylatedlO while changes in the 
water temperature and pH may result in further 
chemical reactions. Additional work is required 
to identify the origin of each arsenic compound 
in these waters, 

PLANNED ACTIVITIES FOR 1980 

This work will be expanded to include 
additional samples and elements. Other oil shale 
wastewaters from additional processes will be 
characterized. Organometallic species in shale 
oils and leachates will be included in future 
work, and other retorting processes, including 
Paraho and the Rio Blanco Oil Shale Project 
process, will be characterized, Methods will be 
developed to speciate other elements including 
Se, Hg, and Zn. Experiments will be conducted to 
determine the origin of the identified organo
metallic species and the toxicological implica
tions of identified compounds will be explored, 
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INTRODUCTION 

Oil shale retorting produces a number of 
aqueous effluents that may reach the environment 
by accidental spills or discharge to surface and 
groundwaterso These include retort water, gas 
condensate, leachate, and boiler blowdowno Re
tort water and gas condensate, the most volu~ 
minous and highly contaminated waters, are co
produced with the oil. They originate from com~ 
bustion, mineral dehydration, steam and moisture 
in the input gas, and groundwater seepage into 
in~situ retortso The retort water is condensed 
at elevated temperatures while the gas conden~ 
sate is condensed at lower temperatures, from 15 
to -15°Co Blowdown is a concentrated underflow 
stream produced in the boiler used to make pro
cess steam, Leachates are produced by the inter
action of rainfall and snowmelt with surface 
piles of spent shale or by ground•Jater tr 
through in-situ spent shales, These four types 
of water may contain a number of toxic trace 
metals, i As, Se, Zn, B, and Fe, \<Jhich 
may be comp1exed by organic ligands, The 

increase the mobi 

various oil refi 
processeso 

uptake rate, 
, and ntex'fere with 

and vm ter treatment 

The purpose of this 
Ot'ga:n.ic ligands tha_t 
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Liquid Chromatography: The Determination of 
Arsenite, Arsenate, Methylarsonic Acid and 
Dimethylarsinic Acid", Journal of 
Chromatography, 1 31 0980). 

9. E. A. \~oolson and N. Aharonson, "Speciation 
of Arsenical Pesticide Residues and Some of 
their Metabolites by High Pressure Liquid 
Chromatography ~ Graphite Furnace Atomic 
Absorption Spectrometry," J. Assoc. Official 
AnaL Chem., in press 0980). 

10. M. 0. Andreae and D, Klumpp, "Biosynthesis 
and Release of Organoarsenic Compounds by 
Marine Algae," Environ, ScL TechnoL, Jl., 
738 (1979). 

compounds in retort waters, gas condensate, and 
boiler blowdown from field and simulated in-situ 
retorts, This work revealed that each water has 
a distinctive fatty acid fingerprint with C4 
through c16 mono~ and Cg through c15 dicarbox~ 
lyic acids present. Substituted pyridines, 
quinolines, and aliphatic nitrogen compounds 
were also identified as possible ligands for 
trace metals. 

The work focused on process waters from 
several simulated and field in-situ oil shale 
retorting processes" These samples were des
cribed in a previous article in this Annual 
Report" 1 

Fatty Acids 

Since the higher molecular weight fatty 
acids are not volatile and thus not read 
amenable to analysis GC-MS, vle converted the 
fatty acids to their methyl esters, This '"as 
accomplished by lyophilizing 20 ml filtered 
samples of each -vmter (pHJ'9 oO) and subse"" 
quently reacting the residue with a 14 percent 
solution of boron trifluoride in methanol, This 
uas followed by an hydrolysis step and extrac
tion of the aqueous layer with benzene, The 
benzene extracts for the seven waters were 
analyzed for their fatty acid methyl ester 
content using capillary column gas chromato
gra.phy (lo m x 0.025 mm column coated with SP 
2100 and programmed from 50 to 250°C, 3°C/min), 

Figure 1 shows the fatty acid methyl ester 
capillary column gas chromatograms of the seven 
vmters and indicates that each water has a dis·~ 

tinctive fatty acid methyl ester profile and 
that there is an homologous series of 
esters present, Several process-related 



larities are apparent in the fingerprints. The 
two true in-situ retort waters, Omega-9 and 
Geoki netics, have similar pro files as do the 
three Occidental process waters. This is con
sistent with retort operating conditions. The 
Geokinetics and Omega-9 waters were both pro
duced by true in-situ processes in an air-only 
atmosphere. The three Occidental waters are 
similar in origin and therefore ~.,ould be ex
pected to have similar profiles. The retort 
water was separated from the oil by decantation. 
This separation left a small amount of water 
tightly bound to the shale oil. This final 
portion of the water was removed from the oil by 
heat treatment and is referred to as heater
treater water. Since both waters are essentially 
the same, differing primarily in the method by 
which they were separated from the oil and the 
interfacial surface area in contact with the 
oil, they would be expected to be very similar 
in fatty acid content. The boiler blowdown, on 
the other hand, is a concentrate of retort 
water, heater-treater water, and makeup water 
from local surface streams. The water contains 
the majority of the organic constituents that 
were in the original waters in about 20 percent 
of the original volume. Some of the original 
organic constituent may have volatilized in the 
boiler and escaped with the steam. The blowdown 
has essentially the same profile of fatty acid 
methyl esters as the retort and heater-treater 
waters, but at relatively higher concentrations. 
The two simulated in-situ waters, 150-ton and 
L-2, are different from each other and from 
other process waters shown in Fig. L The 150-
ton water has a larger fraction of high molecu
lar weight compounds while the L-2 water has a 
smaller fraction of low molecular weight com
pounds than any of the other samples analyzed, 
The cause of the atypical nature of these two 
waters is unknown. 

Unequivocal identification of the major 
mono- and dicarboxylic acids was obtained using 
known compound retention times and confirmation 
by computerized capillary column gas chromato
graphy coupled to a Finnigan quadrupole mass 
spectrometer (GC-MS). Table 1 gives a repre
sentative series of fatty acid methyl esters 
that were present in all the process waters 
studied. 

Other Ligands 

In a parallel study, work was initiated to 
profile substituted aromatic and aliphatic 
heterocyclic compounds. We separated these com
pounds by using column chromatography and 
identified several substituted pyridines, quina
lines, and aliphatic nitrogen compounds by GC-MS. 

The samples were extracted with methylene 
chloride at pH 9.2 and eluted on a dry Florisil 
column with hexane, hexane-methylene chloride, 
and methylene chloride-methanol. High-performance 
liquid chromatography (HPLC) was used to iden
tify fractions with products, and these were 
then analyzed by capillary gas chromatography in 
combination with a quadrupole mass spectrometer 
in the electron impact mode (GC-EIMS). The 
results of these analyses for the pH 9.2 extract 
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L-2 retort water 

150-ton retort water 

LuL~A-_____=lego -9 retort water 

b~~~-G-e-okmet1cs retort water 

l Occidental retort water 

~----------
Occidental heater-treater 

water 

Occidento I boiler blowdown 

Elution time (min) 

Fig. 1. Fatty acid methyl ester profiles of 
seven oil shale process waters obtained by 
glass capillary gas chromatography (10 m x 
0,025 mm SP2100; 50-250°C, 3°C/min). 

(XBL 806-1142) 

90 

of heater-treater water are summarized in Table 
2 and Fig. 2. This table compiles the compounds 
identified using GC-EIMS, and the figure shows 
the reconstructed ion chromatograms for the 
substituted pyridines, quinolines, and aliphatic 
nitrogen compounds. 

PLANNED ACTIVITIES FOR 1980 

This work will be expanded to include 
additional samples and other organic ligands. 
Other oil shale process waters from additional 
processes will be characterized. The profiling 
work on the substituted pyridi nes, qui noli nes, 
and other aliphatic nitrogen heterocycles will 
be completed. 

FOOTNOTE AND REFERENCES 

*This program is funded by the Department of 
Energy's Division of Oil, Gas, and Shale 
Technology. 
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Table l. Identification of mono- and dicarboxylic acids ln oil shale process waters. 

Chain 
Length 8 Carboxylic Acidb 

isobutyric 
butyric 
isovaleric 
2-methylbutyric 
valerie 
2,3,-dimethylbutanoic 
branched c6 acid 
(unidentified) 
2-ethylbutanoic 
2-methylpentanoic 
3-methylpentanoic 
4-methylpentanoic 
hexanoic 
unsaturated C6 acid 
(unidentified) 
two c7 acids (unidentified) 
isoheptanoic 5-methylhexanoic 
heptanoic 
cyclohexanecarboxylic acid 
four unbranched Cg acids 
( uni dent ifi ed) 
benzoic acid 
octanoic 
branched c9 acids 
(unidentified) 

FOOTNOTE AND REFERENCES (continued) 

L R. H. Fish, J.P. Fox, F. E. Brinckman, and 
K. L. Jewett, "Speciation of Inorganic and 
Organic Arsenic Compounds in Oil Shale 
Process Waters," Energy and Environment 
Division Annual Report 1979, Lawrence 
Berkeley Laboratory Report, LBL-10486 (1980L 

Chain 
Length 8 

Cg 
clO 
ell 
clO-cll 

Cg (diacid) 
C12 
c9 (diacid) 
cu 
c10 (diacid) 
C14 
Cu (diacid) 
c1s 
c12 (diacid) 
cl6 
c 13 (diacid) 
cl4 (diacid) 
c15 (diacid) 

Carboxylic Acidb 

methylbenzoic 
decanoic 
undecanoic 
branched Clo-Cll acids 
(unidentified) 
octandioic 
dodecanoic 
monadioic 
tridecanoic 
decandioic 
tetradecano ic 
undecandioic 
pentadecano ic 
dodecandioic 
hexadecanoic 
tridecandioic 
tetradecand ioic 
pen tadecand ioic 

aRetention time increases from one acid to 
another, e.g. c4 < c6. 

bAnalysis of methyl esters on a 10 m SP 2100 
or 30 m OVlOl glass capillary column at 70° -
250°C (3°C/min). 

iOO 

2 
I 

3 

I 

5 

I 

-~ 

J 

Fig, 2. Reconstructed ion chromatogram of sub
stituted pyridines, qui no lines, and other ali
phatic nitrogen heterocyclic compounds in 
Occidental's heater-treater water. The numbers 
above the peaks represent identified compounds 
(Table 2). (XBL 805-1158) 
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Table 2. Substituted aliphatic and aromatic heterocyclic 
compounds found in pH 9.2 methylene chloride extract of 
heater-treater water by GC-EIMsa. 

Scan Nurnberb Formula Compoundc 

a 

b 

c 

2 

3 

4 

5 

6 

CsHuN 

C10H130N 

c8H17N 

2,3,5-trirnethylpyridine 

2(pent-l-one)-Pyridine 

1-ethyl-2-methylpiperidine 

3-methyl-1,2-diisopropyl
aziridine 

2-rnethylquinoline 

2,4-dimethylquinoline 

Finnigan 4023 equipped with a 30 m x 0.25 mm glass capillary column 
coated with OVlOl. Programmed from 40-250°C at 5°/min. 

See Figure 2 for scan number mass spectrometry assignment of a 
particular peak for the GC analysis. 

From data base of known compounds. 



INTRODUCTION 

Green River oil shale is a marlstone that 
contains about 20 percent organic material. It 
was deposited from an ancient lake that covered 
parts of Colorado, Utah, and Wyoming. This lake 
was probably permanently stratified, The upper 
portion supported life, and the lower layer was 
probably a sodium carbonate solution vlith a pH 
of 11 to 12. Oil shale v1as formed by lithifi
cation of sediments accumulated at the bottom of 
this lake. These materials entered this lake by 
overland runoff and atmospheric fallout of dust, 
pollen, and volcanic ash. 

The purpose of this program (initiated in 
June 1978) is to characterize two cores, Core 
Boles 25 and 15/16, from the Naval Oil Shale 
Reserve No. L The resulting data are being 
analyzed to shed some light on the geochemistry 
of these deposits, to assess environmental 
impacts of oil shale production, and to develop 
information required to assess the deposit's 
commercial potential. The stratigraphy of the 
Green River Formation is shovm in Fig. L 

The distribution of minerals, elements, and 
Fischer Assay products was determined as a 
function of the stratigraphic position for core 
segments from the Naval Oil Shale Reserve No. L 

s 
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Correlation analyses were performed to determine 
significant relationships between Fischer Assay 
oil yields, water yield, eight minerals, and 48 
elements, Correlations were carried out for 
samples from individual stratigraphic zones 
~1hi ch were composi ted at five-foot intervals or 
less, Correlations showing greater than 95 
percent probability of not being zero were 
deemed to be significant. 

ACCOMPLISHMENTS DURING 1979 

Previously, t~10 cores from the Naval Oil 
Shale Reserve No. 1 were sectioned and com
posited into 284 samples at 1, 2i 25, or 50 foot 
intervals based on stratigraphy, and chemical 
measurements on these samples were initiated. 
This year, the chemical measurements were com
pleted, and statistical procedures were devel
oped and used to analyze the data from Core Hole 
25. 

The 284 samples \vere analyzed for 57 major, 
minor, and trace elements by neutron activation 
analysis, x-ray fluorescence spectrometry, Zee
man atomic absorption spectroscopy, and other 
instrumental and wet chemical techniques. The 
major mineral phases, dolomite, calcite, anal
cime, K and Na feldspars, and quartz, were 
determined by x-ray diffraction analysis at 

N l 8000 

7000 

z 
0 

- 6000 ~ 

~ 

5000 

AOOO 

Fig. 1. South-north diagrammatic cross-section of the Green River 
Formation in Colorado's Piceance Creek Basin (Ref. 3) 

(XBL 7911-12837) 
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Laramie Energy Technology Center (LETC). Fischer 
Assay, a standard test used to determine the oil 
yield of oil shale, was run at LETC on each 
sample, determining the weight percent oil, 
water, spent shale, and gas. These data were 
entered into a computerized data base system and 
statistical procedures were developed to analyze 
the data, These procedures, which included the 
computation of Pearson correlation coefficients 
and statistical significance coefficients, were 
used to investigate relationships between the 
measured variables, This section describes the 
results of the measurements and analyses for 
Core Hole 25. 

Table 1 lists the four stratigraphic zones, 
the depth of the zones, and the composite sam
pling intervals for Core Hole 25. The deter
mination of significant relationships between 
minerals, Fischer Assay products, and the 
elements is complicated by the fact that the oil 
shale was formed by a very slow sedimentation 
process which produced numerous thin geologic 
laminations, An oil shale composite section 
one-foot in depth can easily represent hundreds 
to thousands of years of deposition,2 Such a 
section would contain a great many geologic 
laminations, each representing a specific set of 
deposition conditions. These conditions probably 
changed during the very long time intervals 
represented by a composite sample. Thus, many 
geochemical relationships may be obscured, while 
certain others may have prevailed over geologic 
time. 

Figures 2-4 are typical histograms of min
eral analyses, Fischer Assay data, and elemental 
data for the stratigraphic zones of interest. In 
the oil-rich Mahogany Bed and Mahogany Zone, 
high oil yields coincided with high concentra
tions of aluminum silicate minerals and Na and 
K feldspars as shown in Fig. 2. Additionally, a 
significant correlation was obtained between 
water yields and analcime for all four strati
graphic zones. 

Table 1. Core Hole 25 composite samples 
used for correlation analysis. 

Stratigraphic 
Zone a 

Overlying Oil Shale 

Upper Mahogany Zone 

Mahogany Bed 

Lower Mahogany Zone 

Depth 
(feet) 

388-634 

634-670 

670-690 

690-705 

Composite Interval 
(feet) 

5 

2 

2 

asee Figure 1 for appropriate locations of 
these zones, 
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Total hydrogen (this includes organic hydro
gen and hydrogen associated with the produced 
water) correlated with oil yields in the upper 
three zones as shmvn in 3. The amount of 
hydrogen present relative to organic carbon ,.Jas 
essentially constant and corresponded to a L 7:1 
atomic we t ratio. However, nitrogen was more 
variable relative to organic carbon. The oil 
yield typically represented about 65 percent of 
the total organic content as illustrated in this 
same figure. 

In Fig. 4, positive correlations between Pb, 
Cu, and Co are easily observed. The concentra~ 
tions of As, Se, and Hg, elements of potential 
environmental significance, were at maximum in 
the zones which yielded the highest oil assays. 
These same three elements had positive correl
ations with oil yield for most of the strati
graphic zones. 

PLANNED ACTIVITIES FOR 1980 

Data acquired for Core Hole 25 along with 
that obtained for Core Hole 15/16, which is 
closer to the depositional center of the oil 
shale formation, will be statistically evalu
ated. Significant relationships that exist among 
minerals, Fischer Assay data, and elemental 
abundances will be determined. In turn, the 
geochemistry of these two core holes will be 
postulated, 

' i\s 
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THE 

INTRODUCTION 

Production of synthetic crude from oil shale 
generates from 0.10 to 22 barrels of water per 
barrel of oil, depending on the specific process 
used, This water, referred to as retort water, 
originates from combustion, mineral dehydration, 
steam and moisture in the input gas, and from 
groundwater intrusion (in-situ processes only), 
The organic content of retort water may reach 
three percent while inorganic concentrations of 
as much as five percent are typical, The princi
pal inorganic components of the wastewater are 
ammonium, sodium, and bicarbonate, with lesser 
but significant amounts of thiosulfate, chlo
ride, sulfate, and carbonate, 

The goal of this project is to investigate 
the probable effects of accidental or inten
tional discharge of retort water on attached 
microorganisms (aufwuchs) and caddisfly larvae 
in streams of the oil shale region, Current 
industry development plans envision zero dis
charge of retort water, but nevertheless, unin
tentional release through spills and leakage is 
a real possibility, 

Aufwuchs are sensitive indicators of the 
effect of a pollutant on the food chain, Auf
wuchs typically consist of an attached mat of 
algae, protozoa, bacteria, fungi, and some 
associated metazoans, Caddisfly larvae, on the 
other hand, are used as water quality indicators 
for freshwater lotic habitats due to their 
nearly ubiquitous occurrence, their frequent 
dominance in both diversity and abundance, and 
the narrow pollution tolerances of many species, 

The approach used in this investigation was 
to employ laboratory-scale model streams, Stan
dardized growth surfaces upon which aufwuchs 
could develop were located in riffle reaches of 
the streams, Caddisfly larvae were contained in 
cages located in pools at the downstream end of 
each riffle reach, 

This program was initiated in 1977 and will 
be completed in 1980, 

ACCOMPLISHMENTS DURING 1979 

Previously, a laboratory-scale model stream 
system had been constructed and tested and used 
to study the effect of two retort waters on 
aufwuchs and caddisfly larvae, This year, the 
data collected from those experimental runs were 
analyzed using statistical techniques and work 
was initiated on final report preparation, The 
results of these investigations are summarized 
here, 

L 

Model 

Laboratory-scale model streams were designed 
and construe ted to simulate conditions expected 
in the streams of northwestern Colorado where 
early development of oil shale is anticipated, A 
schematic of the model-stream apparatus with one 
of the four streams shown is presented in Fig, 
l, Each stream consisted of a riffle reach 122 
em long bounded by a pool at each end, The width 
of the riffle and pool reaches was 9.5 em and 
the capacity of each stream was 12 liters, Flow 
was produced in the streams by pumping water 
from the lower pools to the respective upper 
pools, A nominal flow rate of 45 cm/s and water 
depth of 2 to 3 em were obtained by simultane
ously adjusting the slope of the stream beds and 
the throttle valves on the discharge of the 
centrifugal pumps used for recirculation, 
Fluorescent tubes suspended over the riffle 
reaches provided illumination. A 15 hour : 
9 hour light : dark photoperiod was employed, 
Temperature control was effected by means of a 
cooling coil in the lower pool of each stream, 
Stream temperature was monitored daily, and the 
cooling system maintained the mean temperature 
of the four streams between 20.9 and 25.2°C, 
Chemical constancy of the stream waters was 
maintained by metering makeup water to the 
streams on a continuous basis, The makeup water 
source was Berkeley (East Bay Municipal Util
ities District) tap water, dechlorinated by 
passage through a column of activated carbon. 
Nutrient salts were added to the makeup water to 
promote primary productivity, The wastewater 
load for each stream was fed with this makeup 
water, and metered makeup water displaced an 

RECIRCULATION 
PUMP 

INSECT LARVAE CAGE 

NUTRIENT 
STOCK 

TO DRAIN RESERVOIR 

COOLING UNIT 

WASTE WATER 
RESERVOIR 

Fig, 1, Schematic of model streams, 
(XBL 779-1907B) 
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equal volume of stream water to waste which left 
the system via overflow ports in stilling wells 
connected to each stream. The rate of makeup 
water feed was adjusted to deliver six stream 
volumes per day for a mean residence time of 
four hours. 

Samples 

Two oil shale retort waters 1-1ere studied. 
One sample came from a combustion run of Laramie 
Energy Technology Center's (LETC) 150-ton retort 
facility (150-ton retort water). The other was 
produced during the Rock Springs Site-9 true 
in-situ oil shale processing experiment (Omega-9 
>·mter) near Rock Springs, \Vyoming. Filtered and 
unfiltered samples of the Omega-9 water were 
investigated to assess the effect of wastewater 
suspended solids, oil and grease, and tarry 
materials present in the unfiltered samples. The 
150-ton water was used unfiltered. In addition, 
an ammonium carbonate solution vJas used in one 
run. This solution was tested to determine if 
two of the principal ions in retort waters, 
ammonium and carbonate, were responsible for 
observed effects on the aufwuchs and caddisfly 
larvae. 

These retort waters are not necessarily 
representative of waters which may be produced 
during other oil shale processing experiments, 
and the results obtained are strictly indicative 
of these waters only. Nevertheless, probable 
aufwuchs responses from the retort waters of 
future full-scale oil shale processing can be 
estimated using this methodology. 

Aufwuchs 

Six experimental runs were performed using 
unfiltered Omega-9 water, Omega-9 water filtered 
through a 0.4 ~m membrane (two runs), unfil
tered 150-ton retort water, and an ammonium car
bonate solution. Dilutions of these effluents 
ranging from 0.013 percent to 2.12 percent for 
contact periods of nine days were studied. De
velopment and metabolism of aufwuchs on initi
ally clean grmvth surfaces in the riffles of 
each stre.-am were measured on the third, sixth, 
and ninth day of each experiment. Seed organisms 
were obtained by collecting stones (5 em dia
meter) from the Stanislaus River, California 
(1300-m elevation) and transporting them in 
chilled containers to the laboratory. The stones 
were distributed to the lower reservoirs of the 
four streams. Assays of total solids, percent 
volatile solids, chlorophyll a, photosynthesis, 
respiration, and adenosine triphosphate (ATP) 
were performed, and microscopic examination was 
used to determine species distribution. 

