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e work pzeaeatcd in this  report has een to make a 

preliminary ~ ~ a ~ u ~ t ~ 0 ~  o f  the scieance, teehnsfogy, and economics a s s a c i -  

with the large-%sale recovery of ~~~~~~~~~~~s and minerals. from Chat- 

tanilsrga s h a l e ,  Although more2 d i l a t e  than rescIpII"ces that are be ing  er- 

p l o i t e d  today, Chattanooga shale i s  B uniquely large and versat i le  re- 

m n r c e  of hgdra~arbon fue l ,  oranim, and s t r a t e g i c  minerals. 

and G o n ~ f u ~ i ~ n s  will sumtoarixe why ORHL has an interest in Chattanooga 
shale, the nature of the res~aree and its regional setting, considerations 

to shale mining and the management of residues, p r ~ c e s s e s  for re- 

covery of oil and minerals, estimated envirosunental and soc ia log ica l  im- 

p a ~ t s ,  and needs for farther research and development. FiaaPly, canclu- 

s i o m  of the  s t u d y  ana recomratendatians f o r  fur ther   WOE^ and actions w i l l  

be  sllmmplrized, 

. . . . . . . . 
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Fig. 1.1. Approximate geographic  hounilaziec; of thr Chattanooga shzle. 
The shaded area, extendirnf: 8 kru from the  line of outcrops ,  
is the m o s t  a c c e s z j h l e  f t r r  min ing .  
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Land use in the Chattanooga Shale Region is varied and closely asso-- 
ciated with the physiography of the land. Most of the land is either 

heavily forested or cleared for cropland and pasture. 
prises the three major cities -Nashville, Chattanooga and Huntsville and 

their surroundings. 

region. Land used for recreation is significant to the economy of the 

region but is not large in area. 

Urban land corn- 

Small communities are also dispersed throughout the 

The climate of the Chattanooga Shale Region is relatively mild ana 

pleasant, interrupted by long summer hot spells and variable winter out- 

breaks of freezing cold. 

annual precipitation is 131.5 cm. Average annual wind speeds are around 3- 

4 m/sec (7-9 mph). Strong winds associated with tornadoes, hurricanes or 

blizzards are infrequent compared to most other areas of the country. 

Existing ambient ais quality in the Chattanooga Shale Region i s  generally 

moderate for pollutants which have been monitored. 

The vegetation of the region reflects the influence of 200 years of 

Average annual temperature is 14.8OC and average 

settlement. The original vegetation has been cleared or modified such 

that it no longer reflects physiographic control. Predominant vegetation 

continues to be broad-leafed, deciduous forest with mixtures of coniferous 

trees. 

The fauna of the region has been enriched in those species which 

thrive in a mosaic of forests, fields, and extensive water reservoirs. 

The aquatic biota of the region is highly diverse due to the great diver- 

sity of habitats. Seven terrestrial animal species, three terrestrial 

plant species and nineteen aquatic species appeasing on the U.S. Fish and 

Wildlife Service Endangered Species lists occur within the region. 

The so,eiosconomic environment is clearly divided between the urban 

areas (e.g., Nashville and Chattanooga) and the rural areas (e.g., coun- 

ties where mining may occurll. Urban areas are experiencing growth by im- 

migration while rural areas contain a population age structure suggesting 

emigration of a substantial portion of their young people. The urban por- 

tions of the region have enjoyed considerable economic growth and have per 

capita incomes above the national average. 

Manufacturing has surpassed agriculture in importance in rural areas 

but rural per capita income remains below the national average and 40% of 

...... 
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the ~ o u g l t i c s  have been declared t o  be  surplus labog. ~ r e 8 . s ~  The rural 

e r e i s  havc a relatively high fraganmcy of substandard housing. All ont- 
CEOP coniities have medical c a r e  a v a i l a b l e ,  although hospitalization may 

rcquiaa  travel  outside the county. Public  edacatian from kindergarten 

through t w e l f t h  grade is available in a l l  counties rand specialized 

schools ,  vocsti.ona1-technics1 scho~ls, and institutions for higher educa- 

tion are  a v a i l a b l e  in the region, if not in the howc county. 

1 . 3  Mining and Waste Disposal 

Large scale extraction of the Chattanooga shale will require nndar- 

ground mining since only a r e l a t i v e l y  small frastion of the resource i s  

l o o a t e d  or aeac  o u t c ~ o p ~  w i t h  favors%iY law m i a s  op. ovenbarden tQ the 
SBFPC. Mims weald cxtend up t o  aboat 5 miles ( 8  l E W r I B ,  generally ~~~~~~~~, 
into  the formation from adits a t  the outeaops. Mining  of the shale is 

assessod to be modarately difficult and expensive but  practical if caxe  i s  

u s c d  in s i t e  selection and the selection and development o f  

o b .  The  aost significant mining problems appear to be associated with 

roof s t a b i l i t y  and the reqniremnent for continnously removing and disposing 

of water that  seeps into the mine f ro  overlying aquifers. n e  nominally 

2 f t  (0.7 mal thick Mnury shale that i 

bca of thz C h a t t m a a g a  shale would not provide B structural ly  competent 

mine roof and might have insufficient strength as BP C Q ~ ~ O X U X I ~  of p i l l a r s ,  

Thlc t h i c k ,  owarlying Fort Payne formation is a haEd, siliceous limestone 

that i s  general ly  stracturally competent but in some areas contains a mod-- 

csatchy porous sqaifer that woald be a source of significant quantities of 
a a t c s .  w i n g  methoas that have been c0nsiaepS.d i n ~ w e  leaving perhaps 

tho  uppex 10% sf the  10 t o  20 f t  ( 3  to 6 m) th ick  Gassswag member of the 

or other caatinuous forms of min ing  that  wcomld exploit the m l a t i v s  saft- 

PICBS of the rock and m i n i m i z e  the canseqnences sf roof falls, 

The Chattanooga shale w i l l .  increase in volwe during mining and pro- 

~sssing. It. i s  estimratad that encpansinsa by about 85% i n  volume will QGCTII 

daring mining, crushing, hydroretortinag. roasting and metals recovery.  

PseXiEiaary ealsalations suggest  that  only about 55% QE the spent shale 
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%e backfilled into t e original mine if the shale rssi  
compacted. Laboratory tests have indicate that. the spent shale can be corn- 

pressed to its original volume at a pressure of 5800 psi. 

sion may be feasible, there is no commercial system available and this 

possibility would have to be explored in a research progxam. 

The magnitude of the solids management and spent shale disposal prob- 

lem is huge over the l i f e  of 8 design Basis processing operation with a 

capacity of 100,OQO tonsld (90,000 Mg/d). Such large scale handling of 

rock is typical at present only within the sand and gravel industry and 

the strip mining of coal. For such an operation and assuming; a 20-year 

lifespan, about SOQ,OOQ acre-ft  (600 million cubic meters) of spent shale 

would be generated and require disposal. 

flat lands and valley f i l l s  could 'be ased in regions of relatively high 

relief, Revegetation would be xequired for both types of sarface disposal 

and procedures t o  control the quality of runoff water would be a necessary 

ingredient of basins and valley fills. 

Landfills would be required in 

9.4 Recovery Processes 

A schelnati~ diagram of the reference plant design that has bean de- 
veloped for a preliminary technical and economic evaluation of the recov- 

ery of hydrocarbons and minesals from Chattanooga shale is shown in Fig. 

9.2. Zstimated products that would be produced ia the plant for several 

possible modes of operation and a shale feed rate of 100,000 tonsfd are 
shown in Table 1.3. 

m e  reference design of the hydrocarbon recovery process is based 

upon a hydroretorting procedure that is being developed for eastern Dsvo- 

s l i m  shales at: the Institate of Gas Technology supplemented with data from 

scouting tests with specific Chattanoogs shales that wexe perfarmed at 

O E M .  
ing  stream of hydrogen at a pressure of 5640 psirr (34  alm) and temperature 

uf 12200F (660OC). Tfie overbead gas stream is cleaned and treated to re- 

cover oil, sulfux, and ammonia. Hydrocarbon product gases axe reformed 

with steam to replenish the supply of hydrogen. After onsite hydrotreat- 

In this process crushed shale is contacted with a large recixcnlat- 

h g  of the raw shale oil, it is estimated that this plant would produce 



OIL, 46,000 bbl/day; S, NH3 

SO2 

---- --- 
L URANIUM, MOLYBDENUM I I RESOURCE RECOVERY I 

-_I-- --- 

e_--- --- 
I RESOURCE RECOVERY II ALUMINA, TRACE METALS, OTHER 

--e 

TAILINGS TREATMENT 

F i g .  1..2. Schematic diagram of r e f e r e n c e  plant f o r  recovery of o i l  and 
minerals f rom Chattanooga shale. 
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Table 1.3. Estimated products from various operat ion modes 
o f  reference  p l a n t s  f o r  process ing  of  Chattanooga 

sha le  a t  a r a t e  o f  100,000 tons/day 

Oil, b b l f d  46 , 000 46,000 46 000 46,000 
Su l fur ,  t / d  2 ,5QO 0 0 0 
Ammonia a t /d 3 SO 0 Q 0 
UsQs, t / d  0 6 6 6 
1003 I t / d  0 30 30 36 
A I ~ O ~ ,  t / a  0 0 2,700 8,100 
Mixed t race  metals, t / d  0 0 0 180 

(Co, Cu, C r ,  Mn2 Ni ,  Vn, Zn) 



1 2  

nrbont 46,000 b b l / d  o f  r e l a t i v e l y  h i  h. q u a l i t y  o i l  s u i t a b l e  for shipment 

o f f s i t e  f o r  f n a t h e r  r e f i n i n g  i n t o  g a s o l i n e ,  d i e s e l  f u e l ,  j e t  fue l ,  and 

heating o i l .  

l%e r e f e r e m e  process  f o r  minerahs xecovery has beeir developed w i t h  

l i t e r a t a r e  d a t ~  supplemented w i t h  several  s p e c i f i c  scouting experiments  a t  

OUL. I n  t h i s  p r o c e s s  the: spent  shale from the  hydraretorting process i s  

f i r s t  roasted w i t h  a i r  eo recover  the remainder o f  t h e  hydrocarbon energy 

value and s u l f u r  and r e o x i d i z e  some of  t h e  m i n e r a l s .  The r o a s t e d  shale i s  

leached w i t h  s a l f u ~ i c  a c i d  by a procedure t h a t  should remove 60-8 

metals t h a t  a r c  t o  be recovered.  T h i s  aqueous stream i s  treated w i t h  v a r -  

ious s o l v e n t  extraction and p r e c i p i t a t i o n  processes t o  P W Q W E ~  ura~i i im,  

m o l y ~ d a n m ,  alurniaa, and a c o n c e n t r a t e  c o n t a i n i n g  mixed oxides  o f  tbr: r e -  

maining t r a c e  m e t a l s ,  I t  i s  t h e n  necessary  t~ c l e a n  t h e  agneous 

and s t a b i l i z e  the solid wastes  f o r  d i s p o s a l ,  

S e v e r a l  t e c h n i c a l  findings became apparent i n  t h e  e v a l u a t i o n :  

o G a s i f i c a t i o n  or combustion o f  t h e  spent  shale from the  h y d r o r e t o r t i n g  

~ X Q ~ ~ S S  appears desirhtble,  Tbis makes bettear use o f  the energy  on- 

t e a t  of t h e  spent  shale, and a l lows  f o r  coproduct ion of  o i l  and syir- 

t h e t i e  n a t u r a l  gas,  

a For minerals reCQVery~ o n l y  moderate extensions o f  c u r r e n t  technology 

are needed for recovery  of  uranium and molybdenm; alumina r e c c ~ ~ o r y  

appears f e a s i b l e  but refpiires research wand development; aaod recovery 

o f  CO, Ni, CU, Cr, and Zn appears possible but  cursent separation 

concepts  a r e  only s p e c u l a t i v e .  

8 Much research  and development work wou%d be required t o  develop en- 

vironmental  c o n t r o l  technology for t he  gaseous,  l i q u i d ,  and s o l i d  

waste streams. 

An economis: assessment was made o f  the xefarence p l a n t  for recoveicy 

o f  oil and m i n e r a l s  from 100,000 tons/d o f  Chattanooga s h a l e  assuming a 

plant l i f e  of  20 years; and r a t e s  of g e n e r a l  i n f l a t i o n ,  f e d e r a l  income 

tax, and s t a t e  income t a x  o f  6%, 46 and 6%, r e s p e c t i v e l y .  The r a t e  of  

r e t u x n  on t h e  investment was c a l c u l a t e d  basad  upon t h e  estimated p r i c e s  
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and escalation rates of the oil and other products. Estimates of the  eap- 

ita1 and operating costs that were derived from the reference p l a n t  d ~ s i g n  

and used in the economic analysis are shown i n  Tables 5.4  arnd 1 . 5 ,  
sults o f  the economic analysis are presented in Table 1 . 6 ,  

These results indicate a favorable return on investment of t h e  post-ee- 

Iated recovery modes. Improved economics apparently rccsd.ts i f  urranji 

molybdenum, and some of the aluminum are recovexed a s  opposed t o  the re- 

covery o f  oil alome. Recovery of  additional aluminum and o t h e r  t s m e  misr- 

era ls  (full recovery) does not appear as  attractive with the refereace 

process. 

1.6 Environmental Impacts 

A preliminary and qualitative assessment o f  envirameatal  and socio- 

logical impacts that would be associated with the large scale, ccamnercial 

mining and processing of Chattanooga shale fox oil and aninexals re?covesy 

has been made and is summarized ic Table 1.7, The major potential impacts 

that can be identified sow and which would require more study are t 

associated with the requirement for disposal o f  the extremely l arge  quan- 

tities of spent shale and their potential for disrupting the a a t e x  quality 

and land uses of the region. Impact of mining Q X ~  ~ ~ a ~ ~ d w ~ ~ ~ r  r e s o u r c ~ s  

may a lsa  be high. Only moderate to 10s impacts are currently estimated 

for other regional characteristics 5 0 ~ h  as  wates consumptian, ~ ~ ~ ~ ~ ~ ? h ~ ~ ~ ~  

socioeconomy of the region. 

1.9 Needs f o r  Besearch- rand Development 

The must pressing needs that have been identified f o r  research an 

development that would permit a more realistic evaluation of the terhxaica1 

feasibility, economic viability, and environmental and s o c i o l o g i c s l  ae- 

ceptability of the recovery of hydracarbons and minerals from ~~~~t~~~~~~ 

shale are for: 

e an improved scientific basis, engineering dater, and an energg-effi- 

cient integxated process for the recovery of oil and gas,  

e assessment and development of unit operations and an overall approach 

for minerals recovery, 
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Table 1.4. Capital investment cost sununary 
(106 1980 $1 

I ---_-- --_-_I ̂.I_ - - 
Recovery mode 

Oi 1 Oil -t U Oil f U Full 
only 4- MO f MO + A1 recovery 

__--I p.p---...- 

..___--- ---- 
Mining 17 0 190 

Oil recovery plant 1,100 1 .TOO 
Roasting 25 25 

F i r s t  aluminum step 0 0 
PinslP reCQVery 0 0 
Tailings treatment 0 85 

S o l i d  waste disposal 70 70 

U =+- Mo recovery 0 400 

--.--I- 

170 170 
70 70 

1,700 1.700 
25 25 
400 400 

75 75 
0 710 
85 170 

Total 
-- 

1,968 2,450 2,520 3,320 

Table 1.5. Operating and maintenance c o s t  summary 

Oi 1 Oil -+ U Oil + U Ful. 1 
only + Mo + Mo -I- A 1  re COY ery 

hlinillg 125 125 125 125 
Sol id waste disposal 35 35 35 35 
O i l  recovery plant 13 0 130 130 130 
ROdi S t ing 15 15 15 15 
U +- MQ recovery 0 75 75 75 
F i r s t  aluminum step 0 0 60 60 
F i n a l  reeovery 0 0 0 3 80 
Ta i 1 ings treatment 0 35 35 70 

Total 3 05 41 5 47 5 890 
- ~ - ___ 

-- --_l__l_-m- 
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Table 1.6. Economic results 

Recovery mode 

Oil Oil f U Oil. + Pull. 
only + Mo + MQ + Al. recovery 

Return on investment, '31 23 24 27 23 
Revenne S O Q ~ G B ~  96 

O i  1 93 70 5 9  43 
s 4- NH, 7 
Uraniam 16 14 10 
Mo 1 yb de nam 14 12 310 

Trace metals 6 
15 31 Aluminum 

Assumed prices  1980 prices  Escalation 
(81 (%/year 1 

Oil, ) /bbl  
U,O,,  $ / l b  
MOO , $/E% 
s, i / t  
m,, S/t 
A1,0,, 9/t 
Mixed trace metals 

35 9 
30 9 

7-50 6 
45 6 
155 6 
200 ti 

1/2 market 6 
price 



Table 1.7. Preliminary assessment of impacts from a 
1QO,OOQ tonlday Chattanooga shale plant 

Groundwater - high potential contamination and disruption. 
Surface water - m e d i m  impaets - silt, so lub les .  
Water u s e  - low p o t e n t i a l ,  
Wild and scenic rivers - low potential. 

Terrestrial 

Land u s e  - high potential impact, abovegromd waste. 
Soils - medium impacts. 
Snbsidense - m e d i m  impacts, 
Scenic areas - low potential. 

Aix quality - medium impacts, diist, SO,. 
Noise - low potential. 

Biology 

Revegetation and recovery - Higb-to- potential impacts. 
Aquatic - Medim-to-low impacts. 

Sociosconmics 

Low, perhaps favorable, impacts. 

Canclnsians 

Limited, local constraints. 
No "show stoppers *'' 
Research needed on waste  disposal, stabilization, and revegetation. 

I_ 
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e researeh, development, and assessments in mining and waste disposal, 
and 

research into health effects of shale oil fractions { e , $ . ,  aromatics 

and trace metals), gaseous effluents, and aqueous effluents. 

Research and development necds that now appear to be less pressing 

e 

b u t  would Be required as part o f  an integrated program include: 

e Resource and regional assessments Including studies of geology, %y-- 

drology, geochemistry, geography, and socioeconomic and instita- 

tional factoss  I 
rssic chemical and physical research to evaluate properties of the 

Chattanooga shale, provide process kinetic and thermodynamic Buts, 

and evaluate the basis for  improved recovery processes. 
~ ~ ~ ~ n e e r ~ ~ ~  development of mining, conveying, crashing, BrckfifBinp, 

process equipment, materials development, and the d e v ~ l o ~ ~ ~ n t  of 

a 

improved instruments and controls. 

b a l y t , i c a %  studies to $aide site and process selection and evalnaka 
effects of environmental, meioemnomic, and institutional issphes, 

8 

1.8 Conclusions and Recommendations 

TIP: fallowing conclusions have been made a s  a result of thio study: 

Chattanooga shales are a very l a r g e  and potentially important energy 

resource (100 billion barrefs oil, 18 million tons aranium) 

Recovery of o i l  and minerals, from Chattanooga shale appears fernsi 
and economically attractive in the long tern. The risk woaPd be re- 

dacsd and profitability improved through El and ]la. 

Oil and SNG produced from Chattanooga shales are close t o  aaajar mar- 

kcks and/or pipelines. 

o 

4s 

e development sf Chattanooga and other eastern shales can provide w 

hedge a g a h s t  environmental or resonrce constraints that might impede 
$he rate  of western shale-oil production. ~ ~ t ~ o ~ ~ ~  western sB 

coal appeam: t o  he the most promising sources of synfuels in the short- 

-term, eastern shales are likely to become important in the 

1 ong-te 1c1 e 
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me U.S. is totally dependent on foreign resources and imports for 

supplies of chromium, cobalt, tantalnm, and tin. Large amounts of 

alumina, antimony, manganese, nickel, niobium, and the platinum metals ase 

also imported for economic reasons, although these are long-term U.S. 

resources of these critical elements (Silverman 11979 and Goeller 1980). 

One potential source for the domestic production of some of these metals 

is the Chattanooga shale, a major component of the eastern Devonian 

shales. 

Considerable effort was expended during the period from 1944 to 1960 

in investigating the Chattanooga shales, mainly f o r  their uranium content 

(Mutschler 1976). This work was discontinued in view of the extensive 

finds of uranium in the western U.S. 

grade U.S. reserves, along with the possible future growth in demand of 

the nuclear industry, led DOE to fund a more recent contract with Mountain 
States Mineral Enterprises, Inc", to determine the feasibility of future 

large-scale production of uranium from the Chattanooga shale. Also, re- 

cent investigations of the Institute of Gas Tecfbnology (IGT) have sug- 

gested that the Devonian shales of the eastern U.S . ,  including the Chat- 

tanooga shale, can be a major source of oil and gas (Weil 1 9 7 9 ) .  

The  continuing depletion of higher 

Mountain States concluded that a plan involving the production Qf 

synthetic oil from shale by IGT's hydroxetorting process, along with the 

recovery of uranium and possibly other metal coproducts, was not only fea- 

sible but also economically viable (Mountain States 1978). Handling the 

waste volumes and failings was determined to be a difficult problem, al- 

though it was estimated that about 70% of the waste could be reinserted 

into the mined-out areas. Laboratory tests at Oak Ridge National Labora- 

tory (ORNL) confirmed that nranim and many of the trace strategic sin- 
erals could be leached from the retorted shale (Silverman 19Sl). 

As a result of this renewed interest in Chattanooga shale, ORNL began 
internally funded studies starting in July 1980. The general objectives 

of these studies were the following: 

a To provide an overall assessment of the Chattanooga shale resource 

and the technology for production of oil, uraaium and strategic 

metals. 
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e To d e f i n e  specific needs f o r  re?scarcb and development i f  the res07191~e 

eo be developed. 

e To develop c a p a b i l i t i e s  wi th in  the laboratory s t a f f  t o  contribute t o  

DOE’s eastern s h a l e  a c t i v i t i e s .  

TRe internally f m d e d  studies cover an o v e r a l l  assessment of Chatta- 

nooga shale  (reported h o s e ) ,  an environmental assessment, and process ex- 

periments on o i l  recovery and metal e x t r a c t i o n .  The environmental a s s e s s -  

meat w i l l  be reported separate ly  but infomat ion from that report appears 

i n  Chapters 3 and 7 O S  t h i s  report ,  The process  experiments are s t i l l  U B ~ -  

derway bat some preliminary xesnlts are presented i n  Chapter 5 .  

T%is report  c o n s i s t s  of a ~ ~ S Q U P C ~  and re ional assessment (Chapter 

3 3 ,  a discussion of mining an s o l i d  waste disposal (Chapter 41, a d i s -  

cussion of recovery processes (Chapter 5 1 ,  an economic assessment (Chapter 

6 ) ,  an eaviromenta1 assessment (Chapter 71, and a d i s c u s s i o n  of research 
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3 . I  Geologic Setting 

