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THE ROLE OF THE PUBLIC LAND LAW REVIEW

COMMISSION IN SOLVING OIL SHALE PROBLEMS

H. Byron Mock

INTRODUCTION

Oil shale problems are many economic, technical, environmental, and

legal to mention a few broad categories. Each broad category of problems

has more than an adequate number of sub-parts, but with one major excep

tion, common in all, no more than is normal in a newly developing industrial

complex based on a national resource of the giant size of the oil shale po

tential. The major exception is the dominant ownership of the resources by
the Federal Government.

To my mind, the uniqueness of the oil shale problems is that federal

domination of the oil shale deposits gives power for extending sociological and

governmental philosophies over and beyond that available in other resource

areas. Such power is based on the Federal Government's pre-emptive pro

prietary control. It is pre-emptive because the Federal Government is the prin

cipal owner of oil shale reserves measured by acreage, quality, and ownership

patterns.

A. PLLRC Role

Your invitation to be here today suggested a discussion of the role of the

Public Land Law Review Commission in solving oil shale problems.

My short and direct answer is that we do have a role, but we will not

resolve all or even many of the problems. What then is the role of the Public

Land Law Review Commission?

B. Definition

Before we discuss the role of the Commission, we should identify the Com

mission. The Public Land Law Review Commission is a statutory body of 19

commissioners with a staff headed by a director and with an Advisory Coun

cil of 25 non-governmental citizens and 8 representatives of federal agencies.

In addition, the Commission has a potentially highly helpful liaison group

composed of a representative of each governor. These
governors'

representa

tives are actually representatives from the states, but we treat them as a part

Attorney, Salt Lake City, Utah; Member and Vice Chairman, Public Land

Imw Review Commission.
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of our official group. The Commission supplements its staff by use of con

tractors and consultants who prepare specific factual studies. All of these are

part of the Commission. In addition, we have witnesses, advisors, and numer

ous others who are deeply involved and interested in our studies. The re

sponsibility of making recommendations to the Congress and the President

rests solely on the Commissioners. These are the 6 appointed from the Senate,

the 6 from the House of Representatives and the 6 Presidential appointees,

plus the 19th member, Congressman Wayne Aspinall, who was selected by
the other 18 to be the Chairman. The reference to the Public Land Law Re

view Commission is very often abbreviated to the letters PLLRC which can be

pronounced, but not too favorably on the ears.

I may have a tendency to use the word
"our."

It may refer to my status

as a member of the Commission, but usually
"our"

includes everyone that

has any concern with the Commission's activities. It is intentionally so used

because the public land policies have too great an impact on every state and

each citizen to be entrusted without participating concern to the ideas, pre

dilections, or limited factual experience of the working members of
"our"

Commission.

Now what is the role that the Commission will take in resolving the prob

lems on oil shale?

Certainly, we of the Commission cannot make our final recommendations

without tackling the problems. Certainly, our studies and staff work are de

signed to give us, and we hope will give us, a solid foundation for forming
sound judgments.

However, we Commission members may hope, but not presume, and you

should not assume, that PLLRC recommendations if ultimately implemented

by the Congress and the Executive Department will produce the miracle solu

tion to our oil shale dilemmas. In view of the rather noticeable non-quiet ex

pression of diverse views on the oil shale problems, the word
"dilemma"

may

be more accurate than we might wish. A dictionary definition of
"dilemma'

is: "A situation involving choice between equally unsatisfactory
alternatives.'

To here is introduction. Now, my talk proposes to provide a brief histori

cal backdrop for the present existing problems ; a brief review of the present

program of study outlined by the PLLRC staff, its current status, and the

route to ultimate recommendations; and thereafter, let me give you a few

views on what has already been suggested as the unique feature of the oil

shale problems.

Finally, as time allows, will be the summary and tentative proposals and

predictions.
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BACKGROUND

First, a little background.

Oil Shale distillation is not new in the United States; yet it is doubtful if there

are many people alive who remember anything about the earlier industry. Before

petroleum was discovered in Pennsylvania, about 50 small companies in the eastern

United States were crudely distilling oil from shales; but after subterranean pools

were discovered these companies went out of business.

Long ago the Mormons also distilled oil from shale near Juab, Utah, where the

ruins of an old still can yet be seen. We are now about to return to this discarded

industry and produce hundreds of millions of barrels of oil where formerly the output

was comparable to the production of oil from sperm whales.

*******

The production of oil in this country, instead of decreasing, will continue to

grow; it will even, because of the shale resource, greatly increase its present immense

output of 340,000,000 barrels a year and will keep pace with the enormously increasing
demand. No one may be bold enough to foretell what tremendous figure of production

may be reached within the next ten years.

Guy Elliott Mitchell of the U. S. Geological Survey wrote those words in

the National Geographic Magazine of February 1918.

Here are some summary remarks by the President of the Colorado School

ofMines in that school's Quarterly :

1. The oil shale industry has reached its greatest development in Scotland, where

it was established in 1850. Next in importance comes France and then New South

Wales.

*******

5. The production of crude oil alone from shale probably can not now compete

commercially with oil from wells. However, the increased demand for oil, the de

creasing production, the steadily enhanced price on the one hand will be met by an

almost inexhaustible supply of oil shale, cheap mining, improved methods of dis

tillation and valuable by-products, which will undoubtedly, in the very near future,

make the oil shale industry a strong competitor of the oil well and in the by no means

distant future its successor.

*******

8. An investment of $150,000.00 is as small as can be safely counted upon to make

a single project successful.

*******

***features combine to make the oil shale deposits of Colorado the most valuable

deposit of their kind in the world.

The President of the Colorado School of Mines, Dr. Orlo Childs, is a

gentleman of major contributions in many fields, including that of oil shale

problems. But these are not his remarks. The quoted words were written by
President Victor C. Alderson in April 1918.

Shale deposits are known in many states, but those of Colorado, Utah, and

Wyoming are recognized as the most significant. Estimates are that some 75

to 85 percent, depending on whether you consider acreage or estimated re-
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serves, are owned by the Federal Government. Even patenting of all unpatent

ed claims would not completely alter the dominance of federal ownership.

Prior to February 25, 1920, the effective date of the Mineral Leasing Act,

oil shale was a locatable mineral and substantially all areas then known, or

believed, to contain oil shale were covered by claims under the federal mining

laws.

After 1920, oil shale leases were to be the procedure for making federally

owned deposits available for development. Reports conflict as to how many

leases have been issued in the last 48 years. It is reportedly one, but the figure

may be double or triple that number.

Efforts to patent were active in the 1920's, a substantial amount with suc

cess, but not always without contest. State claims to school sections with oil

shale were denied until the Jones Act of 1927 removed the court established

denial of the right of states to receive their school sections even though miner

al. Here is one summary of the problems :

Though Western states would like to have the control and disposal of these public

lands, they are by law the property of all of the people of the United States. The only

exceptions are .thoseareas which, under the mining laws, have passed or lawfully
should pass to private ownership. But since Congress enacted the Federal Oil and

Gas-Leasing Act of February 25, 1920, a definite stop was put to the old practice

and system of giving ownership of public oil lands to private interests or individuals.

Those who had, under the original mining laws, gone ahead in good faith and in com

pliance with those laws to gain outright ownership of oil lands were, of course, en

titled to be excepted. They were permitted by the leasing act to take whatever steps

remained to be taken to gain their outright titles. All other oil lands were by the

act reserved for leasing only.

*******

But the all-important question that was at once presented was: How many of

the claims asserted were valid at the date of the leasing act and had thereafter been

faithfully and lawfully maintained under the law.

Those words were written by Ralph S. Kelley in the first of his articles

on how "favorites got oil
billions."

These articles ran in the New York

World issues of October 6 through 19, 1930. Kelley 's accusations denounced

Interior officials and private interests and their attorneys because his recom

mendations as Chief of Interior Field Investigations, with headquarters in

Denver, were not in all cases accepted. Principally he contended that the

Freeman vs. Summers ruling of September 30, 1927 (52 L D 201) improperly

eliminated the test of discovery as to oil shale claims. Another major conten

tion was that failure to do assessment work in any assessment year after Febru

ary 1920 voided such claim. He contended that Krushnic vs. Wilbur opinion

of the Supreme Court in January 1930 (280 U. S. 306) supported him.

However, that case denied such grounds if assessment work had been re

sumed. Immediately the Interior Department sought to use the apparent loop-
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hole, but in the decision of Ickes v. Virginia Colorado Development Corpora

tion (295 U. S. 639) the U. S. Supreme Court also closed the door on actions

where assessment work had not been recommenced prior to the start of ad

verse proceedings.

The Kelley charges were investigated and answered, even if not laid to

rest, by the extensive October 24, 1930, report of Assistant Attorney General

Seth W. Richardson. Mr. Richardson, among other statements, referred to :

". . . what was generally understood as the attitude of the present administration

toward national resources in oil as evidence by the Oil and Gas Withdrawal Order

of 1929, and the Oil Shale Land Withdrawal Order of April 15,
1930."

and to :

The anomaly presented by the Kelley charges of connivance by the Interior De

partment in excessive and flagrant disposals of oil shale lands, in view of the con

stant complaint during the last few years by locators, claimants, oil companies, attor

neys, and state and United States officials that the Interior Department was main

taining a policy with reference to its oil shale lands intentionally calculated to pre

vent even lawful bona fide claimants from securing the patents to which they were

entitled under the law; and that a condition of negligence and worse could exist at

the same time under the popular understanding and appreciation of the so-called

Hoover Conservation Program.