The effects of Omega,~9 water on total sol
ids, volatile solids, percent volatile solids, 
chlorophyll a, and ration rates of aufwuchs 
are sunllllarized in :Fig. 2. Parameter values are 
given on a per substrate basis rather than per 
unit area to adjust for growth heterogeneities. 
An analysis of variance was performed on the 
data plotted in :Fig. 2 and other study results. 
Three factors \vere used in the analyses: sam
pling time, stream identity, and Omega,··9 water 
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dilution. This three-factor model was very sig
nificant (p ~ 0.001) in explaining the variance 
observed in measurements of each of the variables. 

These studies indicate that the laboratory
scale model stream apparatus and developed 
methodology can yield reproducible results for 
the biomass variables: total solids, volatile 
solids, and percent volatile solids. Growth and 
composJ.t:Lon of the aufwuchs varies in the range 
of 10 percent to 25 percent under the no-load 
condition. The variance in the chlorophyll a and 
respiration rate data is enlarged through ana
lytic error. Simple improvements to increase 
pigment extraction efficiency could lower the 
variation in the data. The respiration rate 
methodology is in need of more extensive 
refinement. 

Filtered Omega-9 water stimulated aufwuchs 
growth at concentrations of 0.5 percent and 
less. Higher concentrations inhibited aufwuchs 
growth. Unfiltered Omega-9 water stimulated 
aufwuchs growth at concentrations of approxi
mately 0.25 percent and less. Inhibition was 
suggested but not statistically confirmed at the 
highest concentration tested, one percent unfil
tered Omega-9 water. Samples collected on day 
three of the nine-day experiments generally 
showed stimulated growth at all dilutions. 
Measurements on days six and nine, however, had 
lowered levels of growth at one percent or more 
filtered Omega-9 water concentration. The more 
dilute effluent loads stimulated growth through
out the test period. The most marked effect of 
Omega-9 vmter was to lower the proportional con
tribution of diatoms to the aufwuchs biomass. 
Dominance was shifted from diatoms to green 
algae. The ramifications of this species shift 
on other food chain components require further 
investigation. 

The 150-ton retort water did not stimulate 
aufwuchs growth at the concentrations tested, 
0.1 to 0. 7 percent. Inhibition of aufwuchs 
growth was produced by this effluent, especially 
at the higher concentrations. Ammonium carbonate 
dilutions in the range of 0.5 to 4.5 mM did 
stimulate aufwuchs growth and no growth inhi
bition was observed. 

Caddisfly Larvae 

Three experimental runs were performed using 
filtered and unfiltered Omega-9 water and an 
ammonium carbonate solution. The response of the 
caddisfly larvae, Gumaga nigricula and Dicosmoe
cus gilvipes, was monitored by smveyingct~ 
stateof the larvae at the end of each day. The 
caddisfly larvae were confined in cages of PVC 
screen located in the lower pool of each stream. 
A minimum of 16 cm3 was provided for each 
individual. 

The results of this investigation are sum
marized in Table 1 which details the response of 
the caddisfly larvae for each of the four runs. 
The disposition of the initial number of larvae 
in each stream is partitioned among the cate
gories "active," "prepupae," "pupae," "dead or 
moribund," and "missing." 
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These results indicate that Gumaga nigricula 
larvae can be maintained in the laboratory model 
streams with no effluent loading at nearly 100 
percent survival for at least 12 days. Filtered 
and unfiltered Omega-9 water had no statisti
cally significant effect on the survival of this 
species for the dilutions and exposure times 
studied here. Concentrations of filtered Omega-9 
water up to 2.12 percent, of unfiltered Omega-9 
water up to 1.06 percent, and of ammonium 
carbonate up to 4.52 mM, produced no demon
strable reductions in Gumaga nigricula activity 
after nine days of exposure in the model 
streams. Dicosmoecus gilvipes larvae, on the 
other hand, were more sensitive to the ammonium 
carbonate solution than Gumaga nigricula. The 
activity of Dicosmoecus gilvipes was signifi
cantly reduced when fed ammonium carbonate con-
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centration of 4.52 mM, Thus, they are potent
ially more sensitive indicators of environmental 
stress for retort waters which have high ammon
ium carbonate concentrations than are Gumaga 
nigricula larvae, ---

PLANNED ACTIVITIES FOR 1980 

The data analysis will be completed and a 
final report on the study published. 

FOOTNOTE 

*This work was funded by the Department of 
Energy's Laramie Energy Technology Center and 
the U.S. Department of the Interior. 

tuniversity of California, Berkeley, CA. 

Table 1. Insect larvae bioassay results. 
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Gumaga nigricula 0% 17 16 0 1 0 0 
0.27% 15 15 0 0 0 0 

Filtered Omega-9 1.06% 15 14 1 0 0 0 
Water 2.12% 16 14 2 0 0 0 

Gumaga nigricula 0% 18 13 2 2 1 0 
0.27% 14 9 2 3 0 0 

Unfiltered 0.53% 18 12 3 2 1 0 
Omega-9 Water 1.06% 18 13 2 0 3 0 

Gumaga p.igricula OmM 9 5 2 0 
0.56 mM 11 8 3 0 0 0 

Ammonium 2.26 mM 10 5 3 1 1 0 
Carbonate 4. 52 mM 9 4 3 1 1 0 

Dicosmoecus ~ilvipes OmM 10 9 0 0 0 1 
0.56 mM 9 8 0 0 1 1 

Ammonium 2.26 mM 9 2 0 0 3 4 
Carbonate 4.52 m.M 10 4 0 0 4 2 



TRA ELEMENT 

INTRODUCTION 

Oil shales contain organic material in a 
matrix which includes significant quantities of 
such environmentally sensitive elements as U, 
Zn, Cu, Pb, As, Se, Hg, Cd, and Co. These ele
ments could be released to the environment by 
the disposal of by-products, by leaching of 

J. 

solid wastes, or by refining and using shale oil. 

Oil shale retorting produces shale oil, gas, 
a solid referred to as spent shale, and an aque
ous effluent known as retort water. Elements 
initially present in the oil shale are parti
tioned or distributed to those products during 
the retorting process. The quantity of each 
element distributed among the products depends 
on the mineralogy of the oil shale and on retort 
operating conditions. 

The purpose of this program (initiated in 
1976) is to study the partitioning of fifty 
elements during in-situ oil shale retorting. In 
this program, products from pilot-scale and 
field-scale retorts are collected and analyzed 
for major, minor, and trace elements using 
neutron activation analysis, x-ray fluorescence 
spectrometry, Zeeman atomic absorption spectro
scopy, and other techniques. The effects of 
retort operating conditions and oil shale 
source, grade, and particle size on elemental 
partitioning are being studied, The resulting 
data are used to complete elemental mass 
balances and to investigate the effect of 
operating conditions, such as temperature and 
input gas composition, on the distribution of 
the elements. Environmental implications of 
observed trends are determined and control of 
partitioning by modification of retorting para
meters is explored. The program has focused on 
products produced by Laramie Energy Technology 
Center's (LETC) controlled-state retort and 
Lawrence Livermore Laboratory's (LLL) two 
pilot-scale retorts, 

ACCOMPLISHMENTS DURING 1979 

Previously, products from 15 runs of the 
LETC controlled-state retort and nine runs of 
the LLL retorts were collected and analyzed for 
major, minor, and trace elements. This year, 
these data were used to complete material 
balances for each run and to study the effect of 
a range of retorting conditions on partitioning 
trends. The retort operating conditions for the 
24 runs studied here are reported in Ref. 1. A 
range of conditions were investigated, including 
temperatures from 494 to 1200°C; nitrogen, 
air, and steam atmospheres; isothermal advance 
rates from 1.3 to 2.6 m/day; shale grades from 
40 to 248 liters per tonne; and shales from 

Colorado, Utah, Michigan (Antrim), and Morocco. 

Mass Balance Studies 

Mass balances were computed for each run and 
used to study partitioning trends and to assess 
the adequacy of sampling and analysis proce
dures. The elemental mass balances were computed 
as: 

where 

IG input gas 
R raw shale 
w water 
0 oil 
OG output gas 
s spent shale 

and Mx is the product of the elemental concen
tration Cx and the product mass m, and x is a 
subscript designating an individual element. 

The degree of elemental mass balance closure 
was assessed using the elemental closure. The 
elemental closure is defined as the elemental 
mass recovery and is the percentage of the total 
elemental mass present in the raw oil shale and 
input gases that is accounted for in the pro
ducts -- the spent shale, oil, water, and gas. 
It is computed from Eq" (1) as the ratio of 
elemental outputs to elemental inputs and is 
given by: 

(1) 

(
Elemental) M + M + M + Mx,OG 

100 x 2 S x,_o x,W ~ M ~+~M~~-~~~-
(2) 

closure 
X x,R x,IG 

The elemental closures for each run and each 
element computed using Eq. (2) are summarized 
and reported elsewhere,l These data indicate 
that the elemental closure for LETC runs ranges 
from 15 percent to 240 percent and averages 
101 ± 7 percent (excluding Hg and Cd), and that 
for LLL runs it ranges from <25 percent to 360 
percent and averages 101 ± 10 percent (excluding 
Hg and Cd). 

The data indicate that, within the limits of 
error, 100 percent of all measured elements, 
except Hg and Cd, was recovered. About 68 per
cent of the Cd and slightly less than 39 percent 
of the Hg originally present in the rmv oil 
shale in LETC runs were recovered in the spent 
shale, oil, and water, while in the LLL runs, 88 
percent of the Cd and slightly less than 35 per
cent of the Hg were recovered. The balance was 
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probably removed from the retort in the gas 
stream. 

There are some noteworthy aspects of the 
closure data. The Zn, Pb, Cu, and Ni closures 
for the LLL runs are all greater than 100 per
cent, and the coefficients of variation are all 
larger than would be expected based on error 
propagation theory. Some of the Cu, Pb, and Zn 
closures are spuriously high, suggesting 
contamination. 

The elements Cu, Pb, Ni, and Zn are typi
cally alloyed with the stainless steels and 
brass used in grinding and sieving equipment. 
Hence, they could easily be introduced into 
samples during sample handling. If both the raw 
oil shale and spent oil shale are handled 
identically, any contamination introduced from 
sample handling would not significantly affect 
the mass balance since both samples would be 
contaminated approximately equally. However, if 
the spent shale is processed to a greater extent 
than the raw shale, contamination introduced 
during the additional processing would appear as 
a net increase in elemental mass. This is 
consistent with the actual handling received by 
the LLL samples. The spent shale from the LLL 
retorts, except Run S-10, received additional 
handling beyond that received by the raw oil 
shale. Therefore, it is concluded that a 
spurious contamination problem resulted for Cu, 
Pb, Ni, and Zn in LLL spent shales. 

Partitioning Studies 

The mass balances discussed in the previous 
section were used to study elemental distribu
tion among the spent shale, retort water, oil, 
and gas. The rna ss dis tri buti on patterns of the 
more mobile elements are presented and dis
cussed, and the effect of retort operating 
conditions on partitioning trends is inferred. 

The mass balances computed for each run were 
analyzed to determine the mobility of each ele-· 
ment where: 

(M ) 
X 

Thus, the mobility is the percentage of the 
total elemental mass originally charged to the 
retort that is distributed to the oil, gas, and 
water phases as a consequence of retorting. 

Table 1 compares the mobilities of Green 
River oil shales retorted in LETC and LLL 
retorts with those of Antrim and Moroccan shales 
retorted in the LETC retort. The Green River 
mobilities are the average (x) and one standard 
deviation (o) for all runs with Green River 
oil shales (Colorado and Utah). The Antrim and 
Moroccan mobilities are each for a single run. 
The data in Table 1 indicate that there are some 
significant differences in the mobilities of the 
Green River, Antrim, and Moroccan shales and 
between mobilities of Green River shales re
torted in LETC and LLL retorts. 

(3) 
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The Green River mobilities were ranked 
according to magnitude and three separate groups 
delineated. These groups are: 

Group 1: 
Group 2: 
Group 3: 

(10%-100%) 
(l% - 10%) 
(<1%) 

H, Hg, C, N, S, Cd 
Se, Ni, As, Co 
Cr, Sb, Zn, Cu, Na, Mo, 
V, Ga, Fe, Mn, U, Ba, 
Dy, La, K, Mg, Sm, Cs, 
Eu, Hf, Rb, Ce, Sr, Ti, 
Th, Al, Sc, Yb, Ca. 

Similar rankings were not attempted for the 
Antrim and Moroccan shales -- the data were too 
limited to permit assessment of variability. 

Mass dis tri bu ti on patterns for the Group 
elements are summarized in Fig. 1 (LETC) and 
Fig. 2 (LLL) for various retort operating con
ditions and shale types. These figures and the 
mobilities in Table 1 indicate that Group 1 
elements are significantly mobilized during 
retorting and are characterized by a large oil 
and gas component. The majority of the H is 
removed from the shale matrix while the other 
Group 1 elements - c, N, s, Cd, and Hg - have a 
significant spent shale component except high 
temperature runs of the LLL retorts (Fig. 2). 
This is proposed to be related to the relative 
volatilities of these elements. The H, N, or
ganic c, and some of the S are initially present 
in kerogen in Green River shales and are readily 
converted to oil and gases by pyrolysis at about 
500°C or higher. The remainder of the S and 
the Cd, Hg, and inorganic C are largely present 
in the mineral phase of the shales and are 
released when the retorting temperature is high 
enough to decompose them. Thus, H is the most 
volatile element followed by Hg, c, N, s, and 
Cd. The elements H, N, and C are distributed 
primarily to the oils and gases in Green River 
shales; more than 35 percent of the H, N, and C 
is dis tri bu ted to the oil (except air-stream 
runs on the LLL retorts) compared to less than 
15 percent of the s, Cd, and Hg (except high 
temperature runs of the LLL retorts). 

Very little (~1 percent) of the Group 1 ele
ments, except Nand H, is distributed to the 
water. The large mass distribution of N to the 
water may be related to significant solubility 
in water of the N compounds produced during 
retorting, while the similar trend for H is 
probably due to both production of water during 
retorting and to dissolving of H-containing 
organic compounds. 

All of the Group 1 elements, except N, have 
a significant gas-phase component for most runs. 
Over 20 percent of the S, Cd, and Hg is distri
buted to the gas phase 1vh ile less than 5 percent 
of the N and 20 percent of the C is distributed 
to the gas phase. 

Figures 1 and 2 also show the effect of 
various retort operating conditions on parti
tioning trends. The percentage of H, N, and C 
remaining in the spent shale decreases with the 
addition of steam and as the temperature in
creases. For example, 33 percent and 40 percent 
of the C during Nz-steam and N2 runs (Fig. 
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Table 1. Mobility of some major, minor, and trace elements ln 
Green River, Antrim, and Moroccan oil shales. 

Group Constituent Antrim Moroccan 

H 94 :t 3 99 :t 1 79 88 
Hg 70 ± 20 88 :!: 19 46 67 
c 6lt ± 7 98 :!: 1c 41 41 
N 49 :!: 7b 16 35 
s 44 ± 8 46 72 
Cd 29 ± 7 23 ± 6 53 

Se 5.1 ± 1.0 19 :!: 13 2.6 7.5 
Ni 4. 7 :!: 1.3 1. 9 :!: 1.3 0.13 o. 62 
As 3.8 ± 1.3 3.1 ± l. 2 0.22 1.5 
Co 3.8 ± 0.8 1.6 ± 0.6 0. 005 0.16 

Cr 0.38 ± 0.78 0.37±0.72 0.0085 0. 0060 
Sb 0.28±0.15 0.29 ± 0.38 0. 70 1.2 
Zn o. 27 ± o. 28 0. 43 ± 0. 37 0. 65 o. 059 
Cu o. 27 ± 0. 33 4.0 ± 3.1 0.013 0.020 
Na 0.19 ± 0.10 0. 01 ± 0.01 0.15 1.0 

Mo 0.18 ± 0.11 0. 34 ± 0.16 0.076 0. 055 
v 0.11 ± o. 03 0.052 ± 0. 042 0. 033 0.20 
Ga 0.10 ± 0.07 o. 045 ± 0. 022 0.023 0.17 
Fe 0.084 ± 0. 081 0.026 ± 0.016 0. 0006 0. 008 
Mn 0.056 ± 0. 071 0.016 ± 0.022 0. 003 0. 008 

u 0. 040 ± 0. 023 0.063 :t 0.075 o. 076 0.063 
Ba 0. 035 ± o. 022 0.004 0. 03 
[}y o. 034 ± 0. 017 o. 026 
La 0. 024 ± 0. 019 0.0018 ± 0.0020 0. 0007 0.002 
K 0.023 ± 0. 022 0.0029 ± 0.0024 0.016 0.050 

Mg o. 021 ± 0.019 0.0010 " 0.0010 0. 009 o. 008 
Sm 0.020 ± 0.019 0.016 ± 0.026 0.18 
Cs 0.019 ± 0.019 0. 034 o. 016 
Eu 0.018 ! 0.013 0.020 ± 0.024 0. 0004 
Hf 0. 014 ± 0. 028 0. 003 

Rb 0.014 ± 0. 009 0.0029 ± 0.0023 0. 028 0.052 
Ce 0.013 :t 0.007 0. 0017 ± . 0004 0. 0005 
Sr 0.012 ± 0.016 0. 015 0. 0028 
A1 0. 0062 ± 0.0035 0.00060 ± 0.00042 0.0002 
Ca 0. 003 ± 0. 005 0. 00042 ± 0.00034 0.008 0. 0004 

Sc 0.0057 :t 0.0025 0. OOll ± 0.0009 0. 0002 
Ti 0.0090 ± 0.015 0.019 ± 0.024 o. 005 
Yb o. 0033 ± 0. 0010 0.022 ± 0.006 
Th a. 0076 ± o. oos1 0.0043 ± 0.0037 o. 049 

8
Percent of elemental mass present in raw oil shale that is distributed to the oil, water, 
and gas phases. 

bExcludes the N2-steam-0 2 runs (CS-69, CS-74) which were significantly different from 
others in set. The mobility of N for these runs is 88% and of C, 92%. 

cExcludes the single N2 run (S-9) which was significantly different from others in the 
set. The mobility of N for run S-9 is 55%; of H, 86%; and of Hg, 63~::. 

Iiiii Spent shale llllOil DWater DGas 

&4 Antrim shale 
ICS·631 

B Spent shale Eil Oi I DWater DGas 

Fig, L Mass dis tr ibu tion patterns for Group 
elements in LETC's controlled-state retort. 

(XBL 795-1651B) 

Fig. 2, Mass distribution patterns for Group 
elements in LLL's 125-Kg retort. 

(XBL 805-962) 
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2), respectively, remain in the spent shale and 
only 8 percent remains in the spent shale pro
duced from the Nz-steam-Dz runso In the high 
temperature Nz-steam-02 runs (Figure 1), a 
larger fraction of the H, N, and C is distri
buted to the byproducts than during N2 or N2-
steam runs at lmver temperatures. 

The Nz and Nz-steam runs of the LETC 
retort (Fig. 1) have identical mass distribution 
patterns, with the exception of H, for which a 
larger fraction of the total mass of H is dis
tributed to the water in the N2-steam runs 
than in the N2 runs o The 111 retorts also have 
a larger fraction of the H mass distributed to 
the water in air-stream runs than in N2 runs 
(Fig. 2)o This is because the steam charged to 
the retort appears as retort water, resulting lD 

a larger per cent age rna ss dis tr i bu ti on of H to 
the water phase. 

There are also statistically significant 
differences in the C and N mass distributions 
between the N2-steam-0z runs (T ~ 760°C) 
and other runs of the LETC retort with Green 
River shales; a larger fraction of the C is 
distributed to the gas, and of the N, to the 
watero These differences are due to the more 
complete conversion of kerogen and decomposition 
of carbonates at the elevated temperatures (the 
N2-steam-D2 runs were at 760°C and other 
runs were at 5Lj.Q°C) and to reactions of Oz 
in the input gas with constituents in the oil 
shaleo 

The retort operating conditions studied here 
had little effect on the distribution patterns 
of Hg, Cd, and S and there are no significant 
differences between the patterns shown in Fig. 
for Nz 1 N2-steam, and N2-steam-o 2 and in 
Figo2 for Nz, air, and air/steam. 

Figure 1 also indicates that there are some 
differences between the mass distribution pat
terns for Green River, Horoccan, and Antrim 
shaleso A larger fraction of the H, N, and C 
remains unconverted in the spent shale in 
Horoccan and Antrim shales than in Green River 
shales 0 Consequently, a sma 11 er f rae t ion of the 
H, N, and organic C is distributed to the oil in 
Antrim and Moroccan shales than in Green River 
shales retorted under equivalent conditions. It 
is hypothesized that this is due to differences 
in mineral and organic composition of the 
various shaleso This suggests that different 
retorting conditions will be required to opti
mally extract oil from various shales and 
illustrates that the data developed for one 
shale should not be generalized to others 0 The 
mass distribution patterns for S, Cd, and Hg in 
Moroccan and Antrim shales are consistent with 
those for Green River shaleso 

Mass distribution patterns for the Group 2 
elements are summarized in Table 2 in which the 
Green River, Antrim, and Moroccan shales are 
comparedo Tables 1 and 2 indicate that from one 
percent to five percent of the elemental mass of 
Green River shales for Group 2 elements is mobi
lized, and about 95 percent of that is distri
buted to the oil 0 Less than one percent of these 
elements is dis tr i bu ted to the water and gas 
except for Se. 

The retort operating conditions studied here 
had no statistically significant effect on the 
mass distribution patterns of Green River oil 
shales for any of the Group 2 elements except 
Se o The LLL mass balance data suggest that Se is 
vaporized and removed from the retort at temp
eratures greater than approximately 900°Co 

The principal differences ln mass distri-

Table 2' Hass distribution patterns of Group 2 elements, percent. 