The discussion of geologic setting includes ~~~~~~~~~~~~~ sf t he  

~~~~~~~~~~~ Shale Study Region, area and structurnl geology sf the  re- 

gion,  and the shale geochemistry and mineralogy. 

3 .I .I Physiography 

The Chattanooga Shale Region lies in twa  major ~ h ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~  prow- 

bnces - the Interior Low Plateaus Province and the Appalachian Pla t eaus  

Provim~e:,  Within the study area, the Interior I.ow l a t e a u s  Droviaoa in-  

~ X u d e s  the Western Highland R i m ,  the Central Basin, and the  E a s t e m  Bigh-  

land Rim ( s e e  Fig. 3 . 3 1 ,  The Appalachian Plateaus Province i s  r e f c r x e d  i o  

8 s  the Cumberland Plateau in northern Alabama and soathem lemessee m d  

as  the CmberHand Mountains in northern Tennessee. 

e physiography af the region is dlrectPy related t o  the  bedrock 

gcology a 

3 . 1 . 2  Geology 

Bedrock formations which occur in the region diseusssed in this s s p r ~ r t  

range in age from Ordovjcian (the o l d e s t  rocks i n  the area l  to Benasy3.va- 

a i a n  (the youngest rocks in the a r e a l .  A stratigraphic section is pre-  

sented in Table 3,P showing the position of the  Chatkanooga sha le  in p a l a -  

tiom to the other r o c k s .  The Chattanooga shale  ovtcrops at the  bo;~nbary 

between Ordcivieian and Mississippian age rocks - along the b ~ ~ u n d a z y  be-- 

tween the Highland Rim and the  Central Basin. gkne ~ ~ ~ t ~ ~ ~ ~ o ~ ~  sh&e once 

overlaid the Central. Basin; howeveri weathering and erosion h a v ~  reziiuarsd 

the shale  and all overlying strata from that area. '&E: d: attanoogsa sha4a 

Sirs beneath tho Mississippian and Pennsylvanian strata of  the: Canmbcrlartd 

Plateau  and the Highland Rim areas. 
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Kuch of the area under consideration has not bean eva luated  thor~iigh-- 

1y for  a nwther of r e a s ~ o l s .  h a n g  these are: 

1. AvailcbXr data a r c  nnfavcxable with regard to carbon content, 

2 Availzf"1e d a t a  &re unTavsrable wi th  regard to uranium concentration, 

3. Gva~bcrdcn thickness is t o o  g r e a t  to allow for ccosnomic r e ~ a v a r y  of  

t h e  XcSOulCe. 

Very fexi- a n a l y s e s  of the  trace miacrtals  have been reported. It  a p -  

pazsad t o  5 e  desirable t~ obtain  Chattanooga shale samples from s e v e x a l  

locations t o  determine the range o f  mineral concentrations which m i g h t  be  

A a n l y t i c s l  resnl ts  o f  f i v e  core samplss (provided by E.  W. Leiacx of 

thr Tcailessca Technological University) from Warn.r;na, DeKaliP, Vbitc, and 

Putnan C o m t i e s  are listed in Table  3.2 and in Appendix A. Tba thick- 

nes3cs of the core samples arc listed in Table 3 , 3 .  These analyses indi- 

cate that. while there i s  considerable variability in the ~ a ~ p l e s ,  organis 

carbon was well above 10% in each Gassaway member (Tennessee r e d m l o g i c a l  

L t i c ~ ~ ~ i ~ . i t ~ ,  198%) 2nd ~ ~ l u a b 3 . e  and strategic m i n e r a l s  always present. 

:he other ham?, none o f  the milnorals was observed in concentrations o f  

current cosnmcacial interest. 

Furthe-. investigations o f  the Gassaaab- membc:: should include d c f i n i -  
tisin of a favol-able nrea  b a s e d  on e,lementaP concentrations, oil y i e l d s ,  

:fig considera;ion, and o u v i r o m i c ~ t a l  considerations. Ones SIXGEL an area 

B n s  3e:zn defined, B dctailed drilling and sampling prograiax should be car- 

s i e 3  o i l t  to d e l i n e a t e  the b e s t  subareas within the favorable area,  Core 

samplcs sholrld be w;Cd i n  determining elemental analyses because oatcrop 

s a ~ p l e s  do n c t  reflect elemental concentrations foxand in anweathered rock. 

S~mpling cf the core should be done in a consistant manner to a s s m e  the 

corisistexcg c f  est ~ ~ ~ t t ~ y t i c a l  results. Uranium valaaes and, 20 I ~ S S ~ T  

b x t ; ~ ~ ,  c.-rbon v a l a a s  are quite well established for t 5 e  Gassawny; how-- 

B-JCT, woltiele P amiPy9rses would bs a l a r g e  p a r t  of the aiasalyticisl pro- 
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T o t a l  

Bawslltowe 

Upper 
Lower 

Total 

4.0  7 . 3  10 .o 
3 - 8  5 . 5  I .I 

7 . 8  13.5 17 .7 
..- _I_ _I_ 
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f>8,3 mgg/k) w h m  there a re  i n m e a s e d  levels of i r o n .  ABthnargh sur face  

w&d3eX: hardness  ranges frQB Soft ( (75  mg/L) t0 hard ( > I f 0  mgq/L), h a r  

i m  mosk of the larger stroams exceeds 188 mg/L. ' n i s  psopertg does a~ot  

l h i t  water a s e  in this region but may requixe treatment ko re 

w s s  p r i o r  'Eo use in Goofing systems OT boilers in order t o  prevent a c r J - -  

I n g  

Ita terms o f  present water use and water a v a i l a b i l i t y ,  b a t b  s n r f i c i a l  

undergrnund, the Chattanooga Shale Region is capable? sf sa 

grnwth  of w a t e r  consumptive iadastries. Water ~ o n s  tion u s e s  only a 

Fraction o f  tBc surface and groundwater available an a yeas round 'heasis, 

percentage of the c r i t i c a b  Pow flow, Water ~ o ~ ~ ~ r n ~ ~ i ~ % ~  dazing t h e  c t i t i s -  

&el-low-flow manth could increase -1 
Bdp,ncified as a potential .  10w-f1ow rater shortage problem area.  

times. hefore  ii: csrr%$ possibly be 
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1. A t o t a l  mino mouth typc operation with onc ownerlayerator rnnning tht 

e n t i r e  mining and prscessinag operation, Tne S G B ~ E !  of t h i s  type opera- 

t i o n  is assnmed t o  be an the o r d e r  of 90,000 Mg/d shale  m i n i n g  and 

procassimg with -8,000 ms/d (so,ooa BE91 o i l  produced. 

2 .  An opezation i n  nhich 2 cerstral processing f a c i l i t y  rece ives  and 2 r ~ -  

c e s s e s  shale  from a n m b a r  of w i n e s  w i t h i n  z l o c a l  R T ~ E ,  ’ I l l2 p ~ c c c n s -  

ing facility is assumzed t o  hw.adle 80,000 N g l d  o f  shale  aa;d g r o d ~ a c ~ s  

8,000 n’ld of  o i l .  Mining may 5 a  ontircly independaatly operated or 

mineral l e a s e s  may- be owned by t h o  processing p l a n t ,  

3 .  Dispersed development of the process ing  and aiap.i.3g sztivities, Undc; 

t h i s  s c e n a r i o  the ptacassing centers are envis ioned as being of vari- 

a b l e  size and perhaps none of these f a c i l i t i e s  m u l d  br as  large 3 s  
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those considered in the preceding facility. BistoricaZPy, t h i s  type 

of development has been typical of development of nonmetallic mineral 
resources s f  the region. 

These three scenarios are used throughout the environmental assess- -  

meat on Chattanooga shale: development. 

ultimately occnr depending on the viability of different types 5f shale 

processing technologies. 

Some development o€ each type mag 
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4. MIMING AND SOLID WASTE D~SPQSAL 

It is the purpose of this chapter to summarize and assess the avail- 

able information on mining and waste disposal activities applicable t o  t he  

Chattanooga shale. Factors which determine the feisibility of mining the 

shale are identified, potential reserves within reach of proposed under- 
ground mines are tabulated, and the feasibility of surface mining a t  out- 

crop is evaluated. Key factors in the management of solid wastes are dis- 

cussed and options for long-term disposal of solid wastes are evaluated in 

terms off the advantages and disadvantages of each option. Reclamation of 

areas affected by shale development and the existing regulatory framework 

governing solid waste disposal a t  federal and state levels are discussed. 

4.1 Mioina Peasibilitp 

The discusslun of mining feasibility, in the sense of this region- 

wide assessment, i s  a generic discussion of factors which will affect min- 

ing  o f  the shale resouxce. A strict mining feasibility study proposes a 
s p e c i f i c  mine p l a n  for a particular tract of land on which exploratory 

w5rk has been completed. Bather than providing a site-specific feasibil- 

ity study, this assessment will identify areae where the shale resource 

has the best potential f o r  economic development, provide rough estimates 

o f  in-place shale  tonnages, and identify geologic aspects of the region 

which will affect shale development 

4.1.1 Resource distribution 

The region cansidered in this study i s  shown in Fig . ,  4.1, Develop- 

ines in the Chattanooga shale depends on the selection of mineral 

tracts having thicknesses of shale of sufficient hydrocarbon and metallic 

content to profitably mine and process the shale, 

The Gassaway member of the shale appears to be mbz:e attractive f o r  

mine development than the Dowelltown because of its geochemical charaoter. 



Fig .  4 .1 .  The Chattanooga s h a l e  region. S t i p p 1 . d  areas are under la in  
by t h e  Chattanooga s h a l e .  



49 

A bhirrkmss of 3 nta of the Gassaway member was suggested a$ the minimum 

inreable thickness QI4oantai.n States, 1978). The Mountain States mine plan 

i ca tes  that reserves within about 8 hga of the mine mouth could be X~)CQV- 

mine prodacing 32,650 lnetrtic tons/d is expected to recover shale 

En- oat 5 x 8 b within a 2Q-year period of operation, 

try could Be made a% the! shale outcrop or by construction of a slope entxy 
i ts  areas where the overbarden i s  of appropriate thickness and c ~ a f d  safely 

support the driven tunnel required for slope entry. 

than ap 5 na thickmpess ai” the Gassaway member and lying within $ km of the 
Areas with greater 

aaterog ace shown in F i g .  4,2. These areas would logically be the easiest 

to develop became of the accessibility of the shale, 

A geologic C ~ Q S S  section between Lebanon and Clinton, Tennessee, is 

o m  3x1 P i g .  4,s.  Data f r o m  which the geologic aross section was drawpa 

came frsn a i l  and gas well records which are available from the Tennessee 

Diui s ioa .  o f  Geology, These data were first plotted a s  a geologic strac- 
t a r e  ~~~~~~~ map on the top of the Chattanooga shale and then transformed 

to She G ~ S S  seetion, The c r o s s  section shows that sear the onecrop on 
the Eastern ~ i g ~ ~ ~ n ~  Rim the shale is nearly lying flat and is csmpara- 

t i v e l y  close t a  tloe surface. Beneath the Cumberland Plateau the south- 

sasterfy  d i p  steepens on the western limb of an aspetricar syncline, 

e. ax is  of ths SI-NE trending syncline lies beneath the Cumberland Moan- 
is t h a q h t  t o  plunge gently to the PJE. The area within 8 k91 of 

outerap (from F i g .  4.2) is also shown on Fig. 4.3, It may be possible to 

develop bareas beneath the Eastern Highland Rim by a slope entry if devel- 
opable reserves are proven to exist in tjhat wea. Access to shale re- 

5t3fve:l beneath the Cumberland Plateau and Cumberland Moantains reqrtires 
greater d ~ ~ ~ ~ ~ ~ m e ~ t  expense because of the depth at which the shale lies 

and steeper dip of the shale caused by the geologic structure in the 

area.  

As  shown in P i g ,  4.1” the Chattanooga shale outcrops in several coun- 
t i e s  ia nastberrm and northeastern Alabama, Shale thicknesses measured at 

~~~~~~~s i n  Lauderdale, Limestone, and Madison Counties, APiBama, range up 

&cp 1 a. Dri l l ing  l o g s  indicate a thickening trend in the southern parts 

0% these cosanties; this trend continnes to the south and southeast into 
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k i g .  4 - 2 .  Appruximate geographic  boundaries of the Chattanooga shale. 
The shaded area, extending 3 km from t.he l i n e  of o u t c r o p s ,  
i s  the m o s t  a c c e s s i b l e  f o r  roining. 
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the Warrior Basin.  The Gassaway member reaches thicknosscs in e x c e s s  o f  

12.2 m in Cullmsan ana Bfount C a m t i e s .  

Structare contours drawma on top of the Fort Payne in the Y?arrior 

Basin show t h a t  the Chattanooga dips t o  the SQuth s @ u t ] i i w & ~ t  a t  about IC0 

C D ~ ~ S ~  1972). The  12 m thick shale prcvio~xsly mentioned lie? a p -  

proximately 200 to 800 m below the surface. Access  to the sba lc  =oa ld  r e -  

quire B v e ~ t i c a l  shaft entry. Additional developmental drilling and test- 

ing would be required t o  Betemdie whether the rr?sonrce i s  worthy o f  de-. 

velopmemt in this areaE since the only reported sample from Alabama 

y i e l d e d  2 . 9  IJmetric ton in the: PisGBer Assaygi, 

In northeast Alabama the Gassanay member r e a ~ h e s  thicknesses of aborr~ 

12-2 rn i n  Cherokee and BeKalh Counties, In this part  o f  the  s t a t c  the 

shale lies in broad synclinal folds whhb underlie Sand Moawtnin and IQOIL- 

aut Maanttiin, Lscally, low angle thrust faults have O C C i E p r e d  in t h e  shale 

in these areas ,  causing the sha?e t o  thin and t h i c k e n  erratically, i%a 

hydrocarbon content of the shale in these m e i s  is 19nknow7”r, 

4.1.2. Geologic fac tors  of sinnificagge t o  rnin$&&ggg~g 

!fh@ fQl1OWing geOlQgiC f a c t o r s  ’@ill have t o  be considrtrcd in plhvlning 

any mines i n  the Chattanooga shale: 

e thickness and stsuoture of potentially mineable ~ P O P ~ Z Q R F ,  

e stability of overlying s t r a t a ,  

e a c c e s s i b i l i t y  of the reserves,  and 

!a control of groundwater, 

Thickness w i l l  a f f e c t  the selection of mining methods. Both thick- 

ness and gcologic ~ t r - t a c t ~ r e  will a f f e c t  mine layout and opw’ations ~irtn- 

ming. These factors are discussed in praviaus paregaaphs. A t  any s p c ~ i -  

fic locality, thickness and g e o l o g i ~  structure must be  deternixred by- a 

developmental drilling phase which provides d a t a  om a c l o s e  spacing Pox- 

mine planning. 

‘ne: stability of s t r a t a  over ly ing  the shale  must be datermincd far 

areas to be mined. n e  bury shale i s  not expected to stand as  B TOO€ 

rock ana, there fore ,  will be  reFPmovea with the shslle a n l e s s  a postinn of 
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the Gassanay is l e f t  a s  the roof  FQCZC.~ en mined wi th  the Chattanooga, 

the Hausy will act as a dilrzent i n  the shale fed t o  the processing p l a n t .  

The Maary averages  0.5  to 0 , 9  na t h i c k  (S tockda le  and Klepser, 19591 and 

would d i l a t e  mined s h a l e  from a 3-m o r e  zone by a factor of 5 5  t o  3Q46, 
Dilution by inclasion s f  t h e  Maurg when mining t h i c k e r  s e c t i o n s  of t h e  

Gsssaway would be p r o p o r t i o n a t e l y  less. The Fort P a p e  formation,  which 

o v e r l i e s  t h e  Maurg, is d e s c r i b e d  as being strongly j o i n t e d  (Brown, 19752. 

I n  some areas c l o s e l y  spaced joints might cause  roof i n s t a b i l i t y ;  these 

a r e a s  ~ a l d  be d e t e c t e d  i n  development d r i l l i n g  and avoided i n  t h e  mine 

plan. 

Miass can  be economically developed only where the shale is a c c e s s i -  

ble, Mines which enter a t  the outcrop a r e  expec ted  t o  recover s h a l e  with- 

i n  severad. miles  of the. onkcrop. ~ ~ d ~ ~ ~ o ~ ~ l  r e s e ~ v e s  benea th  the Highland 

Rim and the w ~ s t e r n  edge of the Cumberland P l a t e a a  would be a c c e s s i b l e  by 

d r i v i n g  s lopes DP v e r t i c a l  shafts i s t o  t h e  shale .  The r e s o u r c e  p o t e n t i a l  

o f  s h a l e  benea th  the Cumberland Plateaa and Mountains i s  l a r g e l y  unknown, 

Access t o  these areas will be s o f f i c i e n t l y  d i f f i c u l t  ne to the depth to 

t h e  s h a l e  that these a r e a s  will be developed a f t e r  mare a c c e s s i b l e  s h a l e  

has been mined o u t  ( s e e  F i g .  4 , 3 ) .  

Mining the  ~ ~ a t t a n o o ~ ~  shale probably rill a f f e c t  l o c a l  groundwater 

c o n d i t i o n s ,  The F o r t  Payne contabas an a q a i f e n  which s u p p l i e s  d r i n k i n g  

water  t o  most r u r a l  resid@neas and to many cQmmupitieS on the E a s t e t a  

Rigbland Rim. The MaaPry and ~ ~ ~ t t ~ x ~ o $ ~  s h a l e s  a e t  as aa aqu ic lude  below 

the: F o r t  Bayne. Undemilnirzg areas where the a q u i f e r  d i r e c t l y  overlies t h e  

shale will allow water to b l o w  i n t o  t h e  mines th rough Eractuxes and sola- 

tion openings. n~ result w i l l  be lowared wates t a b l e s  aroma the mined 

aseas, Xaflowing wate r  most be pumped out QE the mines to p r e v e n t  flood- 

ing. ? % i s  water  may also r s q r r i r e  ttpeatmelat by sed imea ta t ion  0r other 

means befo re  i t  is d i scha rged  to surface stre s car r e i n j e c t e d .  

4.1 .3  H v d x a c a r h o a m n t i a P  o f  the ChattanooAa s h a l e  

The Pisches Assay is ecsrmaonly used a s  an indicator of oil y i e l d  o f  
sha le  samples f o r  conventional r e t o r t i a g .  The Mountain S t a t e s  Report in- 

~ l ~ d e d  a f i g u r e  showing Fisclaer Assay o i l  y i e l d s  f o ~  s m p l e s  t aken  from 
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the Gassaway membes within the study area. T h e  same fignre is reproduced 

in this report a s  Fig. 4.4 .  Bepch scale hydroretart testing at the Insti- 

tute of Gas Technology has resulted in oil y i e l d s  o f  up? t o  2 . 5  times the 

lTisches Assay yield for samples o f  the New Albany sha le  from Kentucky 

(Feldkirchnex, 1979). It is not known what increase in oil y i e l d  can be  

expected from a commercial scale hydroretort operating with run-of-mine 

feedstock. The average Fischer Assay  oil yield obtained from four drill 

cores from DeKalb County, Tennessee, and one S Q F I  from White County, T e w -  

nessee, is 40 .65  Llmetric ton of shale (determined from data of Mintschlez. 

1 9 7 6 ) .  If hydroretorting can increase oil production by a factor of 1,s 

to 2 times the Fischer Assay yield, p e s e ~ v e s  in Dekalb County would bc 

expected to produce 60.9 to 81.4 blrnetric ton (14.5 to 19.5 gal/toa) of 

s h a l e .  

The effect of weathering on Chattanooga shale oil yield was evaluated 

by Brown ( 1 9 1 5 ) .  Fischer Assay oil yield and oillwater r a t i a s  € x c m  tests 

on closely spaced outcrop, road cut, and drill hole samples  were compared. 

The effect o f  weathesing i s  a reduction of oil yield; the amount of p.e;duc-- 

tion depending on the degree o f  weathcxing. The r e s u l t  of Brown's compar- 

ison indicated that weathering has extended at least 10 m behind the out- 
crop.  Therefore, samples are o f  00 quantitative value: when obtained from 

outcrops or from road cuts which have no t  exposed fresh shale .  Many o f  
the data p o i ~ t s  on Fig. 4.4 were obtained from outcrop and road cut sam- 

ples which probably were weathered to some extent. Chantificatiow of the 

effect of weathering on the yield at any specific sample locality on F i g ,  

4 . 4  is n o t  possible due t o  lgck o f  information on D U ~ G P O ~  condition. 

The available data indicated that 

o t h e  Northern Ilighland Rim, the centra? and northern p a r t s  a f  the 

Eastern Il ighland R i m ,  and south central Kentucky appear t o  hold the 

best potentially developable hydrocarbon res~urces, 

e oil yields are low iq samples from Walden Eidge, 

Q insuf ficieiit information i s  available to evaluate t h e  hydrocarbon 

resource in Cullman, Blount, and Morgan Counties3 Alabama, or in the 

n o r t h e r n  Cumberland Plateau and Cumbcrland Mountains in Tennessee. 



Flg. 4.4. O i l  yield values f o r  the Gassaway member of the Chattanooga 
shale (after Mutschler, Hill, and Williams, 1976) .  
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l i s t e d  above. Assming t h a t  a sisanilar p r o p o r t i o n  o f  the  Aaad within the 

Chattanooga s h a l e  r e source  area might be u m i n e a b l e ,  the  p roduc ib le  t o n -  

n a g e s  may be about one- th i rd  of  t h e  in-place tonnages.  

4-1.5 , C h a t t n w a  s h a l e . m i n i n n  methods 

The choice  of  mining methods f o r  e x t r a c t i o n  o f  Devonian s h a l e s  de-- 

gends on s h a l e  th i ckness  and grade and on t h e  c h a r a c t e r  i-if ovesbuaGen ox 

roof  rock which o v e r l i e s  t h e  s h a l e ,  The Chattanooga s h a l e  i n  Tennessee,  

n o r t h e r n  Alabama, and s o u t h  c e n t r a l  Kentucky i s  o v e r l a i n  by t h e  M.ausy 

s h a l e  ( 0 . 5  t a  0.9 m) and t h e  Fort Payne format ion  (30 t o  60 a) which, i n  

most o u t ~ r o p s ,  i s  predominant ly  a thin-to-Psnedium-beddea~ c h e r t y  do los tone  

or l imes tone .  

The on ly  known mining plan f o r  e x t r a c t i o n  o f  t h e  Chat tanooga  s h a l e  i n  

Tennessee was prepared  by Cleveland C l i f f s  Wining Company and is inc luded  

i n  the Mountain S t a t e s  Report .  T h e  mine p l a n  d e s c r i b e s  the procedures for 

developing t h r e e  I a s g e ,  30,000 Mg/d anderground mines which supply  a 

90,000 Mg/d s h a l e  p rocess ing  f a c i l i t y ,  

F a c t o r s  which mast be cons idered  in selecting s u r f a c e  vs, anderground 

mining methods inc lude :  overburden t h i c k n e s s ,  l a t e r a l  e x t e n t  of  the  de- 

p o s i t ,  p h y s i c a l  p r o p e r t i e s  of  overburden ( e . g . ,  W i l l  overbarden se rve  a s  a 

r o o f  rock f o r  underground mining? Is  t h e  overburden amenable t o  excava- 

t i o n ? ) ,  r e source  secovery  e f f i c i e n c y ,  p roduc t ion  c o s t s ,  and e n v i r o m c n t a l  

constraints. The gene ra l  c h a r a c t e r  of overburden in the: study se 

not f avorab le  f o r  a r e a  type s u r f a c e  mining due t o  excess ive  th i ckness  and 

toughness. However, a contour  type s t r i p  mine along outcrops may be  f eas i -  

b l e  i n  a r e a s .  The Fort Payne format ion  is expected t a  provide  a corn- 

petent roof i n  msst a reas .  I n  some l o c a l i z e d  a r e a s ,  t h e  basal. p o r t i o n s  o f  

the Port Payne i s  shale which may l ead  t o  weak or uns tab le  roof condi- 

tions* The l o c a t i o n s  of t h e s e  a r e a s  ape n o t  a c c u r a t e l y  known. 

y___ Previous  nnderground mining experience in.ChattmooAa shale - h e -  

vions exper ience  with mining the  Chattanooga s h a l e  i s  l i m i t e d  t o  tho 

exicavation of an a d i t  nea r  S l i g o  in DeKalb County, Tennessee, in 1943- 

1943. The a d i t  was excavated t o  provide  l a r g e  (12 t o  15 ton) s m p l e s  sf 



59 

the shale and to provide information on mining conditions. The adit was 

excavated in the topmost unit of  the Gassaway member and the laury shale 

was also removed in most places. Dimensions of the adit were 1.5 to 2 an 

( 5  to 7 ft) wide x 2 . 5  m ( 8 . 5  ft) high x 3 0  m (100 ft) long. Details o f  

this exoavatian are reported by Brown (1975). Brown's repart includes 

primarily infsrmatiaa on the blasting methods which were usedd 

the adit, and description of the jointing patterns. llhe adit excavation 
was performed by manual labor with the exception of drilling and blastlng 

and PO information is available from which to estimate mining casts, 

Surface mining eotential o f  Chattanooga shale - Surface mining c o s t s  

generally are less than underground mining c o s t s .  The ratio of overburden 

X G ~ Q V ~ ~  LO resource recovered (the stripping ratio) determines the maximuuon 

thickness of overburden which can be economically removed, Two approaches 

may be ased to determine the approximate stripping ratio fox a typical 

oratcrop of  Chattanooga shale. One approach is to estimate mining and pro- 

cessing c o s t s  and product values. "his requires reasonably detailed esti- 

mates of the overall psocessing costs and capital investment analyses 

which are not yet available, The approach used here is application o f  

surface mining economics of coal strip mining in the Appalachian area to 

shale mining. This procedure does not  evaluate the effect of market value 

on mining economics and provides only a rough estimate of the surface min- 

ing potential, 

Deriving stripping ratios for the Chattanooga shale by analogy t o  

Appalachian coal strip mining economics involves comparison of two very 

different hydrocarbon resources. A stripping ratio of l2:I is commonly 

ased in contour strip mines in Appalachia. Area mines, which use drag- 

Bines or bucket wheel overburden excavators, can operate on stripping fa- 

t i s s  greater than 20:l. The machinery used in area mining is generally 

not  a ~ ~ ~ t a ~ l ~  to contour mining especially an steep slopes, Area mining 

~~~~~~~~~ is well suited for excavation of comparatively soft of friable 

overburden materials. The tough Fort Payne formation which overlies the 
Chattanooga and Maury shales in Tennessee would require blasting and hand- 

ling with conventional contour mining equipment, Some areas in the N ~ t h -  

ern Highland Rim and in central Kentucky, where shale i s  the predominant 
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-_-----I- ___--- _--- ------ 
41.7 (IO) 4.1/13.6 4.8115.0 5 . 7 1 5 6 . 2  6 . 5 1 1 7 . 3  7.3118.4 

62.3 (15.Q) 6.1l16.8 7.41'18.18 8.6/19.9 9.8!21.3 11.0/22 .§ 
73.0 117.5) 7.2118.2 8.6119.9 10.1121.5 14.5123 . O  12.9i24.4 
83.5 6201 8.2119.4 9.8i21.3 11.5 i22 .9  1 3  d 2 4 . 6  14.7126.1 

52.2 (12.5) 5.1115.4 6.2116 .a 7.2/18.2 8 . 2 1  19.4 9 . 2 1  20.6 

--...._l_------_ 
a Average over'burden thicknesses is the thickness which could  be mined on a 

sustained box cut or area mining basis using 12.1 stripping ratio. Average 
values appear left of the slash. 

Maxiinun overburden thickness is the maximum highwall cutoff height for LI 
b 

contour type mine on 200 slope. Maximum values appear sight of the slash. 

c Oil yield of shale is for assumed 30° API gEaVity oil product with energy 
value of 132,000 Btu/gal. Yields assume that hydroretorting is LI viable process. 



Pstenthlly strippable areas* 

275 M- 

245 M- 

215 H- 
*Potentially strippable areas shown 
are for Gassway thickness of 5 .5  m 
and oil  yield o f  83.5 l/metrk ton (20 gal/ton). 

5x VERTICAL EXAGGERATION Hi 
Fig. 4..5. Typica l  easr-west cross section a t  t he  Chattanooga shale outcrop.  
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41 .7  (10) 23 5 315 390 480 5 5 5  

52,2 (12-5) 265 3 50 440 5463 640 

62.3 (15.0) 290 355 485 5 90 7 00 

73.0  (17.5) 315 415 520 640 80 5 

8 3 . 5  (20) 3 40 445 5 5 5  6 85 815 
-.1 -- 

Q Asssamraing contour stripping on a 20" slope. 
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= [bench width (m) x 1000 m/km3 x thickness (m) 

x 2.3 metric tonsjm3 x 0.9 

A c t u a l  s ~ . ~ ~ ~ ~ ~ ~ l ~  reserve$ in any specifie: locality depend on s i t e  
s p e c i f i c  factors and available information is insufficient to permit caf-  

a n l a t i o n  sf ~ ~ ~ ~ ~ . ~ ~ ~ ~ l y  strigpable reserves on a county  level. S i t e  spe- 

c r f i c  ~~~?~~~~~~~~~~ drilling and testing of shale and overburden charae- 

t ~ r i s t i c t ;  and qaanfity would be required to  provide actual strippable re- 

L@ZVP estFH9wt@S. 

4 , 1 , 6  Lesa1 a$.pects 5f mining 

The: vast  majority of land in  the Chattanooga Shale Region is owned by 

Lsbs private sector, ly a small percentage is controlled by federal, 

s t ~ t c ,  county or I u e a l  governments. As a result, almost all development 

mast be jncgotiated through so le s  and mineral. leasing 

iv idual  landowners. Acquiring mineral r i g h t s  for large 

~~~~~~~~~~~~~ O K  s n r f a c e  mines in the Chattanooga Shale Region will entail 

m m y  ~~~~~~~d ~antaets and legal contracts t o  be made with individual 
landowners, Unlike the wsstern United States, where rural land tracts art? 

property owners few in number, the rural areas of the 

3mag.a Shale  Region a r e  bro%en into nmerous small tracts of land. 

Fox example?, DcKalb County, Tennessee, has '7,977 parcels of rural land 

property holders within its 72,000 ha (278 square miles$s. 

C m t w t i n g  each property owner and negotiating the sale of mineral r i g h t s  

w i l l  be time-consuming and expens ive .  

Shale mininng s . c t i v i t i e s  on private lands may be regulated by each 
P K ; P ~ ~  in the absence of a federal oil shale  mining regulatory framework. 

Siace  the Chattammga Shale Region extends through three states, each 

&.fake may regalate the development of the industry within its boundaries, 
Ed8agoIations and permitt ing procedures are unique for each state and are in 

s a r i o u s  s t a g e s  of fozmulatian and completion at t h i s  time. 
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and the characteristgcs of efflnents generated by the processing is nn-. 
known. It is p10$ si8 that the spent $ha e classified as a nonhplx-* 
saxdous waste, It i s  possible, however, that the waste materials wfl 

classified as hazardoas; iin that case, the following discussion of ifis- 

posal options waul not be: applieable. 