You know of the periodic outbursts of enthusiasm for this great new in

dustry, with particular reference to the 1940's and the 1960's.

You also will know the more recent developments: The Union Oil Com

pany departmental decision of April 17, 1964 (A-29560, 71 I.D. 169) ; the

"Interim Report of Oil Shale Advisory
Board"

to the Secretary of the Interior

in February 1965; the rash of some
"pro"

and many
"con"

newspaper and

magazine articles and speech throughout the country concerning oil shale de

velopment; the emerging role for court review of Interior rulings under the

1962 Jurisdictional Act for District Courts outside the District of Columbia;

the Senate Judiciary Subcommittee on Antitrust and Monopoly hearings on

"Competitive Aspects of Oil Shale
Development"

in April and May, 1967;

the Senate Interior and Insular Affairs Committee hearings on the "Federal

Oil Shale
Program"

in February and September 1967; and the various pro

posed regulations of the Secretary of the Interior purporting to provide a

leasing system. There are other developments, but here we are in 1968 with

no federal oil shale leases, no final regulations, the 1930 oil shale withdrawal

unlifted, and the mining claims under further review. Even so, enthusiasm

and the will to try for such an oil shale industry still survives.

PLLRC OIL SHALE STUDIES

Questions heard regarding federal oil shale lands can be simply stated :
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1. Should such lands be developed?

2. Should unpatented mining claims be cancelled first?

3. Should non-federal development be allowed by lease ; and

4. If so, for what objectives and to what degree shall federal control be

applied?

The PLLRC recommendations cannot avoid these questions as to federal oil

shale lands, any more than as to other federal lands.

At the Third Annual Oil Shale Symposium in April 1966, the then Chief

of the Resources Group of the Commission Staff, Neal Nelson, was with you.

His
"remarks"

described organization of the Commission, certain background

in the public land laws to show the laws proliferation and divergence, some

data, and the proposals of the staff as to the content and procedures for legal

and resource studies and for the organization to be assembled. He sketched

in "broad outline our probable approachs to the study of public land oil shale

policy."

Mr. Nelson identified :

1. The legal-administrative problem over oil shale mining claims which

requires study of

the claims dispute and the policy which has prevailed since enactment of the Mineral

Leasing Act of 1920 to ascertain as accurately as possible the nature of the principal

elements which have worked against a free and thorough execution of the oil shale

leasing policy reflected in that law, and the reasons why they have produced that result.

The outlook for national energy needs and the prospect of satisfying those future

needs with various energy materials

including oil shale, and

the probable public policy requirements necessary to the development of an industry

dependent upon public land oil shale.

i

o.

Review and evaluation of the state of technology for extracting oil from shale,

including

emerging technological developments, and the identification of promising areas for

new and needed research efforts.

4.

Consideration of the impact of a prospective oil shale industry upon local and re

gional growth.

5. Consideration of proposals of



Public Land Law Commission 7

differing institutional arrangements around which the development of public land oil

shale could or should be structured.

Illustrative proposals ranged from

quick alienation of title and strict dependence on the private sector for development,
up to complete development by government.

In the 2 years since April 1966, there has been considerable consideration

of these problems. Oil shale as a resource is one of many resources which

may be found in federally owned lands. However, oil shale may provide a

key study uniquely illustrating the problems as to all resources on public lands.

The Commission staff has devised studies to develop data to answer these

and related oil shale questions. Comments and suggestions have been widely

solicited. The Commissioners have taken no formal actions to expand or re

strict such studies as proposed. Recognize, however, that the staff studies are

designed to provide by cross-coverage, views from all positions of bias. Hope

fully, what one study misses another provides. Should the studies result in

factual material that restricts the alternative approaches, and if we so identify
such restrictive character of the studies, then, of course, the Commissioners

will be required to act to remedy any deficiency. What action the Commission

members will adopt is, at this stage, a matter of pure educated surmise.

What are the pertinent studies and what is their present status?

Thirty-four named studies have been proposed by the staff. Some will

be prepared by regular staff personnel, some by consultants, some by contract,
some by combination. Each study to be contracted is preceded by a study

outline prepared by the staff. Most have been circulated for comments. Pre

sumptively, each study to be performed, other than by contract, will also be

preceded by such a study outline. None have yet been provided for comments.

Contracts are negotiated on the basis of a Request for Proposals (RFP) which

incorporates the study outline with any revisions and certain other essential

information. For non-contract studies the study outline would not need to be

followed by an RFP.

The status of the 34 studies with special comments on pertinence to oil

shale follows:

1. The History of Public Land Law Development.

Dr. Paul Wallace Gates of Cornell University is doing the overall study

with Robert Sorensen of the University of Utah Law School doing the special

sections on mineral law history. Final manuscripts are scheduled for May

1968 delivery. No date for general availability has been stated. The history

is being done by consultants. No study outline or RFP has been made avail

able. Until reviewed, pertinence to oil shale is an unknown, but omission

would be unexpected.
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2. Revenue Sharing and Payment in Lieu of Taxes.

EBS Management Consultants, Inc., Washington, D.C. is the contractor.

Delivery to staff is expected May 1968. There is much pertinence to oil shale,

since none or little revenue from federal oil shale has been available. Ab

sence of any lease or other revenue from federally owned resources certainly

requires attention. Also, estimated oil shale collections undoubtedly will create

demands for changes in present percentage divisions and possibly for in

creased recipients.

3. Digest of Public Land Laws.

Shepard's Citations, Inc. of Colorado Springs, Colorado, is the contractor.

Arrangements for publication are being made. Date of availability is unan

nounced. Coverage of all oil shale statutes is presumed.

4. Forage.

Contractor is University of Idaho with delivery due to staff March 31,

1969. Pertinence to oil shale is as an actual or asserted conflicting use.

5. Administrative Procedures.

Contracted to University of Virginia with completion scheduled Novem

ber 31, 1968. Pertinence to oil shale apparent, but to be ascertained from

coverage of final study.

6. Land Exchange and Acquisitions..

Request for Proposals to be circulated in April or May. Eight months is

the estimated contract time. If oil shale holdings are to be blocked by federal,

state, or private owners of scattered acreage, this study is highly pertinent to

oil shale.

7. Withdrawals and Reservations.

Contracted to Charles F. Wheatley, Jr., Esq. of Washington, D.C, with

completion due May 1968. Practices and theory should shed light on oil

shale actions, positive or negative.

8. Alaska.

Contracted to University of Wisconsin with completion scheduled Decem

ber 31, 1968. Except as to related practices and policies, oil shale has little

other relation.

9. Future Demands for Commodities Producible on Public Lands.

Contract with Robert R. Nathan Associates, Washington, D.C, with manu

script delivery scheduled April 1968.

This study proposes to provide information on future demand for com

modities produced in past on public lands. This is but one of several studies

designed to meet the statutory mandate that the Commission shall
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compile data necessary to understand and determine the various demands on the

public lands which now exist and which are likely to exist within the foreseeable

future.

Obviously, no such projection can be made without assumption of some

fixed level of public lands of a certain character. If this were the only pertin

ent study, there would be an assumption of the Federal Government making no

changes in its present ownership. Since dispositions of the oil shale resource

can henceforth be only by lease, the significance to oil shale is less than it

would be to the livestock industry.

10. Timber.

Contract negotiations are taking place now. Comment on forage study

and oil shale applies here. Estimated contract time is 10 months.

Let me, for the moment, skip over numbered studies 11 and 12, "Non-

fuel
Minerals"

and "Energy
Fuels."

13. Water

Contract negotiations taking place for a 10-month contract. No oil shale

operator can be without interest in this subject, but perhaps not most directly
in this study.

14. Regional and Local Land Use Planning.

Proposals are being reviewed by the staff for a 12-month contract. If for

no other reason, this study should help the oil shale operator identify his fre

quent companions of the future.

15. Outdoor Recreation.

Request for Proposals to be circulated in April or May for a 12-month

contract. As a potentially asserted conflicting use, the study is of interest for

oil shale parties.

16. Land Grants to States.

Is being done as a staff study. No outline or completion date provided.

The next, number 17: "Criteria to Judge the
Facts"

will also be given

treatment at the end of this list.

18. Use and Occupancy of Lands.

Requests for Proposals to be distributed in April or May for a 12-month

contract. This study covers uses of public lands not covered under other

commodity studies. Of importance to oil shale is potentially conflicting de

mands for land.

19. Fish and Wildlife-

Contracted to Colorado State University with completion scheduled De

cember 19, 1968. Potential conflict of uses is apparent.
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20. Intensive Agriculture.

Requests for Proposals is being distributed for an anticipated 12-month

contract.

21. Outer Continental Shelf.

Contracted to Nassaman, Waters, Scott, Krueger and Riordan, a Los

Angeles law firm, with the eminent association of Walter J. Mead of the Uni

versity of California at Santa Barbara as to economic aspects. Completion

date is scheduled for May 31, 1968. As a pattern of working federal pro

cedures in a wholly owned and governed area, this study may provide useful

leads for oil shale development.