Green River 

LLL LETC Antrim Moroccan 

Nickel 
Spent shale 98.0 ± 1,1, 95.4 ± LO 99 '9 99.3 0 .! 
Oil 1.3 ± 0.4 4.4 ± LO 0.1 0.5 0.01 
Hater 0.3 ± 0.5 0.2 ± 0.1 0.0 0.2 0.1 
Gas 0.0 0.0 0.0 0.0 

Cobalt 
Spent shale 99.2 ± 0.4 96.2 ± 0.9 100.0 99.8 
Oil 0.8 ± 0,4 3.7 ± 0.8 0.0 0.1 
Water 0.0 0.1 ± 0. 1 0.0 0.1 
Gas 0.0 0.0 0.0 0.0 

Arsenic 
Spent shale 96.9 ± 1.2 96.3 1.2 99.8 97.8 ., 0.9 
Oil 3.0 ± 1.2 3.4 1.2 0.0 l.l 0.8 
Hater 0.1 ± 0.1 0.3 0.1 0.2 1.1 0.1 
Gas 0.0 0.0 0.0 0.0 

Selenium 
Spent shale 71.9 ± 4. 94.9 ± 1.0 64.4 92.2 ± 0.4 
Oil 9.5 ± 4. I;. 6 :t 0.8 1.2 5.4 ± 0,1, 
Hater 2.8 ± 2. 0.5 ± 0.5 0. 5, 2.3 ± 0.8 
Gas 15.9 ± 6. 0.0 15. 2'0 

0.0 
-------~--·~-------~-~-

aThese values are for S-11 through S-15 and 1··1. The mass distribution pattern 
for S·-9 and S-10 1;.,ras: spent shale ~ 96.7 ,. 0.8; oil .. 2.8 ± 0.2; water ~ 

0.6 :1:: 0.6; gas ~ 0.0. 

bComputed by difference. 
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bu tion patterns for Group 2 elements occur for 
shales retorted in different retorts and of 
different geological origins, namely, Green 
River, Antrim, and Moroccan. The mass distribu
tion of both Ni and Co to LLL oils is signifi
cantly lower than to LETC oils while the mass 
distribution of Se to LLL oils is higher, There 
is no statistically significant difference 1n 
the distribution of As nor of Ni and Co to the 
water between the LLL and LETC retorts. It is 
significant that both Co and Ni, which are 
chemically similar, behave differently in the 
LLL and LETC retorts. The cause for this is 
uncertain and may be related to differences in 
retort operation, such as condenser design and 
operation, not reflected in the variation of 
retorting parameters as reported elsewhere.l 

Geological origin of the shale also influ
ences the mass distribution pattern for Group 2 
elements. Significantly less Ni, Co, and As is 
distributed to the oil and water in Antrim and 
Moroccan shales than in Green River shales. 
Although the distribution pattern of Se in 
Morocccan shale is similar to that of LETC Green 
River shales, the pattern for Se in Antrim shale 
is very different, with about 15 percent of the 
Se leaving the retort in the offgas. Because it 
is based on a single retort run, additional and 
corroborative \vork is required to verify and 
support this latter conclusion, 

The elements in Group 3 all have mobilities 
that are less than one percent and large coeffi
cients of variation (27 percent - 205 percent) 
(Table 1). The large coefficients of variation 

PARTITIONING 

A. T. Hodgson, Girvin, 

INTRODUCTION 

Oil shales from the Green River Formation in 
Colorado and Utah contain significant quantities 
of potentially mobile, toxic trace elements such 
as As, Cd, Hg, and Se. These elements could be 
released to the environment as the result of 
commercial exploitation of the oil shale 
resource through disposal of liquid and gaseous 
by-products, through leaching of solid wastes, 
and through refining and use of the oil. Concern 
about toxic trace element mobilization and the 
potential public health and environmental conse
quences has led to several recent investigations 
of elemental distributions in oil shales from 
the Green River Formation.l-4 These studies 
have revealed that As, Mo, Sb, Se, and Zn, which 
are conventionally sulfide-forming elements, are 
significantly enriched in the shales \vhile most 
other elements in the shales have abundances 
which are similar to average crustal abun-

are due to experimental error rather than retort 
operating conditions. Because the concentration 
of these elements in the oil and water phases is 
near the detection limit of many of the techni
ques used, the analytical errors are large. No 
significant relationships between operating con
ditions and mobility in any phase or combination 
of phases for Group 3 elements were observed. 
The variation in the mobility of those elements 
recorded in Table 1 is hypothesized to be due to 
propagation of experimental errors. 

PLANNED ACTIVITIES FOR 1980 

Chemical thermodynamic calculations will be 
used to assess partitioning results and predict 
elemental volatility. Reaction mechanisms postu
lated to control elemental partitioning will be 
investigated in laboratory studies, Mass balance 
and partitioning studies will be conducted on 
samples from field retorts including Occiden
tal's Logan Wash site, Rio Blanco Oil Shale 
Project's C-a site, and Geokinetics' Utah site" 

FOOTNOTE AND REFERENCE 

*This program is funded by the Department of 
Energy's Division of Oil, Gas, and Shale 
Technology, 

lo J.P. Fox, The Partitioning of Major, Minor 
and Trace Elements during Simulated In-Situ 
Oil Shale Retorting, PhoDo Dissertation, -
University of California, Berkeley (1980); 
Lawrence Berkeley Laboratory Report, 
LBL-9062 (1980). 

AND 
RETORTING* 
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dances.3 Although Cd and Hg, with typical 
concentrations of 0.1 to 1 ppm, are not signifi
cantly enriched in oil shales, they are included 
among the potentially mobile elements because of 
their high volatilities" 

Retorting of oil shale results in the pro
duction of shale oil, retort offgases, an aque
ous effluent known as retort \vater, and a solid 
referred to as spent shale. The elements initi-, 
ally present in the oil shale are distributed, 
or partitioned, to these products during the 
retorting process in a manner which is dependent 
upon the mineralogy of the oil shale and the 
retort operating conditions, 

Some limited information is available on 
elemental partitioning during oil shale re
torting. Studies completed to date2,3,5 have 
demonstrated that most elements remain in the 
shale, The notable exceptions among trace ele-
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ments are As, Cd, Co, Hg, Ni, and Se. Due to the 
high volatilities of Cd and Hg, about 30 and 70 
percent of the respective elemental masses of 
these elements partition into the gas phase. 
Approximately four percent of the elemental 
masses of As, Co, Ni, and Se are released from 
the shale with about 95 percent of that distri
buted to the oil. 

The purpose of this program, which is enter
ing its second year, is to investigate the 
partitioning of As, Cd, Hg, and Se during simu·~, 

lated and pilot-scale in-situ oil shale retort
ing. The investigation will be accomplished by 
making careful measurements of the four elements 
in the starting material and in the retorting 
products from a 6-kg, laboratory-scale retort 
and from various pilot-scale retorts. The 
laboratory retort, which was specifically 
designed and built for this program, will be 
used to determine the effects of retort operat
ing conditions, such as temperature regime and 
gas composition, on elemental partitioning. Gas 
monitoring instrumentation is being developed to 
make measurements o.f As, Cd, Hg, and Se in 
retort offgases. Conventional analytical methods 
are being adapted, as necessary, and applied to 
the measurement of these elements in shale oils, 
retort waters, and raw and spent shales. 

VeM 

1 f5ps1g Fcelief Valve 

Condensmg SysTem 

ACCOMPLISHMENTS DURING 1979 

A major achie~ement during the first year of 
this program was the design and construction of 
an oil shale retort (Fig. 1 and 2) for the pur
pose of conducting environmental research in the 
laboratory under simulated in-situ retorting 
conditions. The retort vJil.l be used to evaluate 
the effects of various gas environments, flow 
rates, and heating c ond i ti ons on trace e lernent 
volatilization and partitioning. These objec
tives dictated retort design. Consequently, 
provisions have been made for the separation and 
collection of liquid products, for the accurate 
measurement of the volume of offgas produced, 
and for the on-line installation of the ZAA gas 
monitor. In addition, construction materials 
were carefully se 1 ec ted in order to minimize 
contamination during retorting and sample 
co 11 ec tion. 

The laboratory retort can batch-process 6 kg 
of raw shale at temperatures up to 1200°C. 
Initially, hot-inert-gas retorting will be used. 
However, the retort is versatile and can be mod
ified in the future for combustion retorting. A 
basic description of the major components is 
given below. 

ZAA Furnoa 

F[ow 
Sensor 

I \-E':"J--"--' 

Flow 

"'''" 

~Chec11Vol¥e 

.2. SolerlOidVolve 

= Heoredlme 

Fig. 1. Schematic of 6-kg laboratory retort. (XBL 802-8238) 



Fig. 2. Overall photographic view of 6-kg 
laboratory retort. (XBB 798-10748) 

The retort vessel is a mullite ceramic tube, 
9 em ID by 160 em long, with removable stainless 
steel flanges mated to both ends. An inner rnul
lite tube and ceramic grate support the 80 ern
long shale column. The retort vessel is heated 
by a single zone tube furnace designed for a 
1200°C maximum operating temperature. A pro
grammer provides a heating ramp of 0.4 to 
9.9°C/min over the calibration range of the 
control console. A small mullite tube extends 
down through the axis of the shale column and 
serves as a thermocouple well. Thermocouple 
junctions are positioned in the well at the 
center and ends of the column. 

Oil and water lvhich drain from the retort 
vessel are collected in a receiver located 
immediately below the retort. Offgases exit the 
retort and pass through a section of electri
cally heated, stainless steel tubing to two 
variable temperature condensers. The plumbing 
system is designed so that the offgases can be 
routed past either or both of these units. 

The Zeeman atomic absorption (ZAA) gas moni
tor is connected to the offgas line downstream 
of the condensers. Flow through the ZAA monitor 
is regulated 1vith an electronic flow controller. 
Provision has also been made to pass a portion 
of the offgas flow through a series of bubblers 
in order to chemically trap out the elements of 
interest. Excess flow bubbles through a 2.1 
meter high water column which serves as a back 
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pressure regulator. A wet test meter is used to 
calibrate the flow controllers. 

Analytical Methods 

Adequate analytical methods are essential 
for elemental partitioning studies. The methods 
used must be sufficiently sensitive, precise, 
and accurate so that an acceptable degree of 
confidence in elemental mass closure equations 
can be obtained. Since oil shale and its pro
ducts are complicated matrices, standard analy
tical procedures are often inadequate. Conse
quently, we have developed new methods or adap
ted conventional methods for the analysis of 
these materials. 

Our major analytical emphasis during the 
first year of the program has been placed on 
developing on-line, gas-phase measurement 
capabilities for the elements of interest. To 
date, we have successfully modified a ZAA 
spectrometer for continuous on-line Hg moni
toring in oil shale offgases and have initiated 
development of similar instrumentation for As, 
Cd, and Se. This work is discussed in detail in 
another article of this report.6 We have also 
adapted and evaluated analytical methods for As, 
Cd, Hg, and Se in shale oils and retort waters. 

We first examined energy-dispersive x-ray 
fluorescence (XRF) spectrometry for analysis of 
As, Cd, Hg, and Se in shale oils and retort 
waters and found it to be generally adequate for 
analyses of As and Se, but not sensitive enough 
for Cd and Hg analyses. These limitations 
necessitated the expansion of our analytical 
capabilities. 

Graphite furnace atomic absorption (GFAA) 
spectroscopy was selected as an alternative 
method because of its high sensitivity for the 
elements of interest and its moderate cost. With 
GFAA we were able to analyze a variety of retort 
water samples for As, Cd, and Se without exten
sive sample pretreatment. Chemical and back
ground matrix interferences were reduced to 
acceptable levels by careful temperature control 
during the furnace heating cycle, simple matrix 
modifications, and moderate dilution of the 
sample. Preliminary attempts to analyze shale 
oils by GFAA have produced promising results; 
however, additional evaluation is required. 

Direct analyses of Hg in shale and diluted 
oil are performed with a batch-type ZAA, while a 
conventional cold vapor atomic absorption tech
nique is used for Hg analyses of retort water 
because higher sensitivity is required. The cold 
vapor technique necessitates the use of an oxi
dation step to destroy organometallic compounds 
and organic complexing agents prior to analysis. 
Organics in retort 1•/Ster samples have been suc
cessfully oxidized by ozone in combination with 
ultraviolet radiation from a low-pressure Hg 
vapor lamp. 

PLANNED ACTIVITIES FOR 1980 

Our efforts to develop on-line ZAA gas 
monitors for trace elements other than Hg will 



continue. The Hg gas monitor and the new gas 
monitors will be used in experiments with the 
laboratory retort to investigate the partition
ing of As, Cd, Hg, and Se during inert gas, 
simulated in-situ retorting. The temporary 
installation of the Hg gas monitor at a large 
pilot-scale in-situ retort is also planned. 
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Environmental Protection Agency. 

1. G. A. Desborough, J. K. Pitman, and C. 
Huffman, Jr., "Concentration and Minera
logical Residence of Elements in Rich Oil 
Shales of the Green River Formation, 
Piceance Creek Basin, Colorado, and the 
Uinta Basin, Utah--A Preliminary Report," 
Chemical Geology, 17, 13-26 (1976). 

2. J. P. Fox, K. K. Mason, and J" J" Duvall, 
"Partitioning of Major, Minor, and Trace 
Elements during Simulated In-Situ Oil Shale 
Retorting in a Controlled-State Retort," 
Twelfth Oil Shale Symposium Proceedings, 
Colorado School of Mines, Golden, CO (1979). 

D. Girvin, A. T. 

INTRODUCTION 

Recent emphasis on the development of synfuel 
processes has renewed interest in the vast oil 
shale deposits of Colorado, Utah, and Wyoming 
and the technology needed to recover and utilize 
this source of domestic oil. Accompanying the 
development of oil shale recovery processes are 
a number of important environmental concerns 
such as the mobilization and release to the 
atmosphere of toxic trace elements. Preliminary 
mass balance studies of pilot-scale in-situ oil 
shale retorting processes indicate that signifi·~· 

cant quantities of the toxic trace elements Hg, 
Cd, As, and Se originally present in the raw 
shale are volatilized during retorting and are 
subsequently swept from the retort into the 
atmosphere in the stream of process offgas. 
Based on preliminary information, the magnitude 
of these emissions for each of these elements 
could be on the order of several metric tones 
per day for a 100,000 barrel per day commercial 
in-situ oil shale facility. 

Assessment of this potential problem and 
development of the control technology to mini
mize emissions depend upon reliable direct 
measurements. The lack of data is due to the 
fact that measurements of Hg, Cd, As, and Se are 
very difficult to make in a matrix as complex 
and corrosive as oil shale offgases. No direct 
on-line offgas measurements of As, Cd, or Se 
exist while direct on-line mercury measurements 
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SPECTROSCOPY* 

and S. Doyle 

have been made. These preliminary measurements 
in the offgas of a pilot-scale in-situ oil shale 
processing plant were made by LBL scientistsl 
using Zeeman atomic absorption spectroscopy 
(ZAA). This successful use of a prototype ZAA 
spectrometer demonstrated that the unique back
ground correction capability of ZAA makes it 
sui table for c anti nuous on-line analysis of 
trace elements in a highly complex organic-rich 
gas matrix. 

The purpose of this program, Hhich is enter
ing its second year, is to develop and apply ZAA 
spectroscopy for direct on-line trace element 
analysis of gases. The specific objectives are: 
(l) to develop highly stable light sources and 
accurate calibration techniques for each of 
these elements; (2) to design and build two ZAA 
spectrometers for analysis of gas streams, one 
for Hg for field and laboratory use and a second 
for As, Cd, and Se for lab use; (3) to design 
and build appropriate gas sampling and metering 
systems; and (4) to test these instruments in 
the offgas streams of laboratory-scale and 
pilot-scale oil shale retorts. 

ACCOMPLISHMENTS DURING 1979 

A field Zeeman atomic absorption (ZAA) 
spectrometer capable of continuous on-line 
mercury measurements and a gas handling and 
calibration system were designed, built, and 
tested during a steam-combustion run of the 



Lawrence Livermore Laboratory's (LLL) 6000-kg 
simulated in-situ retort. The field ZAA instru
ment shown in Fig. 1 incorporates some signifi
cant advances in state-of-the-art Zeeman atomic 
absorption spectroscopy and gas monitoring. A 
ne>:v light source, furnace, and gas sampling and 
calibration system were developed and elec
tronics were redesigned to facilitate parts 
':eplacement and to improve stability for long
term field use. 

Instrumentation Development 

The new spectrometer includes a new light 
source, furnace assembly, and electronics 
developed to accommodate mercury analysis under 
severe field conditions. A ne•·l gas sampling
metering system was developed which includes 
both a heated sample probe and a heated sample 
transport line to minimize the loss of mercury 
during sampling. Finally, a dynamic mercury 
calibration device, similar to that described by 
Nelson2, was built which enables a stream of 
inorganic mercury vapor of knmvn concentration 
to be added directly to the sample gas for 
calibration of the ZAA spectrometer. 

Mercury Light Source. 

The mercury ZAA will be used in field appli
cations where significant temperature fluctua
tions are likely to occur. By far the most 
temperature-sensitive component of this ZAA is 
the light source. A new, lo•v pressure mercury 
gaseous discharge lamp was built and tested. 
This new lamp resolves the previous problem of 
baseline drift with temperature and eliminates 
radio-fre;:tuency pickup previously encountered; 
the 2537 A line intensity is approximately SO 
percent greater than with the previous radio
frequency excited electrodeless discharge lamp 

COMPACT LIGHT 
SOURCE AND 
WAVE LENGTH 
MODULATOR 
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(EDL). This new lamp, shown in Fig. 2, consists 
of a U-shaped quartz tube containing argon and a 
small quantity of mercury. Minute electrodes are 
sealed in each end of the tube. The outer dia
meter of the tube is 7 mm. The lamp is sur
rounded by a soft iron vlater jacket fitted with 
a quartz \-Iindow. The lamp water-jacket assembly, 
shown in Fig. 2, fits between the pole tips of 
the permanent magnet which produces the Zeeman 
splitting of the resonance lines. The argon 
plasma and mercury resonance lines are produced 
by a 700-Hz high voltage driver. 

Changes in light source intensity can be a 
problem in field applications where significant 
temperature fluctuations are likely to occur. 
The change in the intensity of the 2537 ~ line 
1vith variations in the light source temperature 
is sho\Vn in Fig. 3a. The intensity increases by 
a factor of three from 12° to 31°C because 
of an increase in the mercury vapor pressure 
within the lamp. However, the ZAA response to a 
constant mercury concentration remains stable 
within measurement errors over this temperature 
range (Fig. 3b). Stability is achieved by rout
ing the photomultiplier tube signal through a 
log amplifier before it enters the tuned ampli
fier section of the lock-in-amplifier. This 
electronic processing effectively "filters out" 
the effect of light intensity changes due to 
changes in temperature. 

However, there is another temperature effect 
which is not "filtered out" by the electronics. 
The relative intensity of the Zeeman split ana
lytical lines is altered by self-absorption 
within the plasma of the lamp. This effect, 
tVhich increases with temperature, manifests it
self as a change in instrumental baseline volt
age and, thus, is i nd istingu is hable from the 
signal produced by mercury in the sample gas, 

VARIABLE PHASE -RETARDATION 
PLATE ASSEMBLY 

FUSED SILICA SLAB 

Fig. 1. Schematic of Zeeman atomic absorption spectrometer 
designed to make continuous on-line measurements of mercury 
in gas, (XBL 793-8742) 



Fig. 2. Light-source water-jacket assembly. The 
low pressure mercury light source screws into 
the upper right hand corner. (CBB 793-3220) 
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Fig. 3a. Change in intensity of gaseous mercury 
dis charge lamp with temperature. 

(XBL 79 3-869) 

The magnitude of this effect is shown in Fig. 
3c. In the absence of mercury, a 12-31°C 
change in temperature produces a 220 millivolt 
ZAA voltage as shown by the lower curve in Fig. 
3c. The upper curve shows this change in parts 
per billion (ppb) of mercury. If the lamp is 
operated at 25°C, a variation of ± 2°C 
produces a 5 ppb error, which is significant 
when levels are 60 ppb or lower. Temperature 
control of the light source v1as not possible 
with the old EDL. However, with the new light 
source, the problem has been eliminated by 
enclosing the lamp in the water-jacket assembly 
described above and coupling it to a small 
thermae lee tric constant·~tempera ture water bath, 
mounted \vithin the instrument. This arrangement 
allows the temperature of the new lamp to be 
controlled to within ± 0.4°C, which is equi
valent to an error of only± 0.1 ppb of mercury. 

and Selenium 

New highly stable ZAA light sources for As, 
Cd, and Se have been developed and tested under 
a separate DOE contract. These light sources are 
similar in concept to those ncM used for mercury, 
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except that t\vO heating coils are used to main
tain the vapor pressure of the analyte constant 
inside the quartz lamp. The electronics used to 
excite the plasma discharge are also of new 
design. These ne>V lamps have been tested and 
used with a batch-type ZAA to make the analyti
cal measurements. Excellent sensitivity and 
precision v1ere obtained for solid and liquid 
samples. Of major importance for continuous gas 
analysis is the stability of the lamp intensity 
and instrumental response. For typical opera
tion, intensity and instrumental response varied 
less than 1 percent over a 24-hour period for 
all lamps. These new light sources will be used 
v1ith the ZAA \vhich has been built for As, Cd, 
and Se gas ana lysis. Hmvever 1 the ZAA furnace 
for gas analysis of these elements must be com
pleted before this new spectrometer can be 
tested on the lab-scale oil shale retort. 



Furnace, 

A new furnace for continuous on-line ana
lysis of mercury in gas streams was constructed 
and successfully operated at temperatures as 
high as 900°C for extended periods, The fur
nace (Fig, 4) is constructed of 1.25 em OD, 0.12 
em thick wall, 321 stainless steel (SS) tubing 
welded into a tee, The tubing is alonized to 
lessen corrosion, Incoming gases first pass 
through the atomization-combustion chamber which 
is maintained at temperatures between 750 and 
900°C by joule heating. This chamber is filled 
~>Jith ceramic beads to break up the gas flow and 
increase the thermal contact area. The gases 
then pass through a small opening into the 
absorption chamber which is aligned along the 
optical path of the spectrometer, Quartz windows 
at the ends of the absorption chamber pass the 
2537 .)(mercury resonance lines while isolating 
the hot sample gases from the ambient air, Gases 
exit the furnace through tubes located near each 
end of the absorption chamber, For operating 
temperatures between 750°C and 900°C, the 
corrosive attack of the hydrogen sulfide in the 
offgas would destroy the furnace within a few 
hours. To retard this attack and extend furnace 
lifetimes, stainless steel surfaces have been 
conditioned with a protective layer of alumina 
by a process termed alonization, To obtain an 
estimate of alonized furnace lifetime, corrosion 
tests were conducted using a highly sulfidizing 
inert atmosphere, simulating actual furnace 
operating conditions. These tests indicate that 
lifetimes on the order of 70 to 100 hours can be 
expected for continuous operation at 900°C 
\vith 2 percent by volume of hydrogen sulfide in 
the off gas, 

Testing and Use of Instrumentation 

Following extensive laboratory testing, the 
ZAA mercury monitor was field tested in May 1979 
during Lawrence Livermore Laboratory's 6000-kg 
oil shale retort experiment, L-3. The objectives 
of the field test were to evaluate the new ZAA 
spectrometer, to test the new gas handling
metering system and the new calibration system, 
and to make long-term mercury measurements at an 
in-situ oil shale retort. 