4.2.1 Key considerations in solid waste disposal design 

The design of a solid waste disposal system and a disturbed land r e -  

elamation program for a shale mining and processing operation shonld $e 

based on a nm0er of key considerations. These considerati~ns can 

categorized into three basic gronpa - processing, environmental, an 
nomic 

The state fn which the t a i l i n g s  leave the processing plant io an e%- 

sential consideration in the development o f  disposal and reclamation de- 

e manner of processing determines the characteristics of the 

spent shale. Characteristies sa& as grain size and carbon content cap1 

&3 VOloUnS $ad OOXXP otrabil i tg  of the spent shale as we13 as i t a  

evasatzlal inpact on the envirc 

me fclllowing 1888 pticans have been made concerning the hydroretort- 
ing and metals extraation pzocesses and their effects on spent s h a l e .  

e spent shale is classified as a nonhazardous waste. 

e Tbe spent shale has been Peached for uranium and other metals and 

contains minimal amoants of these metals, 

a The spent shale has 'been treated with a slurried ground linestone to 
neutralize the acid from the leaGbing process and to precipitate 

solable: elements such as iron and alnminpm. 

Q The spent shale hers been roasted; therefore, the ongani@ carbon eon- 

tent of the shale is; ~ ~ ~ ~ i g ~ ~ l ~ ~  

ma: spent shale will also  VI the fcblllowjing cbaxacteristics as detsxmined 

by preliminary examination: 

e spent shale i s  erashed to approximately 0.25 t o  5 , 6 5  cm 
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gs s p e n t  sha l e  weight is 5 5  t o  6Wa o f  the o r i g i n s 1  a i iqht  of the+ 

shale. 

ab n e  d e n s i t y  Qf t h e  spent s h a l e  i s  0 . 6 9  g d c c .  

The i n a p p r o p r i a t e  and/or unsafe  d i s p o s a l  o f  t a i l i n g s  is poteztially 

one of the g r e a t e s t  environmental  hazards  of  s h a l e  deve1npmmtn F,;;avir”an- 

mental systems @auld be ~ e ~ i ~ u s l g r  d a m  ed by the impropcr disposal of 

was tes .  As 8 resnllt, environmental preservation beccm-h m e  of the  k q -  

c o n s i d e r a t i o n s  i n  planning I soli. i d  waste dispcssal systext .  S ~ - J ~ : T Z ?  re 

tory agencies ,  a t  st ta ts  and f e d e r a l  XevePs, rill have j ~ r i s d i a t i o f i  over 

eastern shale  development tbEoU$h their enviromantal  p r s t c c t i o a  ;a 

t ions  a 

Within t h e  scope of e n v i t o w e n t a l  amd l e g e 1  likltations, t h ~  o p t i o n s  

f o r  waste d i s p o s a l  a r e  p r a g m a t i c a l l y  e v a l u a t e d  i n  tents  o f  e e m c a E c s .  

k i l e  s p e c i f i c  methods of disg~sal may be more aesthetically plrrasiims or 

have a smal le r  impact on the environment, the  t o s t  o f  such d%spos .=l  s g s  

terns may be g r e a t  enough aa r e t a r d  the develspmant o f  the P ~ F O - I Z C S .  

C o s t s ,  bath capital an ope~ational, are estimated %a& discnssad fas sev- 

e ~ t s l  methods o f  waste d i s p o s a l .  

4 .2 .2  I d e n t i f i c a t i o n  of t h e  magnitis@ of the s o l i ~ . , . . w g . ~ , . . ~  
d i snos a 1  problem 

Shale, l i k e  many other E Q C ~  materials, inercaeea in us l - i r~e  d o i i u g  

mining and processing, Tfris expeossion makes ~ o ~ i p l e t e  dispcsal of ihc  

le i n  t h e  o r i g i n a l  ining s i t e  impossible ,  thns c ~ ~ ~ p o n n d i n g  v a z t c  

d i s p o s a l  problems. In t h e  case  of a s ~ l d e ~ g - ~ ~ ~ n d  disposal. callc3 b s c k f i l -  

l i n g ,  not only must p l a n s  bo made ta b a c k f i l l  o r i g i n a l  mine s i t e % ,  b u t  

a d d i t i a s a l  disposal s i t e s  must ba l o c a t e d  and d e s i p e d ,  In the ;rise of 

complete s u r f a c e  d i s p o s a l  o f  w a s t e s 9  l a r g e  s u i t a b l e  sarsas rust  br fimd 

which have t h e  c a p a c i t y  t o  store thousands of tons Q E  s p e n t  s h a l c  per- day. 

en discussing $he combination underground #nd sarficial s t o r e g e  o f  

s t e s ,  i t  i s  impera t ive  t o  i d e n t i f y  the gaagaituaa o f  tht, s t o r a p ~  d i s -  

p o s a l  problem in terns of tbc percentage of spent  sha?.c t F w t  x i 1 1  f i t  i n t o  

the mine s i t e  and t h e  pezcentage t h a t  is to be s tored  elscwhnl-e. 
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Using preliminary weight, volumetric, and compaction data supplied by 

t he  Engineering Technology Division of O W ,  i t  was calculated that a 

g i v e n  volume of shale expands about 85% of its original volume during the 

misrirmg, hydroretorting, roasting. and metals-recovery procedures. Pre- 

khiaamy calculations suggest  only 50 to 5 5 5  of the spent shale can be 

backfilled ints the original mine site without some form of compaction. 

T b  remaining 45 to 5oab aaust be disposed of above ground or in another dfs- 

posaP site such as an abandoned underground mine. 

The magnitude of the spent shale disposal problem over a 20 year 

ogerational life span of a 100,000 ton (90,910 metric tans) per day pro- 
cessing p l a n t  is tremendous. Such a processing plant produces 50,000 tons 

154,545 metr ic  tons) per day of spent; sha le  at 43 lb/ftP (690 kg/ma). O f  

these ~~,~~~ tans, 5 is expected to return to the mine. The remaining 

OX 32 acre feet (39,475 m 3 f  per day, must be disposed elsewhere. 

QX a 20 year operational lifespan, 233,600 acre feet (2.8817 x 10s m3) 

s f  spent shale mast be disposed on the surface, assuming a 50% mine back- 

f i l l ;  wi$h no backfill, 467.200 acre feat (5.7535 x 108 m3) must be 

disposed, The. exact acreage that will be covered with  spent shale dnr- 

the f i f e  time of the operation is indeterminable at this time. The 

terrain  surrounding the processing plant will dictate the type of disposal 

to be used (i.e.9 land fills will be used in relatively low relief areas 

while terrain o f  high relief will require valley fills). Since valley 

fills have a high volume to surface area ratio, fewer acres of land woald 

e ased for waste disposal than if the same amount of waste is disposed in 

land f i l l s .  

Alternative dunping sites saoh as  old coal Bines or quarries are of- 

ten e iehea  t o o  distant to mike transporting the spent shale economicalty 

f e a s i b l e  ox a r e  too small to alleviate much of the disposal problem. 
e x a a ~ p l e ~  a quarxy that extends over 3 0  acres (12 hectares) to a depth of 