All of the remaining title studies, from 22 through 34 are being studied

and analyses being designed. Four of them are proposed for contract, the

other nine for staff preparation. These are:

22. Organization, Administration and Budgetary Policy.

Proposed for a 10-month contract.

23. Economic Impacts.

Proposed for a 7-month contract.

24. Non-economic Impacts.

25. User Fees and Charges.

26. Disposal Techniques and Procedures.

27. Adjustment of Use Rights.

28. Multiple Use.

Proposed for a 10-month contract.

29. Federal Jurisdiction.

30. Inventory.

31. Environmental and Ecological Factors.

32. Appraisal Techniques and Procedures.

Proposed for a 10-month contract.

33. Trespass.

and

34. State Land Policies.

Now, let us return to the three studies most directly affecting oil shale :

No. 11 Nonfuel Minerals

No. 12 Energy Fuels

No. 17 Criteria to Judge the Facts.

The Nonfuel Mineral study has been divided into legal and resource

studies. The legal study will cover the mineral field presently coming under
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the laws on mining locations. In addition to the nonfuel minerals, uranium,

as a locatable material, has been included. There appear to be some residual

mining location problems pertinent to oil shale claims, even though no new

ones have been locatable since February 25, 1920. We would expect oil

shale to find a place in this study if not fully covered in the other studies.

The contract for the legal part of the Nonfuel Mineral study was signed

last Friday (April 26, 1968) with Twitty, Sievwright and Mills, a Phoenix

law firm of which Howard Twitty is the senior partner. The report is due

March 31, 1969.

The Requests for Proposals on the resource portion of the Nonfuel Mineral

study are currently scheduled for this month of May. A 12-month study is

the current projection. The proposed study plan was first circulated Decem

ber 21, 1967.

The Energy Fuel study (No. 11) was originally distributed as a proposed

study plan in February 1967. It evoked a few suggested changes. Subse

quently, such study was divided into legal and resource portions. No an

nounced change has been made in the estimate of a 12-month contract period

for the study. The resource section is under further study and a new analysis

is being designed by the staff.

The legal portion of the Energy Fuel study has been further subdivided

into four separate proposed contracts for "Competitive Oil and Gas Leasing
System,"

the "non-competitive oil and gas leasing
system,"

coal, and oil shale,

and asphalt.

On April 26, 1968, last Friday, contracts were issued for the last two.

The coal contract was signed with the University of Utah with a completion

date of November 30, 1968.

The contractor for the "Oil Shale and
Asphalt"

legal study is the Uni

versity of Denver, College of Law. Profession Gary L. Widman will be the

study director. Completion date is February 28, 1969.

Both the contracted studies and those in preparation contemplate exhaus

tive collections of data. We of the Commission certainly will know if we have

more than we need; we might not if we had less. Even more certainly the

staff will find out first as they weigh, or rather, evaluate the results of our

contracts.

In theory, the proposed studies will provide us with full factual data on

economics of the technology and mining of oil shale ; on the geology and as

sociated data and on ownership of the Green River Formation and its oil shale.

The staff anticipates adequate information to compare oil shale leases of

various acreage sizes and deposit richness and the size plant that could be set

up thereon. This would logically expand to include analysis of capital and
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associated costs, the required financial structure with various sized leases oi

acreage and richness and thickness, and other details.

It may be that the Commission will conclude that, regardless of the policy

proposals we adopt, such matters should be details for the administrative

agency. Avoiding the economic questions of lease size and capital investment

and operating costs would not necessarily eliminate our need to face a politi

cal question as to total acreage in any one lease, or total acreage by one

owner or group in a state, or as to all oil shale holdings.

It is further anticipated that adequate information will be accumulated to

consider lease arrangements as to royalties, terms, performance, and as to dis

posal and other possible lease conditions. The place of oil shale in a regional

economic situation and resulting support requirements may be ascertainable.

Certainly our considerations will require factual data to allow judgment on

which and by whom environmental effects can and should be considered.

Other factual analysis presently considered for the whole energy study are

effects of tax and import policy.

Again, the Commission may conclude its final recommendations should

deal with broader policy aspects of the public lands. As studies show other

alternative approaches or responsibilities on these matters, the public land

law policies to be resolved may be merged with those applicable to non

federal owners of like resources. In any event, the staff directed studies should

give us factual basis for decision.

This clearly focuses us on Study No. 17: Criteria to Judge Facts to

Determine Maximum Benefit for the General Public. The study plan was cir

culated for comment on April 5, 1968. There have been assorted ones. As

stated at Congressional hearings, this study is proposed to be done, at least in

part, by a 6-month contract. Application of criteria so developed could dictate

the nature of final Commission recommendations. It becomes the keystone in

the study arch. As it develops into acceptance, this study can be a tool, a brake,

or a prod for establishing or denying proposed governmental and sociological

motivated principles. Without such guiding criteria, we could never resolve

individual preferences or biases. As you might expect, the proposed study

plan is being reviewed and bi-sected, tri-sected, and multi-sected. The original

proposed study plan was as well conceived as could be hoped for at this stage.

It has generated discussion argument, proposed rewrites, and even agreement.

It has and will expose principles and truisms and, in others, biases and stub

bornness.

The Commissioners could meet for days on these
"Criteria."

If we did

so and succeeded in arriving at basic agreement, much collection of data could

be terminated or filed away Such meetings may be difficult since 1968 pro-
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vides alternate attractions to attention. Until agreement on this foundation for

our recommendations is reached, the staff has no choice but to move forward

in collecting a full across-the-board factual picture of the public land laws,

their scope, and their operation.

UNIQUE OIL SHALE PROBLEMS

At the first of this talk, I proposed to give you a few views as to why the

oil shale problems are a unique illustration of public land problems. We have

already suggested that federal domination of the oil shale deposits gives power

for extending sociological and governmental philosophies over and beyond

that available in other resource areas. There are other illustrations.

The oil wealth of the Outer Continental Shelf is wholly owned and may be

controlled by the Federal Government alone, but such area is not the control

ling source of oil as the Federal Government lands are of oil shale.

The cities of Los Angeles and New York may have greater environmental

problems than oil shale development would create in Colorado, Utah, and

Wyoming, but New York and Los Angeles are not dominated by federal

ownership of the land.

The annually collected income taxes from profits of natural resource com

panies may net the Federal Government, in every year, far more than the

government can collect in bonuses and royalties for resources from the federal

lands used by such companies. Certainly the income taxes from employees of

companies and individuals who are working to clear titles, obtain patents,

develop technology, find a lease, and in other ways contribute to oil shale

development far exceed the gross revenue received by the Federal Govern

ment from its oil shale lands. Use of the word
"net"

revenue was eliminated

as improper, since it would be an assumption that federal oil shale revenue

existed from which to deduct holding and protecting expenses of the govern

ment. Nevertheless, the federal oil shale areas are unique because they could

be operated as a government operation. "Big
Business"

could be denied tax

able profits from federally owned resources, and such
"profits"

could be ob

tained directly for the "general
public."

Not only that, but the net profit so

obtained would be tax free.

There is another element, the oil shale
"industry-to-be"

has long since

been adopted for haunting by the ghosts of Tea Pot Domes past. Is explana

tion needed?

Development of federally owned or assertedly owned oil shale reserves is

a political question it is the battlefield of conflicting ideologies as to what is

the "maximum
benefit"

from public lands for the "general
public."
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Sincere people may honestly disagree, but accurate and full factual data

can minimize such disagreements. The problem is the adequacy of such data

and its use. As to other disagreements, the data still helps. But time and

change may make differences immaterial. Witness the remarks of a learned

Congressman, who said :

The opening up of this great deposit *** under proper safeguards against monopoly

will be of enormous value to the United States.

He continued by saying that Congress should retain control to prevent a dis

reputable affair, that the only big deposit in the United States was under

control of Congress, but there seemed to be a plan to turn it over to a

syndicate.

Those remarks could have been recent references to oil shale. They
were not. They were made in debate on the Act of June 7, 1897 (30 Stat. 62)

regarding Utah Indian lands in the heart of the present oil shale area and

dealt with a "deposit of
asphaltum"

(30 Cong. Record, p. 104).

SUMMARY

This talk has attemped to show oil shale public land problems, to identify
their uniqueness, to describe the efforts of the PLLRC to obtain pertinent and

adequate facts, and to point out our efforts properly to identify elements of the

"general
public"

and of "maximum
benefit."

My conclusions and some predictions are these :

Private development of oil shale is tainted by past governmental scandals

that have no valid pertinence here or to the companies or people here.

Federal officials will not rule against asserted tests of "public
interest"

and "national
benefit,"

if the assertions are adequately clamorous.

The fighters for desirable and essential goals of environmental improve

ment, recreation opportunities, and other aspects of better living have cap

tured and are monopolizing the protective titles of
"conservation"

and "public
purpose."

Those who consider "conservation to be wise use of natural resources

that were placed here to be
used"

are at a disadvantage on public land unless

willing to accept a full time operating partner.

If the facts show and we so come to understand them, the Commissioners

can accept proper use of the public land resources for profit purposes as being
a part of the national governmental and public benefit.

In my opinion all these uses environmental improvement or protection,

recreation, other better living aspects, and proper use of public land resources

for profit are elements of "maximum
benefit"

for the "general public." But
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when conflicts develop, how can they be adjusted or decided with equity and

fairness to all elements of the public? Certainly I suggest we not exclude the

miner, livestock man, dude ranch operator, oil driller, and others who under

the laws are allowed to use public land resources in trying to make a profit.