Run L-3 retorted a graded mix of lean and 
rich Colorado shale in a 50-50 volume percent 
mixture of air and steam. The maximum retorting 
temperature was 1000°C. This run was termi
nated because of a vessel leak before the last 1 
meter of raw shale had reached retorting 
temperature, 

The four day field test of the ZAA monitor 
was highly successful. The instrumentation was 
evaluated and several necessary modifications 
were made during the first half of the retort 
run. The remainder of the test was primarily 
devoted to on-line measurement of mercury in the 
offgas. The ZAA was found to be capable of 
measuring concentrations of mercury as low as 10 
ppb with up to 85 percent extinction of the 
analytical line due to broadband UV absorption 
by organics in the offgas. 
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Fig. 4. New furnace for mercury analysis in 
offgases. (XBL 792-481) 

Matrix effects necessitated the use of stan
dard additions to quantify mercury levels in the 
offgas. These matrix effects were not directly 
related to the broadband UV extinction of the 
2537 ~ analytical line. The matrix effect 
manifested itself as a factor of two reduction 
in the slope of the standard addition curves 
obtained in offgas, relative to the slope of the 
standard addition curves in a stream of airo 
This matrix suppression is thought to be due to 
the reaction of inorganic mercury, used for 
calibration, with hydrogen sulfide and other 
sulfur-containing compounds in the retort offgas. 

Several modifications of the instrumentation 
have been made as a result of the L-3 test. 
These have improved its performance and include 
changes in the furnace, light source assembly, 
and the electronics, 

ZAA mercury monitoring was initiated on May 
9, 28 hours after ignition of the retort. The 
mercury concentrations in the L-3 offgas were 
low throughout this interrupted retort experi
ment (Fig, 5). During the subsequent 72 hours of 
the retort run, a total of 25 hours of quantita
tive mercury data were obtained, Offgas mercury 
concentrations are plotted in Fig. 5 as a func
tion of time after ignition. The data shown in 
the figure are one-half hour time averages. Time 
averages which were less than or equal to 10 ppb 
are plotted at the 10 ppb level. Analytical 
precisions, as determined by the coefficient of 
variation, are not shown in the figure but were 
approximately ± 5 ppb for all data, 

Evaluation of the ZAA was the primary objec
tive during the first 50 hours of the retort 
run. Consequently, adjustments and modifications 
to the system limited the collection of mercury 
data during this period. Also, data were not 
collected betw·een midnight and 8 AM except on 
the morning of May 12. All data obtained from 
May 9 through May 11 were for offgas sampled at 
port S2, downstream of the condenser system, 
Sampling was initiated at port Sl, ahead of the 
condenser system, on the morning of May 12 and 
continued for four hours. Then, sampling was 
switched back to S2 for one hour until excessive 
temperatures resulted in instrument failure, 



Concentration of mercury in L-3 
offgas sampled at sample ports Sl and S2 
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Fig. 5. Concentration of mercury in the offgas 
from LLL retort run L-3, (XBL 805-1117) 

Concentrations ranged from less than 5 ppb 
to 65 ppb. The data obtained from L-3 can be 
compared to the ZAA offgas data obtained during 
a previous retort experiment using a prototype 
ZM,l Mercury concentrations in that work were 
less than 10 ppb for the first 2/3 of that run, 
and subsequently, several large pulses of mer
cury were observed with maximum concentrations 
reaching 8 ppm. 

No mercury pulses of comparable magnitude 
were observed during L-3 because the run was not 
completed, It has been hypothesized that mercury 
originally present in the raw oil shale is vola
tilized by the retorting (pyrolysis) front as it 
descends dmvn the retort's vertical shale col
umn, This mercury is swept ahead of the front by 
the carrier gas and then condenses on a layer of 
cool raw oil shale below the reaction zone.l 
If this process continues as the front propa
gates down the retort bed, mercury eventually 
becomes concentrated in the lowest layer of raw 
shale, 
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The reason why no large pulses of mercury 
were observed in L-3 offgas is that the mercury 
in the lowest enriched layer was not volatilized 
into the carrier gas. This suggests early termi
nation of the retorting process as a control 
strategy for minimizing mercury emissions" 

PLANNED ACTIVITIES FOR 1980 

Calibration techniques and a ZAA furnace 
will be developed for on-line analysis of As, 
Cd, and Se in gas streamso The ZAA and As-Cd-Se 
spectrometers and the sampling and calibration 
strategies will be tested in offgas streams from 
the LBL simulated in-situ oil shale retort. The 
mercury spectrometer will also be field tested 
at a pilot-scale retorting experiment, The 
nature of o ffgas rna tr ix effects on ZAA gas 
analyses will be investigated in laboratory and 
field experiments" Improvements resulting from 
these tests and experiments will be incorpo
rated, and instrumentation will be used during 
one or more commercial-scale in-situ field 
retort runs. 

FOOTNOTE AND REFERENCES 

*This program is funded by the Environmental 
Protection Agency and the Department of Energy's 
Division of Oil, Gas, and Shale Technology. 

L J" P. Fox, J" J, Duvall, K, IC Mason, R. Do 
HcLaughlin, To C. Bartke, and R. E. Poulson, 
"Hercury Emissions from a Simulated In-Situ 
Oil Shale Retort," Eleventh Oil Shale Sympo
sium Proceedings, Colorado School of Mines, 
Golden, CO (1978). 

2. G. 0, Nelson, "Simplified Method for 
Generating Known Concentrations of Hercury 
Vapor in Air," Rev. Sci. Instr., 41, 776 
0970). ~ 



RETORT ABANDONMENT 

CONTROL STRATEGIES FOR ABANDONED INaSITU 
OIL RETORTS* 

P. Persoff and J. Fox 

INTRODUCTION 

Vast resources of oil shale--more than 80 
billion barrels or recoverable syncrude--exist 
in the Green River Formation in Colorado, Utah, 
and Wyoming, The richest of these deposits and 
the ones scheduled for early development are 
located in the Piceance Creek Basin of western 
Colorado, The rich oil shale layer, the Mahogany 
Zone, which is largely impermeable, separates 
layers of fractured leaner shale \vhich act as 
confined or unconfined aquifers, 

Current industrial plans call for the devel
opment of this resource by vertical modified in
situ (VMIS) retorting, Figure 1 shows a sche
matic of the relative positions of the Mahogany 
Zone, fractured oil shale, artesian aquifers, 
and VMIS retorts, Large chambers of underground 
shale about 300 to 750 feet high and 200 feet 
square in cross section, will be formed some 
1000 to 2000 feet below the surface by mining 
out 20 to 40 percent of the in-place shale and 
explosively blasting the balance into the 
mined-out void, Large vertical pillars, repre
senting nearly 50 percent of the in-place shale, 
will be left between the retorts to support the 
overburden, The retort chambers will be pyro
lyzed vertically from the top to the bottom by 
propagating a reaction zone down the packed bed 
of shale using air and steam, Oil, water, and 
gaseous products will drain to the bottom of the 
retort and will be pumped to the surface for 
processing, Following processing, the retort 
will be abandoned and large underground chambers 
of retorted shale will be left behind. 

This type of o i1 shale processing may result 
in a number of environmental impacts, including 
aquifer disruption, subsidence, and low resource 
recovery, During processing, the surrounding 
aquifers will be dewatered. On abandonment, 
groundwater will re invade the area, leaching 
retorted shale and transporting leached material 
into the aquifers where it may be withdrawn in 
wells or discharged to springs and streams that 
feed the Colorado River system, Additionally, 
formerly separated aquifers will be in communi
cation, allowing waters of different quality to 
mix, And there is considerable concern that the 
large overburden, and high void fraction (about 
40 percent) presently under consideration, v1ill 
result in pil.lar fai.l.ure and subsidence over the 
retorts, Finally, resource recovery in VMIS 
retorting is poor because of the necessity of 
leaving large pillars in place to support the 
overburden. 

The purpose of this program is to ident , 
develop, and demonstrate control technologies to 
prevent aquifer disruption and overburden subsi-

f Surface 
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Fig. 1. Schematic of retort-aquifer configu-
ration in Piceance Creek Basin, (XBL 786-994) 

dence and to improve resource recovery when VMIS 
retorts are used to extract sync rude from oil 
shale in the Piceance Creek Basin. Some of the 
options being evaluated include: (1) making the 
retorts impermeable to groundwater flow and 
strengthening them by forming calcite in the 
retorts or by filling them with a grout based on 
retorted shale; (2) modifying the geohydrologic 
regime to route groundwater flow around rather 
than through retorts; (3) injecting a slurry of 
bentonite and/or ion exchange resin into the 
retorts to remove leachabl.es as they are formed; 
(4) intentionally leaching the retorts with 
goundwater that would be recovered, treated, and 
reused; and (5) modifying the retorting process 
to minimize leachables in retorted shale. Only 
the first of these, filling the retort with 
either a grout or calcite, simultaneously 
achieves all three goals--mitigation of ground
vJater disruption, protection against subsidence, 
and improved resource recovery, 

This program is being implemented by litera
ture surveys, laboratory studies, and computer 
modeling, Literature surveys were conducted to 
assess the problem of aquifer disruption and to 
identify technically and economically viable 
control technologies to mitigate aquifer disrup
tion and other environmental problems, Based on 
the results of these surveys, an experimental 
and analytical program was designed to evaluate 
each of the candidate control. technologies, 
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This experimental program •vill study a 
number of technologies that are technically 
feasible, and it will develop design parameters 
sufficient to scale the technology up for field 
testing. This information will be used in a 
computer model of the local hydrology and rock 
mechanics to evaluate the ability of each tech
nology to solve environmental problems. Simul
taneously, each technology will be casted and 
one or more wi l1 then be se 1 ec ted for more 
detailed field testing. 

ACCOMPLISHMENTS DURING 1979 

Literature surveys and calculations were 
completed to place in perspective potential 
water quality impacts and technologies required 
to control them. Based on these investigations, 
a laboratory program was designed and imple
mented. This article describes the results of 
the literature survey to identify potentially 
viable control technologies. Subsequent articles 
in this report by Fox; Hall and Selleck; and 
Mehta and Per so ff wi 11 describe other work com
pleted under this program. 

The literature from a range of fields, 
including construction engineering, cement 
chemistry, oil and gas, and coal mining was 
revie•ved to identify methods to mitigate aquifer 
disruption, subsidence, and low resource 
recovery resulting from VMIS recovery of oil 
shale. The resulting data were interpreted in 
the framework of problems unique to oil shale, 
and preliminary cost estimates were performed on 
candidate control technologies to help focus 
research. 

In-situ leaching of spent shale may be pre
vented or mitigated using several different 
control strategies. These include selection of 
dry sites, grouting of individual retorts, vari
ous hydrogeologic modifications, intentional 
leaching, in-place adsorption of leachables, and 
continuous dewatering. Some of these approaches 
will simultaneously address other environmental 
and technical issues, including subsidence, re
source recovery, and disposal of surface spent 
shales. Site selection may be adequate on a 
case-by-case basis but will have a limited area 
of applicability, as the target of VMIS retort
ing, deep rich seams, is located in the center 
of the basin where groundwater abounds. Per
petual dewatering is not economic and long-term 
operator responsibility would be required. The 
rema~m .. ng options may be both technically and 
economically feasible and are discussed here. 

Retorts 

Retorts may be isolated from groundwaters by 
backfilling with a material that is less perme
able than the surrounding aquifers. This pro
cess, referred to as grouting, involves com
pletely filling abandoned retorts with a mate
rial that will reduce permeability, If this 
material also increases the strength of the 
retort, the risk of subsidence may be reduced, 
and it may be feasible to retort the pillars to 
improve resource recovery. 
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A variety of grouting materials is avail
able, ranging in cost upward from soil-cement 
mixtures, at less than $1/ft3, and neat port-
land cement, at about $2/ft3, to chemical 
grouts •vith controllable gel times and viscosi
ties, costing more than $20/ft3. Even the 
cheapest commercially available grouting mater
ials are too expensive for grouting abandoned 
retorts because of the large volumes that need 
to be filled. Oil shale is a low organic carbon 
resource and for each barrel of oil extracted, 
8-13 ft3 of voids remain to be filled. Thus, 
cheap materials are required for grouting 
abandoned retorts. 

Review of the literature suggests that spent 
shale may have properties •vhich make it suitable 
for use as a grout. Spent shale from some re
torts (Lurgi, TOSCO) is finely ground, and thus 
can be easily slurried and pumped. Investi
gators studying stability of spent shale dis~ 
posal piles have found that the permeability of 
these piles is low and decreases with time and 
that compressive strengths increase with time. 
Unconfined compressive strengths up to 200 lsi 
were found for compacted Paraho spent shale , 
up to 500 psi for compacted TOSCO spent 
shale, 2 and up to 300 psi for compacted sur
face retorted shales from a laboratory re
tort3. Mechanisms postulated for strength 
development include growth of an interlocking 
crystal structure, hydration of free lime (CaO) 
in spent shales, and pozzolanic reactions. 

Retort grouting is the only candidate con
trol technology that would simultaneously 
strengthen abandoned retorts and prevent leach
ing of spent shale. It would also reduce the 
problem of disposal of surface-retorted spent 
shale and mixing of waters of the two aquifers. 
Design criteria for such a grouting operation 
have not been established, but the following 
requirements are likely: 

(1) Low permeability of the grouted retort, 
probably on the order of 10-6 em/sec. 

(2) Sufficient stiffness and strength to 
support the roof of the retort without 
tensile fracture of the overburden and, 
if possible, to permit the pillars (un
disturbed rock between retorts) to be 
retorted afterward. A modulus of 50 x 
103 psi may be adequate for the 
former requirement, and 500 x 103 for 
the latter. 

(3) Long-term stability. 

Two major technical problems remain to be 
solved for this technology to be successfully 
demonstrated. One is the preparation of a grout 
that would satisfy the criteria listed. This is 
discussed in another article in this report by 
Mehta and Persoff. The other is ensuring good 
penetration of the grout into the voids of an 
abandoned retort without incurring excessive 
drilling and injection costs. This is discussed 
in a subsequent article by Persoff, 



Hydrogeologic Modifications 

Retorts may be hydraulically isolated by 
surrounding a retorted area with a grout curtain 
or by providing a hydraulic bypass around the 
area. Figure 2 sho\vs a schematic of a grout 
curtain used in conjunction with an in-situ 
retorting operation. A curtain of conventional 
grouting material such as portland cement would 
be formed around a large block of retorts. Flow 
in aquifers would then be detoured around the 
curtain. Flmv through the retort block would be 
1 imi ted to 1 eakage through the curtain which 
vJOuld be several orders of magnitude lmver than 
would otherwise occur. The economic attractive
ness of this approach requires that a large 
number of retorts (about ISO) be surrounded by 
such a curtain. The technology of grout curtains 
is well established for smaller scale application. 
The application of this technology to large 
retort blocks may have some important technical 
limitations. Faults or fractures may limit the 
area which can be surrounded by a single grout 
curtain. Drilling and grouting at depths up to 
1500 feet may be technically difficult or costly. 

Alternatively, flow through a retorted area 
may be limited by providing a hydraulic bypass 
around the area. Concentrations of leachate in 
groundwater would then be reduced by dilution. A 
hydraulic bypass arrangement could be a palisade 
of wells short-circuiting the lower to the upper 
aquifer, as shown schematically in Fig. 3. 
Alternatively, a grout curtain and hydraulic 
bypass could be used together. 

Recover and Treat Leachate 

Control technologies considered thus far 
have focused on retarding flow through the re
torts. Another means of minimizing aquifer dis
ruption is intentional leaching. Laboratory 
studies have shown that most of the leachable 
material is removed in the passage of the first 
few pore volumes of water. Thus, a finite amount 
of leachate can be pumped to the surface, 
treated, and disposed of. 

Ground surface 

Mahogany zone 

~ Lower aquifer 
~ 

Abandoned 
M.I.S.retort 

Dewatered 
aquifer 

Fig. 2. Schematic of grout curtain to prevent 
groundwater re-invasion of abandoned retorts. 

(XBL 79 3-704) 
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For most spent shales, two to six pore vol
umes are sufficient to remove most of the leach
abies. Figure 4 shows typical experimental re
sults4 for spent shale from run S-55 of Lara
mie Energy Technology Center's 10-ton retort. 
Similar results were obtained for inorganics 
leached from spent shale recovered from one of 
Occidental Oil Shale's experimental retorts.S 
Thus, after some limited volume of leachate is 
recovered and treated, additional leachate may 
be allowed to enter the aquifers and pollutant 
transport will be minimal. Conventional tech
nology is adequate to treat leachate. Adsorption 
on activated carbon followed by reverse osmosis 
would probably produce an effluent suitable for 
use or disposal. Other demineralization technol
ogies, such as electrodialysis and ion exchA.nge, 
are generally more costly for waters in the ex
pected range of salinity. 

The effect of particle size on the volume of 
leachate to be treated must be resolved before 
this technology can be applied. Another problem 
is the volume of brine (rejected from the re
verse osmosis process) to be disposed of. The 
brine flow, about 10 percent to 20 percent of 
the leachate treated, would have to be disposed 
of in lined evaporation ponds. For a 50,000 
bbl/day production rate, 10-12 x 106 gal/day 
of leachate would have to be treated and dis
posed. This would require about 300-400 acres of 
ponds for a net evaporation rate of 4 ft/yr, 
typical of the Piceance Creek Basin. 

It would theoretically be possible to allow 
reinvading groundwater to leach the retorts. The 
disadvantage of this is that control measures 
would only be implemented after retorting in an 
area had ceased, and it would have to continue 
for a long period of time (on the order of 100 
years). 

In-Place Treatment by Adsorption 

Some clays have large adsorptive capac1t1es 
for organics. Industrial applications of ben
tonite, such as refining oils and de-inking 
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I
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Fig. 3. Schematic of hydraulic bypass around 
block of retorts. (XBL 793-712) 
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Fig. L,c, Progressive decrease in leachate 
strength - most organic carbon is leached by 
first six pore volumes, (XBL 791-246) 

newsprint, make use of this property. Under 
certain retorting conditions, it may be possible 
to treat leachate by removing only organics. In 
this situation, the adsorbent could be placed 
into abandoned retorts to contact leachate, The 
adsorbent \vould act to "meter out" the pollu
tants which would be transported away from the 
retorts at a rate lov1 enough to protect receiv·
ing water quality, Eventually, most of the 
pollutants w-ould be disposed of by dilution and 
dispersion, 

Modify Retort Operating Conditions 

Several studies have shown that the leach-
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ability of spent shale depends upon retorting 
conditions, Spent shale retorted in an oxidizing 
atmosphere contains less leachable organic 
carbon than if retorted in an inert atmosphere; 
recycling retort offgases through the retort 
contributes to leachable organic carbon.6 
Retorting at high temperatures in the presence 
of steam promotes the formation of relatively 
insoluble silicates rather than leachable oxides 
in the spent shale.7,8 

These results suggest that the leachability 
of organics and inorganics can be minimized by 
combustion retorting (to burn off char) at high 
temperatures (about l000°C) in a steam-rich 
atmosphere using a lov1 retorting rate (to expose 
the shale to high temperatures for long times). 
None of these conditions conflicts v1ith the 
primary goal of efficient oil recovery. However, 
tight control of retort conditions may be diffi
cult to achieve. 