60 ft (18 m) will accept slightly less spent 5hale than a 100,000 ton 

~~~~~~~ metria tons) per day processing plant will produce in one month. 

For 

The estimate that 50 to 55% of the spent shale will fit i n t o  tRe 

oniginal mine site may appear low when cornpazed to the Mountain States 

projection of 70%. Moantain S t a t e s ,  however, did not document boa this 
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figore w a s  calculated; the report simply s t a t a d :  'It bas been assumed 

of the  tailings produced by the processing plant can be p lacod  

m#erground as backfill material' ( I s ~ n t a i a  S t a t e s ,  19781. Since Mountaia 

S t a t e s '  backfill design vas based OD hydraulic transpe~rt and hydraulic 

stowage through a roof hung feeder  system, it can be assumed little eom- 

paction occurred other than that caused by the m i  h t  of the overlying 

backfill. Given the: nature of the spent s h a l e t  ips dotermined by the En- 

Tcchnology Division of ORB&, it does not appear feasible to  ze- 

of the spent shale to  the original mine site using the technology 

described by Mountain S t a t e s .  POP the purpose of thio study the original. 

estimate of SO t o  55% will be retained for uncompincted shale, 

4 . 2 . 3  Undergkaund disposal oDtions 

Underground disposal o f  mining wastes  Bas been ased extensively i n  

E U E O ~ Q  and to 8 lesser extent  in the  United States. Backfilling has two 

advantages: (1) it minimizes the environmental disturbance of the land 

s u r f a c e  and (2) it allows increased t e s o a x ~ ~  recovery, Enviranmcntal 

surface disturbances axe reduced by underground waste disposal in that 

fawee sites exhibit subsidence and less surface area must be dedica ted  to 

waste disposal. Smaller amounts of waste material present on the s w f a o e  

R ~ S Q  lower the potential of large quantities of  sediment and leachates 

ba ing  introduced into surface runoff; howeverE, the leachates are ptobably 

introduced into the groudwatsz instead of the surface runoff. Thus# the 

total impact is not reduced; only a trade of f  between introduction of 

leachates t o  groundwater rather than surface water ocears. Shale re:covery 

i s  greater using backfilling ( a s  opposed to nonbaekfilling) in that roof 

supporting pillars can be P\BE~OW@X and designed t o  fail gradually on the 

premise that the backfill confines and psovid~s lateral s~ippara for  the 

pill~rs+ 'Tlbr? increased sha le  recovery could also extend the life o f  the 

m k m  (Earnest, 1977). 

Backfilling a large active mine (with &I life expectancy of a t  l e a s t  

20 t o  30 years) requires a design t h a t  allows simultaneous mining and 

backfilling, or alternating per iods  of miming sad backfilling, I f  there 
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is to be no production loss due to backfilling, the staving of tailings 

arust take place in a part o f  the mine that is isolated from the miaing 

activities. Nines, therefore, mast be designed for backfilling opera- 

tions, rather than retrofitted, if there is to be no loss of production 

time. Ideally, mine design must also take in to  consideration9tbe limitpi- 

tioas of the backfilling system in terms of flexibility and mobility, e 

long open cavities left from chamber and pillar mining activities art! mare 

easily filled than the checkerboard cavities left by room and pillar min- 

ing. Filling around pillars is difficult when using inflexible semi-imo- 

bile systems such as conveyor ox pneumatic and hydraulic stowers, A I -  
though these stowing systems can be moved, movement is not achieved with- 

out considerable effort. Filling a panel mined by room and pillar design 
with an inflexible stowing system would recpaire too much effort to achieve 

100% fill, whereas filling cavities left by chamber and pillar mining 

requires far less effort. 

Evalnation of backfilling options - A  variety of methods for back- 

filling anderground coal mines has been used for years. b o n g  the 

sing ones are pneumatic and hydraulic backfilling and mechanical stowing. 

Each method is effective under specific circumstances and neither method 

is best fox all mine backfilling conditions and situations. 

Analysis of backfilling operations can be divided into two major m m -  

poneats - transport and stowage. Transport is the movement o f  spent shale 

from the processing plant to the mine site or storage site. Stowage i s  

the final placement of the spent shale into the previously mined areas .  

Pour major types of transport can be considered - conveyor, mechanical, 
pnenmatie, and hydraulic. Four major types of stowage - conveyor, mechani- 
cal# pneumatic, and hydraulic - also can be discussed. Txansport an# 

stowage options will be analyzed in the following combinations: hydraalie- 

hydraulic, pneamatie-pneumatic, conveyor-conveyor, and truck-mechanical. 

These combinations are generally recognized to be the most feasible. 

Pneumatic and hydraulic transport are similar in that the spent shale 

is conducted from the processing plant to the mine site in a pipeline; 

only the transport medium differs - alir or water. Track transport entails 

the movement of solid wastes from the processing plant to the i a j e c t i ~ n  

..... 
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i n  roaf  c o l l a p s e  and s u r f a c e  st ibs i r lenca.  Water introdiaGed with backfill 

gst i n  a l l  p r o b a b i l i t y ,  will not  kcmai l ;  conta ined  - 3 i t h i i ~  the back-  

Pi11ed panel, or planned drainage systet but w i l l  seep  onrt of t h e  p a n e l  

theoligh structural weaknesses ( i . e .  seams, j o i n t s ,  e t e . )  . Wa~er seepage  

i n t o  the s c t i v e  mining a r e a  can cause an i n c r e a s e  i n  r a t e r  r e c i r c u l a t i o n  

c o s t s ,  groundwater contaminat ion ,  mino degreda t ion  (szach as t he  deforma- 

t i o n  o f  Tailroad tracks) and l o s s  of prOdUction t ime.  water re ta rnea  to 

t h e  s o r f a c c  from the mine w i l l  be sediment l aden  from b a c k f i l l i n g  a c t i v i -  

t i e s .  This w t e r  w i l l  need t o  be c e n t r i f u g e d  or s e t t l e d  aud decanted  be-- 

f o r e  it. c r n  be r ecyc led  through the  mine. The s l imes  would be d isposed  i n  

s u r f a c e  s l i m  p ~ n d s .  

A5 t h e  q u a n t i t y  of f i n e s  i n  t h e  s l u r r i e d  spent  s h a l e  i n c r c a s e a ,  t h e  

potential f o r  holding water  i n  t h e  f i l l  a l s o  i n c r e a s e s ,  For n e s t e r n  spent- 

o i l  s h a l e  b a c k f i l l  t o  dewater  adequate ly ,  tho  s l ime portion of t h e  back- 

f i l l  s h o d d  be l i m i t e d  t o  20 t o  25 . If t h e  f i n e  con ten t  i s  higher, tho  

f i l l  w i l l  bc slow t o  d r a i n ,  The p e r c o l a t i o n  r a t e  for a h i g h  f i n e  c o n t e n t  

b a c k f i l l  may be a s  low a s  1.4 x f t  10.84 cm) p e r  day (Barncst, 1977) .  

Using t h i s  p e r c o l a t i o n  r 8 t e p  i t  would t a k e  16  f t  ( 5  m> o f  b a c k f i l l  over 31 

y e a r s  t o  be dewatered,  The i n ~ r e a s e  i n  f i n e s  s:so t ends  t o  i n c r e a s e  clsgg--- 

ing of drainlines, thas preven t ing  dcwatering. Undrained b a c k f i l l  i s  n o t  

ab16 t o  provide  adegalnte l a t e r a l  support f o r  t he  roof suppor t ing  p i l l a r s ,  

thereby  e l imina t i r ig  one of t h o  major advantages o f  b a c k f i l l i n g ,  

As the  f i n e  c o n t e n t  of the b a c k f i l l  x i s e s ,  t he  d e n s i t y  o f  t h e  f i l l  

a s t e r i a 1  may i n c r e a s e  due t o  dec reas ing  po re  s i z e  among spent s h a l e  peati- 

c l e s ;  o s t e n s i b l y  inc reased  f i l l  d e n s i t y  improves the suppor t  c h a r a s t e r i s -  

t i c s  of the f i l l  materials. With f i l l  d e n s i t y  inc reased  beyond t h e  0 , 5 9  

gJcc de i i s i t y  of the spent  s h a l e l  EJOrc t han  the expected 55% o f  the spc-clt 

s h a l e  msy f i t  into t h e  original mine s i t e ;  t h e  pe rcen tage  o f  i n c r e a s e ,  

howwex ,  i s  not known. 

The lack of dust is t h e  principal advantage o f  h y d r a u l i c  b a c k f i l l i n g .  

The major d i sadvan tages  a r e  excess ive  water  consumption, h igh  energy re- 

cpirsment, high  c a p i t a l  c o s t s ,  h igh  o p e r a t i n g  c o s t s  f o r  p*wping rcslaiislecl 

water t o  the s u r f a c e ,  poor support  c h a r a c t e r i s t i c s  of the b a c k f i l l ,  

g r ~ ~ d ~ a t e r  contaminat ion ,  product  ion loss duc t o  seepage, end surface 

d i s tu rbance  associated with slime ponds. 
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Pneumatic-pneumatic - Pneumatic backfilling, consisting of 
matis txansport and stowage, has been used mostly in Europe i t a  long-wal 

coal-mining operations. Shale to be pneurnatiGally transported is fed into 

abrasion-resistant pipes and blown to the stowage site. 

As is the case with hydraulic backfilling, many t e ~ ~ ~ o l ~ ~ i ~ ~ ~  prob- 

s must be resolved before pneumatic transport can be used t o  backfill 

shale mines. n s t  and the creation of f i n c s  are the greatest pr&Pems 

associated with pneumatiG backfilling. Pneumatic transport creates B 

large quantity of fines as pieces of spent shale collide with one another 

and the pipe; the fines are then released as dust during stowage, WPns 

ventilation systems must be designed to prevent dust f r o n  entering the 

area of the mine which is actively being worked. TPle problem of f i n e s  i s  

not  as great in pneumatic bachfiPling as it i s  in hydraulic b ~ ~ ~ ~ ~ ~ ~ ~ ~ g  

ccause the settling velocity of fines in the air is gxeater than in 

water. If the backfill, however, becomes saturated by groandwntes, it 

will be difficult to drain for the same reason t h a t  hydraulic backfill i s  

difficult and slow to drain; in addition, there will. be n~ netwolrck o f  

drain pipes to dispose of excess water. Once the backfill is saturate 

w i l l  not lend sufficient lateral support to load-bearing pillars, 

Plaeernaatic stowing may increase fill density rap to 14% dae ta somptxc- 

tion caased by f i l l  depth and high velocity impact according to Earnest, 

1977. It i s  doubtful, howeverp that fill density of spent Chattanooga 

shale will increase greatly due to compaetion under its own weight, As- 

suming the average depth of backfill. will be 16 ft ( 5  m ) ,  and given d ~ y  

dry spent shale weights o f  43 lb/ft3 (690 kg/m3), the pressure on t h e  bot-. 

tom of the fill pile will be approximately 5 1bs/ina2 (3368 k;glmz),  AG-- 
compaction studies, 5 pounds per square inch (335  

of p ~ e s s ~ x : e :  will not be: srafficient to perceptibly increase f i l  

If fill density is greater for pneumatically transported fill than spent 

shale, i t  is probably due to the generation of fines and general degrada- 

tion of fhe spent shale particles during transport. 

With a moveable stower and chamber and pillar mining, complete back-- 

filling i s  possible. 
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s h a l e  wine has a@tUaa*lg been backfilled. Tdeollly if tbe spen t  shale  i s  to 
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Table 4,4.  Preliminary compti~tion dat 

AS received 0.69  

500 (35.2) 8.82 18 

1,000 (78.45) 1 .oo 45; 

2,000 (140.91 1.12 52 

5,000 (352.3) 1.27 84 



8aPfacs d i s p o s a l  



should be controllabla with the water. The spent shale, however, if 

transported 8 s  a slurry will degrade and generate l arge  quantities o f  

fines, maaking dewatering difficult or impossible. 

The recent trend of disposing of huge quantities o f  mining waste  i s  

t o  impand the material behind man-made d i k e s  or in valleys whieh have 

been dammcb far waste  disposal pu~poses (Hass, 1976). The other n o j o r  

disposal option currently rizsed is the landfill, 321s: two major design ton- 

siderations in disposal imponndmsnts and landfills 8x0 s a f e t y  and environ- 

u m t .  Impoundments m u s t  be designed to minimize potential failure from 

liquefaction, sliding, slumping, piping,  et^., brought on by saturation. 

caused  by improper drainage QT layering of materials (Mass, 1376). An 

adequate drainage system# to acco odate normal s m f a c e  runoff an 

introduced th rough tho disposal process, m u s t  be provided during active 

filling and later as tho retention basin beco e s  inactive. If adequate 

drainage is not provided the dike OE dam can fail QE the tailing can over-- 

pounbennt. In e i ther  case, tailings flow down the valley, CQV- 

sring the lendscape, caasing damage to crop or forest l ands ,  and endanger- 

ing 1 i v e s  and settlements. 

Surface disposal sites of spent shale must be protected from erosion 

during p o r i s d s  of a c t i v e  disposal and after suspension of disposal activi- 

ties. Surface r u o f f  can erode the fill material and transport sediment 

o u t  of the retention basinr which will affect downstream water quality. 

Wind erosion presents a relatively minor groble that exists only during 

dry periods, To decrease the erosion caused by surface run-off and xind,  

the ~~~~~~d~~~~ stmacture and retention basin may be vegetated 01: treated 

with chemicals to create a crust on the s u r f a c e .  

Reclamation -The method used to vegetate the w a s t e  will depend on 

the characteristics of the spent shale. If the shale has been leeched fox 

metals during processing, it probably will not have sufficient mineral 

crznatcnt to support a vegetation program, The spent shale will probably 

have to be covered with  topsoil, mulched, and fertilized before the site 

can be planted. The quantity of topsoil necessary to cover disposal sites 

will be exceedingly large, and its acquisition may necessitate the use o f  

several  options (e.g., stripping topsoil from the site before dumping the 
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uaaititp of f i n e s  generated by crusbing and the hydroretart and 

mz?ta;E s ~ t r ~ t i ~ ~ ~  processes and waste  disposal i s  not known. As a result, 

gnitads of the ~ ~ 0 ~ l ~ ~  and the approach necessary t o  r e s ~ l v t :  i t  can-- 

reot be i d e n t i f i e  , Slime pond OX impoundment dams with retention basins 
.are gtmeaaallg usad to settle oat fine sediments from the water used in 

shale p m w s s i n g  car transpost of spent shale .  After the? sediment has s e t -  

t l e d  nre$asraP;eg w i t h  time, the water is decanted and X t ? 6 p l e d  through the 
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mine and plant or returned to surface flow. Slime ponds in tbe Chatta- 

nooga Shale Region must be designed large enough to Precept heavy precipi- 

tation without overflowing and carrying suspended sediment out of the set- 

tling ponds. Slime ponds once filled or after project termination must be 

buried and revegetated so the fines will not be transported out of the 

impoundment by wind o r  water. 

Until the exact quantity of fines generated in mining, crushing, hy- 

droretorting, waste disposal, etc., i s  known, disposal options cannot be 

planned and their costs cannot be determined. 

4 * 2 . 7  Legad. considerations of solid waste disposal and reclamation 

The regulation of the disposal of mining wastes, processed mineral 

wastes and processing effluents will be one of the major considerations in 

the development of the eastern oil shale industry. Many governmental 

agencies directly or indirectly regulate the disposal of these wastes QII 

both the federal  and state level. Overlapping regulations and nonregu- 

fated activities make the legal status of solid waste disposal and reclam- 

ation of mined oil shale lands ancertain. 

Federal - At the federal level, waste disposal of spent shale comes 
nnder the jurisdiction of several agencies (i.e., Department of Interior 

and Environmental Protection Agency). The disposal of spent shale is reg- 

ulated by the Department of Interior through the prototype leasing pro- 

gram which has been implemented for western shales only. 

mental Protection Agency (EFA) has several offices which regulate solid 

waste disposal or the effects of solid waste disposal. The EPA Office of 
Solid Waste administers the Resource Conservation and Recovery Act (RCRA), 

Originally RCRA was designed to regulate mining wastes but was amended by 

m 9 9 4  t o  exempt certain mining and mineral processing wastes from EPA 

regulation until such time that studies detemine whether these materials 

present health or environmental hazards. EPA i s  in the process of csl- 

letting data on spent eastern oil shales. This project, however, has been 

gaven low priority because EPA is more concerned with studying and devet- 

oping regulations for developed mining industries (e.g., the phosphate 

The Environ- 

ustry) (Garve, 1981). 
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Surficial s o l i d  waste disposal of process mineral wastes is regulated 

try the Solid Waste and Vector Control Division of the Public Health De- 

partment. Any large solid waste impoundment sacb as a valley fill %ill 

also be monitored by the Water Improvement Commission. 

Kentucky The General Assembly of the State of Kentucky placed P 

moratorium on the mining of shale in the spring of 9980.  Except for 8 few 

demonstratson projects, shale mining has been suspended. Regulations are 

being written by the Kentucky Bureau of Natural Resources pertaining spe- 

c i f i c a l l y  to shale mining, waste disposal and reclamation; these regula- 

tions axe to be completed by Xune 1981. The enforcing agency for shale 

mining and reclamation will probably be the Kentacky Surface Mining Re- 

clamation and Enforcement Bureau. Although the specific agency for the 

regulation of the disposal of mining wastes and processed mineral wastes 

has not been decided at this time, it will be housed in the Natural Re- 

sources and Environmental Protection Department. 

Tennessee - In Tennessee the Department of C!onservation@s Division of 
Strip Mining and Reclamation has jarisdiction over surface mining and its 
reclamation including shale mining and reclamation. The division also 

regulates the reclamation of the surface effects of deep mining; a t  this 

time, however, regulation is restrieted to coal only with no provision for 

other minerals. The Division of Strip Mining and Reclamation is in the 

process of writing regulations for the new strip mining law passed by the 

Tennessee legislature on May 2,  1980. The regulations should be submitted 

for public review and comment by June of 1981. 
The Department of Labor, Mining Division, has jurisdiction over deep 

miq ing  in the, State of Tennessee. At the time no regulations concerning 

backfilling of mines nor underground waste disposal existed in the State 

of Tennessee. 

Surface disposal of processed mineral wastes will be regulated by the 

Division of Solid Waste of the Public Health Department. 
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Of the  tbree types of shale - rawt bydroretorted, and ~ y ~ E ~ ~ ~ ~ ~ ~ t e ~  

and leached - xaw shale is assumed to have the greatest p ~ t e ~ t i a l  for he- 

ing environmentally dangerous. From it many trace elements can 

leached. 

happen in two areas: 

and in the disposal of raw shale fines. 

hminates can be leached from the raw shale and tsansported through sur- 

face runoff and groundwater. No provision for the protection of P B W  sha le  

from rain during stockpiling w a s  made in tbe Mokntain States r e p o r t ,  nor 

w a s  provision made for the pelletization and subseqaent hydroretort pro- 

cessing of  the fines -only the disposal of the raw fines was ~ e ~ t ~ ~ n ~ ~ "  

If raw shale stockpiled or disposed on the surface is regulate 

future, provisions must be made to protect it from being leached OT 

t o  capture runoff water. 

Exposure of raw shale to weathering and leaching can foreseeably 

during stockpiling of raw shale before proccss3n-g 

During these exposed gerio 

Hazardous wastes other than spent shales will be generated by t h e  o i l  

and metals extraction processes. These wastes, which include organic and 

trace-metal-bearing sladges, must be disposed in accordance w i t h  the EPA 
regulations a s  mandated by the Resource Conservation and Recovery Pact* 

4 .2 .9  Sunonnsrv 

One specific type of solid waste disposal cannot be identified as 

being saperiar t o  other forms of disposal. At this time not e ~ l ~ ~ l g l i a  i s  

known about the natulce of the spent shale to recommend a s p e e i f i ~  waste  

disposal system. In all probability two or more t y p e s  of disposal will 

be combined, especially if the life of the mine is extended beyond 20 

years and the total amount of tailings becomes mountainous. e majar 
influencing factor in determining waste disposal probably will be govern- 

ment regulations. The design of waste disposal systems w i l l  be determined 

by criteria set forth in future EPA regulations, or, in the absence of 

regulation, the least expensive form of disposal will be: used. 



88 



89 



90 

Levcatha?, J. S. 1 9 7 9 .  Chemical Arnalysis and G s o c b . e ~ l c a l  Associations in 

and W~ashintgton Counties, Ohio; i s e  County, Virginia; and Overton County, 
l - e n n e ~ ~ e ~ .  U.S,G,S. Open P i l e  Rcps~rt  79-1503. 
Ncantain S t a t e s  Research and Development and PRC Toups Corp. 13’98. Em-- 
ginsering Assessment and Feasibility Study of Chattanooga Shale a s  a, Pa- 

Devutiiar, B lack  Shale  Core Samples from Martin County, Kentucky; Carsol: 

L cure ”- Source of Uranium. Vols. I, %I,  and 11%. Prepared f o r  U.S. Depart- 
ilient of Energy. 

Mntsohler,  P. H .  , et al. 1976. Uranium from the Chattanooga Shale - 
Scme Problems InvoPvcd in Development, 1T.S. Bnreeaa o f  Mines Information 
Circular 8780. 

National. bcadescly o f  Science. 19’75. Urmderground Disposal of Coal Kine 
Wastes. Washington, D.C. 

Schn9idt, R. A. 1379. Coal in America: An Encyclopedia of Reserves, Pro- 
dac t inn ,  and Use,  lcGraw--Hill, Irac, 

Stsckdale, P .  B., and H .  J .  Klepser .  1959. The Chattanooga Shale of 
Tennessee as 8 Souecc of Uranipaaa. Final Report OR&-205 U.S.A.E.C. 

‘ l le~mas,  W. A. 1972. Mississippian Stratigraphy of Alabama, Geological 
Survey of Alabama, Monograph 12. 

U . S .  Congressional B e ~ o r d ,  1980. R ~ S O % L P . C F  Conservation and Recovery Act 
AmendEIents o f  1979. Felsrnary 198 , Val .  126,  No. 2 6 .  



9 1  

5 .  RECOVERY PROCESS ASSESSMENT 

The purpose o f  t h i s  chapter is t o  assess the literature and t o  de- 

welop reference designs for tbre technical and economic svelnation of the 

recovery of hydrocarbons and minerals from Chattanooga shale. -4 nmrber of 

processes have been developed and demonstrated a t  near-comereial w a l e  

f o r  the recsvery of  ail from western oil shale ( E T  Synposim Papers  

ey are considered ready for  conunerciafization, A hydmc 

recovery process f o x  Chattanooga shale has not Been fully 

ever8 €or study purposes, the reference design of a potentially s n i t a b l e  

ydrsretorting process was conceived on the b a s i s  of laboratory-scwJe ex- 

periments performed at O W  and flow tests that were performed in a bench- 

scale ranit and a process development urnit at IGT IIGT ~~~~a and 1 

9 *  The reference design of a process for minerals recovery from 
Chattanooga shale was developed on the basis of Peaching experiments at 

(Silverman 1981) and earlier studies at Columbia University 6195 

Botb hydrocarbon and minerals recovery designs are developed ~ n B g  to ;B 

degree of detail suitable for technical and economic evaluation. 

f the processes that have been developed f ~ r  oil reccssre~ 

ern shfnle, the Paraho (Pforzbeimer 1980) and Union (Qhondt 19 

B9$C)) processes ~ x e  based on the pyrolysis of shale at essentially a t m -  

spheric pressure ntilizing spent shale combustion gases as the source of 

heat. Each process has been demonstrated a t  the 1500 ton/d scale, grodnc- 

ing elose to the Fischer assay amount of o i l ,  The Superior process (Boyda 

s similarly been operated at a 258 ton/d wale. e Brazilian 

processd also similar, has been operated a t  2000 tons/d. 

In each of these processes, shale is heated with gases ~~r~~~ 

e a t i n g  zone and then in a retorting zone t o  a maximum temperatare sf 

QIF (480 t o  ~~~~~~~ With western s h a l e a  y i e l d s  of oil are 

about 0.5 t o  0.7 bbl/toa of shale. Abont 15 t o  25% of the carbon i s  l e f t  

the hot ash; tbis carbon i s  burned t o  provide energy f ~ r  t h e  process. 

e hot ash is used to Beat g a s  streams used in the process or to genesate 

steam. 
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for the Hytort design were considerably higher than that required for the 

low pzsssare retorts, simples gas recirculation system, power plant, and 

limestone scrubbing system for the Paraho design. 

On the b a s i s  of the Paraho design, Davy McKea: concladed that  oil re- -  

covery from eastern si1 shale appears t o  be commercially feasible, They 

e s t i m a t e  eSak crude shale oil could be produced a t  a cost of $40/bbl on 

the  b a s i s  o f :  ( 3 1 )  100% eqznity and 12% r a t e  of r ~ t a r n ,  which gave annual, 

charges on capital of $96.7 millionfyeax ($648 million initial capital 

plus $126; million invested for  additional mine development in years 8 ,  12, 

1.3, and 181, ( 2 )  annnaI. operating and maintenance expenses of $63.1 mil- 

lion/ycar, (3) annual rcvenues from shale oil of 107.3 millionlyear (8132 

bbi/d of oil at 40!bbl from 30,000 tonsid of s h a l e ) ,  sand ( 4 )  ianrmnal rev- 

C I ~ U J I C S  from Sy-products of $ 5 2 , 5  millionfyear (22832 bblld of light o i l  a t  

$25/bEl, 14,500 scfm of high Btu gas a t  38milllion Btu, and 4 $ , 3  1W sf 

electricity at $8.027SlkWh). 

Although a process that combines atmospheric pressure  retorting with 

ccniibirstion o f  spent shale (OK, alternatively, a hydrogasification process) 

n i g h t  be m o r e  economical f o r  the recovery of hydrocarbons from Chattanooga 

shale, the Hytort process h a s  h e m  used to develop the reference design 

for th i s  study. Wixcctly applicable data are available from the small 

scelc hydroretorting of Chattanooga shale as well as froan experiments in 

whic)-K spent  hydroretorted shale was leached with sa31Furic and hydrochloric 

a c i d s -  Thc available data  indicate thab high minerals recovery i s  p o s s i -  

ble by a c i d  leaching of  spent shale after i t  has been hydroretorted and 

roasted in ais at about 900°F (5OO9C3 and that  there would be signifi- 

ca~tly less mineral  recovery froar acid leaching o f  spent shale  that had 

bcen cambasted a t  a temperature of 1400 to 1600°P ( 9 6 0  to 8700C) .  A l -  

thningk about 30% of the hydrocarbon energy  of the  shale remains a f t e r  By- 

dxorctorting, rmst o f  t h i s  energy can be utilized in the roasting process 

prior ‘ro leaching for minerals  recovery, 

T h e  following sections will review the: available experimental d a t a  

and develop the refereace d c s i g r , ~  for the hydrocarbon and minerals recov- 

erg. processes, 
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5.1 Hydrocarbon Recovery 



T a b l e  S . i .  P r o p e r t i e s  of sha'e used Q O K  e x p e r t m e n t a l  s t u c l e s  an<  d e s l g n  b a s l s  

Cha t t anooga  
N e w  Albany Cha t t anooga  

3 i 7a3. 3 i 7 gb' d e s i g n  
~ 7 9  BSU-2e 80 PDU-Ze b a s A s  

US 70ane 
Type of s h a l e  

exper.ment no. R A W  i (aW - R a w  R e t o r t  raw x e t o r t  F a W  E s c o r t  
sample d e8  t ana t I o n  3RhL-? OiWL-4 03NL-3 OP..YL-6 

F a w  Re t o r  C 
s h a l e  Test 'Tes: s h a l e  T e s t  Test s h a l e  r e s i d u e  s ta le  r e s i d u e  s h a l e  r e s i d u e  s h a l e  l e s i d a e  

rookdue r e s i d u e  r e s i d u e  r e s i d u e  
- 

( l t i m a t e  Ana lys i s .  w t .  Y 

Organ ic  carbon 
H l n e r a l  ca rbon  
T o t a l  ca rbon  
Hydrogen 
? l i  t r ogen  
Oxygen ( h i g h  temp. w a t e r )  

Ash 
? io l s?n re  

To t a l  

S u l f u r  

14.14 
0.02 

16.38 12.14 7.65 14.08 11.09 5.85 14.16 4.40 
0.6b 0.63 1 . 5 7  0 . 2 2  1.72 0.58 0.51 1.79 

0.50f 
3.72 

6.97 3.31 3.85 5.06 t .75 2 . 6 9  4.82 

0.55  0.02 0.08 1 . 2 5  9.09 0.0: i.00 0.: 
73.7 64.33 89.8 24.97 82.8 92.2 78.23 

- - ~ -  
101.39 101.00 4.72 99.32 100.38 101.89 97.15 99.4 

13.06 
1.05 

14. i I 
1.5: 
0.46 
4.45 
4.94 

74.53 
1.5 

151.50 
__ 

4 . 6 8  14.17 
0.48 0.27 
5.16 14.44 
0.28 1.57 
0.16 5.54 
0.03 '1.03 
5.2; 5 . i 9  

0.10 1.90 

:30.69 104.89 

91.98 77.22 

- -  

4.22 
5.08 
4.30 
0 . 2 :  
0.13 
0.71 
3 . 5 5  

93.59 
0.0 

14.03 
0.02 

14 .05  
1 .s7 
0 .50 
2.80 
4.92 

7 4 . b i  
1 . 2 5  

102.55 130.09 

5.33 
0.03 
5.33 
0.24 
'3.16 
5.52 
2.65 

92 .13  
0.00 

100.x 
___- 

M?ta l  Ana lys i s .  ppn 
Alwninum 60,000 60,000 

2 0 20 

Chromium i 30 L 00 

Nanganese 3 50 550 
Yolybdenum 230 200 
N i c k e l  2 00 zoo 

Coiumblm 
60 60 Cobal t  

I r o n  60.000 60,000 

Vanadium 330 300 
Eranium 79 80 85 I 5  75 67 65 

,i.igher :eat ing Va lue ,  I ) t u / l b  2813  3550 1019 2a:3 i o 1 5  

hulk Dens t ty ,  l b / f c 3  71.7 74.5 5 5 . 6  74.5 71.: 71.7 
Helcum D e n s i t y ,  g/crn3 2.25 2.51 2.66 2 .27  2.72 2 .25  

% e a t h e r e d  s h a l e  t a k e n  from road c u t  i n  Smith Coun ty ,  30 miles west of C o o k e v i i l e ,  TN. 

bSample oE Gassaway member p r o v i d i d  by IGT. 

'OLXL a n a l y s i s .  

'IGT a n a l y s i s .  

e I G T  Gatd r e p o r t e d  In DOE/ET/14102-1 and  DOE/ET/i4102-2. 

':>robable e r ro r .  

P e i d k i r c h n e r ,  ti. L. (LCT) l e t t e r  t o  J. S. Wacson ( O W L ) ,  Nay 13 ,  :980. 

Organ ic  oxyken is probab ly  abou? 37: o n  t h e  b a s l s  o l  mass b a l a n c e s  f o r  :he O W -  eX2erimen-s .  



ShaH2 

Spenr shale 

Gas 
hyueocs 

Toral. 

a i l  

0.8730 
O.0:7if 

D,DFl i  
0.0022 
0.0012 
0.0064 

0,0235 

SA 

c.Oc133g 

0.31 7:' 

SA 

O . m  

-. Net carbun conterir of produces, ut. X 

h'4 65 38 31 29 15 2 5  3 1 . 2  
26 2 9  44 59 31 40 ir0 57.9 

5 6 i ?  9 33 1 4  19 9 - 3  
?i19 NA 3-09 N A tiA N 4  1 4  1.6 

133 i i.U 99 I 0 i  9.5 en 96 ::13,0 
__ __- _____ -I_ 

%e: hlghtr heating valcs, i5tviI.b raw shulr 

Feed - ahale 350?i 2 8 1 3 .  3500 l  2813 ,  3550 z m a t  27"Df 2 x 3  
Pruducta - fihele 2 2 2  IbOO" 1170; 91Ot 810 650" 6 5C '* 83$ - O i l  8 4 5  8457 1434d 16Bd 1060 1130 i130 1667 

NA tih NA 415 7 2  
- gas 430 3 50 - aqueuus HA N.4 

Pruiuct s/ t  eed D.99 0.99 1-64  ! , i i  0.69 0.86 1-02 1.c.G 

1020 519 585 5 50 245 2i 

"E, L. Youngblood, R. Clbson, snd 4. D, P.gon, "Hydroretorting of Chattanocgz S h a l e , "  OWl;TEt-7587 <in preparation). 

'IC? t e s t  reported i n  1GT 1990a. 

'IGT r e s t  reported in IGT I985b. 
'Data of 80 PBU-2 edjusted t o  add estlmazrd quant i t i ca  of phenol ,  WH3, end H2s IX the equeuae phase, 

fFIsCimted fro= density of 0.331: &:nl acaaured in OR%-4 ead OWL-E sad oil proparitles frore 80 PDD-2. 

Q b s - 8  average wleci::er w i S ~ , z  cf 39.35 and 82.9 ut2 cart$c*n ab doterrsines ~ r .  FC. FVU-Z.. 

h 

"Eathaled design bas16 f Or ChattsnOOgE shoia,  

Carbocl content 3 6 . 5  YI. 5. Higher 
hear ing  va lue  17,7OC B - u l l b ,  

K.4 f a  nar. available. 

S e t i m t e d ,  nor maaured. 

k 
i 



'%In@ o m  experiments were condncted by collectia.ig snd measuring the 

products from KS slow heating o f  nominally P--%b (500-g) batshes of granular 

Chattanooga shale t o  a temperatare of 122WF iti6O*Cb a Experiments ORNL-2 

-3 were conducted with shale satmptzs US "irQ atad 3178 w i n g  argon at 

atmospheric pressare as the cover gas. Water and oil were: condensed and 

weighed. The prodnct gas flow r a t e  2nd composition were measured with a 

wet t e s t  meter and gas chromatsgrapb, The spent shale was weighed and 

analyzed 

Experiments o m - 4  and o m - 6  were @andacted n s i n g  batches o f  the 

sane two types of Chsttannoogn shale with hydrogen at a pressure o f  500 

p s i 0  (3.4 MPal 8.5; the parge g a s .  Water and oil wars again condensed and 

weighed. me product gas  flow rate and c ~ m p ~ i t i ~ n  wwx measured with dila 

o r i f i c e  meter and a s  chromatograph. 'The oil faom bath t e s t s  was dater-  

inad to have 8 density o f  about 0.936 g/ml. The aqueoans p~oduct from 

experiment OW-4  was determined t o  have an organic carbon content of 0.51 

wt,%, possibly from phenols ~ E B Z  the ir  l i m i t s  o f  solubility, Retailed 

ffiass balaxaces far  the measured and s d j i a s t a d  d?ta o f  the hydrogen p w p e  

experiments of O W - 4  and 42RNL-6 are prescated in Appendix B and snmar- 

i z e d  in Table 5.2. TBesc d a t a  indicate t h a t  t h o  organic oxyges sontent o f  

the raw shale must have been 2.5 to 3 and that the F-cmstional  o i l  yields 

b y  weight were 0.082 and 8.095 (21 and 2 4  gal/ton). The adjwated data ~ O P  

tb-e raw s h a l e  composition used i n  Rna ORNL-6 (sample 3178) was used as the 

referaace design composition. The y i e l d  and composition o f  the spent 

shale and the oil y i e l d  were weighted heavily in s e l e c t i n g  the design 

b a s i s  data  but were modified slightly on the b a s i s  of the engineering 

scala. data  with Nen Albany shals t o  be; descr ibed  i n  t h e  fallowing S E G -  

t POD. 



e bench-scaae (79 ssu-2) ana pP06eSS deveiclrgnnent m t  -2 1 
experiments with New Albany shale are reported in detail ia TGT q~oascterly 

progress reports (XGT 1980a and IGT 198Obj. The bench-scale unit eansists 

of an ele~tricwlly heated, 4 in. dS,l  m) diam by 9 ft 65 ml t a l l  hydrase- 

tort with provisions f o x  condensing and weighing the o i l  and aqueous pro- 

ducts, weighing the feed and spent shale ,  and measaxing the gas flows, 

Run 7 9  BSZP-2 was candlucted with a shale flow rate of 7 9  lbsfh  (98.8 lbs/ 

f t s / / h ) ,  a pressnre of 527 psig, a ed height sf 9 ft, average Bed temgesa- 

twre of 11510F, maximum bed temperatare of 12600F and hydrogen feed r a t e  

of 1'7.8 scf (60°F,  3 0  in. Bgf per poland of raw shale. The measured f rac-  

tional oil yield was .061 (14 gallton at the measured density of 1, 

g f m l )  but the elemental material balances were rather poor (94% for car-- 

bon, 91% for Hydrogen, and 156% for oxygen). 

The process development nnit n t i l i z e s  a t w o  stage, adiabatic, 36 ia9 

ism hydroretort with an active bed height of 10 ft in each stage. 

Oil and water product from the two stages are collected SeparmtePy in 

water s ~ r ~ ~ b b e r s ,  Other flows a t e  measured. Wnn 

with a shale feed rate of 3059 Ibsjh 4123 Ib/h/ft3 in both stages), a 

pressnxe of 4 6 p s i g ,  average bed tempoxatare of 5750F (stage 1% 

122442" ( s t a g e  21, maximum ed temperature of 1355iOE (stage 21 ,  and pre- 
heated hydrogen feed r a t e s  of 18.96 scf/lb (stage 1) and 13.P7 s c f  

(stage 21, Significantly, it vas necessary t o  add air to the second s t a g e  

at a rate of 8.57 sscf/lb shale feed to burn hydrogen and maintain the Bed 

temperature. 

A detailed mass and energy balance for the measared and adjusted data 
of %he run 80 PDU-2 with New Albany shale i s  presented i n  Appendix 

surmnariaed in Table 5 . 2 .  The adjusted data makes allowance for a~~ptllonia, 

additional hydrogen sulfide and carbon that might have been collected in 

the water scrubbers. The material balamce for carbon ($'?%), h y d r ~ g e ~  

(103%), and oxygen ~~~~%~ improve appreciably (to 9$%, 102%, and 9 

spectively) if it i s  assumed that  about 14% of the caxbon is eoPleGted as  

phenols (conceivably from the high organic oxygen content of the 

_. .. _:. . . 





1 .0000 
U . 2 5 7 6  
0.0100 
0.0594 
0 m 0037 
0.1627 
0.0218 

1.2576 
-.._.I- 

0.8212 
0.0939 
0.2848 
0.0495 
0 0085 
0.1563 
0.0329 
0.0095 
0.0281 
0.0577 
0.0510 
0.0077 
0.0030 

0.1405 
0.0428 

0.0594 
0.0010 

0.0163 

0.1833 

0.0438 
0.0814 
0,1558 
0.0212 
0.0022 

0.0246 
0.0078 

0.0023 

0.0023 

1.2576 0.1833 

0.0181 0.0492 
0.1682 

0.025.5 

0.1627 
0.0055 

0.1863 0,0492 
---- 11-._... 

0.0020 CJ e 02 18 
0.0098 0 .Om9 
0.1680 0.0265 

0.1563 
0.0083 
0.0017 
0.0016 0.0265; 
0.0065 
0.0057 
0.0006 
0.0002 

0.1863 0.0492 
-.-I- -.- 

0 I 03 9 1 
0.466 
0.0100 
0.0339 
0.0027 

0.0857 

0,0043 
0.0011 
0.0345 
0.0282 
0,0063 

0.0458 
0.0453 

0,0005 

0.0857 

0.0050 

______. 

0.0050 

0.0012 
0.0007 

0.0031 

0,0031 

-.- 
0 (I 0050 

0-7481 2813 
1 06 96 

2 58 

9918 
520 --- 

0.7481. 13509 

0.7481 834 
1662 
10941 
2 1  5 

9528 
785 
206 
207 
72  

%igher h e a t i n g  value i n  M u /  l b .  

DLncludes hydrogen arid oxygen from moisture i n  raw shale. 
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T a b l e  5 . 4 *  Est imated  properCies of raw P i 1  
from h y d r o r c t o r t s  and hydrotreatcd oil product  

Y i e l d  f rom raw shale 

mss/unit mass shale 

Gallton 

T-,itess/metric t o n  

Elemental composi t ion,  ~ t ,  X 

c 

t! 

0 

S 

N 

S p e c i f i c  g r a v i t y  

APT g r a v i t y  

Higher h e a t i n g  v a l u e ,  B t u / l b  

Nigher h e z t i n g  value, Btu /ga l  

Hydrotreat f12 consumption, s c f / b b l  

0.0642 

16.1 

67.2 
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10.1 

2.h 

1.2 

0.9 

100.0 

0.956 

16.5 

17,640 

140,600 

0.0939 

24.0 

101.3 

86.7 

10.4 

1.2 

1 .o 
0.7 

100.0 

0.936 

19.7 

1'7 ,7 00 

138,000 
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0.0922 

27.5 
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85.6 

1 4 e 3  

0.01 
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0.08 

100.80 

0.806 
4 4  .O 

13,940 

134,000 

2600 

__ll_._l 

-._.______.._I__ _-.. ...__ . _-__... I___.-______ 

Composite o i l  from tes t  80 PDF-2.  a 

b,i 1 properties on a d j u s t e d  d a t a  from ORNL-4. 

'Estimated fl-om d a t a  i n  DOE/ET/14102-1. 
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Fig. 5.1. Schematic diagram o f  shale  h y d r o r e t o r t i n g  process .  
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in the top section of the hydroretorts, is hydroretorted in a center sec- 

tion in which some hydrogen is burned with oxygen to maintain the desired 

temperature of 1200 to 13QQ°F, is cooled in the bottom section as it ex- 

changes heat with a portion of the recycle gas stream, and discharged 

thxongh lock hoppers. 

The cooled overhead stream from the hydroretorts contains oil as va- 

pan and mist, water, light hydrocarbons, CO, CO,, Has, PJB,, and the un- 

reacted hydrogen. This stream is combined w i t h  the off-gas stream from 

the hydrotreaters and treated with deentraiment devices and scrubbers to 

separate the aqueoas phase and oil from the gas. The aqueous phase is 

separated from the oil and treated by the Chevron process for recovery of 
ammonia and phenols. 

hydratreaters. The gas stream is sent. to a selective acid gas removal 

system where virtually all of the H,S and some of the GO, is removed, 

The stream containing the H,S and CO, is treated with the Claus process 

for sulfur recovery and the SCOT tail-gas cleanup process prior to d i s -  

charge to the atmosphere. 

The oil stream flows through intermediate storage to 

The cleaned, high psessure, high-flow-rate gas stream is then treated 

by a cryogenic process to separate a stream that is concentrated in meth- 

ane and other light hydrocarbon gases.  

the hydrogen and carbon monoxide is boosted in pressure, reheated (using 

an oil fired furnace and heat exchange with the spent shale) and returned 

a s  (P recycle gas to the hydroretorts. The methane and light hydrocarbons 

are used for hydrogen production in a series of operations involving 

catalytic reforming with steam at 14QQ°F and 200 to 400 psia (oil fixed), 

removal of most of the large volume of CO, produced in the process, and 

methanation. 

the hydrotreaters where it is used t o  treat the raw shale oil with an ap- 

propriate desulfurization, denitrification catalyst at about 800QP and 

The main stream containing most of 

The relatively pure hydrogen stream is compressed and fed to 

2000 psia. 

The energy balance shown at the bottom of Table 5 . 5 ,  and particularly 

the requirement for electricity and internal fuel oil consumption, was 

not estimated in detail but was performed using factors that were derived 

from design data on related processes. The derived data, however, in 
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Considerable effort was expended during the period f ro  1944 to 1960 

in iavcstigating the Chattanooga shaleso mainly for their ncpwnium as?d PO- 

t e a t i a l  oil c o ~ t e n t .  T%a early  investigations have bean s m m a r i z ~ d  i n n  a 

recent report by Mutschler ( 1 9 7 6 ) .  T h e  continuing depletion of higher 

grade U . S .  reservesI along with the possible futnre growth in demand o f  

tbs nue1ear industry, led DOE t o  execute 8 contract w i t h  Bendix F i e l d  Err- 

giaesring t o  determine the feasibility of large-scale prodnction of I P I C ~ - -  

a i m  from the Chattanooga shale. Mountain S t a t e s  Mineral Enterprisaa, 

Imc., R S  B subcontractor to Bendix, poxforwed this study (Mountain S e  
19781, with tho inling and environmental aspects stadied separately and 

reported by taus other firms - Cleveland Cliffs (Rae 1973), and P.  1, 

Toups (19793, respectively. 

Momteain S t a t e s  concluded that: a coproduction plan involving, the pro- 

d u c t i o a  o f  oil f rom shale by hgdroretorting, along w i t h  uranium paod~rction 

and possibly other asta l l  by-prodacts, was not only f e a s i b l e ,  but econosi- 

cally v i a b l e .  Monotaia. S t a t e s  made nse of tho Swedish axperiezace in pra- 

cessing shale for urani {Banstad proctrss) for  delineating so 

steps inn t h e i r  coproduction plan (Andersson, 19799. 

Sixace some of the d a t a  in the Mountain States paper (based on aanaly- 

ses  given i n  the Mstschler repast) were o l d  and fragmentary, recent 

s ~ p i s s  of S ~ W  sala hydroretottea shale were obtained from ICGT ana analyzed 

to verify the ir  motals cantent.  Additional. data  on other Devonian s h a l e s  

were obtained from U.S. Geo10 ical Survey reports (Leventhal 1979 and 

LevesLhal 1978). 

Exploratory experiments a t  8 on leaching $i amber of the 'criti- 

G a l '  l34?f,alS f r o m  both 

y i e l d e d  s e x y  eticoiieaginng results (SiPveman, 1981). The purpose o f  the 

following sectiows will be: to develop a reference design fos technic%? and 
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economic evaluation of minerals recovery from Chattanooga shale on the 

basis of information available in the Mountain States report, 

reports based on the Ranstad process, from recent O W  experimental worXCl 

and other information from the literature. 

improved process, which would utilize leaching with hydrochloric a i ~ i d ,  bas 

also been studied at Of@& (Gilliam 19811 but has not been employed far  the 

reference design. 

in Swedish 

An alternative, and possibly 

5.2.1 General description of t?rtdcess 

A conceptual flow sheet for process evaluation has been ~~~~~~~~~ 

(Fig. 5 . 2 )  which is similar in many respects t o  that presented io the 

The hydroretorted shale and fines containing ountain States report. 

aboQt 33% of the carbon and 43% of the sulfur originally present in the 
shale, are roasted in two steps: one hour at 250 to 34)OoC to remove the 

remaining carbon and a second one-hour roast at 320 to S O W C  Lo rem086 

nearly all of the remaining sulfur. Heat from the roasting proses5 is 

used to generate steam for process heating. The sulfur dioxi 

Covered and used for sulfuric acid production. 
The raasted shale is leached with a 203b sulfuric acid solution by a 

countercurrent percolation treatment. The leached residue is neutralized 

with crushed limestone, compacted and reinserted in to  the mine excess and 

fines are transported with other tailings to a shallow dam. The Peachate: 

s ; ~ l ~ ~ t i a p n  should contain about 80% of the uranium and molybdsnw, abtrut 2% 

of the AI, Fe, K, Na, and Mg, plus the trace elements (amounts to be da- 
tesmined by experiment). Sulfuric acid consumption is 400 lb/ton of 

shalep -SOW of the acid production available from all QE the sulfur re-- 

moved from the shale. 

A solvent extraction process (Sialino, 1977), employing a soloti 

of a tertiary amine (Alamine-336) in an organic dilnent, removes laraniam, 

molybdenum, and some vanadium (VI from the aqueous leachate into tbe or- 

ganic solvent, This solvent is then stripped to xemove U w i t h  an B 

solution containing 1.5M NaC1, 0.34 MgSO,, and 0.5M Na,SO,. 

i s  precipitated as the diuranate and calcined to produm U , O , .  

is stripped from the solvent with Na,CO, (after U removal) to yield 

The a+lilniglm 

~~~y~~~~~ 
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Ns2MoQ4 which is pnrified later and converted to MOO,. “Fhe ~ r g a n i ~  sol- 

vent is washed with 8,O before return to the extaraction step+ 

The raffinate from the first extraction cycle (the tertiary 

containing Al, Fe, alkalis, alkaline earths and the trace elements) is run 

through another extraction cycle in which iron is separated (Sealey 198l.a 

and 1981’tr) from the remaining elements by using a primary amine, Primenc 

J E T .  The iron is stripped from the organic layer with DT,PA, precipitated 

a s  the hydrous oxide, and converted to Fe,O, y calcination, 

Aluminum is precipitated at 5 to I Q O C  as  the atmoniunn S P W  s a l t  
41z!X14a Al,(SQ,); 24M,O, by the addition of a ~ ~ ~ i ~  sulfate to 

tke raffinate from the iron extraction cycle (St. Clair, 1944). e! alum 

salt can be redissolved in hot water and recrystallized for purification 

purposes before calcination t o  A1,Os. An improved procedure (Seeley 

1981a) used here for handling the armmonium alum is dissolution and subse- 

quent precipitation of hydrous Al,O,by the addition of gassoas a 

This. nay allow more efficient recycle of the (M41a SO, solation, avoid a 

sesoed recrystallization step, and provide a high purity alumina prodact 

since iron and other tri- and tetravalent metals have alread been removed 

by the solvent extraction step. 