After all, such a user has a partner who shares the net profits on a carried

working interest basis, the Federal Government. If resources are obtained

from the Interior managers of federal lands so that a profit, no matter how

large, is obtained, Interior and the nation may not have lost nor may the

profit be realistic. Interior's budget may be financed by funds collected by
the Internal Revenue Service for the carried working interest owner of about

half the net profits. That interest owner is the Federal Government.

As potential oil shale billionaires, do not expect your public image to be

altered over night. This is not your year for attention. But hopefully proper

acceptance of your efforts as an element of the "general
public"

and as a con

tributor to the "maximum
benefit"

may become sufficiently identified that

PLLRC may give it consideration in the final recommendations on public

land laws.



 



ECONOMIC ISSUES IN FEDERAL OIL SHALE LEASING

POLICY ALTERNATIVES

Walter J. Mead

Most of the natural resources in the United States are in public owner

ship and administered by the Federal government. While the Federal govern

ment is the landlord, it is not in the business of processing natural resources

and making products from them. Rather it transfers natural resources to

private industry for processing. In the case of timber, its standard policy is

to sell timber and retain the land. In the case of onshore minerals not in

cluded in the Mineral Leasing Act of 1920, mining claims may be filed and

when the locator performs specified activities he is entitled to a patent and

absolute title to the land. For oil and oil shale on a "known geological struc

ture"

the Mineral Leasing Act requires competitive bidding for leases. Au

thority to lease calls for leasing policies to be specified.

Public policy determination with respect to mineral leasing should ac

commodate the unique basic physical conditions of a resource and the in

dustry organized to process the resource. The decisions which are made by
private enterprise, however, are based upon profit calculations determined by
expected costs and expected revenues. Accordingly, the unique basic physical

factors may be resolved into economic factors. Optimum leasing policy must

then be consistent with economic factors peculiar to a given natural resource

processing industry.

The purpose of this paper is to identify those unique economic conditions

which should influence oil shale leasing policy. The paper will be in two

parts. First, those basic economic conditions governing a future oil shale

industry.willbe reviewed. Second, relevant mineral leasing policy alternatives

will be analyzed in terms of these governing economic conditions.

I. SOME ECONOMIC CHARACTERISTICS OF OIL SHALE PROCESS

ING THAT INFLUENCE LEASING POLICY DECISIONS

A. Uncertainty Concerning Present Value of Shale Resources

The value of shale resources to a prospective buyer, like the value of any

other economic resource, is a function of expected future revenue, minus all

costs, discounted to the present at a discount rate sufficient to return the
neces-

Professor of Economics, University of California, Santa Barbara.
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sary profit. Since there is no American oil shale industry and oil shale pro

cessing has never proceeded beyond the pilot plant stage, there has been no

demonstration that oil can be profitably produced from shale. The primary

source of uncertainty is technology which in turn is reflected in uncertain costs

of production.

The value uncertainty for oil shale may be compared to outer continental

shelf oil and gas resources. There is a high degree of certainty with respect

to the presence, the quantity, and the quality of oil shale resources compared

to oil and gas resources (in the submerged lands) ,
but much less certainty re

garding the technology and costs of shale recovery and processing. Before a

specific lease is offered for sale, it can be core drilled to provide reasonably

complete quantity and quality information to all interested buyers.

Since an oil shale industry does not yet exist, costs are subject to a wide

estimating error. TOSCO's published estimates indicate that hydrogenated

oil can be produced by mining and surface retorting at a total cost per barrel

in the $1.25-$1.30 range. This estimate is based on shale yielding 34 gallons

per ton and a 50,000 barrel per day
retort.1

Assuming a 30-gallon-per-ton

yield, rather than 34, and a 35,000 rather than a 50,000 barrel-per-day retort,

the U.S. Bureau of Mines estimated that hydrogenated oil could be produced

in Colorado at a cost of SI.82 per
barrel.2

These estimates are projections

from pilot plant data only. Whatever the costs may be from the first produc

tion plant we may be sure that the "learning
curve"

will sharply lower costs

in the first decade of a shale industry's life. Just as the costs of production

for television, atomic power generation, and desalinization plants have shown

rapid declines, so will a shale oil industry's costs decline as bottlenecks are

removed and more efficient methods are developed. While the operation of

a learning curve is expected, its cost effect is unknown.

The contrast in uncertainty with offshore oil prdouction is sharp. The tech

nology for oil production from submerged lands was learned through step-by-

step extension of onshore techniques. Costs of production are known within

a fair degree of tolerance. While costs are known, the presence of oil and its

quantity and quality are subject to uncommonly great uncertainty. In 1959,

23 leases were sold off-shore from Florida by the Bureau of Land Management

at bid prices totaling $1.7 million. Additional funds were spent by the lessees

in exploration without yielding any oil or gas production. All 23 leases have

been relinquished. As an extreme example, Humble paid $22 million to the

State of California for an offshore lease, then spent more millions without

ever finding a productive well.

The bidding record reflects this uncertainty. For example, in the February

1968 BLM California lease sale, a combine composed of Union, Gulf, Texaco,
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and Mobil bid $35.7 million for the same tract for which Shell had bid only
S128,000.3

The ratio between the high bid and Shell's low bid was 278:1.

Uncertainty of this magnitude can only be described as chaos. In sum, while

the present value of shale resources is subject to great uncertainty, the degree

of uncertainty is modest relative to the present value of off-shore oil and gas

resources. In view of the uncertainty about the cost of producing oil from

shale, it is difficult to estimate the value of the resource. Further, in view

of the highly probable dynamic changes which will affect values, long-term

commitments cannot be made with any degree of confidence.

The uncertainty characteristic is in turn related to lease policy. Where un

certainty is great, profit share or royalty bidding are more appropriate than

bonus bidding. From the buyer's point of view, the probability of a 100

percent loss and great gains requires that the buyer be large enough to spread

his investment over many leases in order to capture the benefits of the "law of

averages."

Thus, the inordinate risk is a barrier to entry for small firms. From

the government's point of view, there is a risk of political scandal. While in

the long run, bonus bidding will produce a "fair
price"

when competition is

effective, in specific cases, a gusher may be sold for a modest bonus. Royalty
or profit share bidding permits a closer correspondence between ultimate

productivity and lease charges. On the other hand, where future costs and

revenues are subject to a narrow margin of error, bonus bidding becomes

more appropriate. The bonus in such cases is simply calculated as the present

value of estimated future net income.

B. Royalty is a Non-Real Incremental Cost

Bonus and royality payments to the government for the use of oil and gas

or oil shale resources constitute an economic rent accruing to the government.

It is a price received by society collectively for transferring its resources to

private ownership. Royalty payments are a function of production. In the

case of oil, as a new field is opened and production begins, underground

pressure is first high and then declines as production proceeds. Secondary re

covery operations may be used to stimulate pressure. But ultimately, a point

will be reached in the life of an oil field when the incremental cost of pro

ducing additional oil equals its value. At this point production should cease

and the field should be abandoned, from the point of view of the operator.

However, if a field is abandoned at this point, it probably will never again

be reopened since its incremental costs would then include the costs of re

establishing production as well as variable operating costs. In other words, if

an oil well is abandoned the remaining oil in the ground is lost forever (or

has approximately zero present value) .

If-
at this point, royalty rates are re-
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duced to zero, society loses nothing since the alternative is abandonment and

total loss. Royalty charges become a non-real cost. The same line of reason

ing applies to oil shale resources. The best resources are normally exploited

first, leaving the thin veins, the distant, deep, or otherwise less accessible ones

until last.

Dollars

per

barrel

3.00

Incremental

revenue

Incremental coet

(including royalty)

Incremental cost

(excluding royalty)

Y X Output

Figure 1 . Model of incremental output problem

This problem can be illustrated with the aid of figure 1. The horizontal

line shows that revenue per barrel of oil is approximately constant at $3.00

per barrel as a given oil well or shale reserve is exploited. As a specific lease

reaches its point of exhaustion, the incremental cost of production excluding

royalty rises and crosses the revenue line at point X. In the absence of a

royalty payment, recovery would be discontinued at this point since the in

crement in cost equals the increment in revenue. This is the optimum point

for efficient resource utilization because the incremental cost of resources used

up equals the incremental gain of new resources. If a substantial fixed royalty

charge is levied in addition and is payable per barrel of oil recovered, then

the incremental cost including royalty lies above the incremental cost of real

resources as shown. Now recovery would be discontinued at point Y. At

this point, however, the producer stops short of optimum resource utilization.

At point Y, the incremental value of resources used up is YA, whereas the

incremental value of resources that might be gained is greater at YB. Point

Y is where a fixed royalty charge becomes a non-real cost. Thus, fixed royalty

payments calculated and payable on a unit of production basis, result in pre

mature abandonment and misallocation of resources and consequently should

be avoided.
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C. Competition for Oil Shale Leases May Be Unreliable During

the Early Years of the Industry's Life

In at least the early years of an oil shale industry, the potential partici

pants will be few in number. The number will be limited by two factors:

First, there appear to be only about 20 firms, at most, that have a sufficient

technological background to be considered serious contenders for oil shale

leases. Second, the capital requirement for entry, including a retort and an

upgrading plant to produce synthetic crude, but not including the cost of

the resource itself, is estimated at SI50 million. Thus the barriers to entry

at least initially are relatively high. Further, any bonus cost of the resource

itself will add to the capital cost and the bigger the unit of sale, the greater

will be this additional barrier to entry.