Cost Projections 

Preliminary cost projections ~Vere performed 
to focus attention on controls that have a 
potential for commercial application, Control 
costs in excess of about $3/bbl or 10 percent of 
the cost of a barrel of shale oil may seriously 
affect the economics of oil shale production, 
Table 1 summarizes unit costs for some of the 
control technologies discussed and the a ssump
tions upon which the cost projections are based. 
These cost figures assume 24 gal/ton shale 
grade, 40 percent voids in tract C-a retorts and 
23 percent voids in tract C-b retorts, and 65 

Table 1. Cost projections for control technologies. 
--

Projected Cost $/bbl 

Control technolcgy Technical problems 'lract 1'ract Cost assWTlptions 
to be resolved c-a C-b -

Grout abandoned Development of spent shale 0.49b 0.35b Grout injection holes 
retorts with spent with adequate cementing on 50 foot centers 
shale slurry<' properties 

$20/ft to drill through 
Distrirution of grout rock, $10/ft through 
through retort rubble 

0.65c 1.30c $2/ton to treat, slurry 
and inject spent shale 

-~ 

Construct grout cur- Engineering feasibility of 0.84 2.88 $20/ft to drill 
tain around block of constructing grout curtain 

$2/ft3 for grout retorts (not routine) 
material 

Computer modeling to eval-
uate effectiveness 

~~ ~-

Construct hydraulic Computer modeling to eval- 0.52 1.77 Bypass wells placed 
bypass around block uate effectiveness around per :iioeter at 
of retorts 5-ft centers 

$20/ft to drill 
-

Collect and Disposal of brine 0.64 0.52 Must treat 2 pore 

~;~~r>tFfl by volumes of leachate 
and Volume of leachate that 

reverse must be treated -- depends 
on kinetics of leaching 
large blocks 

~~~~~ 

"'"l'his control option may also strengthen al'~doned retorts, permit additional resource recovery, and allow disposal 
of part of the surface spent shale. 

bAssumes grout injecti.on is pe.rformed fran the air level al:ove the retorts. 

cAssumes grout injection is performed fran the grOLmd surface. 



percent oil recovery by in-situ retorting and 90 
percent by surface retorting. Retort/aquifer 
geometry from the detailed development plans9,10 
for tracts C-a and C-b were used in these esti
mates. Costs for tract C-b are higher than for 
tract C-a due to the greater depth of overburden 
on tract C-b and associated greater proportion 
of the costs due to drilling. 

Hhile these cost projections are preliminary 
and require verification by laboratory and field 
data, they do indicate that environmental con
trol may be economically feasible and that 
selection of control technology will be site 
specific. 

PLANNED ACTIVITIES FOR 1980 

The literature survey described here is 
completed and will be published in 1980. This 
report will be periodically updated as nevi 
research results are made available. 
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PRODUCTION FROM 
SHALE* 

Mehtat and Persoff 

INTRODUCTION 

Oil shale production by vertical modified 
in-situ (VMIS) retorting of the Mahogany Zone 
may result in a number of environmental problems 
including degradation of local aquifers, subsi
dence and overburden cracking, and low resource 
recovery. Local aquifers may be contaminated by 
materials leached from the abandoned retorts. 
These materials may be discharged into local 
surface streams which are part of the Colorado 
River System, thus contaminating municipal, 
agricultural, and industrial water supplies, 
Void space introduced by mining the in-place 
shale may result in long-term subsidence over 

the retort site which could damage local struc
tures and affect the hydrology of underlying 
aquifers. And finally, resource recovery of the 
VMIS process is low due to the necessity of 
leaving large pillars between the retorts to 
support the overburden, 

Backfilling the abandoned retorts with a 
grout is a possible solution to these problems. 
The grout would improve the strength and stiff
ness and reduce the permeability of the aban
doned retort. The increased strength and stiff
ness would provide protection against subsi
dence. If adequate strength could be developed 
in the retort, it might even be feasible to 



extract oil from the pillars between the re
torts, thus improving resource recovery. The 
grout would also reduce the permeability of the 
abandoned retort by filling the voids. This 
would minimize the flow of groundwater through 
the retorted area and thus minimize the 1 eaching 
of materials from the retorted shale. 

The purpose of this program, begun in June 
1978, is to investigate the production of a 
grout from on-site waste products. The large 

void space that must be filled, about 9 ft3 
per barrel of oil extracted, precludes the use 
of conventional grouts such as port land cement 
due to the high costs involved ($14 to $300 per 
barrel of oil recovered). The 20 to 40 percent 
of the in-place shale which is mined for VMIS 
retorting is brought to the surface and pro
cessed in a surface retort such as Lurgi, 
Paraho, or TOSCO. The spent shale from these 
surface processes has physical and chemical 
properties similar to portland cement. By the 
use of additives and post retorting treatment, 
it will be possible to manufacture a cheap grout 
from surface spent shale. 

The spent shale used in this investigation 
was Lurgi spent shale. This shale was se 1 ec ted 
because both of the commercial VMIS oil shale 
ventures, Occidental and Tenneco on tract C-b 
and Rio Blanco Oil Shale Project on tract C-a, 
have proposed to use the Lurgi process to retort 
the mined-out shale, 

ACCOMPLISHMENTS DURING 1979 

A cement was developed from Lurgi spent 
shale, This cement is produced by calcining a 
1:1 weight mixture of Lurgi spent shale and 
limestone at 1000°C for 1 hour, The resulting 
material has a 28-day compressive strength of 
3150 psi and is estimated to cost about $20 per 
ton of material. By comparison, portland cement 
has a 28-day compressive strength of about 5000 
psi and costs about $60 per ton. These results 
indicate that a cheap cement can be produced 
from on-site waste materials. This cement is 
adequate for grouting of abandoned retorts and 
may be used for on-site construction or sold 
outside of the oil shale region for general 
cons true ti on purposes, This section describes 
the development of the Lurgi spent shale grout. 

Experimental 

Lurgi spent shale is a fine powder contain
ing little residual carbon. Chemical and min
eral analyses of this material are shovm in 
Table L In a preliminary investigation, small 
samples of spent shale were ignited in an 
electric muffle furnace. A modification of ASTM 
test method C 109 was used to evaluate cementing 
properties, Lurgi spent shale was found to have 
no cementing strength when measured by this 
method, either as received or after heating for 
one hour at 800, 900, or 1000°C, No free GaO 
or hyd rau He calcium s iii cates were de tee ted in 
any of the ignited samples, However, large 
amounts of akermanite were present in each of 
them, X-ray diffraction analysis for mineral 
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forms s hawed that as-received spent shale con
tained primarily minerals present in raw shale. 
After heat treatment, the carbonates decomposed 
to form the oxides, MgO and GaO, which reacted 
with quartz to form non-cementing silicates such 
as akermanite, CazMgSi207. The presence of 
large quantities of calcite and dolomite in the 
Lurgi spent shale shows that the temperature of 
the retorting process vJas not high enough to 
cause decomposition of the carbonate minerals 
present in the raw shale, 

From the above, it was obvious that some 
changes had to be made in the composition of the 
spent shale if hydraulic cement of adequate 
strength was to be developed from it. A compari-
son between chemical analyses of Lurgi spent 
shale and a typical portland cement raw mix 
showed that for the formation of hydraulic cal
careous compounds, the spent shale has excess 
Si02 and MgO and was deficient in GaO. The 
principal compound in portland cement, typically 
more than 50 percent by weight, is 3CaO·sio 2 (c 3s)tt 
the formation of which requires a lime-silica 
ratio of 2. 7 by weight and temperatures in the 
range of 1500 to l600°C. The lime-silica ratio 
of Lurgi spent shale is 0. 7, Thus, the produc-
tion of C3S from Lurgi spent shale would re-
quire high temperatures and a large amount of 
imported lime. 

The second most abundant compound in port
land cement (typically about 25 percent by 
weight) is 2CaO·Si02 (C2S). Its reactivity 
is considerably less than that of C3S, but it 
is formed at 1 ower temperatures and reaui res a 
lower lime-silica ratio. The two minor 'compounds 
in portland cement, usually totaling together 
less than 20 percent by weight, are 3CaO·Al203 CC3A) 
and 4CaO•Al203•Fe203 CC4AF). The C3A is 
highly reactive and can contribute to the quick 
setting phenomenon in portland cements unless 
its reactivity is retarded by the addition of 
about 5 percent gypsum. Calcium sulf oa lumina te 
hydrate ( et tringi te) formed by the reaction of 
C3A with gypsum and water also contributes 
binding properties to portland cement. 

Based on the observed properties of Lurgi 
spent shale, it appeared that higher tempera
tures would be necessary for decomposition of 
the carbonate minerals, and that addition of 
some CaC03 would be necessary to develop 
reasonable cementing properties. The first 
experiment, series A, involved preparation of 
blends of Lurgi spent shale with commercial
grade CaC03 powder in 1:1 proportion by 
weight, heating the mixture in air at 900, 950, 
1000, and 1100°C for one hour, grinding the 
resulting clinkers to poVJder, and determining 
the mineralogical composition and cementing 
properties of the cements produced. This experi
ment was expected to provide preliminary infor
mation on the optimum temperature of heat treat
ment to develop adequate strength. 

ttAbbreviated formulae used by cement chemists 
are: C = GaO, S = SiO , A = Al 203, F = Fe 203. 
Thus for example, = 4CaO·Al 20J·Fe203. 
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Table 1. Properties of Lurgi spent shale as received. 

Mineralogical analysis 8 Chemical analysis,%b Particle size analysis,%c 

Quartz present Na
2
o 2.3 > 30.3 )lm 0.6 

Calcite present MgO 7.5 17.9-30.3 )lm 2.1 

Dolomite present Al
2
o

3 
7.2 10.0-17.9 ]Jm 4.9 

Feldspar present Si0
2 

32.0 6.6-·10.0 )lm 9.0 

Free lime not detected CaO 21.8 3.94-6.6 )lm 25 '7 

Fe
2
o

3 
2.7 > 3. 9li )lm 57.7 

Ignition loss 20.0 
(mainly carbonate) 

a) by x-ray diffraction 
b) by x·-ray fluorescence 
c) analysis supplied by Lurgi 

The next experiment, series B, was to pro
vide information on the optimum ratio of CaC03 
to spent shale which \vould yield cements of good 
strengths when mixtures were heated at the 
temperature selected in series A. The following 
weight ratios of CaC03 to spent shale \·Jere 
investigated: 0.5, 0. 75, LO, 1.25, 1.5, L 75, 
and 2.0 to l. 

In order to investigate the effect of gypsum 
addition on cement strength, a cement selected 
from series B was tested with and without 5 
percent gypsum addition after grinding. 

Mixtures of CaC03 p01vder and Lurgi spent 
shale were wet blended in the presence of a 
small amount of water. The resultant slurry was 
dried at ll0°C and cut into cakes of about 
2 x 2 x 1/LJ. inches. These cakes were stacked on 
a periclase hearthplate in an electrical muffle 
furnace. The furnace temperature was raised to 
the desired level and held there for one hour, 
The heat-treated material (clinker) was pulver
ized to about 10 percent residue on 200 mesh 
sieve (74 microns), The cement thus produced was 
subjected to physical and chemical tests. 

Qualitative mineralogical analysis was car
ried out by x-ray diffraction (XRD), using Cu 
Ka radiation. Free GaO was determined 
chemically by ASTM method C 114. Compressive 
strengths of cements were determined by a modi
fication of ASTM C 109, compressive strength of 
mortar cubes, This standard ca 11 s for a sand
cement ratio of 2.75, using standard graded 
sand, and a water-cement ratio of 0.5. All 
conditions of ASTM C 109 were met except the 
water-cement ratio. A water-cement ratio of 
0.625 was needed to obtain the desired flow 
characteristics because of the fine particle 
size of the cements. The mortar cubes were 
stored under humid conditions at room tempera
ture until the test age when they were crushed 
to failure \vith a hydraulic test machine. 

Results and Discussion 

The data in Table 2 show the results of 
mineralogical analyses and compressive strength 
tests on cements of series A, namely the cements 
produced by heat treatment of the mixtures con
taining equal parts by weight of CaC03 and 
Lurgi spent shale at temperatures from 900° to 
1100°C, Comparison of the data in Table 1 and 
Table 2 shows that the addition of CaC03 to 
the Lurgi spent shale prevented the formation of 
akenaanite, a non-cementing compound, and 
shifted the reaction equilibrium in favor of 
formation of the cementing compounds 6-C2S 
and C3A. This was especially true at tempera
tures of 1000°C and 1100°C by which most or 
all of the Caco 3 present had decomposed to 
provide enough lime for 6-C2S and C3A 
formation. 

The compressive strength data in Table 2 
show that higher strengths are developed at 
1000°C and ll00°C than at lower temperatures 
of heat treatment. Maximum strength results at 
I000°C even though some undecomposed CaC03 
is st i 11 present. This can be at tri bu ted to 
partial loss of reactivity of the cementitious 
compound, S-C2S, due to crystal growth at 
the higher temperature of heat treatment, The 
28-day strength (2720 psi) of the l000°C 
cement is considered adequate for use as an 
ingredient of a spent shale grout or for 
s tr uctu ral use. The ref ore, this temperature 
(l000°C) was selected for series B experiments. 

The results of mineralogical analyses, free 
GaO determination, and compressive strength 
tests of the cements of series B, which were 
made by 1000°C heat treatment of various 
CaC03- spent shale mixtures, are shown in 
Table 3. The XRD data for some of the mixtures 
are also illustrated in Fig. 1. The compressive 
strength data indicate that for the 1000°C 
heat treatment, the 1:1 mixture represents the 
optimum composition. Under moist curing condi
tions at ambient temperature, the cement made 
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Table 2. Mineralogical analysis and compressive strength of cement 
made by one hour heat treatment of a mixture of equal parts by weight 
of CaC03 and Lurgi spent shale. 

Minerals presenta Temperature of heat treatment 
900°C 

Akermanite N 

c
3
s N 

s-c s 
2 

w 
c

3
A w 

Caco
3 

vs 

Compressive strength, psi 

3 day 190 

7 day 450 

28 day 925 

a) by x-ray diffraction; N ~ none, W 
strong, VS ~ very strong 

b) by modified ASTM C 109 

950°C 1000°C 

N N 

N N 

w M 

w w 
s w 

280 470 

630 950 

1400 2720 

weak, M medium, S 

1100°C 

N 

N 

M 

w 
N 

295 

650 

2100 

Table 3. Mineralogical analysis, free lime, and compressive strength of cements 
made by heat treatment of various proportions of CaC03 and Lurgi spent shale, 1 hr 
@ I000°c. 

Minerals present a Caco
3

: spent shale ratio by weight 

2:1 L 75:1 L5:1 1.25:1 1:1 0.75:1 0.5:1 0:1 

Caco
3 

vs vs w w N N N N 

Akermani te N N N N N N M vs 
c

3
s N N N N N N N N 

B-e s . 2 w w M M M M w N 

Cl w w M M M M w N 

CaO s s s s w N N N 

% Free 12.2 9.0 7.9 6.0 3.1 1.5 0.64 0 

Compressive strength, 
. c 

pSl 

3 day 120 250 140 170 340 375 poor nil 

7 day 380 630 390 395 670 455 poor nil 

28 day 840 1210 1200 890 2600 NA poor nil 

90 day 1310 1690 1910 1600 3340 NA poor nil 

~~~~~·-~·~-~~~~~.~~~~~-~-~~· ~~--

a) by x-ray diffraction; N none, IV weak, M medium, s strong, vs very 
strong 

b) by ASTM C 114 
c) by modified ASTM c 109 



from this compos1t1on continued to develop 
strength up to the test age of 90 days which 
shows the long-term stability of the products of 
this cement in moist environments. The poor 
strength of cements made with lower proportions 
of CaC03 was due to the formation of lesser 
amounts of the cementitious compounds. Lower 
strength of the cements made with 1.25 or larger 
parts of CaC03 per unit part of the spent 
shale was due to microcracking of the specimens 
caused by delayed hydration of free GaO which 
Has present in significantly large quantities. 

Although the compressive strengths of the 
1:1 CaC03- spent shale mixture heat treated 
at l000°C are considered adequate for many 
applications, it is possible to obtain further 
improvements in strength by lowering the water
cement ratio and by adding suitable strength 
accelerators to the cement, such as 5 percent 
gypsum by weight of the cement. The water-cement 
ratio in the test mortar •·las reduced by using a 
locally available coarser sand instead of the 
ASTM standard C 109 graded sand for a series of 
tests. The use of this sand permitted the lower
ing of the water-cement ratio from 0.625 to 
0. 52. The relevant compressive strength data 
from this test are shown in Table 4. 

In summary, calcareous hydraulic cement 
having adequate strength characteristics cannot 
be produced from as-received Lurgi spent shale 
due to the low CaO:Si02 ratio of the material, 
It is possible to make adequate quality hydrau
lic cements from this shale by blending about 
equal parts by weight CaC03 and heat treating 
the mixture at 1000°C, Due to presence of 
reactive C2S and C3A, the hardening and the 
hydraulic (water resistant) properties of the 
cements produced •~ere satisfactory. 

PLANNED ACTIVITIES FOR 1980 

Work will be continued to develop spent 
shale grouts, Cementitious properties of spent 
shale from other surface retorts, such as Paraho 
and TOSCO, will be investigated and experiments 
conducted to promote these properties by post
retorting treatment or by the use of additives. 
Direct use of spent shale, with no additives or 
other treatment, will be investigated. 

A numerical model of a retort field will be 
used to determine the strength and stiffness of 
grouted retorts necessary to prevent overburden 
subsidence and cracking and permit additional 
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Fig. L X-ray diffraction analysis of cements 
produced by heating CaCOrLurgi spent shale 
mixtures ranging in weight ratio from 0. 75:1 
to 1.5:1, at l000°C for one hour. 
(XBL 7910-4719) 

Table 4. Effect of water-cement ratio and gypsum addition on the 
cement made from 1:1 CaC03-spent shale mixture. 

Water/cement ratio 

Gypsum addition to cement 

Compressive strength, psi 

7 days 

28 days 

o. 625 

None 

670 

2600 

0.52 

None 

970 

3150 

0.52 

5% 

1510 

3750 



resource recovery. A groundwater flow model \vill 
be used to determine the permeability of grouted 
retorts needed to minimize leaching of spent 
shale by groundwater, 

Specimens simulating cores from grouted 
retorts will be prepared and tested against 
these requirements. Mixtures of various spent 
shale cements and untreated spent shale will be 
used as the grout in these specimens to deter-

INTRODUCTION 

Oil shale is a marlstone that contains about 
20 percent organic material; oil can be extrac
ted from it by mining and pyrolysis in a surface 
retort or by direct pyrolysis in the ground 
(following rubbling). The latter approach, re
ferred to as "in-situ" retorting, is presently 
under study by industry and the Department of 
Energy as a cost-effective alternative to sur
face retorting. 

Since most of the oil shale deposits are 
located in or adjacent to aquifers, in-situ 
processing may result in groundwater disruption, 
The purpose of this program is to evaluate the 
magnitude and significance of in-situ leachate 
dis charge from an oil shale industry so that 
environmental control requirements can be iden
tified. This article focuses on a hypothetical 
modified in-situ facility located on lease 
tracts C-a and C-b (Fig, 1), 

ACCOMPLISHMENTS DURING 1979 

The potential effect of leacha tes from an 
in-situ oil shale industry was assessed by 
compiling available literature on leachate 
quality and local hydrologic conditions and 
using this data to compute hydraulic and 
chemical transport parameters in the vicinity of 
an in- situ indus try. This analysis indica ted 
that loca 1 ground~vaters and surface '"a ters may 
be ifi cant ly degraded a large-scale 
in-~situ oil shale measures are not 
tB.lten to prevent leaching of abandoned in=situ 
retorts, The results of this analysis are 
sulll!llar iz ed here. 

In-situ leachates are produced by the inter-~ 

action of local groundwater with in-place spent 

J. 
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mine the minimum cost of grout that can be used. 

FOOTNOTES 

*This program is jointly funded by the Depart
ment of Energy's Division of Environmental 
Control Technology and Division of Oil, Gas, and 
Shale Technology. 

tuniversity of California, Berkeley, CA. 

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 retort
ing. 

Modified in-situ retorting requires partial 
mining and fracturing of the retort block to 
create adequate porosity for effective retort
ing, This introduces permeability into an other
wise largely impermeable strata. The strati
graphy described in Fig. 2 is typical of that 
found in the Piceance Creek Basin where the 
richer oil shale deposits occur. 

The lower aquifer is normally confined and 
the upper aquifer acts as an unconfined aquifer 
although confined conditions exist. A head 
difference of 10 feet to 55 feet exists in most 
parts of the basin. Thus, permeabil produced 
by partial mining, fracturing, and retorting 
could create the possibility of groundwater 
migrating into an abandoned in-situ retort after 
completion of retorting. 

Water migrating through abandoned in-situ 
retorts under a pressure gradient may leach 
soluble organic and inorganic constituents from 
the spent shale and dissimilar waters may be 
mixed, modifying their quality. The leaching of 
inorganic and organic materials from in-situ 
spent shale will be influenced by (1) chemical
mineralogical characteristics of raw oil shale; 
(2) retorting conditions; (3) particle size 
distribution of the spent shale; (4) quality and 
temperature of groundwater; and (5) the flow 
regime of groundwater migrating through an 
abandoned retort. The first two, mineralogy of 
oil shales and retorting conditions, are 
believed to be the most significant. 
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In addition to these factors, \vhich are 
recognized and quantifiable, there are two other 
factors unique to field retorts about which 
little 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, 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 ground
water aquifers, The magnitude of this would 
depend, among other things, on the fracture 
system present and on gas holdup, This is poorly 
understood and laboratory and theoretical 
investigations are required, 

Leachate Composition 

A large number of experiments have been 
conducted to determine the composition of 
leachates from simulated in-situ spent shales, 
In most of this work, a weighed quantity of 
spent shale from a laboratory-scale retort is 
contacted with a specific volume of distilled 
water for times up to several months, The 
leachate is then collected and analyzed for 
various major, minor, and trace elements, Some 
investigators have used column leaching experi
ments to obtain similar information, The results 
of these investigations show that the major con
stituents in these leachates are Ca, Cl, C03, 
F, HC0 3 , K, Na, and so4 . The salinity and pH 
are characteristically high and environmentally 
significant concentrations of certain toxic and 
carcinogenic materials, such as phenols and Pb, 
occur in some of the leachates, 

These data may be used to estimate the com
position of leachate produced by a field in-situ 
retort, These calculations require information 
on the composition of groundwaters that are used 
for leaching, estimates of void volume in the 
retort, and certain assumptions about chemical 
equilibrium in the retort, If it is assumed that 
the void space in the retort is 20 percent, that 
the majority of the leachable material is 
removed in the first two to six pore volumes of 
water, and that the mass of leachable material 
per 100 grams of shale is at equilibrium, then the 
concentration C of a given element i in the 
leachate exiting an abandoned retort is given by 

c. 
1. 

where 

lOM.m + (C ).nv 
1 g 1 

M· 1 

m 

v 

nV 

mass in milligrams of ith 
constituent per 100 grams 
spent shale (experimental 
values from literature I) 
mass of spent shale in a 
single retort ~ (1,1 x 109 
kg for tract C-a and 7,5 x 
108 kg for tract C-b) 
concentration of ith 
constituent in groundwater 
in milligrams per liter 
volume of water within a 
single retort (5,0 x 108 
liters for tract C-a and 2,0 
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C· 1 

n 

x 108 liters for tract C-b) 
average concentration of ith 
constituent exiting the 
retort 
number of pore volumes (two 
to six) required to remove 

most of leachables. 

This equation was used to estimate the 
average composition of leachate from abandoned 
in-situ retorts located on lease tracts C-a and 
C-b. The results of these calculations are shown 
in Table l, This compilation indicates that the 
average concentration in the leachate for tabu
lated constituents may greatly exceed levels in 
native groundwater, 

These comparisons illustrate the effect of 
two separate impacts on vlater quality, leaching 
and mixing, Both may either increase or decrease 
the concentraton of various constituents, In
situ retorts located in the Mahogany Zone form a 
permeable zone or a conduit which may transport 
water from one aquifer to the other, Thus, vmter 
quality may be affected by the mixing of two 
dissimilar \vaters. If flow is from a better 
quality aquifer, such as the upper aquifer, to 
the lesser quality aquifer, the lower aquifer in 
this case, the quality of the latter aquifer 
will be improved by mixing with higher quality 
water, Thus, many constituents may actually be 
lowered, in the absence of significant leaching, 
when flow is downward in the Piceance Creek 
Basin system, On the other hand, if flow is from 
the lesser quality aquifer to the better quality 
aquifer, the latter will be degraded as a conse
quence of mixing with a poorer quality water, 
Thus, when flow is upward in the Piceance Creek 
Basin, the upper aquifer will be degraded due to 
mixing with a lower quality water, In addition 
to mixing, flow through abandoned retorts may 
remove soluble constituents from the contained 
spent shale, This material will be transported 
into the receiving aquifer where it will usually 
increase the concentration of various const it
uents. In certain cases, some of the leached 
constituents may react chemically with compounds 
present in the groundwaters and thereby remove 
them, An example of this would be the precipi
tation of CaC03 and Mg(OH)2, 

The consequences of leaching on tract C-a 
may not be as significant as on tract C-b if 
predevelopment flow conditions are re-established 
on site abandonment, On tract C-a, leachate is 
dis charged into the lower aquifer which does not 
directly recharge surface streams and is not 
used locally due to its poorer quality and the 
significant pumping heads that would be required 
to raise it. However, significant changes in the 
quality of the lower aquifer would eventually 
occur, over millenia, leading to the degradation 
of the upper aquifer by slow leakage through 
vertical cracks in the Mahogany Zone, The signi
ficance of these long time periods in evaluating 
environmental impacts is unknown and should be 
considered in other studies, The water quality 
impacts on tract C-b would be more immediate 
because the leachate discharges into the upper 
aquifer which recharges local surface streams 
and is used for stock watering and irrigation, 
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Table 1. Estimated composition of leachate exiting an in-situ retort located on lease tracts 
C-a and C-b. 