The solution which remains after the alum precipitation, containing 

sulfate salts of the alkalis and alkaline earth metals, as well a5 those 

of the trace elements (Co, Mn, Ni, Cu, Zn, Cr, VI, is neutralized w i t h  

sodium hydroxide t o  an alkaline p0 of 9 t o  10. The hydroxides of Co,  

Ni, Cu, Zn, Cr will all be precipitated, along with magnesium, present in 

much higher concentration, whose hydroxide is slightly solable. 

the dissolution of all except magnesia is accomplished by the a 
ammonia t o  form the soluble metal complexes. Purification and reprscipi- 

tation of these hydroxides is accomplished by heating to drfve off NR,; 
tbe solids are dewatered and calcined to yield a concentrated mixture of 

solid metal oxides which can then be shipped to an ifidustrial metals sep- 

aration plant. 

Tfae final tailings solution, consisting of the alkali an. 

earth sulfates, is treated by reverse osmosis (Larson, 19791 to concen- 

trate the salts, which can then be packaged t o  form a cement-like solid 

that should be less susceptible to leaching by ground waters. 
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5 . 2  - 2  Unit process descriptions 

Roasting - The solid residue after hydroretorting contains about 33% 

of thc carbon and about 43% of the sulfur originally present in the shale 

( P i g .  5 . 3 ) .  Also, since the shale is retorted under a reducing atmos- 

p%aare, some of tkc metals contained in i t  remain o r  are reduced t o  lower 

valence states. This was demonstrated by O m  experiments (Silverman 

1981) and the Columbia studies (1955); e.g., lower recoveries of uranium 

are attained from leaching hydroretorted shale than from raw shale. Al- 

though the hydroretorted residue can be leached directly for its mineral 

content, energy recovery, sulfur removal, and improved properties, en- 

vironmentally acceptable disposal makes it advantageous to roast the 

shale. 

surface areas, micro and macropore volumes, and porosities of roasted 

shale %ere  examined a s  a function of roasting temperature by the Mineral 

Beneficiation Laboratory a t  Columbia University (1955). Their data were 

used to select the experimental conditions for roasting the shale. Poast- 

ing is suggested in two discrete steps: (1) 2 5 0  t o  300aC for 1 h t o  re-- 

move thc carbon (energy), and ( 2 )  324) t o  500OC for one hour t o  remove most 

of the sulfurI which i s  convexted to snlfur dioxide, scrubbed, and sent to 

the oa-s i te  sulfuric a c i d  produotion plant. 

Leaching - The: Mountain States process flow sheet recommends crushing 

the shale i n  a ball mill to -98 mesh to provide material for a 50% solids 

slurrq. which i s  leached w i t h  10% by weight sulfuric acid solution (200 lb 

acid/ton of shale). The ORNE laboratory experiments (Silverman 1981) as  

well as those performed at Columbia (1955) indicate that it is possible to 

leach uranium a s  w e l t  a s  other metals efficiently from the roasted shale 

without further crushing beyolid the 4 to 15 mesh size. T h i s  size material 

has a macropose vol.me of -0.19 cm3/g and a porosity of -38%. 

The design basis leaching process assumes use of a countercurxent 

percolation treatment, with 20Yo sulfuric a c i d  as the lixivium, for 24 h at 

70 to 80". It i s  estimated that about 80% of the uranium and rnolybdenm 

in the r o a s t e d  shale w.ill  be leached, along w i t h  -25% of the aluminumg 

iron, alkalis, and alkaline earth metals. Experiments will be needed to 
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determine what propor t ion  of t he  va r ious  metal  c o n o t i t n s a t s  i n  sha le  w i l l  
be leached by the  20% ac id  s o l a t i o n ,  Mountain S t a t e s  has e s t i  

recovery f o r  a number of elements (nranimn, c o b a l t ,  n2cke1, e t c . )  based 

using a 10% ac id  s o l u t i o n  wi th  a 6-h leaching per iod .  

T a i l i n n s  - T h e  res idue  remaining a f t e r  leaching w i l l  be: washed and 
mixed with crashed l imestone t o  n e u t r a l i z e  sag remnerirmiag a c i d i t y .  I t s  

aoid content  should be l o r  becanse t h e  countercurrent leaching system i s  

planned t o  provide a l eacha te  of pdI -1.5 f o r  the  fol lowing so lvent  c x t ~ a + -  

tion steps. P r a c t i c a l l y  a l l  of the  s u l f u r  i n  the  hydroretorted shale  i s  

removed during t h e  roas t ing  opera t ion ;  those metal l is ,  constit~ants that  

a r e  not  d i sso lved  dar ing  the  leaching  process  w i l l  r e  a i n  i n  the roastsd 

sha le  a s  oxides ,  s i l i c a t e s ,  and s d f a t e s  t h a t  a r e  not  so luble  i n  gxonad-- 

water.  Hydraulic b a c k f i l l i n g  cannot pa t  a l l  of the: n e u t r a l i z e d  residue 

Back i n t o  the mined-ant area.  Prel iminary t e s t s  a t  8 

d e n s i t y  of t he  r e s i d a s  can be almost doubled By B corn t i R g  preSSX%~2 Of 

5000 l b / i n - a .  Compaction of soma t y p e  probably might be used $8 miairnize 

t h e  VQ~UIW of the  residue f o r  d i sposa l .  

Metal recovery - The l eacha te  ( ad ja s t ed  t o  pB 1,s) i s  c l a r i f i e d  be- 

f o r e  so lvent  e x t r a c t i o n  (Pig.  5.41, Tbp! organic  e x t r a c t a n t  is the  t e r -  

t i a r y  amine, Alamine 336 (0.05M - aboot 20 g/L) disso lved  i n  a so lvent  

cons i s t ing  of a 5 1  s o l u t i o n  of t r i d s c a n o l  i n  kerosene. Because the  den- 

s i t y  d i f f e r e n c e  between t h e  organic  e x t r a c t a n t  and t he  a ~ ~ e o ~ s  f eed  i s  

about 0.4  g /cc  (1.2 t o  0.81, countercur ren t  palsed co lmn extraction (wi th  

about § sta3ss) is reeomended. Available  data  ( S e d e y  and Crsase 1971) 

i n d i c a t e  t h a t  a l l  of the  uranium and any vanadillass (VI w i l l  

Bo completely e x t r a c t e d ,  

p l i shed  ( S i a l i n o ,  19779 with  a s o l a t i o n  t h a t  i s  1.5 

0.§M Na,SO,. 

t i o n  of uranium a s  the  a r a n a t e  and subsequent c a l c i n a t i o n  t o  U,O,. 

s t r i p p i n g  reagent  can a l s o  be recyc led  ( 5 0 %  r a t e ) ;  the  s s d i  

which i s  r e j e c t e d  oan be rep laced  wi th  fresh ch lo r ide .  

P r e f e r e n t i a l  s t r i p p i n g  of the w a n i  

This s t r i p p i n g  s o l u t i o n  w i l l  permit satisfactory p r e e i p i t  

This 

Molybdenum, which remains in the  so lvent  a f t e r  plrrnni s t r i p p i n g ,  i s  

subsequent ly  s t r i p p e d  wi th  sodium carbonate  t o  y i e l d  a s o l n t i o n  of s o d i m  

molybdate. The l a t t e r  is p u r i f i e d  t o  remove any phosphate or vanadi 
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Fig. 5.4.  Uranium and molybdenum recovery. 
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before molyb e n w  is precipitated and calcined t o  prodace l o  

vent can be easily reused aftex washing with water t o  prevent carryover of 

carbonate t a  the extraction s e c t i o n .  

The rsffinate (pH 1,s) from the solvatit e ~ t r ~ t i ~ n  s tep  ( F i g .  5 . 5 )  

contains the s lfate salts of , imn,  alkali and alkaline earth 

metals as well 8 s  the trace e l  

der ta obtain a l  inurn Ba pare enough form for metal production by a pre- 

cipitation process, it i o  necessary to remove i r o n  beforcnhan 

aceamplished (Seeley 1981b) by another solvent  extraction cycle? i o  w3ich 

iron is separated from the other elements by using a high-molscalar- 

v s i g h t ,  branches2 pritAaXp. in&, Pleinene 458-T s n l f a t e  as  ths e x t r  

(0.89PI - a 30 wt solution) in a diluent sach as tolnene or diethylbcn- 

z e m .  Tlne amine i s  first scrubbed w i t h  a Nm CO solution for removal o f  

1 ow-as1 e caP ar-we i ht imparities. Then it is contacted with IN W,SO, and 
z a  

equilibrated with 1M Na,S , solution that is adjss ted  t o  gH 1,5 w i t h  

$,SO,. I t  is estimated that less vol e reductism mpfi be attained (-4 vs 

20 in the one above) in this sxtractias cycle ( 3  t o  4 s t a g e s ) ,  bacanaa o f  

the high iron content (8.42 1 in the f e e d ,  The irosa is stripped from the 

organic l a p s :  by WPA ( B i e t h y P e n e t r i a m i n e p ~ ~ t ~ ~ e ~ ~ ~  acid), p r e c i p i t a t e d  a s  

the hydrous oxide, and converted to Fs;,$, by calcinatfon. It should be 

to serve as a feed for d i r e c t  seduction ~ ~ O C B S S R S ~  although 

F I V ~  gsod iron ore 0 6 5 %  F e ) ,  co ands tl relatively low price ,  

A l m i n m  is prs@ipita$cd (Seeley, 198la) f x o n  the iron rasffiniate a t  5 

to  10°C by the a itisn Of ~~0~~ sn9Patr: t o  the crystalline a 

n i m  al ,),SO,* Alz(S04)so 24H,O ( P i g .  5 . 6 ) .  After re-- 

~ovgory by filtration, tbs alanan is w ~ ~ ~ e ~  v i t b  snlfate solrption, 

e m  studied in SQEM detail ( S a .  Clair, 

eerystallization cam further rcdu@e Gonta inration, However, ill 

improved procedure for parifieatioa consists o f  its dissolution and subss- 

quaat pracipitation %S hydrous Al,Q,by the a d d i t i o n  of gaseous B 

Thio mp,ay permit more efficient reey~le o f  the ammmi SUaphats So1atiQn, 

avoid .a second crystallization s tep ,  and probably pnovida a high parity 

ina prodaca s i n c e  iron and several other t r i -  and te travalent  metals 
w i l l  be removed by the extlc ctiom s tep ,  Decontamination f 
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Fig.  5 . 6 .  Aluminum recovery. 
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numbear of potential interfering elements have been tabulated (Seeley 

19818). 

The solution which remains after the alam precipitation, containing 

sulfate salts of the alkalis and alkaline earth metals, as well as those 

of the trace elements (Co, Mn, Ni, Ctr, Zn, Cr, VI, is neutralized with 

s o d i m  hydroxide to an alkaline pH, 9 to 10 (Fig. 5.7). The hydroxides of 

Co, Hn, Ni. @It, Zn, Cr will all be precipitated along with magnesium, 

present in much higher concentration, whose hydroxide is slightly soluble. 

However, dissolution of Co, Mn, Ni, CU, and Zn hydroxides is accomplished 

by the addition of ammonia to form the soluble metal complexes. Purifica- 

tion and reprecipitation of these hydroxides is accomplished by heating to 

drive off Ma; the so l ids  are dewatered and calcined to yield a concen- 
trated mixture of solid metals oxides which can then be sold to an indas- 

t r i a l  metals separation plant (e.g.$ Amax Preeport plant). 

final tailings solation, consisting of the alkali and alkaline 

earth sulfates, might be treated by reverse osmosis (Larson, 1979) to con- 
centrate the salts, which Can be packaged to form 8 cement-like solid that 

is relatively nnleachable by grouadratets. 

Metal recovery - alternate arocess - An alternative flow sheet has 
been devised for a process which differs considerably from that presented 
absve, after the f i x s t  toasting step has baen completed ( P i g .  5.8). This 

prooess involves an alkaline leach system, employing ammonia and/or am- 

plionim carbonate under oxygen pressure ( 2 0  psi), to dissolve the divalent 

trace elements (Co, Ni, b, Cn, Zn) from a shale concentrate containing 

most of the iron and these elements. The concentrate is obtained by mag- 

netic beneficiation of the roasted shale. 

If one examines the list of elements present in the shale with re- 
spect to the periodic table, it is noted (KOlm, 1975) that iron. cobalt, 

and xlickel are ferromagnetic txansition elements whose compounds are in 

many cases strongly paramagnetic. Moreover, there ate additional tranti- 

tian elements such as chromium, manganese, molybdenum, and vanadium whicrb 

are paramagnetic and form paramagnetic compomds, whose recovery from 
shale i s  also desirable. Conversely, othst elePreats ruoh as 81undnmk~ 
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1.5 x 10' gallday 
2O FOR REUSE 

-wBI FILTHATE FROM ALUM 1.5 lo7 @Iiday+ 
PRECIPITATION (FIG. 5.6)- 

'SOLID BURIAL 
(0.24) K 2 0  - 870 tons/day 
(0.24) NaZO - 55 tons/day 
(0.24) CaO -- 130 tonsirlay 
(0.24) MgO -- 200 tonsidav 

'MIXED OXIDES 
(0.8) COO .-- 8.1 tondday 
(0.6) Cr2Og -- 5.6 tons/dw 
(0.8) CUO - 12.4 tonsiday 
(0.8) MnO - 12.4 tondday 
(0.8) NiO -- 20.5 tonS/daV 
(0.8) ZnO - 24 tonsiday 

*NUMBERS IN  PARENTHESES ARE ESTIMATED VALUES 
FOR AMOUNT OF ELEMENT DISSOI.VED IN ORIGINAL 
LEACH SOLUTION 

Fig .  5 . 7 .  Trace element recovery. 
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5 . 2 - 3 ,  Erscess cost consi 

arcid used f o r  the leaching step, and aubse ea$ presipitation as hydrcsx- 

i d e s  at the  t a i l  end of the ~ 7 2 5 ~ 9 ~ s ~  is ~ ~ ~ ~ ~ t ~ ~ ~ i  at t h i s  time. Further 

researcb and development data are required t o  del ineate  these steps in the 

process; however, the costs associated with the r e c o v e r y  a€ the small 
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srr*aiarnts !ts;tal 4 . 1 % )  of the trace elements i n  the shale as calc.inc4 
ox ides  are  relatively minor compared t o  those mentioned above.  

'nPe g r e a t e s t  un~ertainties in c o s t s  are those associated w i t h  haad- 

ling of the w 8 s t e s ,  both s o l i d  and liquid. The leached residue, a f t a r  

v,isX?ing and neutralization vith m-site C E U S ~ ~ ~  Ximastone, would be C Q ~ -  

p s c i e d  and reinserted into the mined-out arcs. T h e  c a s t  of re 

salts Eroi-9 the final tailings solution by reverse osmosis is es t imated  as 

ahoat $13 million per yeax,  but the costa a s s a e i a t e t i  w-ith p a c ~ ~ a g i a g  these 

sslCs i n t o  cencnt--flike solids that: are relatively anleachable b y  ground 

~ ~ ' k e ~ s  a t e  uncertain at this Lime,  

NQ c o s t  figmres were obtained for the altetnate process since it w a s  

oonzaivaa3 a f t e r  the c o s t  s tudy w a s  completed for the acid lcsch process. 

'l'he c o s t  of Pha magnetic beneficiation prQGeSS is not a maajor one. l f  

s u b s c q a ~ n t ,  larger experiments ver i fy  its validity, then substantial. siv- 

i t r g s  can 'os m k o  during the following process s t e p s ,  even though more de- 

tslilsd data  will be needcd. F i r s t ,  the divalent metals such 8% cobalt, 

C O ~ P ~ P " ,  nickel, manganese, and zinc can be dissolved a s  complex a 

s a l t s  by a cheap alkalias l each at relatively low temperatures, 150 tQ 

17WF. T h e y  are ~ e p a ~ a t ~ d  from ~ E Q I I  by this ~ E O C ~ S S  and c 

R P  7 w t z t l  ox ides  a t  low c o s t .  Secondly, the iron i s  lrragely ramssvd from 

the eluminm AS& remains behind as the irmsoLubPE: hydrous ox ide ,  Dapermdislg 

on i t s  p a ~ i t g  and valtma it can either be rseavcred or sent to waste as a 

a a d e a ~ h a b l e  solid. Also, since most of the a l  inlm and a small amosnt 

of  iron remain w i t h  the nonmagnetic port ion o f  the beneficiated shale, 

=ore of the sulfuric a c i d  is a v a i l a b l e  for recovering alminam by the a c i d  

loach. The difficnlties and c a s t s  a s s o c i a t e d  with its subsecqzrenf p r s c i p i -  

" i t inm BS the ammiurn a l m  can be weighed agrpinst its grodaat valua as 

recoverad alumina, The costs of handling the waste solids and liqznids 

Prcs this process are  expected t o  be lower than. those for the acid process 

disc-asscd previoas ly .  



123 

5.3 References 

Boyda, R, LH. 1980. The Superior BillDavy McKee Circalrer Grate Retort, 
'BGT Symposium 'Synthetic Fuels from Oil Shale,* Atlanta, Georgia, 

, Institute of Gas Technology. 

Brown, K,, B. e t  aE.,  1950. Recovery of Uranium from 
Extraction of UraniBln from the Shale Gangtael. Report No, Y-564, ~~~~~~~~ 

snefieiation Laboratory. Columbia University. 

eldkirehner e t  aP. 1980. The Bytort Process. IGT Symposium vSyathetic 
Fuels from Oil Shale,' Atlanta, Georgia, Dec. 3-6 1979, Institote of Bas 
Technology. 

Forward, F. A. and V. N. Mackiw. 1955. Chemistry of the i a  Pressure 

%rates, Jaurn. Metals, 457 (1955). 
Process for Leaching Ni, Cn, and Co from Sherritt Gordon S B Gomen- 

CiPliam, "8". H. et a l . ,  1981. Metal Recovery from E a s t e m  i l  Shale:.:, Pre- 

25-17, 4981. (T e published as ORNL/TM-8093.1 
sented at: the 1 9  Eastern Q i f  Shale Sylaposiumn, Lexington, KY, N"ovembez 

. E. 3979. A Mine Design fos Producing 100,OO 
Uranium-Bearing Shale, Proceedings, Chattanooga Shale Conference, ~ ~ ~ e ~ ~ e ~  
14-15, 19'78, GJBX-3.70. 

<spkins, J. M e  1989. Shale Oil A Synthetic Fuel of a: 
~~~~~~~~ Assessment of Nuclear Power and its Alternatives, 
Meeting, February 27-29, 1980. 

IGT Symposiarn Papers. %9$0. Synthetic Faels from 11 Shale, Atlantaa.. 
Georgia, Deeembar 3-6, 1979, Institute o f  Gas ~~~~~~~o~~~ 

TG'..". 1980a. Synthetic Fuels from Oil Shales: A Teehniea 
Verification of the Hytort Process, Institute of Gas Techno1 
14102-2, January 1-March 31, 3980. 

lGTe 198Qb. Synthetic Fuels from Oil Shales:  A Technical and Economic 
Verification of the B y t o r t  j e r o ~ e s s ,  Institute of Gas ~~~~~~~0~~~ 
102-1, April I-June 30,  1980. 

~~~~~ H. et a l .  1975. High Gradient Magnetic Separation, W e f A - g . . .  
r_l_ i c n n  233 ( 5 ) : 4 7 ,  

........ I 



124 

Lersclln and A s s o c i a t e s ,  L t d . ,  'Desalting Seawratemr find Bxnekish Yahsr:  Cost 
Updnte, Augaot 1979, GPdtf 'm-6312.  

Lauelathal, J ,  S .  1978. Trace Elemants, e and S in Devonian Black Shale  
Cores from KY, RV, and W ,  U.S- Geol. Survey Open F i l a  Report ,  78-504. 

Leventhiil,  Y ,  S .  18'79. Chsiznical A4m4ysas rand Geo~hemical Associations in 
De".'oniaa Black SBZ?o: core Samples from Iwrtia Csnnty, Kentucky; Carroll 

ashingtoa  Coanties, Ohio; Wise Corcnty, Virginia; and Ovcrton Coimty,  
Tennessee, U%GS Cyen Y i l e  Report 79-1 503.  

Nirstschlar, P .  H. e t  nP. 1976. Uranium from the Chattanooga Shnle Some 
PTObPCRIS Znvolvod i n  Drveloym%nt. U . S .  Bureau o f  Mines. PC--8SOO. 

P.R.C, T.011ps Corparstion. 1979. Enviro e n t a l  Imp8icatisEs of  Dst3alop- 
m e a t  of t h e  Chattanooga §bale 8s I Fpztuie Source o f  U r ~ n i w * ,  Chattanooga 
Shale CollfereZlGC, November Id-15 ,  19'88, GSBX-170. 



125 

ina fron Westearn Clays, 
359, 2 5 5 ,  







128 

p r i c e 3 .  

drrct Lroiated separately. The minimum tax on tax preference i t m s  ( d a p l e -  

t i o n  and accelerated depreciation) has a l s o  been accounted for  as  has the 

treatment of energy tax credits in addition to the inwstment t a x  credit. 

In addition, percent depletion has been included with each p ro -  

The economic analysis methodology produces resalts yresentsd in t v o  

~ c p .  Alternately the implied rate of return OR total c a p i t a l  investnieat 

or an eqaivalent price for oil is calcnlatea, The equivalent p r i c e  ob- 

t a i n e d  by the second method i s  a so-called l e w l i z e d  price. 

T%e implied rate o f  return on invsstmant (ROI) calcalat@d by the 

fifst method i s  that rate of return which causes  the sm1 of the cash 

flows, discounted at that rate to be zero: 

I%G d i s c o n n t  rate d i s  the project ROI. I%e a s e  o f  the ROI a s  a figsnre of 
nr:stit implies knowledge of all the costs and revenaes iinvolved in l l ie 8'9;- 

j e c t .  The analysis uses projected market prices f o r  a l l  of the p s o d n ~ t s  

including oil. 

In the alternate approach, all coats and revenapes are assiimed known 

cnccpt ~ O P  oil. An equivalent levelized c o s t  is calculated for the o i l  

based on the other costs and revenues and the m i n i m u m  acceptable rctunrn on 

iavcstment. A nominal o r  a constant dollar llevelized p r i c e  may be ob- 

teind. The more  omo on nominal dollar levelized p r i c e  is a ~ i  equivalent 

price which remains constant over the project  l i f e ,  Since inflation oc- 

cars daring this period, the buying power of  the dollar w i l l  change, lhus 

this l eve l l ized  price is in dollars of no single year's buying power. 

Alternately a constant dollar levelized price may be Found. This is 

2,n equivalent  price in dollars of a given reference year's  purchasing 

yovcr. The price in any given year i s  assumed to vary with the rate QE irn- 

fletion, thus for a constant inflation r a t e  i, 
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at $35/bbl  in constant 1980 d o l l a r s .  
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6.2 Ecoiiomic Ground Rules 

A tabulation of the ground rules used in the economic analysis is 

given in Table 6.1. The start of operation is taken as 1985 with a 20 

year project life. It is asstuned that the average inflation rate through 

2005 as measured by the GNP deflator will be 6%/year. This is lower than 

recent experience and implies a return t o  a somewhat more stable economy 

with no sudden step changes in the price of oil as occurred during the 

1970s I 

A valoe of 18% was selected for the reference return on equity. This 

return implies a x e a l  return of about 12% after semowing inflation. A 

tabulation of typical returns experienced in industry, as compiled by 

Forbes' magazine (19801, is given in Table 6 . 2 .  These values include the 

inflation expectation and cover the late 1970s, a period of rising infla-, 

tion in which the average inflation rate ( a s  measured by the GNP deflator) 

was over %/year. 
than these medians but is consistent with all but 'other oil and gas' if 

compared to the best half of the companies listed in Forbes. This higher 

profitability was selected as reference for  the analysis since business 

generally seeks to equal or better their overall performance when select- 

ing new ventures. Ln addition, a range of equity returns of from IS to 

2591, was considered. 