Effective arm's-length competition for oil shale resources is further called

into question by the existence of a multitude of joint ventures in the oil

industry. A detailed study of international oil companies found that "the out

standing characteristic of the world's petroleum industry is the dominant

position of seven international companies including five American
companies."

This study further concluded that "in 1949, the seven in

ternational petroleum companies owned 65 percent of the world's estimated

crude oil
reserves."4

The competitive implications of these findings are stated

as follows: "Such a maze of joint ownership obviously provides opportunity.

and even necessity for joint action. With decision
-making thus concentrated

in the hands of a small number of persons, a common policy may be easily
enforced."0

Since this study was written, there has been some deconcentration

due to the break-up of Stanvac and Caltex.

Domestically, as internationally, widespread use has been made of the

joint venture organization to perform various functions. This device unites

two or more companies as partners for some specific purpose. It has been

noted that "perhaps in no other American industry is there so much use made

at present of the joint venture corporation as in the oil and gas
industry."6

For example, the Colonial Pipeline Company is a joint venture organized to

construct a $350 million, 1,600-mile pipeline in the United States. The part

ners in this joint venture are nine large and fully integrated American oil com

panies. In the offshore oil and gas resource market where the risks of loss

are great and capital requirements are high, joint ventures are common. For

example, in the Gulf of Mexico and the Pacific coast regions, 1,307 oil and

gas leases were awarded from 1954 to date of which 455 (33 percent) were to

joint
ventures.7

Joint ventures among oil companies extend far beyond joint bidding for

leases and pipeline ownership. There is a multitude of joint ventures in re-
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lated enterprises such as petrochemicals and in foreign operations. An ex-

extensive but incomplete survey of joint ventures between 32 oil companies

included in the Fortune magazine list of the big 500 industrials for 1964

revealed that the largest U.S. oil company, Standard Oil of New Jersey, had

partnership arrangements with 27 out of 31 possible other oil companies. The

second largest company, Mobil, had joint venture arrangements with 28 out

of 31 possibilities, excluding only 3 relatively small companies, Common

wealth Oil Refining, Hess Oil and Chemical, and Kern County Land (now

Tenneco )

Joint ventures are in many cases thoroughly justified on economic grounds.

First, the capital requirements for achieving optimum scale economies may

be so great that only a few presently existing firms are potential entrants. A

combination of two or more existing firms through a joint venture may per

mit entry. Second, risks associated with entry and operation in a given in

dustry or geographical market may be so great that few or no existing firms

are able or willing to assume such risks alone. Third, separate operations may

be economically wasteful as a means of performing some necessary function.

This is the conventional "natural
monopoly"

case. A joint venture may permit

the few firms interested in performing a given function to join together and

not only safeguard whatever legitimate economic interest is involved but to do

so more efficiently as well. The Colonial Pipeline joint venture may be an

illustration not only of this third point but the heavy capital requirement

point as well. Finally, a joint venture may be justified where a large invest

ment is expected to produce important external economics that accrue indis

criminately to firm in a given industry, rather than primarily to the investing

firm. For example, expensive research in in situ retorting of oil shale involv

ing nuclear fracturing may produce non-patentable processes and information

that quickly become public property.

While many joint ventures may have adequate economic justification,

they still raise doubts about the ability of firms that are partners in a series

of horizontal joint ventures to effectively compete at arm's-length where

competition rather than cooperation is expected. The hypothesis that compe

tition will be restrained has been tested in the market for publicly owned gas

and oil resources. The findings are particularly relevant for the future market

in shale since it will be quite similar in structure, capital requirements, and

risk to the outer continental shelf and Alaskan oil and gas resource markets.

The competitive effects of joint bidding have been examined; first, inde

pendent of time, i.e., among the several tracts offered for competitive bidding

within any given sale; and second, over a series of sales in successive points

in time.
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First, in any given sale it is obvious that when two or more firms, each

able to bid independently, combine to submit a single bid, that one or more

interested potential bidders have been eliminated. Further, it can be shown

that within any given sale and geographical market, for example, Alaska or

the Gulf of Mexico, when firms are partners in a joint bidding venture they

very rarely bid against each other for other tracts offered as part of the same

sale. In Alaska where 885 bids were examined, only 16 cases were found

where partner firms bid against each other in the same sale in which they had

participated as joint
bidders.9

As one should expect on theoretical grounds,

simultaneous joint bidding and competitive bidding between the same firms

is a rare event.

The high bid for any one lease is positively correlated with the number

of bidders. In the Gulf of Mexico, 43 percent of the variation in the logarith

mic value of the high bid for BLM oil and gas leases can be accounted for by
the log of the number of bids submitted for each lease. In Alaska state leases,

the coefficient of determination between the same variables is 31
percent.10

On the other hand, as part of a combine any one firm is able to partici

pate more frequently than would be possible if joint bidding were not permit

ted. The total financial exposure could be the same in either case and the

total number of bids submitted could also be the same. The risk of great

gains or great losses for any one firm would be reduced as a member of a

combine. But in any given sale, the combine, having eliminated some bidders,

might have restrained competitive bidding.

If the partners to a joint bidding arrangement are not able to bid inde

pendently because of the risk and capital requirements, then a combination

not only does not eliminate bidders, it increases the number of bidding units

by one. To illustrate this point with an obvious example, in the February
1968 Federal oil and gas lease off-shore from California, one sale was won

by a combine of seven small
firms11

bidding $43.5 million. Probably no one

of these firms could have bid alone high enough to have won this sale and to

risk losing their bonus plus exploration costs.

Second, over a series of sales, the effects of any joint-bidding arrangement

on bidding within the same geographic market and in adjacent markets has

been analyzed. This included an examination of the effect of combine bidding

on the subsequent bidding pattern of former partners in the 2-year period

immediately after a bidding combine has ceased to operate, then in the second

2-year period. If a j oint bidding partnership does not in fact restrain bidding

among the former partners in subsequent sales, then we would expect to find

former partners bidding against each other with the same frequency that they

bid against other contenders. However, the analysis showed that in the first
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2 years after a bidding partnership breaks up, former partners do not come

into bidding conflict as frequently as chance would dictate. But in the second

2-year period, the old partnership ties seem to have weakened with the result

that random results occur. These findings hold for both the Gulf of Mexico

and the State of Alaska oil and gas lease sales.

Cooperation among horizontally related partners not only tends to be

limited over time, it is also limited geographically. The bidding record of ten

large oil companies with joint bidding ventures in Alaska, off-shore California,

and in the Gulf of Mexico was analyzed to determine whether bidding part

nerships in other geographical areas affected bidding behavior in Alaska. The

results showed that bidding partnerships in other areas had no significant

effect on bidding in
Alaska.12

Thus, the record appears to be consistent with the hypothesis that joint-

bidding ventures restrain competition among the partner firms, although such

restraint is limited in both time and space. Joint ventures among horizontally

related firms represent a red flag for effective competition. If there are

many competitors including the joint ventures, then the consequences of joint

bidding may be unimportant. But if competitors are scarce, then joint ven

tures may limit competition and the consequences may be costly. Preliminary

analysis indicates that we will probably have no competitors to spare in the

first few oil shale lease sales.

D. Different Recovery Methods May Require Different Lease

Approaches

Oil shale is a heterogeneous resource. Some shale reserves lie exposed as

outcrops, whereas other reserves lie below as much as one thousand feet of

overburden. Similarly, the oil content per ton of marlstone rock varies widely

from a negligible content to as high as 75 gallons per ton of rock.

Some oil shale mining methods, such as room and pillar mining, may be on

a small scale basis and permit relatively small leases, which in turn minimize

the risk due to dynamic changes in costs. On the other hand, if open pit

mining is used where the oil shale thickness is two thousand feet and lies under

one thousand feet of overburden, the optimum scale of operations must be

immense. Uncertainty is correspondingly larger and sale terms will neces

sarily emphasize royalty payments or a profit share rather than place primary

reliance on a bonus.

The policy recommendations outlined below apply primarily to the small

scale methods room and pillar mining or some similar mining process. They

do not apply to the in situ process or to large scale open pit mining in the

heart of the Piceance Basin. In my opinion, the smaller scale methods are
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more appropriate for the early years of a shale industry when all phases of

the industry are subject to unusual uncertainty.

II. LEASING POLICY ALTERNATIVES AND
RECOMMENDATIONS13

A set of policy recommendations inevitably reflects the author's system of

values and the policies which a nation ultimately accepts will reflect society's

value judgments. The policy recommendations which follow have been formu

lated within a system of personal values which appear to the author to be

generally accepted in American society. These guiding economic values may

be set forth as follows: The basic economic problems of (1) who among

several potential lessees is to be selected as the lessee, (2) how much of the

resource is each lessee to obtain, (3) what price is each lessee to pay for the

resource, and (4) how is he to process the resource into oil products, should

all be determined insofar as possible by competitive processes. Where compe

tition is in any way restrained, the public interest should be protected through

minimum refusal prices. Negotiated solutions to the above basic economic

questions should be avoided in favor of impersonal market solutions. The

rules for exploiting the resource should be set prior to the point where market

judgment is exercised and should not be changed during the life of a given

lease. The value of the resource should be maximized for the buyer and

therefore to the seller representing the public interest. This requires that regu

lations which are costly to administer for both buyer and seller should be

avoided where possible. Regulations which have a greater social cost than

social benefit should be avoided. These basic economic value commitments un

derlie the recommendations which
follow.14

A. Should Competitive Bidding Be By Oral Auction Or

Sealed Bidding?