Predevelopment Groundwater Quality, mg/1 Estimated 
Tract C-a Tract C-b Leachate Composition, mg/1 

Upper Lower Upper 
Constituent aquifer aquifer aquifer 

Al 0.14 0.24 0.3 

B 0.33 0.84 1.4 

Ca 35 8.8 32 

Cl 12 22 26 

co
3 

0.88 69 21 

Cr o. 01 o. 01 0.002-0.3 

F 0.41 15 10 

Fe 5.0 o. 78 0.5 

HC0
3 

482 842 790 

K 2.2 2.6 2.2 

Li 0.13 0.13 3.1 

Mg 52 20 42 

Na 212 397 330 

N0
3 

0.93 0.4 0.41 

Pb 0.17 0. 21 0.01 

Si 12 4.7 17 

804 325 112 220 

Zn 0.26 0.24 0.2 

TDS 905 1075 1100 

TOC 8.5 11 3 

Phenols 0.003 0.002 

~-~~~ 

Leachate Transport 

Leachate will be transported in aquifers of 
the oil shale region for centuries and eventu
ally be discharged to springs and streams or 
withdrawn in wells. The Darcy flow equations and 
simple hydraulic calculations were used to 
estimate the time required to leach an in-situ 
retort and for leachate discharged from tracts 
C-a and C-b to reach surface streams, These 
calculations and pertinent assumptions are 
summarized in Table 2. 

After a retort block is abandoned, the 
dewatering vlells will be turned off and ground
water 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 dif
ference between the aquifers. Residence time of 
groundwater in the retorts (Table 2) indicates 
that leachate may be released from abandoned 
retorts over very long ods of time. This 
means that the retorts would act as sources of 
contamination for long periods. Add i tiona lly, 

Lower Tract Tract 
aquifer C-a C-b 

0.3 0.49 - 31 0.89 - 53 

36 0.33- L9 36 - 39 

14 35 - 2350 14 - 3950 

1200 32 - 73 1234 - 1300 

220 110 - 2400 408 - 4250 

0.009 0.02 - 20 0.01 - 34 

21 4.8 - 47 29 - 100 

0.8 5.0 - 5.5 0.8 - 1.6 

4000 560 - 920 4140 - 4750 

21 2.5 - 200 21 - 360 

10 0.20 - 4.8 10 - 18 

11 52 - 140 11 - 160 

2500 212 - 2800 2500 - 6900 

0.46 1.7- 30 L 7- 49 

0.03 0.22 - 0.36 0.12- 0.35 

13 100 - 980 170 - 1660 

63 326 - 1800 65 - 2500 

0.2 0.26 - o. 54 0.2- 0.7 

6190 905- 31,700 6190- 58,700 

10 12 - 430 16 - 720 

0.04 - 0.44 0.06 - 0.8 

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 lab ora tory 1 eaching studies and may 
enhance or inhibit certain chemical reactions 
relative to laboratory results. 

Once the leachate has emerged from the aban
doned retort, it will be transported in either 
the lower or upper aquifer and eventually be 
discharged in a local surface stresm. If it is 
assumed that the aquifers are isotropic and that 
the hydraulic parameters summarized in Table 2 
are reasonable, flow velocities and leachate 
transit times from tracts C-a and C-b will be 
similar to those shown in Table 2. This table 
shows that it will take centuries for the 
leachate to reach the nearest surface streams. 

Effects on Groundwater Quality 

Groundwater degradation is a key concern 
because it is typically irreversible and may 
have long-term consequences. Since groundwater 
flov1 velocities are low, it will take centuries 
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for contaminated v1ater to degrade large areas. 
However, if these waters are withdrawn at some 
point during these centuries, they may still 
have significant effects. There is no guarantee 
that during these centuries a farm or home or 
even a city ~oli_ll not be built at the retorting 
site and that groundwaters will not be \vithdrawn 
for use, 

Analyses suggest that the composition of 
groundwaters in the vicinity of an in-situ 
facility will approach that of in-situ leachate 
(Table 1). The significance of this degradation 
may be determined by examining the present and 
future uses of groundwater and by comparing the 
requisite quality to sustain these uses with 
estimated quality of the groundwater following 
leaching of in-situ spent shale, The water
quality criteria recommended by the EPA to 
sustain the uses of domestic water supply, stock 
watering, and irrigation have been compared to 
pre-development and post-development ground
water quality. This comparison indicates that 
predevelopment groundwaters are acceptable for 
irrigation of some salt-resistant crops but 
would 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 
unlikely that treatment would be affordable or 
that knowledge of its requirement would be 
available, Because some constituents in post~ 
development groundwaters may be toxic or 
carcinogenic, especially among the organics and 
trace metals, the use of these waters by 
unsuspecting parties may result in local or 
regional public health problems. In the long 
term, these waters may become largely unavail
able for use unless large~scale development of 
the area were to occur. 

Effect on Surface Water Quality 

In-situ spent shale leachate will travel 
through aquifers of the Piceance Creek Basin for 
centuries. Eventually, assuming no change in the 
hydrologic system, it will discharge into either 
Piceance Creek or Yellow Creek, These creeks 
drain into the Colorado River System and, thus, 
changes in their quality will affect downstream 
reaches. 

The potential effect of the discharge of 
in-situ leachate from a single line source of 

Table 2. Aquifer characteristics and leachate transport in the vicinity 
of lease tracts C-a and C-b, 

Aquifer characteristics 
2 Transmissibility (T), ft /day 

Aquifer thickness (b), ft 

Permeabiity (k), ft/day 

Hydraulic gradient (dh/dL) 

Effective porosity (¢) 

Groundwater transport 

Groundwater velocity (v), ft/yr 

Shortest distance from tract to closest 

discharging stream (d), mi 

Time for leachate to reach stream (t), yr 

Retort transport 

Head difference between aquifers (dh), ft 

Direction of groundwater flow in retort 

Controlling permeability (k), ft/day 

Hydraulic gradient in retort (dh/dl) 

Groundwater velocity in retort (vR)' ft/yr 

Residence time in retort (R), yr 

Tract C-a 
Upper Lower 

330 940 

220 220 

1.5 4.3 

0.01 0.01 

0.1 0.1 

55 160 

4 

130-380 

25 

Down 

1.5 

0.083 

680 

Tract C-b 
Upper Lower 

200 

250-400 

0.5-0.8 

0.01 

0.1 

20-30 

180-1450 

25 

Up 

0.1-0.3 

0. 083 

45-140 

3-10 

53 

200-500 

0.1-0.3 

0.01 

0.1 

4-10 
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retorts into surface streams is summarized in 
Table 3o This table presents the average annual 
disharge and estimated maximum possible increase 
in total dis so 1 ved salts (TDS), sod iura (Na), and 
total organic carbon (TOC) at four points in the 
Upper Colorado River Basin due to the discharge 
of groundwater-borne, in-situ spent shale 
leachate into surface waters o If pulses from 
several line sources of retorts arrived at the 
streams simultaneously, the increases would be 
correspondingly largero 

PLANNED ACTIVITIES FOR 1980 

The present investigation has been completed 
and described in a technical task report o In 
1980, existing numerical models will be adapted 
to the Piceance Creek Basin and used to make 

detailed investigations of the flow field in the 
V1c1n1ty of in-situ oil shale retorts. Para
metric studies \vill be conducted to evaluate 
pressure transient effects associated with 
large-scale dewatering, and the rates and time 
scales involved in dewatering will be explored. 
Unsaturated flovl will be studied, and post-
abandonment infil tratior1 will be invest ted. 

FOOTNOTE AND REFERENCES 

*This program is funded by the Department of 
Energy's Division of Environmental Control 
Technology and the Office of Technology Impacts. 

L J. P. Fox, "Water-Related Impacts of In-Situ 
Oil Shale Processing," Lawrence Berkeley 
La bora tory Report, LBL-6300 ( 1980). 

Table 3. Estimated increase in TDS, Na, and TOG in surface waters of the 
Upper Colorado River Basin due to the discharge of in-situ leachates 
from tracts C-a and C-b into Piceance Creek and Yellow Creek as 
base flmv. 

Average Maximum possible increase, 
annual mg/l 

discharge --fla TDS TOC acre-ft/yr 

( 1) (2) (3) (4) 

Piceance Creek at 
\1hi te Rivera 14,500 1740 - 5260 4100 - 46' 100 10 - 570 

Yellow Creek at 
flhi te Rivera l , 150 0 - 2100 0 - 24,600 3 - 340 

White River near 
\1atson, Utah 532,000 50 - 150 110 - 1310 0.3 - 16 

Green River near 
Green River, Utah 4,427,000 6 - 18 13 - 160 0.03 - 2 

Colorado River at 
Lees Ferry, 
Arizona 12,426,000 2 - 6 5 - 56 0.01 - 0.7 

alt is assumed that the leachate from tract C-a discharges into Yellow Creek and from tract C-b into 
Piceance Creek. 
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INTRODUCTION 

The rich oil shale deposits in Colorado's 
Piceance Creek Basin are being considered for 
early commercialization by vertical modified 
in- situ re terti ng, In this process, 1 arge 
underground chambers of oil shale, several 
hundred feet in cross section and up to 700 feet 
high, are pyrolyzed in place, This type of 
processing may result in several environmental 
problems, including leaching of retorted shale, 
subsidence, and low resource recovery, These 
problems are described elsewhere in this 
report, 1 

One of the major environmental concerns is 
leaching of the retorted shale. Most of the rich 
oil shale deposits in the Piceance Creek Basin 
are laced with groundwater aquifers, During 
in-situ retort preparation and retorting, 
groundwater levels adjacent to the development 
site are lowered below the retorts by pumping. 
After oil recovery is complete, the returning 
groundwater may pass through the spent under
ground chambers and leach out soluble organic 
and inorganic materials, These materials may be 
transported in surrounding aquifers where they 
may be withdrawn from wells or discharged to 
local springs and streams, 

A number of methods have been proposed to 
solve these problems,l These include grouting, 
intentional leaching, and various hydrologic 
modifications, The purpose of this program, 
initiated in June 1978, is to investigate 
selective leaching as a means to minimize the 
impact of abandoned in-situ retorts on local 
water quality, In this approach, water would be 
injected into the retort, collected, and treated 
in a surface facility, This appears feasible 
because previous experimental work revealed that 
most of the leachable material is readily 
removed with a few pore volumes of water, 

The approach we are using is to first define 
the kinetics of leaching of inorganic and 
organic compounds from spent shale by using data 
collected from batch and column leaching experi
ments, The kinetic data are then incorporated 
into a mathematical model of the leaching and 
transport processes, This model may then be used 
to predict the movement of leached organic and 
inorganic compounds through the in-situ retort 
and into the surrounding aquifers, The resulting 
model will be used to predict the number of pore 
volumes that must be treated to produce a leachate 
\>lith a sufficiently low concentration of organics 
and inorganics, 

LEACHING OF 
OIL SHALE"' 

t and 

ACCOMPLISHMENTS DURING 1979 

This year we selected and tested a mass 
transport equation and conducted a number of 
batch and continuous-flow column leaching 
experiments to develop kinetic constants for use 
in the model. This work is summarized here, 

Mass Transport Equation 

Water passing through a bed of spent shale 
leaches out soluble material and transports it 
through the pores of the bed, The solute is a 
complex mixture of organic and inorganic com
pounds, Since the modeling of multi-component 
mass transfer and diffusion is beyond the scope 
of this study, it is assumed that the organic 
portion of the solute can be characterized by 
total organic carbon (TOC) and the inorganic 
portion by electrical conductivity (EC), Both of 
these parameters are easily measured, 

The leaching and transport of the solute, EC 
and TOC, can be modeled by a mass transport rate 
equation: 

ac 
at 

in which: 

c 

t 

Jlpore 

r 
r 

concentration of solute in the 
liquid phase 
time 
velocity of the liquid phase in 
pores of the media 
distance along column 
dispersion coefficient 
rate of chemical reaction 
concentration of solute in the solid 
phase 
bulk density 
porosity of shale bed, 

The terms on the right side of the equation 
are the contributions to the net change of the 
solute concentration with time due to convec
tion, dispersion, chemical reaction, and mass 
transfer. The chemical reaction term is neglect
ed since it is assumed that TOC and EC are con
servative. The mass-transfer term is coupled 
with an equation describing the transfer of 
solute between the solid and liquid phases as 
follows: 

aq -at - KaF(C ,q) (2) 

in which: 
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a 
K 

F(C,q) 

interfacial area between phases 
mass transfer coefficient 
driving force expressed as a 
difference between equilibrium and 
actual solute concentrations in 
solid or liquid phases. 

In the application of Eq. (2) we are follo~ol

ing the approach of Amy.2 Mass transfer be
tween phases may be represented by a series of 
equations similar to Eq. (2), each one in the 
series applicable to the movement of solute in a 
;:>articular domain. These domains include the 
solid shale, pores within the solid boundaries, 
and interfaces between solid and liquid phases. 
It is likely that the overall mass transfer v1ill 
be dominated by transfer within a single domain, 
such as movement through the solid phase, Inves
tigations are directed toward the determination 
of the dominant domain and the development of an 
overall mass transfer coefficient applicable to 
the total movement of solute from the solid to 
liquid phase. An isotherm relating equilibrium 
concentrations of TOC in the solid and liquid 
phases was developed from batch studies of solid 
shale and water mixtures for use in Eq. (2). 

Leaching Experi~ent~ 

Batch and column leaching experiments -v1ere 
performed on spent shale produced in the Laramie 
Energy Technology Center 10-ton retort in 
Wyoming. The raw shale was mined at Anvil 
Points, Colorado, and had an oil content of 26 
gallons per ton. The maximum temperature reached 
in the retort was 1200°:F and the retorting 
rate was lo53 in/hr under a 67 percent/33 per
cent air/steam atmosphere. 

Column leaching ex1Jeriments are being con
ducted in lucite columns, 11.4 em in diameter by 
l ,3 m long (:Fig. 1). At the completion of the 
small column studies additional runs will be 
made in steel columns, one foot in diameter by 

Activated 
carbon 

f i Iter 

Reservoir 

Gloss 
fiber 
fi Iter 

Variable 
speed 
pump 
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ten feet long, Several runs of the small column 
have been completed. Distilled water from a 
glass reservoir is pumped through an ac ti va ted 
carbon filter to a column containing a bed of 
packed spent shale, Taps are located at 15-cm 
intervals along the bed centerline so that 
leachate samples can be withdrawn. Pools of 
water are provided at the top and bottom of the 
bed to assure uniform entry and exit across the 
entire cross section. :Flow may be established in 
either direction, up or down. 

Typical results from a small column experi
ment are sh01vn in :Fig, 2. This particular column 
was packed with 1/2- to l/8-inch spent shale 
having a porosity of 66 percent. The pore ve
locity of the leachate was 150 em per day. A 
marked decrease in TOC is demonstrated in the 
figure. Concentrations greater than 30 ppm at 
one hour decreased in an exponential manner to 6 
ppm or less after 69 hours. The significance of 
this is that much of the organics leached from 
shale are removed in the first few pore volumes 
of water passing through the bed. Withdrawal of 
this leachate to the surf ace for treatment and 
reinjection may be a feasible control strategy. 

In the first few column experiments, the 
leaching flow through the column was in the 
upward direction" filling of the shale 
voids with water from the bottom prior to 
establishing upward flow, 1 eaching occurs only 
under saturated conditions and the volume of 
water below the wetted front has a net upward 
velocity. Alternatively, when the column is 
filled from the top prior to establishing 
downward flow, leaching takes place in both 
saturated and unsaturated flow zones. In 
addition, a pool of relatively stagnant water is 
formed in the lower regions of the bed until the 
column is filled and downward flow is established. 
Modeling of flow in the three-phase unsaturated 
region and the quiescent pool is beyond the 
scope of this investigation. 

Up flow 
column 
option 

c 

"' " (f) 

~I 
I 

1

11.4 em 

j diameter 

Down flow 
column 
option 

~le 

6 

4 

2 

Pool 

:Fig. l. Experimental setup for smal.l column leaching studies, 
(XBL 802-6795) 
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Fig. 2. Results of typical column leaching experilnent. 

At first, it was deemed simpler to model the 
leaching process under upflow conditions. After 
several runs it was observed that density 
currents within the shale bed were obscuring the 
results. As the distilled water rose in the bed, 
it picked up salts from the shale. A portion of 
leachate, more dense because of greater dis
solved salt content, fell back to the pool at 
the bottom. This pattern, repeated throughout 
the bed, has two adverse effects which compli
cate the analysis of the column studies. First, 
although net flow is upward, there are downward 
velocity components which violate the assumption 
of uniform flow implicit in the derivation of 
the mass transport equation. Secondly, the 
concentration of TOC in the fluid entering the 
bed is continually changing as dense leachate 
falls from the bed above and, therefore, entry 
conditions to the shale bed cannot be well 
defined. 

A small column containing 1/2- to l-inch 
shale, run under downflow conditions starting 
with shale voids full of water, showed a signi
ficant improvement in internal flow patterns. 
Leachate density, due to dissolved salt pickup, 
increased in the direction of flow. This creates 
a density gradient favorable to the formation of 
uniform flow in the downward direction. As might 
be expected, TOC data also showed a similar 
increasing gradient in the direction of flow. 
Consequently, all remaining column investi
gations in this study will be conducted under 
downflow conditions. 

The presence of density currents in 
sma 11-s cale columns indicates that similar 

(XBL 798-2582) 

density currents are likely to form in actual 
in-situ retorts during the passage of ground
water through the interstices in the shale. 
Density differences in leachates due to differ
ential dissolved salt concentrations of 20,000 
mg/1 or greater are possible. These differences 
can create significant driving forces counter to 
the direction of net flow and must be accounted 
for in the modeling effort. 

PLANNED ACTIVITIES FOR 1980 

Work planned for the next calendar year 
includes the completion of the small and large 
column studies and the incorporation of kinetic 
data into the transport model. 

FOOTNOTE AND REFERENCES 

*This program is funded by the Department of 
Energy's Division of Environmental Control 
Technology and Division of Oil, Gas, and Shale 
Technology. 

tUniversity of California, Berkeley, CA. 

1. P. Persoff and J. P. Fox, "Control Strate
gies for Abandoned In-Situ Oil Shale 
Retorts," Energy and Environment Division 
Annual Report 1979, Lawrence Berkeley 
Laboratory Report, LBL-10486 (1980). 

2. Gary L. Amy, Contamination of Groundwater by 
Organic Pollutants Leached from In-Situ 
Spent Shale, Ph.D. Dissertation, University 
of California, Berkeley (1978). 



INTRODUCTION 

Adverse environmental effects of oil shale 
development by modified in-situ retorting 
include groundwater degradation due to leaching 
of in-situ spent shale, subsidence of retort 
overburden, and low resource recovery because of 
the need to leave large pillars of intact raw 
shale in place to support overburden. These 
problems and potential solutions are discussed 
in another report in this volume.l One pos
sible solution to all three of these problems is 
backfilling abandoned retorts with a grout con
taining a large proportion of surface retorted 
shale, Development of a hydraulic cement based 
on surface-retorted shale is described elsewhere 
in this volume.2 

The distribution of such a grout into an 
abandoned retort is one of the most 
difficult and potentially costly aspects of 
retort abandonment. The abandoned retort con
sists of a packed chamber of retorted shale with 
a complex void distribution. Voids include 
spaces between pieces of rubble which may range 
from fines to boulders, fractures along the bed
ding plane in individual pieces of shale, and 
micropores created by the pyrolysis of kerogen. 
The introduced grout must uniformly penetrate a 
majority of these voids to achieve low perme
abilities. This may be achieved if a suffi
ciently large number of closely spaced drill 
holes are used or if the viscosity of the grout 
is sufficiently low. An economic tradeoff exists 
between the number of drill holes and grout 
viscosity. Si nee retorts are deep, one to two 
thousand feet below the surface, drilling grout 
injection holes will be costlyo On the other 
hand, use of slurry fluidizers to reduce the 
grout viscosity will also be costly, 

The purpose of this program, initiated in 
June 1978, is to develop a mathematical model of 
the flow of a Bingham fluid through a packed bed 
of rubble and to develop rheological data on 
candidate grouts. Laboratory and mathematical 
investigations will be conducted to develop 
relationships between grout penetration, dis
tance, injection pressure, and grout viscosity. 
The resulting model will be used to determine 
grout properties required to penetrate rubble in 
abandoned retorts. 

ACCOMPLISHMENTS DURING 1979 

The yield stress of non-Newtonian fluids was 
tentatively identified as the controlling factor 
limiting the penetration of slurries of spent 
shale through rubble. Rheological data were ob
tained for several candidate grouts, which showed 
that they are best described by the Casson model,3 

Flow of Non-Newtonian Fluids 

Slurries of spent shale (more generally, 
suspensions of solid particles in a Newtonian 
fluid) are not Newtonian, but follow the Bingham 
or Casson model, Figure 1 shows schematically 
the difference between these types of fluids. 
Newtonian fluids vlill flow when subjected to any 
shear stress, no matter how smalL Non-Newtonian 
fluids described by the Bingham or Casson model 
will not, They are characterized by a finite 
yield stress, T0 , which is the minimum shear 
stress that must be imposed upon such a fluid 
before it will flow. The yield stress is the 
intercept in Fig. l. A non-Newtonian fluid vJith 
yield stress T0 will not flow through a 
cylindrical pore of radius r unless the applied 
pressure gradient is greater than 2To. 