The 18% rate on equity selected as  reference is higher 

The debt-to-equity ratio €or companies listed for the industries 

shown in Table 6.2 range from 0 to 1.0. A reference ratio of 0 . 5  ( P i ' 2 )  

was chosen €or the analysis. In addition, a range of debt-to-equity 

ratios of 0 to 3 was considered. The 0 ratio (corresponding t o  no debt) 

was selected since many companies evaluate new projects as if they were 

108$& equity financed. The debt to equity ratio of three (25% equity 

financed) is the same as reported for a western shale oil project (Wall 

Street Jour. 1980b) where the debt portion is guaranteed by the U.S. 

governrment . 
The 6% state income t a x  i s  the effective rate in Tennessee. 
In addition to straight line (SL) depreciation over a 16 year t a r  

l i f e ,  pexcent depletion i s  also taken. The applicable percentages art3 

given in Table 6.3. This is deductible from taxable income to a maximum 
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Table 6.2. Indus t ry  erforrnance 
s t a t i s t i c s  II 

Five-year average 
r e t u r n  on  equity, X, 

Indus t ry  Best half' 
median median 

1 ndu 8 try 

Diversified metals 11.3 17.4 
Chemical 15.1 19.4 

I n t e r n a t i o n a l  o i l s  15.3 1 8 . 3  
Other oil and gas 17.0 26.5 
- 

aSource: 

%edian r e t u r n  based on best hal f  of 

'Forbes, Volume 125, Number 1 ,  
January  8 ,  19130. 

companies l i s t e d .  

T a b l e  6 3.  Deplet ion 
percentage 8 

Product pe r  c e n tu 

Uranium 22 
ui I 15 
Sul fur  22 
Other  minera ls  14 

aThe percentage of 
gross  income allowable as 
a deduct ion  when camputing 
f e d e r a l  income taxes.  
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capital investment requirement for mining was given as $3 1 x 106 for ti 

(tpd), 350 dfyear operation 135 x IO6 tonsjyear), Of t h i s ,  

$117.98 x 106 was preproduction capital investment and the r e m a i n i n g  

8183.02 x 106 was deferred capital, being paid out daring the 28 yearn: l i f e  

o f  the mine. In addition, a 20% contingency was assumed. 

and maintenance costs were given a s  $2.336/ton plus an additional 10% f a r  

general and administration costs. 

The Mountain States costs were escalated to mid-IFSO dollars (.June/ 

July) and scaled to 33 x 106 tonsfyear throughout. Capi ta l  investment 

costs were escalated using the Bureau of LaborPs Statistics Producers 

Price Index f o r  materials and components for construction. This pro  

a cost factor of 1.28. A logarithmic size scale factor of 8 . 8  was %sed 

based Q P ~  underground coal mining costs (Katell 1978). 'This results ia a 

cost factor of 8.954.  

P.. summary of the resulting mining investment costs i s  shewn in Tab la  

6.4. m e  preproduction capital investment sf $172,9 x I Q is &Peaxed in 

the economic analysis as depreciable capital. The same fractional ~ O P W  

yzar cash flow is assumed a s  used in the Mountain States Repart, The de-- 

ferred capital investment is assumed to be paid oat in 20 eqnal annual 

installments of $13.4 x 106. 

costs i n  the economic assessment. 

These payments are treated as operating 

The Mountain States estimates for operating and maintenance c o s t s  

were scaled to mid-1988 dollars using the Bureau of Labar Statistics 

hourly earnings index far mining, This escalation multiplisr is 11,30, 

Based on an annual throughpnt of 33 x 106 tons, the operating and mainte- 

nance cost is $110.2 x 106 (2.336 x 1.1 x 1-30 x 33 x 106). In atdditiwa, 

deferred capital costs add $13.4 x P O 6 .  

cost for mining used in the analysis is $123.6 x IO6, 
The resulting annual opera t ing  

6 . 3 . 2  Waste treatment and disposal 

The waste treatment and disposal costs consist of sal1 ~ o s t s  laacassaary 

to treat mining and process wastes and to dispose of them in a.pp environ- 

mentally acceptable manner. There i s  a large uncertainty a s  t o  tbe  pro- 

cess requirements for environmentally acceptable disposal m 



... ~ __ 

$ io5  
. ....... ................ ......._....._.__I_ _. 

I nvcs t:ner;t c o s t s  ............... 

P r e p  r od.ri c t i. on c ap  i. t H I 172 .9  

268.7. a Dtzferi-eid c a p i t a l  
........... - .- 

T o t a l  capital 4 4 1 - 1  

Opera t ing  c o s t s  __ ............ I.._I _- 
Opera t j ,  ng and  ma .i n tenanc e 110.2 

1 3 . 4  a Annual. d e f e r r e d  c a p i t a l  
. . . .  - 

To t a l  .7:7ti11al c o s t s  1.77.6 
. ....................................... ................ - 

“ijeferred c a p i t a l  i.s t r e a t e d  a s  
an opera  tine; c o s t  i n  economic assess- 
menl. 
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Tab le  6.5- Western s h a l e  waste disposal c o s t s  

( l o 6  1980 d o l l a r s )  

C a p i t a l  Anima 1 
investiiient o p e r a t i n g  

Conveyor-conveyor 26.0 13.6 

Conveyor-conveyor w i t h  30.4 18.3 

Truck- t ruck  58.0 23.5 

Pneumatic-pneumatic 80.5 51.5 

Hyd-rdul i c - h y d r a u l i c  113.6 33.2 

25.2 10.6 

pneumatic 

b -- s u r r a c e  

a Denoi-t?s f i r s t  t h e  means of  t r a n s p o r t a t i o n  t o  
t h e  disposal site and second t h e  means of p u t t i n g  
t h e  rnatcrial i n t o  the disposal location. 

d e f i n e d ,  
bSurface d i s p o s a l ,  t r a n s p o r t  mprhan i sm tin- 



were s c a l e d  to a ~ ~ , ~ ~ 8  t o  $~~~~~ tcPn/d, 330  d/year disposal r a t e .  The 

;ale residue m a l a ~ i a l  in need of disposal depends 019 the  r~moxmnt of %y- 

products extracted and is assumed to range from 60 t o  88% of the origxnal 

weight  of material mined, Results are shown in Tables 6 . 6  t o  6 ,8  Tor two 

c a s e s  o f  pnclsmatie backfilling and one case each f o r  hydraulic b a c k f i l l i n g  

snrface d i s p u s a l ,  It s h o ~ l d  be noted that, c0sr.s w i l l  vary dopendixtg 

06 t he  mining technique. 

e Mounteila States e p o n t  g j v e s  a capital insiestment o f  $ 5 4 “ ~  x 106 

a ~ ~ ~ ~ ~ # ~ ~ *  a 20% contit igeacy i s  applied. The annual  ~ ? p e r a . t i n g  c o s t  f e r  

backfilling was given a s  $0.484/ton mined. The annual operating c o s t  for 

t a i l i g l g s  varied slightly with product  slate b a t  amounted t o  ~~~~~~~~a~~~~ 

0,,68/ton o f  material mined. Tn addition, there is a recurring cap i ta3  

c o s t  for the tailing dam of 5 - 7  x 1 & / p a r ,  An a d d i t i o n a l  10% g e n e r a l  and 

a t ~ m i n i s t r a t i ~ e  t311arge is; added to operating G O S ~ S ,  

e c o s t s  fEOm the fifountain States Report were e s e a l a t e d  fs aaid-ls 

d o l l a r s  and scaled t o  a 33 x IO6 trPn/year wining r a t e .  Capital itnves‘smeat 

c o s t s  escalated using t h e  Materials ana c ~ m p o ~ e n - t s  cicpnst~uction 

Index, Operating eosts for backfilling wese escalated using the hourly 

earnings index for mining, and the operating c o s t  for tailings w a s  esca-  

l a t e d  using the producer’s price index for industrial come8 

stilts are shown in Table 6 . 9 ,  The tailings dam is treated a s  an r p a r -  

a t i ng  c o s t  in the economic analysis, 

The c o s t s  for waste disposal g i v e n  in Tables 6 . 5  through si,9 d s f f s x  

widely- depending on the source of info~mation and the methaad of  d i s p ~ s a 3 .  

The disposal method needs more stady b u t  will probably be pneumatic d i s -  
posal with conveyor or pneumatic transport and storage. 

e reference c o s t s  for solid waste disposal used in this stlady were 

$70 a I O Q  f o r  capital investment and $35 x IO6 f o r  annual  operating c o s t  

W i t h  a U?f XkXLcertainty of +s@%- - refekcece cOS%rS fQB.  tai8ings 

t rea ta rae~t  and d i s p o s a l  used in the analysis for the o i l  + fX t MCI made a??*? 

t l r c  o i l  f 91 -t Eo + A I  mode were those derived from the Mountain S t a t e s  

r e p o r t  with the tailings dam investment t r e a t e d  a s  an operating c o s t ,  “ E ~ t t  

tailings disposal for the final recovery mode k s  specuPative s i m e  this 
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TabPc 6 .6 .  E s t i m t e s  of  t h e  c o s t  of c o a l  mine a s t e  disposal 
U by. piieunai i c  b s c k f i l l i l i g  bchind l ong  wall. fact. 

($10~) 

592,25ObLyp 843, 180etyp 
wa s t' wa :: t e 

~ ..... ~ . . . -_ 
Opefating C a p i t a l  O p e r a t i n g  C a p i t a l  

S u r f a c e  t r a n s p o r t  

SLoragc and handling 

A t  p l a n t  

A t  s i r e  

Bort.!iole and b o r e h o l c  site 

S t  owi iig systez 

D i s p o s a l  of  E i n e s  

TotaJ  s (1975 d o l l a r s )  

S c a l e  t o  1980 d o l l a r s  and 
19.8 X l o 6  L y p  waste 

2 6 . 4  x 105 t y p  w a s t e  

364 .O 

53.5 43.6 53 .5  

265.0 aa. 5 421.0 

70.0 

711.0 101.0 1,4 2 1 3 

500.0 6.1 500 .O 

1,529.5 1,339.2 2 :397.8 
I ___ __ c_ - s  

38 > 500 38,200 4 5 , 5 0 0  

48,500 68,500 57,300 

4?8.8 

19.3 

158.5 

1/50 .O 

1,443.9 

7 .1  

2 , 2 6 7 . 3  

48,300 

61,300 



' fable 6 . 7 .  E s t i l n a t s  of  t h e  c o s t  of  c o a l  $lLne vastc 
d i s p o s a l  by h y d r a u l i c  backfillindL 

Cap i t a  1 O p e r a t i n g  
c o s t s  

Su P f ac o t r ti ns po r ' i ~  t i on  

Borehole and s i t e  

Stowing  u n i t  and s u r f a c e  w a t e r  suppl .y  

U rid c r :: r OUI? d p urnp i,. ng and  i' e c i r c u 1 a 'i i on 

Undccground s t c rage  s i t e  

T o t a l s  (1 975 d o l l a r s )  

Sczle i ~ o  1980 d o l l a r s  and: 

19.8 x l o6  t p y  waste 

26.4 x l o 5  t p y  waste 
__.. _.__ ...... ___.. 

.- histimates based oil NAS. 1975.  

4 4 E! . 5 

285 .2  b 

275.0 331.5b 

192.0 86 .Ob 

6 i . h b  
_ ....... __ ...... .-. 

467.0 1,218.6 

10,CC)O 30,600 

13,100 38 900 

' con ta ins  c e r r a i n  a n n u l  r e c u r r i n g  c a p i i r a l  costs sucli a s  
bore ho le s ,  
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Table 6 ,8 .  Cost estimate f o r  surface d i s p o s a l  a o f  coa l  mine wastes 

( S O 3 )  

6 90,000 t py 
waste disp~sal 

Cap i tal Ope c a t i ng 

Land a c q u i s i t i o n  

Tri s p o s a l  sys tern 

Reclam t i o n  
Dlsposal of  E i n e s  

T o  ta1.s (1 975 d o l l a r s )  

Scale t o  1980 d o l l a r s  a n d  

19.8 X 10’ t p y  waste 

26.3 x 106 t p y  waste 

2 50 
708.9 267.7 

35 .0 

500.0 6.8 

1,458.9 309.5 

32 > 500 7,780 

40,900 9,880 

“Estimates based on NAS. 1975. 

a Table 6.9,  Waste d i s p o s a l  costs  

( l o 6  1980 d o l l a r s )  

_______--il--_---_-I- --__^- -__. 

Capital 0perati.ng and 
i n v e s t m e n t  maintenance 

1~~ - _I_- 

Back f i l l i n g  80.0 22.8 

TaF 1 i n g s  1. cea trnent 84.1 28.5 

Tailings dam 7.9 

Estimates de r ived  from c o s t s  in Mounta in  a 
States r e p o r t  (1978). 
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T a b l e  6.10. C a p i t a l  investmen’; c o s t  
f o r  o i l  r e c o v e r y  planl. 

.. ... 

( l o 6  1980 $1 

_s__ .___...._ I__ ___^I___..... ~ __.___I._.. __ 

S h a l e  s t o r a g e  and p repa ra t ion  

Sha le  feed  and d i s c h a r g e  

Hydror, n t o r t s  

Acid g a s  removal 

S u l f u r  r ecove ry  

Hydrogen and r e c y c l e  preheat 

C ompr es so r s 

Oxygen p l a n e  

Hydrogen p l a n t  

Hydrotreator 

Steam generation 

E l e c t r i c  d i s t r i b u t i o n  

Water supp ly  and t.reatment 

P a r t i c u l a t e  c o n t r o l  

100, 
7 5. 

50. 

40 .  

70 .  

1 3 5 .  

40.  

30. 

190. 

120. 

50. 

4 0 .  

60. 

5. 

Sub t o t  a1 

O f  fsite 

Contingency 

Engineer ing  and f os 

1,110. 

200. 

300. 

180. 

T o t a l  1 , 6  30. 
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Table 6.11, OperatTng and 
maintenance cos ts  f o r  
oil reecrvery p l a n t  

( l ob  1980 $ J y t s a r )  

Labor 15. 
Materials 25, 
Power 4 5 .  

Xaintenance 4 8 ,  

Tota l  1-33, 
- 
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6*.3 -4 and srlminm recovery 



3.48 

Table  6.12. Capital iaves;tment c o s t s  
f o r  metals recovery 

(106 1980 $1 

- .  

Roa s t er s 

S u l f u r i c  a c i d  p l a n t  

Leaching 

So l v r  II t e lit r ac ti on 

s t r i p p i Ilg 

U -4- No extraction 

Process  e l e c t r i c i t y  

Process instruurentati on  

U t i  1itie.s 

Alimlnum extrac %Lon 

To t a l  

2 5 
55 

200 

40 

10 

10 

20 

4 2 

23 

7 5  

500 
__ 

93 

330 

69  

1 2  

18 

35 

20 

137 

7 10 
.~ 

aThpsE investments are in addii:iofl t o  those f o r  Lhe 

bThe AlumS.num recovery is o p t i o n a l .  

U + Mo + A 1  rec.ovcry steps.  
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Table  6 e 13,  Operat ing and maintenance costs  
f o r  metals zec.overy 

($106, 1980 $ / y e a r )  

F i n a l  
r e c o v e r y  
s t e p  

F i r s t  u +. ?Io 
recovery A l  s t e p  Ross t ing 

Refrigeration 

Tota t  

0 0 

15 7 5  
-I I_ 

10 

60 
I_ 

28 

3 80 

d l : n e ~ e ~ c ~ c  purchase of a a ~ i  tiornar sul.fur f o r  sulfuric acid 

%, 
manufacture,  

No a d d i t i o n a l  manpower needs f o r  f i r s t  A l  r e c o v e r y  s t e p ,  
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6 - 3 . 6  Cost s m a r y  

The s m n n r y  sf the refcrexaea c n p h t a l  investmarit c o s t s  used in this 

s tudy  for the four  o p e r a t i n g  modas considered i s  givevd i n  Table  6.14. 

Refarenca amijlmal operating and maintenance c o s t s  are pressntsd in Table  

6.15, 'fie coostzastion cash f1oW schedule is g i v e n  ia Table 6.16. 
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Cos t  c e n t e r  

Mining 

S o l i d  waste d i s p o s a l  

Ta i 1 i ng s t rea tmen t 

O i l  r e c o v e r y  p l a n t  

Roasting 

U + Mo 

F i r s t  aluminum s t e p  

F ina l  r e c o v e r y  

T o t a l  (1980 d o l l a r s )  

IDC 

Escala t i o n  

I n i  t< a1 working c a p i t a l .  

To ta l  (,Jane 1, 1905) 

173  

70 

0 

1,690 

2 5  

0 

0 

0 

1 ,958  

3 98 

353  

115 

2,824 

173 

70 

86 

1,690 

25 

400 

0 

0 

2 ,444 

504  

437 

156 

3 , 5 4 1  

1 7 3  

ao 
86 

1,690 

25  

400 

75 

0 
----- 
2 ,.$I 9 

521. 

4 4 9  

177 

3 666 
----I 

1 7 3  

70 

172  

1,69G 

25 

600 

75 

7 P 0 

3,315 

4 9 5  e 

585 

324 
--1 

4 ,919  
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Tab12 6.15, Opera t i-ng and ntaintenance c o s %  s i m m a r y  

(10 mi d-1980 d o l l a r s )  

Cost cen te r  

Recovery mode 
- II ...... ....... FU11  
O i l  O i l  4. lJ O i l  -+ U recovery 
nn1.y f Mo 4- P I 0  + L Y I  

.......___.̂ ....I____ ...... ______..._ ........ __._ ........ ~ ........... ___ .. .....____ ..... ...___ 

rlinli-lg 1 2 4  12L. 1 2 4  12b 

S o l i d  wa.ste d i s p o s a l  35 35 3 5  35 

I'a i 1 i n g  c; i L c?a men t 0 36 36 7 2  

O i l  recovery p l a n t  137 133 133 133 

Roasting 2 5  15 15 15 

u t 3 0  recovery 0 i 5  75 7 5  

F i n a l  recovcry s tep  0 0 0 380 

T o t a l  (1980 d o l l a r s )  307 418 4 7 8 894 

F L P s r B l u o i  i iium 5 i ti p 0 0 6 0  60 

__ - 

f ab le  6.16. Cash €ioig duzi ' i~g const : ruct inn 

( f r a c t i o n  of  t o t a l )  

-- ....... ... .- ____ 

Tirnc at. which momy p a i d  
r ? l h t i v e  t o  s t a r t u p  (years )  
- ........... ...... __I__ - 

0 --3 ..-.2 ..-.I 
. .................................... ......... __ ....... ____ 

Mining  0.06 0.24 0.25 0.45 

Vast? d ispGsa1  0 0 0.5 0.5 

Tailings trcatme~r 0.2 0.A 0.4 0 

Oil recovety plant.  0 .2  0.4 0.4 0 

Roas 21 i n g  0.2 0.4 0.4 0 

Metals recovery s t e p s  0.3. 0.4 0.4 0 



3 

26 

24 

22 

8 

4 



1 5 4  





1980 1985 19963 1995 2@06 2005 

YEAR 

Fig .  6 . 3 .  P r o j e c t e d  o i l  p r i c e  in cons tan t  I980 d o l l a r s .  
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S t r e e t  Jour, 1980~). Such considerations and the realization t h a t  the 

U.S, ncsds nrrcleas power to meet i t s  energy demands a t  a reasonable priee  

coi,i:d l e a d  t o  a r e c s ~ e ~ y  i n  the p r i c e  levels. 

On the negat ive  s i d e  i s  the possibility t h a t  the reactor sales w i l l  

c o t  T E C O Y ~ T .  Also, t h e r e  i s  the prospect f a r  increased competition in 

-w.orXd~ide ~ r e t ~ i m ,  sales, Canada and Aastralia have widespread d e p o s i t s ,  

soae n f  ~ B i c h  arc  of very high grade.  The average grade of Saskatchewan, 

Csmda qrasinrn reserves is about 30 lbdton (Nunclear Fuel  19791, whilc 

those 0% Anrtralia are 8 Ibltsn. Lov c o s t  production conld l e a d  to price 

cl i t t i i .8;  hswcTier, b u t h  governments take arp active role in arani 

cnntrcccts to assure  ai^ optimum ratnrn on uranium exports (Nuclear Fuel 

Uranium price projections a r e  shown in F i g .  6.5. Price projections 

had bcrn developed for the Nonprslifesation Alternative Systems Assessment 

(NASAP) ( U . S .  DOE 1980 and Spiewak 1980) and for the Energy 

D a t a  Bass CEED13) (EEDB 1979) program of DOE, The NASAP pr iees  

f i z v ~ ~ ~ p e ~  fo,- vaPio-tos sapply a ~ s r n p t i o ~ ~ s  only one 

e s i i m t c  is presezted for the EEDB. These prices were in 1998 dollars. 

" h c  p i i c e s  S ~ O P L  in F i g .  6.5 were adjus ted  t o  1980 dollars using the GNP 

de f B a t  or " 

The re ference  osranim p r i c e  projection used i n  the Chattanooga shale  

econcm?c analysis assmes  a 1988 o r e  p r i c e  o f  30/lb, with a real escalw- 

t i n n  rate of 3% above inflation (same as f o r  referenee oil). The low es- 

t i r a t e  a s s u m e s  a 1988 uranium price  of $25/1b w i t h  the pr ice  recovering t~ 

/Ib i n 1  th; year 1,000. Yne high projection assi.mcs that  the p r i c e  o f  

l e v e l  by 1985 then continnes t o  u i a n i w a  L " G C O V ~ ~ S  t o  the Q 4 0 / l b  (1980 $ 2  
e s c v l a t s  to the NASM-high demand, mid-supply p r i c e  in 1999. This growth 

cont imes  ?anti1 the EKDR pr ice  p r o j e c t i o n  i s  reached,  The h i g h  project ion.  

then approximately f o l l s v s  EEDB sreashing a price  of 75ibl.b in 1988 dollars 

in 2005. 

Prices =sed  in the analysis for process by-products (other t han  oil 

and uraaiml ace given i n n  T a b l c  6.67. The p r i c e s  o f  these miaerals % e r e  

assimed t o  e s c a l a t e  with time at the general  rate of inflation (@%/year).  
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ORML-DWG 87-8243 ET0 

I I 1 

20 NASAP HIGH DERAAND, MID SUPPLY 
NASAP -.- LOW DEMAND, M I D  SUPP1.V 

10 I 

I I I I J 

F i g .  6.5. Pro jec ted  price of uranium o r e  in cons tan t  1980 dc)llalrs. 



Tab1.c 6.17. By-pmrodiict prices 

...... __ ........ ....... - .......... __ ......... 

P r u duc f: H U r t i t s  Price 
____.._ ___ - . - 

%pproxi*llately 1 / 2  of  the u a l u c  
of the n e t d  a s  oxfdes.  
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Tab le  6.18. P r o d u c t  s l a t e  

(100,000 t o n s / d  of s h a l e )  

O i l ,  BOE/d 

S u l f u r ,  t / d  

Ammonia, t / d  

U308, t / d  

M O O j ,  t / d  

A 1 2 0 j ,  t / d  

46,000 46,000 45,000 46,000 

2. 500 0 0 0 

350 0 0 0 

0 6 6 6 

0 30 30 36 

0 0 2 :  100 8,100 

?t ixed trace metals, t / d  0 0 0 100 
(Co, Cu, Cr, Kiz, Ni, Vn, Zn) 

_...I-._______..__ ~ ____x__ ~ . . _ _ _ l  .... 



Recovery mode 

15 31 

6 

I--.. .-.-Y--l̂..llll..*-. -l-llll-_ 

"For 672 equity and 33% debt at a 9% interest rate. 

'kev-e~ized using p r o j e c t  re turn on -investment as the discount 
ra te ,  
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Table  6.20. Conr_Jrihution t o  oil pr ic -e  

Mining 

Waste d i s p o s ~ l  

Hyd r or  e t or  t 

Roaster 

T a i l i n g s  t r e a t m e n t  

U + Mo recovery  
F i r s t :  al.minwn s t e p  

F i n a l  recovery  

S u l f u r  c r e d i t  

Ammonia credit 

Uranium c r d i  t 

Malybdenum c r e d i t  
A l u m i m u n  credit 

Trace meQals c r e d i t  

10.10 

3.00 

24 a 6 0  

1.30 

3 *  30 

1 0 . 1 8 

4"  10 

35.80 

2.50 

1 - 2 0  

11.71) 

9..8OC"--1.8,SOE~ 
1 I " 8CP-3 5 * 4 0 b 

h . 5 0  

a O i l  -4- U + Mu and O i l  3- U -k MO 4- A l  
recovery modes a 

bFor f u l l  recovery  mode. 
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T a b l e  6.21. Oil c o s t  s e n s i t i v i t y  

O i l  cost change 
(1980 $/bS1) ‘Ja r i a  t io 11 f r oa r c f e r ence par ante t e r s 

$10 x 106 o p e r a t i n g  c o s t  i nc rease  0.69 

$ L ~ ) O X  106 inves tnent  c o s t  increase. 0.9% 

10% increase  in o i l  yielda 

O i . 1  o n l y  mode -3 . 20 

O i l  -5 U ?- “io mode -2 .7 0 

Full .  recovery R i d e  

O i l .  -+ U +- KO + A 1  mode -2.05 

-2 60 
~ __I__I__.__._ .. I .~ _.-I...- .- 

%il u n i t  c o s t  i s  approxi.rnately i - n v e r s e l y  propor-. 
t i o i i a l  t o  o i l  y i e l d .  
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1.71 
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011 + IJ f Mo t Al RECOVERY 

-011.. RECOVERY ONLY 

0 

0.2 0.4 0.6 0.8 
DEBT FRACTION 

Fig. 6 , l O .  Sensitivity of rate of  r e t u r n  on. e q u i t y  c a p i t a l .  to p r ( ~ j s  C E  

d e b t  fraction. 
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ORNL-DWG 81-8249 ETD 

1.3 
0 I ...... --- I____.J--.-..---- I I - -L 

0.9 1 .o 1.1 I .2 0. / o x  
ACTUAL COST/REFERENCE COST EST1 MATE 

-. k i g .  6 . 1 1 .  S e n s i t i v i t y  o: p r o j e c t  return on inver,tmenh to overa l l  cost. 
unce r t a in ly  - 



ORML-DWG 81-8250 ETD 

F i g .  b.12m S e n s i t i v i t y  of r e t u r n  on inves tmen t  t o  o i l  price. (Assumes that 
o i l  p r i c e  escalates a t  a rate of 3% i n  excess of general 
i n f l a t  ion. 1 
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OIL + u + Mo + AI 
RECOVERY "-7 

- 
1980 OIL  PRICE = $3%/bhl 

I I 
1 2 3 4 5 

R E A L  OIL PRICE ESCAh,4T88N RATE I % )  

F i g .  6.13. Sensitivity o f  return on investment t o  real  oil p r i c e  escalation 
rate based upon an oil price of $35/hhI in constant 1980 d o l l a r s .  
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Wesn%ts with alternate evaluation methods 

~pplere ~ E B  a variety of methods which can be used to compaxe the eeo- 

i c  viability of extracting oil from Chattanooga shale with other tech- 

n o l o g i e s ,  We selected two for tbis analysis, namely 'constant dollar l e v -  

C Q I ; ~ '  and 'return con investment.' 