Present regulations permit either oral auction or sealed bidding methods.

In the highly developed auction markets for timber in the Pacific Northwest,

oral bidding is used almost exclusively by both the U. S. Forest Service and

the Bureau of Land Management. These decisions reflect a strong preference

on the part of timber buyers. In oil and gas resource markets, the University

of Texas uses oral bidding for lands within its jurisdiction. The State

of New Mexico uses both oral and sealed bidding procedures. On the other

hand, the Bureau of Land Management in all of its on-shore and outer-con

tinental shelf oil and gas leasing uses sealed
bidding.15

Under either bidding procedure, potential bidders normally prepare in

advance of bidding their own estimate of the value of the resource being
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offered. In an oral bidding situation one is then confronted openly with his

bidding opponents, if any, and has an opportunity to react to their bids. Thus

the identity and strength of competition is known before bidding is closed.

In single bidder situations, or where competition is restrained, oral bidding

is normally limited to the minimum acceptable price. Where competition

is vigorous, and possibly even cut throat, prices may be bid far above the

minimum price. In contrast, under sealed bidding procedures, the bidder

never knows with certainty how many bidders will be present or their bid

prices until it is too late to change his bid. Uncertainty about the strength

of competition is a distinguishing characteristic of sealed bidding procedures.

As a result of uncertainty, under sealed bidding procedures bidders tend

to adjust their estimate of value with another estimate of the strength of com

petition, and then to cast their bid. One force, knowledge that there is no

second opportunity to bid on the same tract, tends to press sealed bidding
upward. Another force, fear of leaving an excessive and embarrassing

amount of "money on the
table,"

tends to restrain sealed bidding. In oral

bidding, the high bids seldom exceed the second high by more than one per

centage point. In a recent Alaskan sale under sealed bidding conditions, the

high bid of Tenneco Oil Company, bidding $826,446 for a single tract, ex

ceeded the second high bid by a ratio of 91 to
1.

In the 1968 California

BLM oil and gas sale, Humble bid $27.8 million to win a tract and left $24.8

million "on the
table"

over the second high
bid.17

Because the oral auction

bidding procedure allows bidders to react to the bids of others, and because

competition is known and varies all the way from non-competitive to intensely

competitive, oral bidding sales yield a much wider range of values than is

present in sealed bidding sales. In the State of New Mexico where both

methods are utilized, oral auction sales produced a standard deviation of

$100.33 compared to a standard deviation for sealed bidding of only $27.85
18

The choice of bidding method should be determined by the basic economic

characteristics of the acquiring industry. In the case of oil shale, the domin

ant characteristic which should determine the bidding method is the question

able competitive structure of the future industry, characterized as it is likely
to be by relatively few bidders who are business partners in a multitude of

joint ventures. As indicated in detail in Part I, there are substantial doubts

about the ability of potential lessees to compete at arm's-length with one an

other. In this situation, the uncertainty feature of sealed bidding becomes

important. Not knowing with certainty who will be bidding or how much

may lead firms to submit what they believe to be a winning bid. Sealed bid

ding minimizes the opportunity for either implicit or explicit collusion among
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bidders and improves the probability that the public owners will obtain a

competitive price for the resource.

B. What Should Be The Object Of Bidding And What Prices Should

Be Fixed?

There are two functions performed simultaneously by the bidding process :

one is to select the lessee by the impersonal market process, and the other is to

determine the price.

Four alternative objects of bidding may be identified. First, bidding
may be limited to the bonus paid by the lessee to the lessor. This method

is used exclusively by the Bureau of Land Management in its oil and gas

leases, both continental and off-shore. The Bureau of Land Management also

uses bonus bidding for its timber resources in the Pacific Northwest. The

principal advantage of using the bonus as the object of bidding is that it

avoids a mis-allocation of timber resources. The principal disadvantage is that

a cash payment amounting to the discounted value of the full economic rent,

minus any royalties and annual rent, is required at the time of the auction.

One adverse consequence is that barriers to entry are increased. Another

may occur if the discount rate employed by the high bidder is greater than

the social time preference. In effect, society must accept the buyer's time pre

ference rate.

Second, bidding may be limited to the amount of the royalty. The State

of California allows its State Lands Commission to select either bonus or

royalty bidding for oil and gas leases. The U.S. Forest Service uses royalty

bidding in its timber sales. The advantage of royalty bidding from the buyer

point of view is that it shifts some of the risk from the buyer to the seller.

The specific risks shifted involve primarily the presence and quantity of re

sources, and secondly, their market prices. Further, the barrier to entry and

discounting problems resulting from bonus bidding are avoided. But royalty

results in under-utilization of shale resources due to the non-real incremental

cost characteristic analyzed previously.

Third, bidding may be on a profit share. For the vast oil reserves in the

offshore East Wilmington oil field in California, bids were invited on the

percent of profit which would be paid by the buyer. In the largest unit of

this sale involving 80 percent of the field's oil reserve, the successful bidder

was the so-called THUMS
group.19

This combine bid 95.56 percent of the

net profits from crude oil production and obtained control over distribution

of the oil. The advantages of profit share bidding are: first, great risks

and uncertainties are shared between the buyer and the seller; second, since
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it does not impose a fixed incremental cost on each unit of production, the

disturbance of optimal resource allocation is minimal ; and third, as in royalty

bidding, the barrier to entry and discounting problems are avoided. The

principal disadvantage of profit share bidding is administrative. In order to

protect the public interest, the government must obviously audit the operator's

accounting records and pass judgment on expense allocations as well as on

revenue estimates. Revenue is not an arm's length, objective transaction

when the product is processed in the buyer's plants. Expensive administration

and even adjudication must be expected as conflicts arise between the interests

of the buyer and seller.

Fourth, bidding may be on two or more objects simultaneously. The state

of Louisiana permits combined bonus and royalty bidding. For example, one

firm may bid $100,000 bonus plus 1/8 royalty, while another firm may bid

a lower bonus, $75,000, and a higher royalty, 1/6. Further, one firm may

submit several bids involving different combinations of bonus and royalty

offers. The obvious disadvantage of this system is that where combinations

overlap, as in the illustration above, it is mathematically impossible to ob

jectively determine which bid is high where the presence and quantity of the

resource is unknown. Selection of the high bidder becomes a subjective judg

ment which must be exercised by the State Mineral Board. The administrative

board then becomes vulnerable to the charges of favoritism and corruption.

One would be hard pressed to name any advantages which would offset this

problem arising out of mixed bidding objectives. If one believes that the

public administrator has better knowledge of future production than the bid

ders have, then a claim can be made that the government can maximize its

income by selecting the highest royalty when a productive field is likely to be

discovered and selecting the highest bonus for unproductive leases.

The guiding principle in selecting the object of bidding from the four al

ternatives given above concerns the degree of uncertainty about the quantity

and value of the resource being transferred. Where this uncertainty is rela

tively low, bonus bidding becomes more desirable from the point of view of

optimum resource utilization.

Bonus bidding with a low royalty and a high annual rental
requirement20

is recommended as the means of buyer selection and price determination for

oil shale leasing where the relatively small scale mining methods are used

(such as room and pillar mining). Since the presence of the oil shale re

source is positively known and a great deal is known about its quantity and

and quality, there is much less value uncertainty involved in oil shale bidding

than in outer continental shelf oil bidding. There is greater uncertainty in
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the cost of production, but this degree of uncertainty will be substantially re

duced as production
commences.21

C. How Should The Sale Size Be Determined?

In selecting the size of a shale resource parcel to be offered for lease, the

hazards of "too
small"

and "too
large"

should be clearly understood. Regard

less of the method of mining and retorting employed, a large capital invest

ment is required for mining and processing oil shale. The minimum capital

investment is believed to be about $150 million for mining, crushing, retort

ing, and up-grading facilities. This investment will be far higher if deep
open-pit mining is used in the center of the shale region. If the size of the

lease parcel is too small, it will not permit an operator to fully amortize the

investment required for efficient processing.

On the other hand, the hazard of very large initial lease blocks is that,

given the technological uncertainty present in this non-existing industry, great

pricing errors can be committed which would prove embarrassing to either

or both the lessor and lessee.

Further, the quality of the shale resource varies geographically. This fact

makes any minimum or maximum based on acreage unreasonable. For ex

ample, in the center of the Piceance Basin where the shale is about 2,000 feet

thick and contains an average of 25 gallons of kerogen per ton of rock, the

recoverable oil content under an acre of ground is about 50 times the oil

recoverable under a similar acre containing shale only 100 feet thick and yield

ing 10 gallons per ton. Thus, any attempt to fix an optimum parcel size in

terms of a fixed number of acres would produce unreasonable results.