-r 
Figure 2 shows the velocity profiles for a 

Newtonian and a or Casson fluid flowing 
through cylindrical pores in laminar flow. The 
Newtonian fluid flows with a paraboloidal veloc~ 
ity profile. The Bingham and Casson fluids flow 
as a central plug, not in shear, which is car
ried along by an annular cylinder of fluid in 
shear. As the pressure gradient decreases, ap
proaching 2To from above, the central plug 

becomes wid:r until it fills the pore. At this 
point the velocity is zero everywhere in the 
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(a) 

Fig, 2, Velocity profiles for laminar flow 
cylinder of (a) Ne-v1tonian fluid and (b) Bingham 
or Casson fluid. (XBL 793-706) 

pore and the flow stops, This decrease in pres
sure gradient to a limiting value is exactly 
what happens as grout moves away from the point 
of injection. Note also that the minimum pres
sure gradient for flow is inversely proportional 
to pore radius. This means that as grout pene
trates further from the point of injection, the 
flow will stop first in fine pores while it 
continues through larger ones, 

The yield stress value of the grout is a 
function of the water-solids ratio (wsr), This 
is of interest because while a high water-solids 
ratio would give a low yield value, and thus 
favor complete grout penetration, it also re
sults in greater permeability of the grout and 
lower strength, and promotes bleeding of water 
from the grout, or it may prevent the grout from 
setting, Complicating the situation is the fact 
that in-situ spent shale rapidly absorbs water, 
up to 4 gallons/ft3,4 This means that pre
'vetting of the in-situ spent shale will be 
needed to prevent dehydration (and flow stop
page) of the grout during injection, 

Rheological measurements were made on slur
ries of Lurgi spent shale in water. Slurries 
were prepared with water-solids ratios ranging 
from 0.8 to 1.8. The material used is described 
in the article on hydraulic cement production by 
Mehta and Persoff referred to earlier,2 Vis
cosity measurements were made using a Contraves 
viscometer, model 15-T, Bleeding was measured by 
letting a volume of the slurry stand for four 
hours in a graduated cylinder. If any clear 
fluid separated to the top of the slurry, this 
volume was expressed as a percentage of the 
total volume, 

Results and Discussion 

The shear stress-shear rate relationships 
for slurries of Lurgi spent shale are shown in 
Fig, 3. This figure indicates that the data are 
in good agreement with the Casson model:3 

F~ ~ a + bDl:z 

where F shear stress, dyne/cm2 

"' 1 a "' Tcf, (dyne/cm2)'2 

b constant (g/cm-sec)~ 

D shear rate, sec-1, 

Table 1. Yield stress and percent bleeding for 
various water-solid ratios, 

Bleeding for slurries of Lurgi spent shale. 

Water-solid 
ratio 

0.8 

1.0 

1.2 

1.5 

1.8 

Yield stress, 
dyne/cm2 

167 

96 

25 

6 

4 

Bleeding, 
percent 

0 

0 

11 

21 

31 

The yield stress (the square of the intercept in 
Fig, 3) is shown in Table 1. Note that the yield 
stress increases very rapidly as the wsr de
creases below 1.2. 

Table 1 also shows the percent bleeding of 
the slurries, Bleeding is the settling of solid 
grout particles from suspension leaving a clear 
supernatant. The volume of this supernatant (ex
pressed as a percentage of the total) becomes an 

'E 
u 
I 

(jJ 
(jJ 
()) ,_ -(jJ 

,_ 
0 
()) 

..c: 
(jJ 

a--Experimental data 
--Casson model 

wsr = 1.2 
~ 

J:.~ 
0 10 20 

r. t -1/2 vshear ra e, sec 
Fig, 3. Square root of shear stress versus shear 

rate showing fit of slurries of Lurgi spent 
shale to the Casson model. (XBL 805-1109) 



ungrouted void, leading to increased 
ity and decreased strength. As expected, bleed-> 
ing increases rapidly above a wsr of LO. The 
significance of this is that if a non~,bleeding 
grout is required, a high yield stress must be 
accepted, 

The measured yield stresses may be used in a 
mathematical model of flOVI of non~Newtonian 
fluid through rubble to predict grout penetra
tion, If classical theory is used to make these 
predictions, the penetration radius is about 20 
meters. However, preliminary laboratory experi~ 
ments in which grouts are pumped into simulated 
packed columns of rubble indicate that the pene
tration radius may be as much as an order of 
magnitude smaller than the calculated value, 
Thus, classical theory appears not to apply to 
grout penetration in in-situ retorts and theo~

retical and physical modeling studies have been 
initiated to develop predictive techniques and 
reliable penetration distances, 

PLANNED ACTIVITIES FOR 1980 

Theoretical and physical modeling will be 
conducted to develop a relationship that des
cribes the penetration of spent-,shale grouts as 
a function of yield stress, injection pressure, 
and void distribution. 

WASTEWA 

J. 

INTRODUCTION 

Two unique types of water are produced 
during in-situ oil shale retorting from combus-
tion, mineral dehydration, t steam, and 
groundwater, These are referred to as retort 
water and gas condensate, They are produced in 
rather large volumes, from about 0.5 to 22 
barrels of water per barrel of oil, and have 
proven to be very difficult to treat. If this 
water could be successfully renovated, it would 
represent a valuable resource for the ariel oil 
shale 

These waters are produced ~li- thin an in-,si tu 
retort system as a vapor that J_s condensed with 
the oil and separated from it by dc;cantation, 
heat treatment, or condensation, The water that 
condenses in the retort and collects in an 
underground sump at the bottom of the retort is 
referred to as retort water while the water 
removed from the gas stream in the above,·ground 
condenser train is referred to as gas condensate, 
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The relative proportions and composition of 
each type of water depend on the exit gas tem
perature and product collection system design 
and operation, The retort water travels dow-n the 
packed bed of shale in an emulsion with the oil, 
and thus may leach constituents from the shale 
mab:ix and from the oil itself, Therefore, this 
water is expected to contain high concentrations 
of certain elements by virtue of its intimate 
contact ~lith the oil and shale, Retort waters 
are character brovm to yellow, they 
have a pH that ranges from 8 to 9, and they con-
tain high levels of many inorganic and 
constituents, including NH3 9 Ntltp HC03 9 

c acids, and various organo--
' The gas conclensa te ~c1hich 

retort as steam contains lower con~ 

centrations of most organics and inorganics than 
:retort water and higher concentrations of dis--
so lvecl gases, such and CO2. Because 
of these different ons, retort water 
and gas condensate will be collected and treated 
separa in a commercial in-,situ 



The purpose of this program, initiated in 
June 1978, is to develop treatment systems 
capable of upgrading retort waters and gas con
densates for on-site reuse or for discharge to 
the environment. These systems of necessity will 
include novel processes, such as spent shale 
ad sorption. 1 

ACCOMPLISHMENTS DURING 1979 

This year we initiated work to develop a 
treatment system for retort water. We acquired a 
range of samples, characterized them, and 
assessed their treatability based on their char
acteristics. We encountered a number of problems 
when we attempted to use standard analytical 
methods to measure water quality parameters and 
thus, we initiated work to develop new methods. 
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We also conducted bench-scale treatability 
studies on oil and grease removal, air strip
ping, and biological treatment. 

The composition of in-situ retort waters is 
summarized in Table l. This table indicates that 
the concentrations of ammonia, carbonates, oil 
and grease, organic carbon, and dissolved salts 
are too great to permit direct reuse or dis
charge. Other presently unknown constituents may 
also have to be removed. 

A retort water treatment system that we 
believe is viable for most uses of this water 
includes oil and grease removal, stripping to 
remove NH3 and other volatiles, biological 
treatment to reduce organics, and a salinity 
reduction step. (See Fig. 7b, Ref. 1). 

Table 1. Chemical composition of various oil shale 
process waters (mg/~). 

Parameter Range 

Alkalinity, total {mg/\' CaCO.,) 18,200 110,900 
Aluminum 0.041 16.6 
Arsenic 0.46 10 
Barium 0.002 0.47 
Beryllium <0.001 <0.001 
Bicarbonate mgN HCOJ 4,200 73,640 
Biochemical oxygen demand, 5-day 35od s,sood 
Bromine <0.001 1.94 
Cadmium <0.001 0.005 
Catcium 0.0 94 
Carbon, inorganic mg·C/V 1960 19,200 
Carbon, organic, mg·C/~ 2,200 19,000 
Carbonate, mg-COJ IV. 0.0 15,21ocl 
Chemical oxygen demand 8,500d 43,oooct 
Chlorine o.oO?b 1910d 
Chromium 0.009 0.08 
Cobalt 0.002 0 65 
Conductivity, Jlmhos/cm 15,100 193,000 
Copper 0.003 160 
Fluoride 0.1b 270b 
Hardness 20 1,500 
Iodine <0.001 1.3 
Iron 0.091 77 
Lead 0.002 0.83 
Lithium <0.001 7.1 
Magnesium 3.2 350 
Manganese 0.001 0.39 
Mercury <0.001 0.39d 
Molybdenum 0.033 1.2 
Nickel 0.014 2.6 
Nitrogen, ammonia, mg-NH 3 -N/I!_ 1,700 13,200 
Nitrogen, ammonium, mg-NH~ -N/\.' 930 24,450 
Nitrogen, nitrate, mg·NO-.~ -N/\' 1.4 8.7 
Nitrogen, nitrite, mg-NO~ ·NN <1.0 
Nitrogen, organic, mg-NN 73.3c 1510C 
Nitrogen, Kjeldahl, mg-NN 6,600 19,500 
Oil and grease 3,800 3,800 
pH 8.1 9.4 
Phenols ud 169d 
Phosphorus 0.23d 19.od 
Potassium 8 120 
Selenium <0.001 17 
Silica, mg·Si0 2 /~ 4b 128b 
Silver <0.001 0.23 
Sodium 45b 16oob 
Solids, dissolved 1,750d 24,5ood 
Solids, total 6,350d 121,000d 
Solids. volatile 2,070 119,300 
Sulfur, sulfate, mg.SO~ /~ 42 2,200 
Sulfur, solfide, mg·S"' N 0.0 156d 
Sulfur, total, rng-SN 14 2320 
Uranium 0.018 93 
Vanadium 0.004 >190 
Volatile acids 807 1481 
Zinc 0.020 15.1 

3 An average rs reported only'' more than 15 waters were avatlable. Most values <He based on 18 waters 

1.8 
0.07 

0.082 

7.6 
7,500 
4,700 

18,5ood 

0.015 
0.12 

31,000 
0.019 

88 

7.6 

0.70 
22 

0.099 

7,000 
10,000 

8.7 

1.25d 
37 

17 

320 
s,sood 

1,400 

0.27 

0.28 

bStgnrflcant dtscrepancws noted 111 reported values determ.ned wtth alternate analyttcal methods ValtH'~ shown .Jrt' lor 
spark source rnass spectronwtry 

c Based on two values only, 

dS•gnrlrcant chernrcal Interferences suspected 



We have initiated laboratory investigations 
on oil and grease removal, biological treatment, 
and ammonia stripping, The fo 11 owing sec t:i on 
describes the results of the oil and grease 
removal worko The other investigations are still 
in preliminary stages and will be reported in 
the next Annual Report, 

and Grease Removal 

When we started this work, it was assumed 
that retort water contained a significant frac~ 
don of emulsified oil and grease, This was a 
widely held opinion among oil shale researchers 
and was based on experimental measurements, We 
initiated studies on the removal of oil and 
grease from retort waters because emulsified oil 
and grease can interfere \vith treatment pro
cesses, as well as reuses such as cooling tower 
vla ters, The process studied was coagulation 
followed by dissolved air flotation, This method 
is conventionally used to treat refinery efflu
ents and is economical because it allo>vS recla·~ 

mation of the oil, 

However, we subsequently discovered, that 
only a small fraction of the "measured" oil and 
grease was emulsified" The balance of the "mea~· 
sured" oil and grease is dissolved organic 
material with a high molecular weight, such as 
carboxylic acids, This necessitated the develop--
ment of a reliable oil and grease cal 
method which is reported elsev1here, 
now in progress to characterize the 
fractions to determine whether or not 
should be removed from retort water, 

This section reports the results of 
mental work to select a suitable coagulant for 
oil and grease removal from retort waters, Zeta 
potentials of retort 'V7Ster were measured and 
tests performed to screen several chemical 
coagulants and polymers on two retort waters, 
This work indicated that the surface charge of 
the suspended particles in retort water is 
negative and that several cationic polymers 
produce floc at dosages in excess of 100 ppm, 
Oil and grease removal at these high dosages was 
poor, These results are partially attributed to 
the fact that only a fraction of the measu·ced 
oil and grease is suspended and thus amenable to 
coagulation, Because of the low oil and grease 
removals and high dosages of polymer, coagula·~ 

tion may not be effective for oil and grease 
removal from retort waters, 

Coagulation and Flocculation, 

Large particles in a wastevmter are conven
tionally removed by gravity sedimentation, How·
ever, very small particles and colloids such as 
suspended and emulsified oil and grease are too 
small to remove in this way because of their 
very slow settling velocities 0 These smaller 
particles are removed from <vater by coalescing 
them into larger particles and then con
ventional removal mechanisms, such as sediments·~ 
tion or flotation, Coagulation refers to the 
addition of chemicals to induce particle aggre-
gation l·lhile flocculation is the process of 
forming large particles from small ones by 
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aggregation; sedimentation is the removal of the 
aggregated particles, 

Colloidal particles remain in suspension 
because of the high surface charge that they 
carry, Oil droplets tend to acquire a negative 
charge by preferential adsorption of anions, 
particularly hydroxyl ions, This surface charge 
must be reduced to bring about particle aggrega
tion or flocculation, This may be done by the 
addition of electrolytes, polymers, or chemicals 
that form hydrolyzed metal ions, Le,, alum and 
ferric sulfate, 

Zeta potential measurements are commonly 
used to estimate the surface potential of sus
pended particles, The measurement can be used to 
assess the type and doses of a coagulant that 
are required for floc formation, Zeta potential, 
z;;, is defined by the equation 

z;; ~ 4mS q/D 

in which q is the surface charge on the particle 
(or the charge differencEJ bet>veen the particle 
and the body of the solution), c5 is the thick
ness of the layer around the particle through 
which the charge difference is effective, and D 
is the dielectric constant of the solution, 
Thus, the zeta potential is a measure of both 
the charge on the colloidal particle and the 
distance over which the charge is effectiveo 

Zeta potential analysis of retort >Vater 
demonstrated a decrease in the negative mobility 
of the with decreasing dilutions, This 
results from the influx of positive counter ions 
into the diffuse double layer of charge around 
the oil droplets, A plateau of electrophoretic 
mobility at approximately -L35 ]1m/sec per volt/ 
em was attained at a dilution of about 20 percent 
(v/v) ,The zeta potential of the particles in L-3 
retort .vater was thus about -·17 ,4 mV. 

The negative charge on the droplets indi
cates that they can be coagulated with a cati
onic polymer or a metal salt, On the one hand, 
the high ionic strength of the retort waters 
tends to suppress the diffuse double layer 
around the oil droplets. This should enhance 
coagulation, However, the high ionic strength 
also tends to inhibit the coagulative potential 
of the polymers, The net result is generally an 
increase in the dose of coagulant required to 
achieve good flocculation. 

Co~~lant Performance by Jar Testing, 

A variety of metal salts and polymers was 
first visually screened for floc formation using 
water L·-2, The more successful of these polymers 
was then evaluated using standard jar testing 
methods on L-3 and 150- ton retort .va ters, Coagu·, 
lant performance was evaluated by measuring 
residual turbidity and suspended oil and grease, 

In the screening tests, alum, ferric chlor
ide, ferric sulfate, and a total of 36 com-



mercial anionic, nonionic, and cationic polymers 
were tested for their ability to produce a visi
ble floc, This \vas accomplished by dosing a 50-
ml sample of retort water with a given concen
tration of polymer, The sample was stirred for 
30 sec with a magnetic stirrer and was checked 
for visible signs of floc formation, Table 2 
summarizes the results of these screening tests, 
This table indicates that Tretolite and Nalco 
are the most promising polymers tested, 

The second screening procedure involved 
dosing a 50-ml sample of retort water with a 
known concentration of polymer, After 30 sec of 
rapid stirring, the sample was allowed to settle 
for 60 min, An aliquot of the supernatant was 
drawn off and residual turbidity was measured, 
This procedure was repeated for a range of poly
mer doses to determine the dose that produced 
minimum residual turbidity in the wastewater. 
This value is commonly referred to as the opti
mum coagulant dose, The results of the jar tests 
for the six most promising coagulants, in terms 
of turbidity removal, are shown in Fig, l, Table 
3 lists the optimum coagulant dose and corres
ponding turbidity reduction. 

All of the successful polymers were cati
onic, which is consistent with the zeta poten
tial measurements, Table 3 indicates that poly
mer doses of 40 to 160 ppm are required to 
achieve turbidity reductions of 12 to 64 per
cent. These results are not encouraging because 
of high dosages required. 

The six polymers that showed promise in pro
ducing floc in the L-3 retort water were tested 
on 150-ton retort water. The above approach to 
testing the polymers was found inadequate for 
150-ton retort water because of low concentra
tion of materials and low turbidities, The resi
dual turbidity of 150-ton water follm·li.ng coag
ulation and settling remained constant or in
creased, Tretolite 398 was the only polymer that 
reduced turbidity in 150-ton retort water. Con
sequently this polymer was selected for further 
testing in a series of jar tests employing oil 
and grease removal as a means of evaluating 
process performance, 

Varying doses of Tretolite 398 were added to 
jars containing 250 ml of 150-ton retort water. 
The samples were rapidly mixed at 150 rpm with a 
standard jar test apparatus for 60 sec, This was 
followed by slow stirring for 15 min at 40 rpm, 
The samples were then centrifuged for 15 min at 
2500 rpm. Portions of the supernatant were with
drawn from beneath the liquid surface and ana
lyzed for oil and grease by the standard method 
described by Sakaji et al.2 The results are 
summarized in Fig, 2 which show residual oil and 
grease as a function of polymer dose, The 
polymer was not effective in removing suspended 
oil and grease, 

Additional work is required to develop and 
refine analytical methods to characterize the 
nature of the oil and grease in retort vmters 
and to screen each retort water with all poten
tially viable polymers. 
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Table 2~ Results of screening tests on L-3 
retort water. 

Name of Polymer 

Magnifloc 
1561C 
1839A 
1906N 
521CH 
581C 
507C 
587C 

Tretolite 
J-189 
TFL-300 
TFL-362 
TFL-383 
TFL-391 
TFL-398 

Calgon 
WT 3000 
CAT FLOC 
WT 2575 
WT 2640 

Garret-Callahan 
LDOW 

766N 
764N 

Dark Amber 
720 CL 
721 CL 

Herco Floc 
863 (Dry) 

Nalco 
603 
7103 
7105 
7107 
7!32 
7134 
7123 
7730 
7731 
7734 
8101 
8102 
8104 
8106 

Alum 

Chemical 
Class 

Polyamide 

Quaternary 
Polyamines 

PDADMA 
PDADMA 
PDADMA 

Polyamine 

Floc 
Formation 

+/-

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

PLANNED ACTIVITIES FOR 1980 

Retort water treatability studies will be 
conducted on additional methods of oil and 
grease removal, on air and steam stripping, and 
on various biological processes including trick
ling filters and activated sludge, These results 
will be used to design a larger scale, continuous
flow system that includes several unit pro
cesses, This treatment system will be interfaced 
with packed columns of spent shale,l and over-
all removal efficiencies for TDS, NH3, alkalin
ity, and organic carbon will be determined, Work 
will be initiated on the treatability of gas 
condensates, 
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Fig. 2. The effect of Tretolite 398 polymer on 
oil and grease in 150-ton retort water. 
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Table 3~ The effect of Tretolite and Nalco polymeru on residual turbidity of 
t~10 oi.l shale retort waters~ 

Coagulant Retort Water 

NALCO 7132 1,~3 

NALCO 8102 L~3 

NALCO 8104 L~3 

NALCO 8106 L-3 

TRJITOLITE 398 L-3 

TRETOLITE 300 L-3 

NALCO 7132 150-TON 

NALCO 8102 150-TON 

NALCO 8106 150-TON 

TRETOLITE 398 150-"TON 

TRETOLITE 300 !SO-TON 

Dosage a 
ppm 

120 

160 

160 

100 

100 

80 

40 

Percent 
Turbidity 
Reduction 

64 

29 

62 

49 

47 

28 

Increased turbidity 

Increased turbidity 

Increased turbidity 

12 

Inc reas ecl turbidity 

requ:Lt·ed to produce minimum turbidity following jat· testing. 
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INTRODUCTION 
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Onysko, J. 
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Retort waters are coproduced with shale oil 
and separated from it by heat treatment and 
decantation. Because of the intimate contact 
between these two phases, some oil and grease, 
about 0.1 to 1 weight percent, may remain 
associated with the water phase. A knowledge of 
the quantity of this material is helpful in 
overcoming operational difficulties in treatment 
plants, for assessing environmental impacts of 
waste discharges, and for assessing the poten
tial of recovering oil and grease. Oil and 
grease may coat adsorption media and stripping 
column packings and interfere with anaerobic 
digestion of sludges. If wastewaters containing 
oil and grease are discharged to receiving 
waters, surface film and shoreline deposits may 
result, and federal and state laws require their 
removal. If sufficient oil and grease is present 
in waters, it may be possible to reclaim it. 

The purpose of this study, begun in June 
1979, is to develop reliable methods to measure 
oil and grease in retort waters. 

ACCOMPLISHMENTS DURING 1979 

We investigated the partition-gravimetric 
methodl and Soxhlet extraction procedure2 
for the measurement of dis so 1 ved and suspended 
oil and grease in retort waters. Analytical 
problems were encountered with these methods 
including emulsion formation and sample loss 
during drying. Thus, work was initiated to 
develop a new method of analysis. This method 
depends on selective partitioning of hydrophobic 
materials onto a reverse-phase chromatographic 
column followed by elution with a small quantity 
of organic solvent. The eluate is further frac
tionated by passing it through a normal-phase 
column to remove polar material, and the eluate 
is weighed, 

Standard Analytical Methods 

Oil and grease was initially determined by 
the partition-gravimetric analysis outlined ln 
Standard Methodsl, This method was modified 
due to analytical problems, The standard method 
involves acidification of the sample to pH 2, 
extraction in a separatory funnel with Freon, 
collection and evaporation of the solvent to 
dryness, and weighing the residue. Analytical 
problems encountered included the formation of a 
precipitate during acidification and severe 
emulsion formation during Freon extraction, The 
precipitate has been observed by others3 and 
is hypothesized to be e lementa 1 sulfur and 
organic acids. At this point we realized that 
there were major flaws in the analysis. 