Peaul~s for the aeference case far each opeeating =ode using severs8 

alterolate; evaluation nethods are given in Table 6 , 2 2 .  Current dollar %eo- 

e l i x e d  cr>ats  were explainad in Sect. 6 , l .  Levelized c o s t  withalet infla- 

tion assumes the  sudden cessation of inflation; interest on debt and re- 

tarn on equity remain a t  reference rates. The levelized cast wit. 

tion adjusted returns reduces the interest rates and return on equity by 

t he  r a t e  of inflatxon and removes inflation frm a l l  c o s t s ,  first 

pear oil c o s t  is based on a revenue requirements calculation as shown ia 

Je 6 . 2 3 ,  Tt i o  the cost o f  ail during the first year of o 

?'be g s y b a ~ k  period i s  defined here t o  be the time required far the oxmala- 
%%'(re cash f low {excluding retarn on investment) ta equal zero ( i , e a s  the 

time it takes t o  recover the original investment through cash flow). 

'Fable 6 . 2 2  shows that tbe constant dollar levelization results are 
similar to those obtained by the levelization wi.th inflation adjusted re- -  

tarxns method. Also the levelization without inflation method paoduces 

similar c a s t s  to those fomd with the first year revenue reqairements 

me ichod 

6 . 6  Conclusions o f  Economic Assessment 

The conclusions are contingent on the validity o f  the technical and 

economic assuptiom used in the analysis. The pro~esses eonsidered h a w  

never bean operated in an integrated fashion even on a small sca le ;  t 

y i e l d s  and costs must be considered highly uncextain. The c o s t s  for w a s t e  

t reatment  and disposal and for the final resource recovery step are parti- 

cnHarLy uncertain inasmuch as the concepts are poorly defined. 

Nevertheless, we believe the following conclnsions are j u s t i f i e d :  

a A s s w i n g  completion of a technically adequate R and D program, the 

c o s t  o f  oil produced from Chattanooga shale should be equal to or bs- 

Bow the current market. price for oil. 
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Tab le  6 ,22 .  Oil c-ost  u s ing  a l t e r n a t e  e v a l u a t i o n  methodologies  

(S /bb l )  

-- - ~- - _,̂ _ - 
O i l  O i l  -+ LI O i l  i- U Eva lua t ion  method Ful  1. 
on ly  + Mo + MO 1- A 1  recovery  
_.._ ._ __. ~ ._.. ._.-.-__...._I.._- -^.-.-~........_._I__-_.. ~ _. 

Cons tan t  dollar l eveSiz tnga  35.30 29.60 22.60 '26.50 

69.40 58.20 4 l 4  s 50 52.10 Cur ren t  d o l l a r  Sevelising 

L e u e l i z a t i o n  w ~ . t h o u t  i n f l a t i o n '  46.60 4 4 - 4 0  37.90 45.60 

35.30 29.50 22.50 25.20 L s v e l i z a t i u n  w i t h  i n f l a t i o n  

b 

d 

a d jti sited P e tur LIS 

First year cost (1980 $ > "  45,70 44,51) 3 7 .  YO 46 .oo 
Payback pe r iod ,  yearb f 5.5 5.2 4. I 5.5 

. . . . . . . . . .- I- l__ll -I-. _ _  _._I 

QReference c o s t s ,  e q u i v a l e n t  c o s t  i n  dollars of  1988 purcbas ing  power. 
-l. I , {L '1 c o s t  in any g iven  y e a r ,  i n  that y e a r s  dOllaKS i s  r e l a t e d  t o  t h e  1980 
cost th rough the i n f l a t i o n  index. 

cos t  does  n o t  change a l though  t h e  value of any y e a r s  d o l l a r s  changes w i t h  
i n f l a t i o n .  

(See Sec t ion  6.1). 

h q u i v a l e n t  c o s t  which remains c o n s t a n t  over  l i f e  of p r o j e c t .  Doll.ar 

'Method which assumes that t h e  c o s t s  and p r l c e s  remain a t  1980 l e v e l s  

%lethod which assumes t h a t  c o s t s  and p r i c e s  -remain a t  1980 l e v e l s  and  

and uses r e f e r e n c e  rates of return.  

t h e  i n t e r e s t  rate and r a t e  of r e t u r n  on e q u i t y  are reduced by the i n f l a t i o n  
r a t e .  

"Based on  f i r s t  yea r  o p e r a t i o n  revenue requi rements .  

fTime i t  t a k e s  t o  pay back o r i g i n a l  inves tment  th rough c a s h  f low,  

(See Tab le  6.23). 
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T a b l e  6.23. O i l  cost; d e t e r m i n e d  from revenue  r e q u i r e m e n t s  
f o r  f i r s t  yea r  of o p e r a t i o n  

(S/bbQ 

I -._.---- ---- _--I 

Recovery mode 

Evaluation method 
- 

o i  L O i l  + U O i l  -4- U Full. 
only  a- Mo i- No c A i  rec:overy 

460.6 

135,5 

1 3 . 1  
84.7 

338.9 

1,032.8 

7 6 , 3  

965.5 
63.00 

45,70 

1,334.7 

403.6 

931. 1 

61.30 
44.50 

1 ,443 '7  

650.0 

793.7 
52,30 

37.90 
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0 The K ~ ~ U ~ I I  on investment for such 8 p x o j a e t  i s  in the r a r g a  o f  15 

to 35% swith t n i c a l  values ranging from 23 t o  23  d a p x l i n g  0x1 ccx-  

traction node,. 

B Ths venture profitability increases if u r m i w ,  molybdenum, and 

almizn~sm are recovered along with the oil. 

4* Tho reecavery o f  metals based on complete dissolntiou o f  the shsle’s 

miner81 content does not appear t o  be ~ G O R C H R ~ C  based on thrr prcscn’c 

concept I 
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e environmental impacts o f  producing oQI and aaninaearals from fba Ghat- 

tanooga shale formation by means of randergroun surface %e L331rl.- 

ing have been assessed and are swmar ized  in Tab e design infss- 

mation on which this a s s e s s  ent is based is sketdly  and the assessmsnd; 

therefore is only tentative. Other  issues aaal be identifie 

velopment, detaile design, and site selection. 

No inherently beneficial e n ~ i r o m e n t a l  impacts have been idenzified, 

Negative Impacts are rated a s  high, medim o r  l o w k g ,  w 

constraint to development, medium indicates need for mitigation a t  in- 

creased c o s t  t o  the operation, and low indicates mitigatioz ~ o s t s  that 

would fall within the usual cost of basiness o f  a m i n ~ r a l s  in&zasttg, The 

basis for impact assessment and the assessments are sarmnra~ixed below, 

Potential geologie impacts include conflicts w i t h .  the develop 

other mines and resources an land disturbance due tco m i n t e m l a t e 8  su%si -  

dence. Other mineral resources of the region in which shale ~~~e~~~~~~~ 

is most probable might include oil and gas in formations beneath t. 

tanooga shale and metbane within the shale ,  Methane witbin the shale is 

considered an ‘un~onventional~ source and i s  not presently ~~~~~~~~~~~~ 

recoverable. It may be possible to recover t h i s  type o f  g a s  concurrantlg 

w i t h  shale mining following additional R and D OXP ~ c ~ n v ~ ~ ~ ~ ~ ~ ~ ~  8 

esvery, Mining cof the shale weald increase ~ ~ ~ l o ~ ~ e ~ t  C o s t s  Of potcetartigil 

underlying o i l  and gas reserves, hawever such a e v ~ ~ o ~ ~ e ~ ~  won1 

precluded by mining o f  the Chattanooga shale. 

The environmental impact from subsidence is difficult to p r e d i c t  in a 

generic assessment. It has been rated medium because of i t s  potential t a  

occux near t o  the outcrop and the necessity to design mines t o  avoid nn- 
derminiag towns, highways, reservoirs, and other sensitive areas,  P a r  the 

most part, however, the For% Payne formation is expectsd t o  rev ide  a. oom- 

petent roof and provide little smbs4 ence potential. 
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Table 7 . 1 *  S z m a r y  o f  environmental impacts from an 
8,000 m2/d (50 ,000  h a r r s l / d a y )  shale  oil industry 

in  the Chattanooga s h a l e  outcrsp 
._._-.-,_-- ...._.. a X I  

Nature of impact Leve l  of impzrt 
I_I 

Geolsgy 
Resource rccovery 
Siibsidence 

a t e r  
Gr oundiva t e r 
Surface w a t e r  
Water u s e  
w i i a  agaa s c e n i c  r i v e t s  

Land 
LEi,ahd 
Soils 
N a t u r a l  and scenic araas 

Atmosghcrc 
Air qual i t y  
Noise 

B i o l o g y  
Direc t  t e r r e s t r i a l  
Secondary terrestrial 
Reve ge t R t i on 
Direct aquat i c  
Secondary aquatic 
Recovcry 
EnaangePoa spcc ias  

Low 
Medium 

Ms d iam-t 5- 1 O’PI 

Laow 
B i g  h- t o-med i u m  
Me d i urn 

IFI i g h- t o-me d inns 
Medium 

LOW 

a High - a potent ia l  constraint t o  development .  

Medium - require ~ x ~ E ~ - - c Q s ~  m i t i g a t i o n .  

LQW - mitigation c o s t s ,  i f  required, f a l l  
within normall c o s t s  of businkss. 
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7,2 Impacts on Water 

a c t s  t o  groundwater rill e h ighly  site s p e c i f i c .  Me 

ax8 pred ic t ed  r e g i o n a l l y ,  p r imar i ly  due t o  leaching of toxic m e t a l s  from 

raw and r e t o r t e d  sha le s  (see Table 7.2) .  Extra  c o s t s  w i l l  be incur red  

where sha le  is mined, stored, and processed and where the spent  shake i s  

re$rrt.ned. Potentia1l.y high impacts exist PoeaEly where the Chattanooga 

farmst ion unde r l i e s  h p o x t a n t  aqu i f e r s ,  and mining could xaia the  agui- 

fez$. 

Impacts t o  su r face  water a l s o  w i l l  be s i t e  s p e c i f i c ,  b a t  no eon- 
s t r a i n t s  a r e  seen. While the re  exists a p o t e n t i a l  for severe impaGts, 

tbras~: impacts should be mi t igab le  wi th  environmental control teclhnolagy. 

Since g t i m a l c i l y  andergroand mining i s  expected, impacts $0 sur face  hy- 

drology ~ ~ d d  occar  p r imar i ly  as .a consequence sE changes I n  ~ ~ o ~ n ~ w 8 ~ ~ ~  

h37drology a n  secondar i ly  a s  8 consequence of s ~ r f a c e  w a s t e  d i s p o s a l .  

Leaching of meta ls  and a c i d  drainage can be m i t i g a t e  through operations 

design and water  t reatment  prior t o  o f f - s i t e  r e l e a s e ,  

Water a v a i l a b i l i t y  is expected t o  be a major ~ ~ ~ s ~ ~ ~ ~ a ~ ~ ~ ~  i n  siting 

a l e  processing f a c i l i t y .  Otherwise, water  use impacts a r e  expectea t o  

be l o w  'because of excess flows pro jec t ed  f a r  beyond the year 2008, 

Low impacts t o  w i l d  and scenic  r i v e r s  a r e  p r e d i c t e  " No fcderatl ly 

streams l i e  w i t h i n  the grime resource a rea  although some s t a t e -  

prateGted streams do, 

Land use impacts w i l l  be high, p r imar i ly  due t o  the  Parge a reas  which 

e needed f o r  sur face  waste d i s p o s a l .  The f a c t  t h a t  and i s  held ila 

sarnaller p a r c e l s  imp the  r e g i a a  and the  indus t ry  w i l l  l a ck  condemnation au- 

tfaesrhty could prove t o  be (B s i g n i f i c a n t  c o n s t r a i n t  t o  development. 



186 

t j le 1 7.2. Leaching characteristics ~f 

(ppl01.. c n r c p t  pU) 
1- B ~ I  2-m~ d i m  Chattanooga s h a l e  

2 * 5 -3 -0 

7 6 0 0 -5  5 0 

2 2 00- 14 8 

221-20 

112-25 

11- 0 . 8  

13 -4 .7 

8 . 9 - 9 . 7  

2.5-0.1 

1,8.-22 

5 5  - 4 . 4  

4.3-7.0 

250 

0 . 5 - 8 . 0 5  

0.38-0.1 

3.4-0.2 

0 . 1  -3.1. 

0.1. 

0.1 

2. I 2 -13 .5 

0.1 

0.1 

0. 
Wangc, 2 C  A l i q u o t s .  Sha le  i s  sub 

j e c t c d  t o  a continuous l e a c h  w i t h  7.0 vol- 
umes o f  w a t e r -  The i n i t i a l  and final con- 
centration of  material in  the water i s  xe- 
p o r t e d "  





Wocovesy of damaged aqnatlc systems i s  depsadent on the control of 
effluents from the sarsoanding uplands areas. In genera l ,  snccessful stas- 

b i l i z a t i o n  and revegetation sf mined and d i s p o s a l  s i t e s  w i l l  l e a d  t o  EC- 

covery o f  receiving waters. 

Impr?a~,t~; t o  endangered and skhertwise sensitive s p e c i e s  s h o d d  be 

d i m .  While r a l a t i v s l y  fear such s p e c i e s  OQCUR w i t h i n  the prime resource 

region, an8  obviously few iadividaals O C C U P ,  the presence o f  a prots~ted 

specicc- could  l e a d  to ex&rsn.-~srsi. mitigation r n e a s u ~ e s ~  s w h  as avo id ing  the 

are2? os paaviding for  the maiateaamce of the a f f e c t e d  popaletion. 
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8 .  ~~~~C~ AND ~~~~~~~~~~ NEEDS 

Chattanooga shale, a large and mineral-rich member of the Devonian 

oil shales of the eastern United States, appears to offer significant po- 

tential for the commercial recovery of valuable h y d ~ o c a ~ b o n ~  and s ~ a r ' c e  

minerals through reasonnbly forseeable extensions o f  current technology. 

A starting point f o r  the development of technology Prom Cfmttanooga shale  

and other eastern Devonian shakes is provided by the development thranggh 

near commercial scale of processes for recovery of o i l  from s h a l e s  in the 

Green River formation of Colorado, Utcrli, and Wyoming, Specific research 

and development is reqnimd for recovery of values fram Chattanooga shake, 

however., because t h i s  material differs in several important aspects f r o m  

western shale and in some aspects from other Devonian shales. As compared 

with western shales, in which carbon and hydrogen are associated w i t h  t h e  

angely aliphatic structure of kerogen and may be liberated ratber easily 

h y  heating, Chattanooga shale has approxjmately the  same content o f  osgam- 

i c  carbon (12 to 15% by weight), lower hydrogen content, and ~ y ~ ~ ~ c a ~ ~ ~ ~ s  

that are less swbjeet to recovery by thermal. decomposition because M sig- 

nificant fraction are polycyclic aromatics in macerals  that are sirnilas: 

t o  those found in coa l .  Ghattanaoga shale is a l s o  more highly laminated 

than western shale and forms platelets, rather than granules, upon crush- 

ing. Chattanooga shale differs faam most other Devonian shales in that it 

has significantly higher concentrations of: some important miargirrrPs sach as  

those of uranium. These aspects of Chattanooga shale dictate that steam- 

oxygen gasification, hydrogasification, and/or spent shale csmbustion be 

c~nsidered - as an adjunct to simple retorting - as  p a s t  cf the: h y d r ~ ~ a r -  

on recovery process and that this process should l e a v e  the remaining sil- 

icate structure in a form that is readily leached for minerals r e ~ o v e ~ y .  

The purpose of this chapter is to identify needs for research and 

development that axe required to establish the scientific and technical 

feasibility and the coavnerciz~l  viability of the recovery of ~ ~ ~ ~ o c ~ r ~ ~ ~ ~  

and minerals frm Chattanooga shale. The perceived needs include those 

far (3.1 resource assessment, ( 2 )  mining, ( 3 )  process development, and gen- 

eral supporting research and development, for ( 4 )  upgrading and refining 

of shale  oil, ( 5 )  basic chemical and physical research, ( 6 )  materials, (7) 



ins t ruments  and contrO15, ( 8 )  d e s i g n  and p lanning  s t u d i e s ,  ( 9 )  e n v i r o m e n -  

t a l -  c o n t r o l  technology, aad (18) h e a l t h  atid environmental e f f e c t s .  

The envisioned prograt-i* f o r  e x p l o i t a t i o n  of C h a t t a m o g a  shales is ex- 

pec‘Lr^d f o  progress a l o n g  b a s i c a l l y  two tiveki~~es: (1) work t h a t  could  p r o -  

ceed rather  q u i c k l y  t o  p i l o t  p l a n t  s c a l e  f o r  o i l  recovery from r e l a t e d  

D e ~ m i a n  shales  t h r o u g h  a t t e m p t s  t o  adapt  the ieehnology for recovery  of 

o i l  from wcs tern  s h a l e s  and (2 )  work a t  a more d e l i b e r a t e  pace  t h a t  would 

seek tu develop processes t a i l o r e d  t o  t h e  unique a s p e c t s  of Chattanooga 

sFlo1e. Vork of fb6 f i r s t  type c a n  begirr w i t h  retorting o f  Dovoniasn s h a l e s  

~p-i;ueertal nni t s  t h a t  a r e  ax-silabl e f o x  retorting of w e s t e r n  s h a l e .  

I f  thei;: i s  i n i t i a l  s u c c e s s  i n  such t e s t s ,  t c n t  mines  and p i l o t  p l a n t s  

could be opzrated in r e g i o n s  where t h e  s h a l e  i s  l o c a t e d ,  and s u b s t a n t i a l  

early work would be  a p p r o p r i a t e  for the snppaa t ing  a r e a s  i n c l u d i n g  envix- 

ormental control technology and h e a l t h  and environmental  e f f e c t s .  TEJork t o  

e x p l o i t  s p e c i f i c  a s p e c t s  of t h e  Chattanooga s h a l e  woa;hd b e g i n  with l abora-  

t o r y  and beach-scale  e i p c r i m s n t s  t o  f u l l y  c h a r a c t e r i z e  the s h a l e ;  evalu- 

m4, e n t h a l p i e s ,  and k i n e t i c s  a s s o c i a t e d  w i t h  p y r o l y s i s ,  g a s i -  

f i r s t i n n ,  h y d r o g a s i f i c a t i o n ,  and combustion of the sha le ;  alad i n v e s t i g a t e  

a l t e r n a t i v e  methods f o r  the  recovery and s e p a r a t i o n  of metals. 

f i r .  compi la t ion  of r e s e a r c h  and development needs t h a t  w i l l  be pza- 

selieed h a s  made e x t e n s i v e  u s e  of s t u d i e s  t h a t  were made r e c e i i t l y  by W. 8. 

G r i ~ e s  s a d  other;. m e d ~ e r s  of t he  s t a f f  o f  t he  Oak B i d g e  N a t i o n a l  Lahoszitory 

(Griicer: 1979 and Sfriaes 1988). Miiny eseful r e f c ~ ~ n c c s  t o  the recovery of 

s y n t h e t i c  fuc:s from o i l  sha l e  have b e e 3  published a s  papeas from a reeont 

symposius. IIGT S p p o s i w p i  Papess 1980). 

l’hc n o s t  yzassing seed  fer  research and development a s s o c i a t e d  w i t h  

t h e  c e c n v e q  of energy and s t r a t e g i c  m a t e r i a l s  f i o a  Chattanooga s h a l e  i s  

f o r  la>.or:atory acd b e n c h - s c a l e  wtwk that. may be used t o  make p r e l i m i n a r y  

e v a l u a t i o n s  of t h e  f e a s i b i l i t y  of a l t e r n a t i v e  piocesses. There i s  a l s o  a 

scrious lack o f  i n f o m u t i o n  on h e a l t h  and environmental  e f f e c t s  t h a t  could 

E P r i O e  the Ghoice of mcihods of  m i c i n g ,  proccssing, and waste disposal. 
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-1 Resource Assessment Research 

ost oE the existing information on the C ~ ~ t t a ~ o o ~ a  shale comes from 

work that: was performed in the 11850s. The majar objective of mucS of t h e  

early work was to evaluate the Chattanooga shale as a sour~e of uranium, 

Hydrocarbon yields were determined on scattered samples resultJng in i9 

sparse d a t a  base for the hydrocarbon potential o f  the shale, Mote recent- 

l y ,  additional work has beera undertaken to a s s e s s  the metals; content  of 

the shale  IMutschler 1976 and LeventhaE 13791, uch of the early work 

i n d i c a t e d  that shale outcrops in eKalb County, Tennessee, would 

the most favorable reserves for  initial developmeat af the ~!~~~~~~~~~~ 

shale. For this reason more d a t a  have been o tained in DeKaB'hP ~ u u ~ t ~  than 

in rst%er adjacent areas along the basic geologic  f e a t u r e  that is t e rmed  

the Eastern Highlan Rim. Other work that is needed to se l ec t  maassf pram- 

iaing areas alad sites for initial comercia1 ~ e ~ e ~ ~ ~ ~ e n t  of the shale  in- 

cludes the foxPowing. 

Perform additional core d r i l l i l n g  and well testing - cspe~ially in the 
Tennessee counties o f  DelEalb, Patnam, and Coffee along the Eastern 

land Rim - to provide data f o r  more accurate estimates of  (1) the resemes 

OE hydrocarbons and minerals associated with the shales, (2) the ~ P Q ~ P -  

ties of Q U ~ G X X I ~ S ,  seams, overbnxdens, and aquifers needed fox s t u d i o s  of 

surface mining, ( 3 )  mechanical, thermal, an ~~~~~~~g~~~~ properties 02 

the  shale and contiguous foxmations needed for studies of ~~~~~~~~~~ m i n -  
ingg  and (4) the extent  of other res;ources o f  potential i n t e r e s t  w i t  

the gacalogical c:ol%unn. 

8.1.2 Geochemistr~ 

Make more complete investigations of the organic and %nor 
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8.1.3 GeoEraDhy and demogrnplhv 

Perform studies to IO~QP"(: accurately determine: topcgraphy, present u s e s  

and ownership of land, u s e s  of water, and the distribution o f  population, 

plant, and animal life, This will overlap with later and more site spe- 

cific studies of  ecology and water and air quality to provide Background 

data for studies of environmental impacts. 

8.1.4 Socioeconomic and institutional research 

Investigate the types of eommunities, levels of private and public 

services, and legal and organizational frameworks t h a t  will most likely be 

affected by shale processing and attendant secondary industries so that an 

accurate assessment of the impacts on society can he mads. 

8.2 Mining Research and Development 

Technology base needs for underground sha le  mining include the fol- 

lowing: 

a. A well-planned and optimally designed mine will maximize shale 
produetion and mine safety and will minimize the impact upon the local 

environment. Mine planning and design requires data about, and under- 

standing of, the mine site and environs; mine stability and water 

intrusion are expected t o  be important considerations in the selcction and 

development o f  mining methods for Chattanooga sha le .  

o Improved diagnostie tools for down-hole logging, and 

paxticolarly for obtaining information about strata at appreciable 

d i s t a ~ l c e s  from t3e hole are needed. 

m Useful information could be obtained by improved geophysical 

techniques for remote sensing and for mapping o f  detailed geologic, 

stratigraphic, and hydrographic features of the site. 

Improved methods are needed for predicting flow patterns, a s  

well as quantities and concentrations of (methane-bearing and radio- 

active) gases and water in the mined areas and adjacent strata as 

functions of mining operations. 
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a AI1 of the available data needs to be included in mine 
simulation models that can allow predictions of behavior under d i f -  

ferent mine sequencing operations. 

8 Combination of the mine simulation model. with an economic 

modal would pennit optimization of  operations and costs. 

b. Wine development includes providing access shafts to the shake 

seam, and use of cutting and roof-bolting machinery to cut roadways i n t o  

%BEG seam t o  provide produetion centers. 

Mine development (as well as mine planning) needs an xm- 
proved understanding of rock mechanics and the fundamentals of how 

rocks and shales respond to stress. 

Improved methods and devices are needed to determine in sitla 

stresses within the seam and, especially, adjacent formations prior 

t o  and dnting mining operations. 

e Improved quick and accurate procedures are needed for deter- 
mination of physical and mechanical properties of shales and adjacent 

racks and for correlation of these with ease of drilling and cut t ing ,  

a Alternatives to conventional roaf-bolting, which have been 

accepted in other countries, need to be examined for cost effective- 

ness and safety under U.S. conditions. 

e Both experimental data on pertinent properties and stress 

levels and theoretical studies axe needed to assess roof-fall prob- 

abilities and associated safety hazards. 

e ,  Mine subsidence can be do problem. 

a Improved understanding of rock mechanics and of the ways in 

w b i ~ h  roof strata and overlying layers respond t o  stress in the long 

tera i s  needed. 

o More detailed information about rock properties and stress 

levels is needed in specific areas where mine subsidence might be 

expected. 

Coaprehensive theories that relate the properties of the 

overlying stsata, the mining method, and the nature of the residual 

p i l l a r  structure to the occurrence of surface subsidence and damage 

t o  aquifers and to surface structures are needed. 



d. An experimental mine should be operated to evaluate p i l i n i ~ ~ g  meth- 

ods and equipment and eo provide d a t a  fop. mine d e s i g n  and cost estimation. 

As indicated in the discnssion o f  o i l  recoecry pxoeess in CBa2ter  5 ,  

processes which have been developed for westera shals; do n o t  aggez.r a t -  

t r se t ive  for esstarn shale  w i t h s r n t  major m o d i f i c B t i o n s  t o  imprave carbon 

recovery. IGT's Hytort piosess, devised specifically Ecsi e a s t c m  shalr,sP 

docs have impr~ved carbon recovery bnt a t  taris axpcasc o f  rc6:u~ed  g a s  

yields and general process complexity. 

Since much o f  the orgmnie partion sf eastern s h a l e  resembles the 

organic material in c o a l ,  the process infoxmation and P and D toals aP*ich 

have been applied to coal l iquefact ion and gasification may be a p p l i c a b l e  

a l s o  to eastern shale pfo~essing. Alternatives to existing shale--oi l  

recovery processes ~ o i i d d  involve combinatinns o f  the fotlowing slecaemts;: 

a ,  Preheating of the shale t o  about 3 i ) O O C l  (5723F) using r e g e n e z a t ~ d  

h e a t ,  oil is not p r o d w a d  b r l o v  this t e m p c r s t w c ,  

tj, Retortiag in an i saozt  or hydscogen atmgssphera a t  up t o  about 53WQC 

(IOOOeF). Tha: bu lk  o f  the kerogen decomposition O G C U ~ S  belwv tbis tempei a- 

t a r e .  

c. Gasifisation of the char by partircl  oxidation ( s t e m  c oxygea) at 

above 538Oel (lOOOoP). T t  i s  necessary to avoid oveTheating if resour~e 

recovery is desired as in the case of Ch~ttsnosga s h a l e .  

d .  Beat recovery fro the s p e ~ t  sha le  vis h e a t i n g  z ~ a t e r ~  g a s ,  OT 

direct--contact w i t h  incoming shale. 

e. Rapid boating of incoming s h a l e .  Yields o f  liquids f r m  s o a l  

have been enhanced by rapid heating; it i s  u u k n o ~ n  whet he^ shale would 

havz sinilar properties. 