The optimum lease parcel should be calculated in terms of the quantity of

oil shale needed to amortize the probable optimum processing facilities. Most

current estimates hold that the initial retorts will be constructed to produce

approximately 50 thousand barrels of oil per day or 18 million barrels per

year. If a minimum amortization period necessary in order to bring forth

the required processing investment is 25 years, then we may calculate that

the minimum lease parcel should be that which will yield about 450 million

barrels of shale oil. Assuming a 75 percent extraction rate of shale from a

mine by the room and pillar method and a 90 percent retorting efficiency,

about 200 acres in the heart of the Piceance Basin where the shale is 2,000

feet thick and yields an average of 25 gallons per ton would provide an ade

quate parcel for initial leases. Additional land would be necessary for a mine

shaft, processing facilities, and a disposal area for spent shale.

The optimum lease parcel calculated in this manner would be fully ade

quate to justify an investment in an efficient plant. It would also minimize
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the effect of any errors arising out of the inevitable cost uncertainty present

in the early life of a new oil shale industry. A series of relatively small tracts

as calculated above should be offered at regular intervals, perhaps one every

6 months. There should be no limit on the number of leases acquired by any

one lessee. This provision would be necessary in order to provide an economic

incentive for each operator to fully maintain and modernize his production

facilities and still permit an adequate period for amortization. Thus, it would

be presumed that subsequent leases could be obtained by an efficient and pro

fitable operator in order to insure continuous production. Sale of subsequent

leases, however, should be on the basis of competitive bidding only.

Free transfer of leases between lessees should also be allowed, with one

limitation. Overriding royalties should not be permitted. Royalty require

ments lead to inefficient resource allocation and should therefore be mini

mized. Free transfer of oil shale resources, as of any other asset, is necessary

in order to permit the highest possible level of use.

The method suggested here for calculating the sale size is designed not only

to meet the requirement of amortizing an efficient plant investment, but also

to meet the legitimate fears frequently expressed that the public's valuable

resources will be subject to a gigantic give-away. A request has been sub

mitted to the U.S. Department of Interior for a 50,000 acre lease in the heart

of the Piceance
Basin.22

Based upon the same recovery assumptions stated

on page 29, this area would yield 122 billion barrels of oil. This is nearly four

times the present known crude petroleum reserves in the United
States.23

Even

a more modest request submitted by several companies calling for 5,120 acres

in the Piceance Basin would yield 12.5 billion barrels of oil or 694 years of

oil production from a presently assumed optimum size plant. Given the cost

uncertainty which must prevail in the initial years of shale oil production,

leases of this size cannot be seriously considered. If they were in fact made,

they would probably become either scandalous or ruinous and the former is

more likely than the
latter.24

D. How Should The Royalty Rate Be Determined?

Any royalty requirement leads to premature abandonment of resource

recovery and to a less than optimum degree of resource utilization. If a royalty

is nevertheless required, due to the technological uncertainty present in the

early years of an oil shale industry, then the royalty rate should at least be

kept to a minimum. A minimum rate of 5 percent might therefore be applied.

But it should be clearly understood that a royalty charge is levied against gross

value, not net, and even a 5 percent royalty charge will equal 100 percent of

profit as the shut-down point is reached. It should be further understood that,
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if competition is reliable, bonus bids will be relatively high corresponding to

low royalty rates. If competition is not reliable, then the public interest must

be protected by adjustments in the refusal price. Low royalty rates, therefore,

should not result in "bargain
prices"

for oil shale resources.

As indicated in Part I, a royalty payment requirement does not become a

problem in resource allocation until the point is reached where incremental

production costs including the royalty payment rise to equal incremental

revenue.

Given the degree of uncertainty concerning the true value of oil shale re

sources, it is probably necessary to require a royalty payment. In order to

avoid the under-utilization problem, the following proposal should be given

consideration for the relatively small scale mining processes: Where a lease

parcel is identified to yield an estimated 450 million barrels of oil, a relatively

high royalty (for example, 10 percent on the oil valued at retort) may be

levied on the first 75 percent of the oil produced; that is, on the first 360

million barrels. At this point, royalty payments would be eliminated on the

estimated 90 million barrels remaining to be recovered. Presumably it is in

this area where incremental costs will rise to equal incremental revenue. Since

royalty would be zero, the resource mis-allocation problem would be elimi

nated. The objective of this proposal would be to eliminate the royalty cost

in the area where it becomes operational for decision making purposes. There

are, however, other advantages to this proposal. It would provide an im

portant incentive to increase mining and retorting efficiency. Increased effici

ency at these two points would result in production of more than the estimated

450 million barrels of oil and any such increase would bear no royalty charge.

While this proposal would lead to better resource utilization and thereby

serve the national interest, it would not materially change the resource cost

to the buyer or the revenue to the seller. The details of this pricing arrange

ment would be known at the point of bidding and presumably any expected

changes in royalty costs would be fully discounted and reflected in bonus

bids. This would result if competition is effective. Where doubts prevail

about the effectiveness of competition, minimum acceptable bonus require

ments should be adjusted accordingly.

E. How Should The Annual Rental Requirement Be Determined?

Present legislation requires payment of 50^ per acre per year annual rental

on oil and gas leases and presumably on oil shale leases. It has already been

shown that any charge on a per acre basis is unreasonable in view of the ap

proximately 50-to-l range in oil content below the richest and poorest oil shale
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acreage. Accordingly, this rental arrangement should not be used on oil shale

land.

A rental requirement may, however, be modified and introduced in order

to accomplish another objective, that of providing a market incentive to pro

ceed with production and to make speculative holding of oil shale leases ex

pensive.

If, as a matter of public policy, we wish to avoid speculative holding of

shale lands, then rather than specify contractual steps for compliance, a signi

ficant rental cost may be specified.

Any such significant rental requirement should be credited against royalty

payments due annually. Therefore, rent in effect becomes zero when produc

tion is started and royalties exceed the required rent.

In order to be an effective barrier to speculative holding and to stimulate

production, the rental requirement must be significant. It might be computed

by charging 0.08^ ($0.0008) per barrel of estimated recovery. Thus, for a

lease estimated to recover 450 million barrels, the annual rental requirement

would be $360,000. This is equal to approximately 1/5 of the royalty when

production reaches a 50,000 barrel-per-day stage. As production commences

and rises above 10,000 barrels per day, rent in effect
ceases.25

Like the royalty

proposal above, a high rental requirement prior to production would not

necessarily alter the resource cost of the buyer or revenue for the seller. If

competition is reasonably effective, then the expected rental payments would

be fully discounted in a lower bonus bid.

A high rental requirement payable before production yields net income

adds to the already high barriers to entry. This difficulty is easily overcome,

while still attaining the objectives of a high rental policy, by simply starting

rental payments about 5 years after the lease is issued. This would also avoid

discriminating against lessees who have not yet constructed a plant, relative

to those who have.

If a rental is imposed that is significantly lower than outlined here, then

it would correspondingly reduce the penalty for speculative retention of shale

lands and reduce the incentive to commence production. In this event achiev

ing a public policy objective of stimulating production would require specific

contract specifications setting forth dates at which various stages of produc

tion must be met under various penalties. The rental proposal, utilizing the

market mechanism as it does, is believed to be a superior means of accomp

lishing the same objectives while avoiding unnecessary conflict between

lessor and lessee, and perhaps also, avoiding costly litigation.
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F. Should A Lease Contract Specify Research And Development

Requirements?

The objective of specifying a research and development requirement as

a condition of a production contract is to insure that the lessee commit a

minimum expenditure for this purpose.

A requirement of this kind is neither necessary nor desirable for the small

scale processes. The type of research needed is of the product and process

type which is profit oriented, in constrast to the basic type of research which

is not directly related to profits. The need to maximize profit provides ade

quate incentive for the product and process type of research. This incentive

would be stimulated further by the royalty proposals contained in Section D

above.

The problems of specifying a research requirement are great. It is im

possible to specify a research and development "product", hence it is not

possible to know when the research requirement is completed. This condition

necessitates specifying, instead, that a certain sum of money be spent on re

search and development over a certain period of time, i.e., some sort of "cost-
plus"

contract. But then one must specify the kind of expenditure that will be

classified as research and even the place and time of expenditure. One firm

that has engaged in oil shale research for about 20 years, proposed that "credit

should be given prospective lessees for research and development expenditures

made for oil shale projects in the 20-year period immediately preceding the

date of lease
offering."26

An equity issue arises between companies that have

in fact invested large sums of money in research relative to those that have

not. These and other problems arising out of a specified research requirement

can be avoided by allowing the market mechanism to perform its usual func

tions.

G. Is A Refusal Price Needed?

Analysis presented in Part I indicates that competition may be substan

tially less than perfect in the market for oil shale resources. The public in

terest must, therefore, be safeguarded against imperfections in competition.

This requires that a refusal price be set, a price below which offers to lease

would be refused. The refusal price might be specified in the announcement

to lease, or it might be a secret refusal price, in which case the offer to lease

would specify that "the government reserves the right to reject any and all

bids."
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H. How Can The Government Obtain Data To Determine A Refusal

Price?

In order to intelligently determine a refusal price, the lessee must estimate

the present value of a lease parcel. This requires accurate information on re

source recovery, costs, and revenues. Unless the Government is to be in the

shale oil production business itself, it must have access to the cost records of

its lessees. This kind of examination by the Internal Revenue Service has

been routine for years. While most firms would prefer to avoid an extension

of this kind of inspection, most would regard it as preferable to government

entry into shale oil production.