OIL SHALE 

Fox, Daughton, t Jenkins, t 
Selleckt 

Occluded water associated with the emulsion 
would add to the oil and grease determined 
gravimetrically. Variables affecting the form
ation of the emulsion ~..rere not understood and 
therefore could not be adequately controlled. 

Studies were conducted in order to develop a 
method to eliminate emulsion formation. A vari
ety of other organic solvents was tried, with 
and without acidification. We found that the use 
of methylene chloride without acidification pro
duced the least emulsion, The organic phase 
could be separated from the water and the small 
quantity of emulsion. This extraction procedure 
was used in combination with other separation 
techniques to measure various fractions of the 
oil and grease. 

Suspended oil and grease in retort waters 
tvas determined b~ the filtration technique des
cribed by Luthy, The suspended oil is impor
tant because it represents the fraction of the 
oil and grease that can be removed from water by 
coagulation and flotation or other means, The 
dissolved fraction, on the other hand, is not 
affected by these techniques and can only be 
removed by more expensive solvent-extraction 
methods. 

The sample in Luthy's method is passed 
through Whatman 40 filter paper coated with 100 
ml of a 10-gm/1 Celite filter aid solution. The 
filter paper is supported on a Buchner funnel by 
a muslin cloth. The material collected by the 
filter paper is dried with MgS04 and the resi
due is Soxhlet-extracted for 4 hours with methy
lene chloride. The solvent is collected, evapo
rated, and the residue is dried and weighed to 
give suspended methylene chloride extractables 
(SMCE). This fraction, which includes the sus
pended and emulsified oil, can be removed by 
coagulation and flotation, 

The filtrate from the Celite filtration is 
extracted by the partition-gravimetric method 
using methylene chloride. The organic phases, 
after five extractions, are pooled and taken to 
dryness, The residue is dried and weighed to 
give the dissolved methylene chloride extract
abies (DMCE). Total methylene chloride extract
abies (TMCE) are determined by adding DMCE and 
SMCE or: 

TMCE ~ DMCE + SMCEo 

We encountered considerable difficulty in 
the drying procedure for the organic extracts of 
the various fractions of oil and grease. The 
residues continually lost weight with drying 
time. The drying procedure Has standardized by 
selecting a drying temperature and time (80°C, 
15 min L 
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Table L Oil and grease determination on 150-ton and Occidental retort 
water using the partition-gravimetric and Soxhlet extraction 
method with methylene chloride and no pH adjustment (mg/1). 
(Drying temperature was 80°C for 15 min.) 

150-ton Occidental 
Retort Water Retort Watera 

Suspended methylene chloride extractables 354 285 ± 14 
(Soxhlet Extraction) 

Dissolved methylene chloride extractables l25Lf 467 ± 42 
(Partition-Gravimetric) 

Total methylene chloride extrac tables 
(By Addition) 

aAverage of three replicates. 

The results of these studies, sumuarized in 
Table 1, indicate that the partition-gravimetric 
and Soxhlet extraction methods are reproducible 
when the samples are f rae tiona ted by Ce 1i te fil
tration. Table 1 presents the results of sus
pended and dissolved oil and grease measurements 
on Occidental and 150-ton retort waters. These 
are the first such measurements ever reported, 
and they show that suspended oil and grease 
represents less than half of the total oil and 
grease in these two retort waters. This is a 
significant finding because it suggests that oil 
and grease removal by coagulation and dissolved 
air flotation or other similar methods may not 
be effective in removing oil and grease from 
retort waters. It also indicates that oil and 
grease in retort waters is very different from 
that in conventional wastewaters for which the 
standard method of oil and grease was devel
oped. Retort waters have high concentrations of 
carboxylic acids3 which are extracted during 
the oil and grease test. These organic acids 
have different properties than oil and grease, 
are much less significant environmentally, and 
may not create a fouling problem in downstream 
treatment units. Therefore, the ificance of 
the standard oil and grease test and the ration
ality of environmental regulations based on it 
must be questioned. This issue should be 
investigated in other studies, 

Reverse·-Phase Chromatographic Method. of Oi 1 and 
Grease Ana 1 ys is ··~-~·~~-~~~~-·~~~ 

Development of an alternate method of oil 
and grease analysis is in progress. This new 
method is being developed to circumvent some of 
the problems noted with standard methods and to 
accelerate the ana lytica 1 procedure. In the new 
method, oil and grease is determined by passing 
a knoVln quantity of sample through a reverse~· 
phase C-18 column (C-18 Sep Pak; Waters and 
Associates, Milford, Mass.). This column removes 
the nonpolar fraction (neutral hydrocarbons or 
the oil and grease fraction) and passes most of 
the polar fraction which is discarded. The 

1608 752 ± 77 

column is eluted v1ith methylene chloride after 
mobile phase switch-over with methanol, and the 
eluate is dried, dissolved in a nonpolar solvent 
and further fractionated by passing it through a 
normal·~phase Si column (Si Sep Pak). The Si 
column removes any residual polar material from 
the C-18 eluate and passes the nonpolar fraction 
v1hich is collected, dried, and weighed. We have 
used this method to measure oil and grease in 
150~ton retort water and have studied the elu
tion efficiency, breakthrough characteristics, 
and suitable solvents for the Si column. 

The aqueous sample can be filtered through 
Celite, and the Celite filtrate processed 
through the C-18 and Si columns. The result is 
an estimate of dissolved hydrophobic material 
(DHM). Total hydrophobic material (THM) is 
determined on unfiltered water. An estimate of 
suspended hydrophobic material, SHM, is obtained 
as 

SHM THM - fJHJ:-1. 

One advantage of this approach is that it 
saves time. The process of separatory funnel 
extraction, Soxhlet extractions, and sample 
drying requires about 60 hours for 20 samples. 
The values for THM would be analogous to those 
for TMCE, and similar relationships would apply 
to DMCE and DHM, and to SMCE and SHM. 

Table 2 summarizes the results of oil and 
grease analyses by reverse-phase column separ
ation only. The results indicate that the C-18 
columns may give a facile indication of methy
lene chloride extractables" The value of THM and 
DHM bracket those for TMCE and DMCE (Table 1), 
res pee ti ve ly. The samples for DHM and THM ana
lyses were dried at 60°C and l00°C. The re
sults also demonstrate the influence of drying 
temperatures on the recovery of oil and grease. 

A study of the efficiency of methylene 
chloride for eluting oil from the Si column was 
conducted. A 30~-mg sample of Occidental shale 
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Table 2o Oil and grease determination on 150-ton retort water using 
reverse-phase column separation (C-18 Sep-Pak) and methylene 
chloride elution with no pH adjustment (mg/1). 

Dis so 1 ved 
Drying Hydrophobic 

Temperature Material 

60°C 2000 

100°C 560 

oil was dis so 1 ved in 10 ml of methylene chi or ide 
and the solvent was passed through the Si column 
and collectedo The column \vas then eluted \vith 
three fresh 10-ml aliquots of methylene chloride 
and each eluate was collected separately in a 
tared pano The solvent was evaporated from the 
samples and the residue was weighedo The data 
show that a single elution with 10 ml of methy
lene chloride is sufficient to recover 97 per
cent of the total mass that could be elutedo 

Breakthrough studies were performed to 
determine the sorptive capacity of the Si column 
for polar material in the Occidental shale oil. 
Oil samples of various weights were dissolved in 
methylene chloride and passed through the Si 
columno The organic effluent and the eluate from 
one rinsing with 10 ml of methylene chloride 
were combined and evaporated to dryness. The 
data indicate that 71 percent of the oil was 
recovered in the nonpolar fraction, ioe., the 
f rae ti on that is passed by the S i Sep-Pak 0 Up to 
130 mg of oil was applied to the column with no 
evidence of polar compound breakthrougho 

The effect of an eluotropic series of 
organic solvents on the recovery of oil and 
grease from the Si column was investigatedo As 
expected, the partitioning be tween polar and 
nonpolar fractions was dependent on the organic 
solvent usedo The fraction of hydrophobic 
material recovered from the oil decreased with 
decreasing solvent polarity, i.eo, methylene 
chloride, benzene, Freon, hexane, and petroleum 
ether. 

The initial results of these studies indi~

cate that liquid chromatographic columns can be 

Suspended 
Total Hydrophobic 

Hydrophobic Material 
Material (By Subtraction) 

2780 780 

1300 720 

used in sample preparation for oil and grease 
analysis. 

PLANNED ACTIVITIES FOR 1980 

Work will continue on the development and 
application of the reverse-phase chromatographic 
method of oil and grease analysis. Alternatives 
to gravimetric determination, including high 
performance liquid chromatography with infrared 
detection, will be evaluated. The new method 
will be used to analyze oil and grease in 
several retort waterso 

FOOTNOTES AND REFERENCES 

"'"This program is funded by the Department of 
Energy's Division of Environmental Control 
Techno logy. 
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Center Report of Investigation, LETC/RI-78/7 
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INTRODUCTION 

Production of synthetic crude from oil shale 
generates from 0.10 to 22 barrels of water and 
25 to 100 pounds of solid waste per barrel of 
oil, depending on the specific process used. The 
water, referred to as retort water, originates 
from combustion, mineral dehydration, input 
steam, and from groundwater intrusion (in~situ 
processes only). The organic content of retort 
water may reach three percent while inorganic 
concentrations of as much as five percent are 

• The principal organic constituents are 
acids and nitrogen-containing organic 

compounds, and the princ ic campo~· 

nents are ammonium, sodium, and bicarbonate, 
lvith lesser but cant amounts of thio~ 
sulfate, chloride, sulfate, and carbonate. The 
solid waste, referred to as spent shale, is a 
porous material that contains •..reight pc:rcent 
concentrations of sodium, calcium, 
iron, potassium, and inorganic carbon, The spent 
shale and retort 
d problem 

The retort water would be a valuable re·· 
source for the arid regions in ·which oil shale 

ts are located if effective and economical 
treatment methods can be found. However, past 
attempts to adapt conventional treatment tech~ 

nologies, such as anaerobic fermentation, acti~ 

vated sludge, and carbon adsorption to remove 

organics and inorganics from retort ~1aters 

indicate that these methods have serious tech
nical and/ or economic limitations" However, an 
observation made at LBL during the course of 
other work suggests that spent shale might be 
used to economically reduce some organic and 
inorganic components of :retort vmter. 

The purpose of this program, initiated in 
June 1978, is to determine whether spent shale 
can be effectively used in the treatment of 
in-situ retort waters, In-situ oil shale retort
ing processes produce large volumes of water 
compared to surface processes, and they leave 
large cavities of spent shale underground. In 
modified in-situ processing, which is currently 
under development by industry and by the Depart
ment of Energy, 20 to 40 percent of the ace 
shale is mined and processed in surface retorts, 

This program is inve t\vO 

uses of spent shale for treatment of in-situ 
retort v1aters (Fig. 1). In the first appli
cation, the abandoned in-situ retort would be 
directly used in a treatment system, Water 
generated in one retort would be circulated 
through an acent spent retort to reduce 
contaminants the water and to cool the in.~ 

situ spent retort in preparation for grouting. 
In the second application, spent shale produced 
in surface retorts would be used in packed 
columns similar to granular activated carbon. 

UNDERGROUND TREATMENT 

OIL 

TREATMENT 

AMMONIA 
STRIPPING 

BIOLOGICAL 
TREATMENT 

TREATMENT 
AND DISPOSAL 

SALINITY 
REDUCTION 

Fig. 1. Potential uses of spent shale in the treatment of retort 
waters. (XBL 805-1080) 
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The exhausted spent shale would be disposed with 
other solid wastes in an on-site solid waste 
disposal facility. 

The effect of spent shale treatment on 
organic carbon, inorganic carbon, e 1 ec trical 
conductivity, and pH is being investigated in 
batch and column studies. The results of these 
studies will be used to design a complete treat
ment system that includes spent shale treatment. 

Batch studies will be conducted to determine 
the adsorptive characteristics of various spent 
shale/retort water combinations. Equilibrium 
conditions will be determined for all combina
tions, and adsorption isotherms will be devel
oped for the most favorable combinations. Con
tinuous-flow column studies will be used to 
determine optimum operating conditions for 
favorable spent shale/retort water combinations. 
When the spent shale columns are optimized, they 
will be interfaced with a system that includes 
oil and grease removal, ammonia stripping, and 
biological treatment.l 

ACCOMPLISHMENTS DURING 1979 

We completed equilibrium batch studies of a 
number of retort water/spent shale combinations. 
A gas chromatography fingerprinting technique 
was developed and used to determine the organic 
components removed by the spent shale. Surface 
areas and chemical compositions were determined 
for several spent shales. Column studies are in 
progress to investigate breakthrough character
istics and to obtain design parameters. This 
work indicates that spent shales are effective 
in removing color, odor, inorganic carbon and 
certain classes of organic compounds and 
elevating the pH of retort waters. Spent shale 
treatment removes the methylene chloride ex
tractable components at pH 2 and 11. 

Surface Area of Spent Shales 

The surface area of spent shales is impor
tant in assessing their adsorptive properties. 
Residual carbon and internal pores contribute to 
the surface area of spent shales. When kerogen 
is removed by pyrolysis, it leaves behind a net
work of pores. Additionally, the pyrolysis of 
kerogen produces not only oil and gas, but also 
a char or residual carbon which is left on the 
surface of the spent shale. Some processes burn 
this char for process heat while others leave it 
on the spent shale (TOSCO II, Lurgi). 

The surface area of six spent shales were 
measured using a BET apparatus. These values, 
which ranged from 2,1 (L-1) to 10.2 (TOSCO II) 
m2/gm for 60 to 230 mesh particles, were an 
order of magnitude higher than those calculated 
for perfectly round spheres of equivalent diam
eter, This means that interstitial pores con
tribute to the surface area. The effect of re
torting temperature on surface area is shown in 
Fig. 2 which indicates that surface area de
creases as the retorting temperature increases. 
This trend is probably due to residual carbon. 
The majority of the residual carbon was burned 
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off of all of these spent shales except TOSCO II 
and Lurgi. The L-1, S-14, S-55, and Paraho spent 
shales were produced by combustion retorting, 
and residual carbon was burned to supply process 
heat. The decrease in surface area at higher 
temperatures may also be partly due to high
temperature mineral reactions that fuse some of 
the kerogen pores. 

Batch Studies 

The effect of spent shale treatment on dis
solved organic and inorganic carbon, electrical 
conductivity, and pH in several retort waters 
was evaluated in equilibrium batch experiments. 
The results of these experiments are summarized 
in Table 1. The specific adsorption ranged from 
0.07 to 1.6 mg organic carbon per g of shale. 
TOSCO II is the best adsorbent for organic car
bon in the retort waters investigated, followed 
by Paraho spent shale. The remaining four 
shales, Lurgi, L-1, S-14, and S-55, are as much 
as an order of magnitude poorer in organic 
adsorptive capacity than the TOSCO II and Paraho 
samples. The percent reduction in organic carbon 
ranged frcm near zero to 66 percent for TOSCO II 
shale anc \·,•as found to decrease for spent shales 
retorted at high temperatures (Fig. 3). This 
effect is due to the decrease in surface area of 
spent shales at higher temperatures (Fig. 2). 
There was a positive correlation bet1veen surface 
area and adsorption for all spent shales except 
Paraho. Paraho spent shale, with a relatively 
small specific surface area, is one of the best 
organic adsorbers. This suggests that the 
chemical nature of the spent shale surfaces 
varies significantly. 

Spent shale may also remove up to 98 percent 
of the dissolved inorganic carbon from retort 
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Fig. 2. The effect of retorting temperature on 
surface area of spent shales. (XBL 801-7734) 
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Table L Percent change in organic carbon, carbon electric conductivity, and pH of retort 
water after 120 hours of contact with spent shale in batch experiments using 50 g shale and 
50 ml retort water. 

P E R C E N T C H A N G E a 
Parameters Measured Surface Spent Shales In-Situ Spent Shales 

in Retort Water 

Carbon -49 --- -18 NS -12 

Inorganic Carbon -91 -98 --- -98 -98 -98 

Electrical Conduc -28 -6 --- -20 --- -31 

pH + 116 + 119 --- +131 --- +136 

Organic Carbon -2l,c NS -48 NS NS -7 

Inorganic Carbon -89 -97 -60 -98 -97 -98 

Electrical Conductivity -L>O --- NS -36 --- -54 

pH + l NS +116 --- +119 

Organic Carbon -51 -17 -66 -13 NS -18 

Inorganic Carbon -89 -96 -4_.7 -97 -98 -98 

E l ec tr ical Conductivity -54 --- --- -60 --- -60 

pH ~:~ +109 --- +126 --- +123 

Organic Carbon -45 -21 -27 - NS NS 

Inorganic Carbon -91 -93 -65 -97 -99 -97 

Electrical Conductivity -49 --- --- -5L, --- -75 

pH + ll +113 --- +121 --- +127 

aA negative value indicates that the concentration \vas reduced by the indicated amount >vhile a 
positive value indicates a~ increase in the retort water. 

statistically significant change. 
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Fig. 3. The effect of retorting temperature on 
the percent removal of organic carbon from 
retort waters. (XBL 801-7731) 

water samples. The percent reduction increases 
approximately linearly up to 700°C and levels 
off at higher temperatures at 98 percent (Fig. 
4). Spent shales with the highest organic ad
sorptive capacity appear to be least effective 
in removing inorganic carbon. Thus, Paraho and 
TOSCO II spent shales effect the least inorganic 
carbon reduction and the remaining spent shales, 
Lurgi, L-1, S-14, and S-55, are the most effec
tive in this respect. The reason for this in
verse relationship is unknown but is probably 
related to different removal mechanisms. Inor
ganic carbon may be removed by an ion exchange 
process, while organic removal may be more de
pendent on the lipophilic character and organic 
content of the spent shale. 

The reduction in carbonate levels is accom
panied by a decrease in electrical conductivity 
and an elevation in pH. The decrease in conduc
tivity results from the removal of dissolved 
inorganic carbon (i.e., C03, HC03) from the 
water. 

Contact of retort water with spent shale 
elevates the pH from initial levels of 8 to 9 to 
final values of 10 to 11. The simultaneous de
crease in dissolved inorganic carbon and in
crease in pH is hypothesized to result from 
chemical reactions between the carbonate species 
in the retort water and hydroxides formed from 
the hydration of CaO and other metal oxides pre
sent in the spent shale, This type of reaction 
can be su!mlar iz ed by the fo 11 owing equations: 
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Fig. 4. The effect of retorting temperature on 
the percent removal of inorganic carbon from 
retort waters. (XBL 801-7732) 

Column Studies 

A single column study was conducted using 
Paraho spent shale and Geokinetics retort water. 
The column influent and effluent were charac
terized spectrophotometrically and by gas 
chromatography. 

The characteristic color and odor of retort 
water was almost completely removed by the spent 
shale column. This may be related to the removal 
of organic components responsible for the color 
and odor of these waters. 

This study indicated that spent shale ad
sorption may not be effective for removing gross 
organics (dissolved organic carbon) because col
umn breakthrough occurs before two pore volumes 
can be treated. This means that operation and 
maintenance costs of a spent shale column may be 
excessive. However, spent shale columns may be 
useful for removing specific organic compounds 
or classes of organic compounds or for reducing 
co lor and odor. 

The nature of the specific organic compounds 
removed by columns of spent shale was investi
gated spectrophotometrically and by gas chroma
tography. The methylene chloride extractable 
components in retort ~o1ater are reduced during 
spent shale treatment. Figure 5 shows the com
plete removal of basic extractables while Fig. 6 
shows only one major peak remaining in the acid 
extract. This not only demonstrates the effec
tiveness of spent shale as an adsorbent for at 
least some of the organic contaminants in retort 
water, but also indicates that the organic car
bon that is not adsorbed is the most polar and 
soluble fraction. This is predictable since non
specific adsorption is inversely related to 
solubility, Thus, we expect that those compounds 
which are least soluble in water will be removed 



m,l st easily from aqueous so lu ti on by adsorption 
onto ~pent shale. 

~plication to Treatment of Retort Waters 

These studies indicate that spent shale may 
be used to reduce the organic and inorganic 
carbon, electrical conductivity, color, and 
odor, and to elevate the pH of retort waters. 
These characteristics have important and 
immediate applications to the treatment of 
retort water. Conventionally, retort water would 
be treated using a system similar to that shown 
in Fig. 7a. Oil and grease removal would be 
followed by steam stripping to remove ammonia, 
biological treatment to reduce soluble organics, 
and a desalination step to remove dissolved 
salts. The results of this work suggest that a 
system similar to that shown in Fig. 7b is fea
sible. A packed bed of spent shale could be 
placed ahead of the arnmonia removal step. The 
increase in pH achieved in the spent shale col
umn would convert ammonium to ammonia which 
could be removed from the water by air stripping 
instead of steam stripping, resulting in a cost 
saving. Air stripping may be cheaper than steam 
stripping due to reduced energy requirements. 
The simultaneous reduction of electrical con-
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Fig. 5. Gas chromatography fingerprints of 
alkaline extracts of Paraho/Geokinetics column 
influent and effluent. (XBL 805-1046) 
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ductivity and dissolved organic and inorganic 
carbon through the spent shale column viOuld 
decrease the load of these constituents on 
subsequent treatment steps, allowing the use of 
smaller units. The removal of toxic organic 
components may improve the operation of the 
biological treatment system. These features of 
spent shale columns could result in considerable 
cost savings over conventional treatment sys
tems. Additional work, however, is required to 
study breakthrough characteristics of spent 
shale columns and to develop design parameters. 

PLANNED ACTIVITIES FOR 1980 

Batch studies will be conducted on addi
tional spent shale/retort water combinations, 
and column studies will be conducted using the 
most promising spent shales. Other unit pro
cesses, including oil and grease removal, 
ammonia stripping, and a biological treatment 
process will be selected for use with spent 
shale columns. Batch and continuous-flow studies 
will be conducted on these other processes and 
on a complete treatment system. 

Acid extract(pH,2) 
Column influent 
Shale:Paraho 
Water: Geokinetics 

~~--L-L-~~-L-l~~--L-1'--L-L-~ 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Elution time (min) 

Acid extract (pH" 2) 
Column effluent 
Shale: Paraho 
Water: Geokinetics 
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Elution time (min) 

Fig. 6. Gas chromatography fingerprints of acid 
extracts of Paraho/Geokinetics column influent 
and effluent. (XBL 805-1045) 
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Fig. 7. Proposed treatment system for upgrading retort water (a) 
using conventional technology; (b) using columns of spent shale. 
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