E. Combustion or gasification o f  Eines to recover energy and to 

redncr: t h e  enviroamental impacts of  fincs disposal. 
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Fig. 8.2 .  S h a l e  gasifierlrerort. 
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Table  8 . 2  Estimated p r o p e r t i e s  o f  e o m e ~ c i a l  and 
t e s t  mine f o r  Chattan.ooga sha le  

Capaci ty .  tansld 

Operating s ta fh '  

C a p i t a l  cost:, $106 

Annual operating cost, 36) 1-6 

Unit  shale  costn e; 25 
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d .  S p m t  shales will he returned to the mines or d i s p o s a l  sites. 

g Alternative methods of spent shale t r a n s p o r t  and compaction need 

inve s t i g a t i on . 
FSov p r o p e r t i e s  and de --watering properties of s p e n t  shale  slurries 

need t o  be dstermiraed along with means f o r  purification of the water 

used in t h e i r  t ransport .  

g 3icchani sins snd ra tes  ~f compnction, res01 idificntion, and cementation 

of  s p e n t  sha1c.s nccd investigation. 

e .  l'he p o s s i b i l i t ?  o f  LsafuI  r-scnvery o f  sbalr: o i l s  and ~ ~ Y ~ G K E L ~ S  by 

~ O V E I  mcthods  should be explored in smal l - sca le  experiments  to establish 

f s a s i b i l i t y .  Such csmcrpts include: 

8 Steam r e t o r t i n g  of  shal~s, 

e Incs-eased product y i e l d  by f r s e  radical .  stabilization v i a  hydrogen - 

donors. 

3 Novc l  8 1 ~ 3  h igh-r i sk  possibilities s a ~ h  a s  microvave ,  radio-frequency, 

or s o l e i .  S e a t i n g  for retorting. 

&: Conv-crsion of hydrocarbons 'eo v a l u a b l e  products by us( :  of microorgan- 

ism. 

e Combinwtions of pyrolysis with solvent action have apparently r e c e i v -  

ed much less attention for oil shcaXes than f o r  c o a l s ,  Recovery of 

liqaid solvents from the l a r g o  inorganic mass is likely t o  be d i f f i -  

cult. A basic stady *sf s ~ l v e t i t  and s u p e r c r i t i c a l  flnids as solvcnts 

m i g h t  1 ~ a L  t o  valaablr: insights as w e 9 1  as posaibkc  processing me- 

thods : suprrcri t j  cal f lu ids  t h a t  have good hydrogen donor capabil- 

ities wsnld be an i n t e r e s t i n g  possibility. 

Upgradjrpg and r e f i n i n g  of heavy o i l s  produced f rom petroleum is a 

h i g h l y  deve loped  commercial practice using techaiques such as hydro- 

irsatinp, h p d r o c t a c k i n g ,  and c~~tslytic csackirpg, Such techniques have 

beca ad.ip+c?L w i t h  generally good s u c c e s s  b y  companies including Chevssns 

Aslaland Oil, Sun Oil, and United Oil Products t o  the upgrading and 

r r f i n i n g  o f  b e t c h e s  o f  n i l  d e r i v e d  from w e s t e r n  oil sha le  in experimental 

retorts (Sullivan 1980 aad Coppola 1980). These techniques, catalysts 



such as the widely used c o b a l t  molybdate h ~ d r a ~ e ~ ~ ~ f u ~ ~ ~ ~ ~ ~ ~ ~  catalyst, 

and equipment using f i x e d  and ebuXlated catalyst beds will provide a point 

of departure far the commercial upgrading and refining sf shale oils. Tlae 

following, however, w i l l  point out some of the specific p lems that are 

associated with shale oil and types o f  research that  coal 

improved processes. 

e h i g h  nitrogen coneeat, the instability of the oil and of its 
d i s t i l . l a t e s ,  and the presence of trace elements a l l  pose ~~~~~~~~ that 

require farther study. 
a The fw~ctionnal groups in which nitrogen appears in the oil and distil- 

late fractions need t o  be identified to guide evelopment of improved 

methods fox deaitsifieation. 

e The nature and concentration of reactive gx-cmps ~ J P  &he i@%se?mical 

reactions responsible for oil and distillate instability need t o  be 

undesstood t o  snggest improved stabizizatisn metho 

e t t e e  anderstan ing of the traGe element concentration and behav- 

t s  assess  t h e  extent o f  special prepbltm areas. 

b, Hydrotreatring w i l l  be used as B key step i n n  ireet refining; of 

shale o i l  or as a step In preparation of shale o i l  for transport and 

blending with petroleum f a r  combined refining. 

"he extent o f  hydratreating (extent of removal of n i t rogen  and reac- 

tive gX'OQFS) require ire?2t ref in ing  and for blending with 

petroleum needs to be ~ s ~ ~ ~ ~ ~ ~ ~ e ~  to permit choice of psoper st ra -  

tegy * 

e effect of trace metals upon hydrotreating and hydrocracking 

catalysts needs t o  &e determined, and means for mitigation of detri- 

mental effects, if anyr need to be established. 
Improved catalysts axe  needed foe more se lect ive  denitrification and 

~ ~ ~ r ~ c ~ ~ c ~ ~ ~ ~  at lowcs temperatures and pressures with smaller eon- 

s m p t i o n s  of hydrogen, 

c .  Alternative methods, i a c  s ,  for upgrading 

shale oil for direc t .  refining OE far: blending with petrss c3Xl.m shoald be 

b tudi ed a 

e Processes that  involve minimal hydrotreating followed by nsndistil- 

lative separation schemes should be investigated. 



208 

e Methods that affect snfficient purificatian and stabilizatjnn f o r  

refining without use of hydrotreating should be s o u g h t .  

d .  Refining of shale  oil - either alone or bleniied with p e t ~ o l c i u n  ~- 
wiJl produce product slates whose performance characteristics are poorly 

%laGWn. 

o Extent of denitrification reqaixed fox refining may or nay n u t  bc 

sufficient for environmentally acceptable end use..  ‘l’h.5 relationship 

between combinad nitrogen and NO emissions needs t o  be cstablishcd 

to guide decisions about treatment severity. 
X 

Q Relationships between product specifications and and-use perforaianse 

are well ( i f  empirically) known for petxolew products .  Similar 

relationships must be developed for shale-oil o r  shale-oil-modified 

proaacts. 

o The extent of product upgrading which can bast 5e performed a t  &he 

retort site should be defined. 

e .  Environmental problems associated with shale oil l ipgrading m.2 

refining plants may differ in degree from those of petrolsum refineries. 

a Trace element contents are different. Some attention must be 2x15 t o  

species (such as  arsenic) in effluents fro shale  oil refining, 

T h e  organic products differ in various aspec t s  from those of pet.ro-- 

leaams, Effects of these: differences on employee heal th  and s a f e t y  

and upon tolerable releases in plant effluents deserve study. 

8 ,4 .3  Materials research and development 

‘&e needed improvements in materials of construetion fox: shale pro- 

cessing are of several kinds. Materials a r e  needed with improved resis- 

tance  t o  erosion and wear in handling abrasive solids, with improved 

resistance to corrosion by the aggressive liquids and g a s e s #  and with 

improved retention of valaable pzoperties (especially strength proper- 

ties) a t  higher temperatures. C~upled with the desired improvement in t h e  

material properties are needs  for improved fabrication, joining, i n s p e c -  

tion and in-service repair methods. 

a. Benefits could accxae from improved drilling materials and from 

more efosion and wear-resistant materials for mining and transportation 

equipment a 
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t i o m  and size ranges of s o l i d  particulates R B ~  a i l  

e r t i e s  of the atmix daring retorting operations, 

8.  h-linki instruraentatian for moaitoring shtale": feed. and gas feed 

and Eon: establishing, where pertinent, location of bed-gas interfaces, 

ass-flow measurements over space and t i m e  for ~ ~ ~ - . ~ ~ ~ ~ ~  s y s t e m  

over 8 wide speetrwn of solid (or l i q u i d  droplet )  @on@encratisas in gas 

nnder variedp ~~Q~~~ generally tarbuPent, f l o w  ~~~~~~~~~s~ 

le. On-lins measurement of solid particlie sizes as f u m t i o n s  of spaza  

and time w i t h i n  the reaction zones and in product g a s a s .  

g o  On-line instrumentation to establish carbon oontent  of spent 

shale particulates and agglomerates. 
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5, On-line monitoring of the cheaical composition o f  product gases, 

inc lnd ing  concentrations of trace elements (such as alkali metal coni- 

poimdsJ Cd and B g ) ,  of sulfur-containing species, and o f  p a r t i c a l a t e  

m? I ter e 

i. G o ~ l e d g e  of chemical composition (stable materials and free  

radicals! in gaseous and in dense phases during 2yrolysis and g a s i f i c a t i o n  

c.dsd& be Sf great Value. 

8 . 4 . 5  D a s i g ~  and planning studies 

T h e s e  types  of s t a d i e s  are needed t o  help guide an5 focns the laborla- 

tory m d  engineering scale research and development work. 

8 ,  Broadly basedp mbirnsed, and consistent techsoeconomic and insti- 

tutional evaluations of developing techn~logie~ are needed to guide  mm- 

ingful decisions R S  to which alternatives are most worthy of support,  

h ,  Sgrslems studies and model development arc needed,  particularly: 

e TO integrate T ~ S O U I T G F :  characteristics (imlaading overburden proper- 

ties niad hgrdrology o f  environs) w i t h  optimal mine and p r o c e s s  d e s i g n  

and opexatirsn. 

e TO establish economic, socioeconomic, and enviromental aspects  of 

l a r g e  mining, processing, and transport operations. 

f To permit more dependable scaleup of processes defined by p i l o t  opera- 

t ions. 

To p r e d i c t  the dispersion and disposition oE mine and proGess efflu- 

cnts in the eavironment. 

c .  Product distribution and trampcat  networks need to be identified 

in the  region o f  interest. 

Thc environmental assessment X " P P Q Z ~ Q ~  in Chapter 7 was Based on paper 

s t u d i e s  and the consideration o f  present regulat ions .  Other cnvirrsmen-- 

tw:, beslth and s a f e t y  issws are likely t o  surface when in--depth rcseamch 

i s  carried oil$.  Detailed analysis is reqaimsd o f  sha le  mining, racosrcxy 

processes and waste disposal, 
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evaluating the transferability of information and approaches from coal and 

western shale to Devonian shale, thus allowing early identification of 

areas not  requiring substantial xesonmes (manpower or f i n a n c i a l % ,  and 

~ e ~ ~ x ~ ~ ~ ~ t i o ~  of those areas f o r  which data  cannot e transferred, 

C n r r m t l y ,  no Barge-scale facilities fdpr retorting eastem shsale 

exist, and the initial pracessiag w i l l  be done by small bench-scale o r  

f a c i l i t i e s ,  Initial screening studies, similar to those utilized BOT CCYJ: 

a t e r i a l s  and western o i l  shale materials3 should be condn~cked 

to o b t a i n  a preliminary assessment of the bicarnedieal and e c o l o g i c a f  

effects associated with eastern shale ~ ~ ~ e l O ~ ~ ~ ~ ~ ~  

The undergronnd mining o f  Chattanooga shale ~o,nBd involve h e a l t h  m d  

s a f e t y  problems which arise in coal and usanitam mining. Research i s  

reqlnired t o  define the extent ~f these problems and t o  devise s t r a t e g i e s  

for dealing w i t h  them. 

BP Calntr~~lP of methane may be required in SOW locations to avert mine 

€ ? X p l O S i Q n S  I 

(B Control of particulates may be required to avoid black lung d i s e a s e  

in miners. 

e Control o f  rados and other radioactive species may be needed to a v a i  

public and ocmpational  overexposure. 

The mine and abovegroutad p i l e s  of overburden and spent shale  are 

ination o f  sarfasre and groundwater, The a~n-~s-o_;.-. 

ally l a r g e  ZUUQU~S of material involved on w regional b a s i s  cowlah, i n  f h ~  

long teem, l e a  to stricter regalatian than i s  required for current smal.8- 

er-scale mining. The identity and quantity of materials that can be l e a c h -  

ed mask- be known, and the: extent o f  t h e i r  migration in surface and s.ebbsra+- 

face waters must b e  established. 

e A better nnderstanding is needed of the mechanisms and the rates  by 

which acidic species are formed and are leached from t h e  s o l i d  mate-- 

r i a 4  5 ; .  



2 12 

g The e x t e a t  o f  migration of dissolved p o l l n t a n t s ,  bot& orgsnic arid 

inarg.iais: thro~g ln  "chr: formation or through soils, needs to hi; deter 

< & *  

3 ' h e  sxtcrrl to which Chose leached wind m i p ~ a t i n g  spcsies c o n t m i n a t c  

- - - - c d  a*". aqukfsss and snrfac t?  waters needs t o  be cvalzaatcd. 

s S t u d i e s  m o d  t o  b~ made to evadurstc e f f e c t s  of these waste stresas on 

se?.S:tivc s p e s i e s .  

c I t  p i i i l l  bt: nescssary to develop nzd d e m a s t r s t e  a f f e c t i v e  methods for 

i n i t i g a k i o n  of t h e  advorse e f f e c t s  of  khese pollutants. 

P The c o n t r o l  of r e d i o n z t i v e  n a t a r i a l s  i n  the: waste T i l l  have to tse 

dsma-tns l z a t a d .  

Ths Fbysiologicsl e f f e c t s  o f  o i l  products and l i q u i d  and g 

e f f ~ m z t s  on plant  ~ m g ~ ~ y ~ e s ,  the genera l  p n b l i c  ana r cg iona :  ecosy-strms 

t be esta5lished: asdd m e a m  for monitoring the ~ D V ~ + Q R T ~ T I ~  ~ O P  d c l e t c -  

r i r . u s  saterials need t o  bo developed. I t  may be mr~assarg i  t o  invrstigate 

t h c  furthez p r o c e s s i n g  nf prodnets t o  reduce t h c i r  Loxicity- .  mi: f e n s i  

b i l i t y  of v e g e t a t i n g  surface piles o f  waste  w i l l  have t o  ba: d ~ f z r m i n i d .  

A s i g n i f i c ~ a t  e f f o r t  i s  needed t o  avalnatc and monitor the soc loec t?  

jaot?ic atd i n s t i t n t i o m . 1  impacts of C h c k t a n ~ ~ g ~  sha le  dcvelapm-ot 

B Repiom: i + ~ ~ l p s c t  assessment methodologies sho1~1.d be d a v e l n p e d  t o  d r a l  

-with i D t c E P - s t p t e  impacts ,  colocation of ether a a t r g c i i v c  indas:ries, 

indnstwis? si?pply pote lpt iz l l ,  l and-nse  ~oaflicts, popnlatjlsn s $ i Z t s >  

and cwinl a i i v c  i m p a G  t s . 
a Iasaitntional a s s e s s m e ~ ~ t s  should be initiated, e s p e c i a l l y  with 

j r c s p c c t  t o  f e d e r a l ,  s t a t e ,  and l o c a l  regalatory and statutory 

con f 1 i c  t s . 
Q Assass i~cnts  of the shart-tcrm, lang--tarm, sad postdevelopment iw 

should  bc mad::. 

c A l t c t n a t i v e  methods Tor  monitoring and mitigation of adve r se  effzcts 

d i o n l d  Bc svnluatcd and smploy~d before l a r g e  scale industrialimntion 

i s  begail. 
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Chemical analyses are reported from five cote samples sapplied by 

* W e  teimer of Tennessee Technological University g e minerasl 

analyses were performed by UCNB (Table A . 1 )  whereas G ,  H%, W, and X wexe r e -  

, 1981 (Table 8 , 2 ) .  The cores were driREe i n  the  E a s t e r n  

Highland R i m  provina;e as indicate in Table A . 3 ,  ~ ~ n c ~ ~ ~ ~ a ~ ~ ~ ~ ~  j 'or ;ill 

elements except uranium, silica, s u l f n r ,  ~ ~ E G P P X . ~ ,  arsenicn and seltpni-snm 

were determined with a direct-reading spectrograph with an indur t iveky  

coupled asgon. plasma somce. e s e  values represeat, the eleaeaatal   on- 

centrations present in a leachate a f t e r  the sample is treated with  a hot.,  

concentrated hydrofluoric and nitric acid l e a c h .  Table 8.4. lists the 

weight percent of each sample t h a t  d i d  ust  go into solution, Ahrsexsib: and 

selenium anaY yses weIe performed using atomic adsorption and slsn ;rt:pre- 

sent the; hot-acid-soluble portion of the shale  samples, Mercury aialllners 

were obtained by an atomic adsorption method,  however, the leach irsed f o r  

this method was a c o ~ i ~ b i ~ ~ t i o n  of sulfuric acid and hydrogen peroxide. 

Skli~on dioxide (Si0,B valnes were obtained utiliziag a low energy ancutron 

activation method and a r e  totall S YpIlU&S for the: S 

values provided by R. W, Leimes ( (r %98l) are totntl s u l f u r  values dater- 

mined using B Fisher SnPfusl analyzer Model 475. 

Uranium values listed in Table A , P  a s  'IT? were determine 

metrically using fluorometry and represent the  hot-acid-soluble n r a n i m  

values. Interference by iron and manganese w a s  minimized by so lvent  ex- 

traction, Uranium values listed as 'U-NT' in Table A-P were ~~~~~~~~~~ by 

neutron activation analysis and are total uranium va lues ,  Orgaaic c;arboasa 

analyses were performed on selected samples and the  results a t e  listed i n  

Table A . 5 .  
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la h l e  A . ? .  Analysrs D f  C h a t  ranooga 
s h a l e  sailipfcs r e p o r t e d  by 

‘Ienaessee r echno log i  c a l  
University (1 ?8 1 ) 

211465 -101 
211466-107 
2 1  1467-103 
3.11458 -1 Ob 

211469-105 
211/.70-201 

211472-203 
111/t73-2Oh 
211&/4-205 

2 11S7b-302 
211477-303 
211418-304 
2 1  147 9-305 
2 11480--401 
2 11 b81-&O? 
2 11482- 4 03 
21 1483-404 
2 11484-w5 
211485- 501 
711481-502 
2 11[~88--503 
7 11489-504 
’21 lL.190-505 

2 1  1 OiP-20? 

7 1 1 5-30 1 

15.3 
8.14 

11.55 
3.15 
4.87 

17-68 
7.44 

13.08 
3.67 
? . P O  

15.45 
9.00 

16.55 
1.77 

12.70 
13.12 

9.45 
1A,83 

1.52 
11.80 
14,55 

8.71 
15.50 
3,78 

12.07 

1.58 
1.03 
1.29 
0.53 
0.74 
1.31 
0.99 
1.56 
0.80 
1 . 2 6  
1 . 7  I 
1.14 
1.77 
0.63 
1.34 
1.25 
0.91 
1.52 
0.56 
1.38 
1.47 
1.01 
1.60 
0.66 
1 . 4 7  

0.45 
0.28 
0.36 
0.14 
0.20 
0.38 
0.29 
0.22 
0.19 
0.32 
0.54 
0.35 
0.50 
0.17 
0.45 
0.46 
0.31 
0.63 
0.17 
0.42 
0.45 
0.28 
0.82 
0.43 
0.45 

3.1 
3.5 
4 .1  
1.6 
1.8 
4.4 
4 .O 
4 e 5 
1.5 
3.0 
8 I 4 
4-0 
’? .4 
1.1 
3.3 
7 . 7  
4.5 
4.5 
1.5 
3.3 
7 .o 
4.8 
4.4 
2.1 
3.8 

0 r ga i i  i c c a r b o n . Li 
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"In each sequence, t h e  f i r s t  sample i s 
f r o m  khe upper  Sassawayr t l h a  secoad from 
the. middle  Gassawdy, trhc third from t h e  
lower Zassaway, t h e  Eourth from the u p p e r  
Dowelltown and t h e  f P E t h  f rom the lower  
Dowelltown, 
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Tab le  Q.4.  !.lright p e r c e n t  of 
Chat t.%nooga sha le  s a m p l c  n 

u n d i s s o l v e d  by d i  sso -  
l u t i o n  p -  L ace3 s 

Sample No. 

2 1  1465-101 
211466 -107 
111467-103  
211455 -101. 
7 1  146?-105 
211470 -701 
211471-702 
7 11472-203 
2 11473-7n4 
21 14!’t-205 
2 1  147s -301 
2 114?6-302 
2 11477-303 
2 1 1 /J l 8  -304 
2 1 1 W - 3 0 5  
211480 -401 
2 1 1 4 8 1 - 4 C  2 
211482 -403 
211483-4Q4 
211484--405 
2 1 1485-591 
211481  -5‘37 
2 1 14 88 - 597  
2 1 1489-5OL 
2 1  lL90--5SS 

\*!e i g h t p c r c c n t 
LI iid i s s o l v e d  

14 
10 
11 

3 
6 

11 
4 

1 2  
10 
1 4  

7 
10 
16 
z 

15 
16  
1 2  
19 

2 
1 4  
19 
1 2  
18 

4 
1 4 
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Detailed Material Balance Data 

This appendix contains detailed mass and energy 'balance data for the 

hydroretorting experiments that are discussed in Chap. 5 ,  Table B , l  sbows 
measured andl adjusted data for the OBNL experiments in which nominally one 
pound batches o f  Chattanooga shale were heated in a hydsogen atmosphere, 

T a b l e  B , 2  shows measured and adjtbsted data for the lGT grcacess development 

unit expatimerat 86) PDU-2 w i t h  New Albany shale, 



Table 0.1. Keanur-a and a d j u s t e d  m a t e r i a .  ba-dnce d a t a  Eo- exper l inrn :~  GRh,-6 a n t  OiE3t-4 wi th  Ct idt -anoogr i  s?a le .  J r L & h c  frncr:on 05 r ad  s h a l e  :o r e t o r t .  

’leasurec Clara, OWL-6 Measurec d a t a ,  3LhL-4 

2 Li  s 0 N Ad‘? ,%is ture  - 0 t a 1  r l  S 3 Y Ash VooistLre T o t a l  n 

Feed 
Shale 
Net R2 

Product 
Shale  
Oil 
Gas 
CG 
C O P  
CH4 

H2S 
c2-c4 

Aqueous 

Feed 
Shale  

ProEucr 
!*et H2 

Shdle 
O f  1 
Gas 

Aqueous 
5120 
Nr i3  
c6H63 

J. i408 0.3241 
3 . ~ 4 0 8  0.0179 

0.0062 

0.0463 0.0053 

0.0098 3.0036 
0,0310 

0.0062 0.0021 
0.0026 0.0006 

0.0009 
0.0035 

0.0506 
0.0506 

0.0213 

0.015; 0.3015 
G.0013 
0.0002 

0.0151 
0.0277 

0.7497 0.0125 1.0062 
0.7407 0.3125 ’..3000 

0.0062 
0.7301 O.Oi25 0.9608 
3.7301 0.0002 0.7919 

0.395r( 
3.0300 
0.0023 
0.0002 

0.0032 
0.0160 

0.0123 0.0435 

0.0083 

Adjusted d a t a ,  OKh’L-6a 

0.1638 
0.1638 

0.0629 

0.0135 
0.0016 

0.0086 
0.0033 

0.00014 

3.0235 
0.0i72 
0.0063 

3.0042 

0.3046 

0.0029 
0.0007 
0.0013 
0.0025 

0. 3697 
G.0697 

0.0317 

0.0165 0.3022 
0.0021 
3.00Oi 

0.0165 
0.0200 

0.7370 0.0055 1.3063 
0.7373 0.0055 1.0300 

3.0063 
0.7385 0.0055 0.5689 
0.7385 0.0007 0.8224 

0.0822 
3.0368 
0.0337 
0.0001 
0.0115 
0.0040 
0.0175 

0.0048 0.0275 

0.1405 
0.1405 

0.1429 
G.047L 
3.0825 
0.c129 
0.0001 

0 .  0tr3 1 

0.0225 
0.0167 
0.3062 
3.0237 
3.0051 
0.3:02 
0.0047 
0.0037 
0.003 1 
0.0004 

0.0492 0.0280 O.i)050 0.7481 0.0125 
0.0492 0.0280 0.0050 0.7481 0.0125 

0.0425 3.0315 0.0050 0.7481 0.0125 
0.0218 i;.3C41 0.33:2 0.748;  0.0002 
0.0039 D.GO!i 0.0007 
0.3138 3.CO:O 

0.0243 0.5051 0.6 I23 
0.3243 0.0123 

3.01)3 i 

1.0062 
1. 0009 
0.3062 
1.0362 
3.8279 
3.3954 
0.3394 

5.0399 
0.00^!7 
0.3001 

0.01135 

0.1601 
0.1601 

0.1597 
0.0614 
3.0711 
C.0272 
0.0031 

:I. 000l 

0.0281 
3.0168 
0.006: 
0.0249 
0.0041 
3.0088 
0.0093 
0.0027 
0.002i 
0.0306 

0.0681 0.0244 
0.0681 0.0244 

0.0651 0.026, 
0.0310 0.0040 
0,0038 0.0309 
J.0333 0.3344 

3.0158 
S .Oi68  

0.0049 0.7203 0.0054 
3.0049 0.7203 3.3054 

0.0048 0.7202 0.0054 
0.3C.12 0.7202 0.0006 
0. 0306 

0.0030 0.3048 
C.3346 

0.0033 

3.6742 
0.3275 
0.3227 
0.0036 
3.0082 

Ad j u s r e d  d a t a ,  OKhTL-Sb 
h) 
Iu 
+ r  

1.0063 
1.3000 
0.0063 
1. 0063 
0.5224 
0.0822 

I_-- 

%ara  a d l u s t e d  as  Collows: 

R a w  s h a l e  - used average 0 2  OWL and 17’: a n a l y s e s  f o r  C ,  ? I ,  S. IGT a n a l y s e s  f o r  H. Added 2.8% organlc  oxygen. A s 5  b y  d;fference.  
Spent s h a l e  - ac;decl 0.5;; organic  oxygen and 0.15% 3 and normal’zed. L s e G  a s n  ba lance  t o  fletermlne 10iis9. 

311 - based upon ;neasuc:d d e n s t t y  of 3.936 and Q r o p e r t i e s  of compositc o{.l Eor r a n  8 3  P N - ? .  
Gas - p r o d u c t  l r c r e a s e d  by d i i f e r m c e  wl t h  same re:a”!.ve coniposi:ion. 

Li:tLa acjut j ted I S  €ol:ows: 

Raw s h d e  - a i d e <  2.5“ organic  3 and 3.5x ’I and normallzed t o  i%l%. 
S?ent  s n a l e  .- addec (‘1.5I organ’”c 3 hnd ? .  , 5 %  N anti riorroa. 
011 - base2 on measured d e n s i t y  of 3.95 
G:is - ?rnouct  increased by d;bccren::e IJ 
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