I. Should The Seller Identify Quantity And Quality Of The Re

source Offered?

In oil and gas leases, the government simply defines an area of ground

and offers a lease for exploration and development. In the case of shale, the

presence of the resource is already known. Uncertainty about its quality

should be further reduced by systematic core drilling to identify the thickness

of the vein and its oil content at various levels. Intelligent bidding requires

this kind of information. It would be unnecessarily wasteful to require each

interested bidder to duplicate the necessary core drilling. Accordingly, the

seller should provide this kind of information to all potential buyers. Pre

sumably, the costs of core drilling would be returned to the seller as a result

of competitive bidding. Interested parties desiring information beyond the

description provided by the seller should be free to conduct additional explora

tory research.

J. What Should Be The Public Policy Regarding Joint Bidding?

As indicated in Part I, joint bidding for oil and gas resources on the sub

merged lands and in Alaska is commonplace, but it involves hazards for

competitive markets. A joint bid among two or more firms that are capable

of bidding separately clearly eliminates one potential bidder. In the early

phases of the oil shale industry there will probably be few serious bidders at

best.

On the other hand, some smaller companies that are not financially able

to bid separately, may submit a joint bid. A combination of this kind would

result in an increase in effective bidders. Further, there should be less ob

jection to a joint bid submitted by firms that are in a conglomerate rather

than a horizontal or a vertical relationship to each other. Thus, a joint bid

by a mining company and an oil company, particularly if they are too small

to bid separately, is relatively harmless and may even be encouraged. Clearly,
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a per se rule declaring all joint bidding illegal would be unwise. Joint bidding
should be permitted where justified by evidence that such bidders could not

bid separately. A joint bid may be regarded as a partial merger. In Clayton

Act terminology, where the effect of joint bidding "may be substantially to

lessen
competition"

such joint bidding should not be permitted.

The foregoing policy recommendations are based on the unique techno

logical and therefore economic conditions of a future oil shale industry. Other

observers examining the same conditions, may arrive at a somewhat different

set of policy recommendations. Mine are offered for your consideration and

debate.
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DESIGN AND ECONOMICS OF A SEQUENTIAL FLOW

OIL SHALE RETORT

Harry K. Savage, Ben Holt, and Anker Sims

ABSTRACT

The sequential flow retort employs countercurrent gas solids contacting

as does the Bureau of Mines developed gas-combustion retort. However, the

sequential retort design embodies unique solutions to the problem of prevent

ing gas and solids channeling and the problem of removing spent shale from

the retort.

The retort is rectangular in cross section and contains multiple draws. The

spent shale is withdrawn sequentially from each draw. The pattern of solids

flow above each draw is in the shape of an inverted cone. As the broken solids

flow downward to the draw, they also move laterally and are constantly shift

ing relative position thereby exposing new surface to the hot gas which is in

troduced into the inactive space between draws.

The broken solids are removed from each draw by means of a rotating,

circular plate which works on the same principle as a salt shaker closure.

A design of a commercial shale retort is presented. The capital costs and

operating costs of a sequential flow retort are compared with published figures

for the gas-combustion retort.

INTRODUCTION

Engineers who have been involved with the design of large scale oil

shale retorts have approached the problem from two viewpoints. If they were

concerned with vertical shaft retorts such as the gas-combustion retort, they

made every effort to provide uniform downward mass flow of the broken

solids on the assumption that such an environment would provide uniform

upward flow of the gas and, therefore, ideal countercurrent contacting of the

two media. In practice, gas channels form which enables upward flowing gas

to bypass portions of the downward flowing solids. Moreover, gas velocities

vary substantially, so that in one area too much gas contacts too little solids,

while in another area, the reverse becomes true. The net result is that oil re

coveries decrease and heat economy is poorer as diameter increases.

The Ben Holt Company, Consulting Engineers, Pasadena, California.
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Unfortunately, these channeling effects do not appear in small diameter

retorts and, therefore, cannot be observed except in relatively large test facili

ties. These effects have been observed in the 150 ton-per-day Bureau of Mines

retort and may be expected to be much more serious as cross-sectional area

increases.

Other engineers, recognizing the importance of efficient heating of broken

solids, have departed from the vertical shaft approach in various ways. The

Tosco group, for example, heat the shale with heat-carrying spheres. Others

have suggested the use of fluidized beds and rotary kilns. All of these methods

are characterized by more or less violent relative movement of the shale par

ticles.

The purpose of this paper is to describe a unique solution (the sequential

flow retort) to the problem of gas channeling in large vertical shaft-type re

torts. This type of retort prevents channeling by inducing a broken solids flow

pattern which provides for a considerable relative movement of the broken

solids as they flow downward through the retort. The economics of a pro

posed design are compared to updated Bureau of Mines figures for the gas-

combustion retort.

The ideas embodied in this paper are based on previous work by the senior

author as reported in a book and articles by
him1,2,3

and covered by his
patent4

and a patent application by his
sons.5

THE PROBLEM

At present the methods of commercial promise for recovering oil from

shale use heat to break down the kerogen and separate the products from the

shale. Oil is recovered as the primary product, gas is usually considered to

be a byproduct and any coke not burned for fuel in the process is normally

discarded with spent shale.

In order to produce one barrel of oil, it is necessary to process about 1-1/2

tons of raw shale. For above-ground retorting this 1-1/2 tons must be mined,

crushed, retorted, and discarded for a cost enough lower than the price of a

barrel of oil to make the effort worthwhile. Another way of saying this is that

producing oil from shale is largely a rock-handling problem.

Temperatures on the order of
800

to 1,200F are required to break down

the kerogen. The heat required to bring such a large tonnage of shale to these

temperatures must be recovered, both for reasons of economy and to bring

the spent shale to a manageable temperature. Providing for efficient heat trans

fer is, therefore, also an important part of the problem.

Heating oil shale to these temperatures produces oil and gas as a mixed
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vapor. Cooling and condensing the oil and recovering the products efficiently

is the remaining major part of the problem.

GAS-COMBUSTION RETORTING

Retorting methods can be conveniently classified as in situ or separate re

torting. The separate retorting methods can be further classified according

to the means employed to transfer heat to the shale. Heat may be transferred

through the wall of the containing vessel, heat transfer may be accomplished

by the bulk mixing of shale and a previously heated gas, liquid, or solid or

heat can be supplied by combustion within the retort.

Although the sequential flow retort can be applied to other processes, the

retorting system described here is essentially the gas-combustion process de

veloped by the Bureau of Mines and is a combustion-within-the-retort method.

Briefly, referring to figures 1 and 2, the gas-combustion process is carried

out as follows :

1. Crushed, raw shale is conveyed to the top of the retort and flows by

gravity through the retort.

2. The shale is brought to retorting temperature by countercurrent contact

with heated recycle and combustion gases.

3. Coke, formed in the shale in the retorting zone, is burned with air

in a zone just below the retorting zone to provide heat to the process.

4. Spent shale is cooled in the lower portion of the retort to recover heat

and to bring the spent shale to a manageable temperature.

5. Spent shale is removed from the bottom of the retort and is sent to a

disposal area.

6. The oil and gas formed in the retorting zone is cooled by the incoming

shale to form an oil mist which flows from the top of the retort along

with the retort off-gas.

7. Oil is recovered, in this case with a combination of cyclone and an

electrostatic precipitator, and the gas is compressed for recycle or vent

ing as product gas.

8. Air is supplied to the middle of the retort by a blower.

The use of gravity flow solves the problem of shale handling and no mov

ing parts are required within the retort. Heat exchange is accomplished, en

tirely within the retort, by direct contact. This method of heat transfer can

be highly efficient and does not require separate, usually expensive, equipment.

Oil mist formation makes it possible to recover the product oil in good yield

from a cold gas stream. Since the gas stream is cold, heat losses are minimized

and there is no special temperature requirement for the recycle gas blower.
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BUREAU OF MINES EXPERIENCE

The Bureau ofMines staff have done a lot of very good work in developing
the gas-combustion retorting process. They have demonstrated, in pilot plants

ranging from 6 tons per day to 150 tons per day, that the process is capable

of efficiently recovering oil from oil shale. They have shown that the process

can handle shale particles of at least 3 inches in diameter, that the product

oil can be effectively removed from the retort as a mist carried in a low tem

perature gas, that the oil can be recovered from the gas stream, that the

process is thermally self sufficient, and that it requires no water. They have

also investigated the effect of process variables and tested various pieces of

ancillary equipment. Unfortunately their work was interrupted before they

could solve some of the operating problems they uncovered.

The operation of their 150 ton-per-day retort did not match the results ob

tained in the smaller retorts, showing that this particular design was not suit

able for enlargement to the sizes required for full scale operation. They ex

perienced a loss in yield of 7-10 percent in going from a 20-inch diameter re

tort to a retort with a cross-section of 60 square feet. Shale fines could not be

handled efficiently. Air injection and gas-solids contacting was unsatisfactory

in the large retort, and oil mist formation was difficult to control.

Their problems with the large scale unit appear to have been primarily

the result of poor gas-solids contacting. Also they were not able to develop an

air distributor that could survive in the high temperature section of the shale

bed.

SEQUENTIAL FLOW RETORT

The sequential flow oil shale retort seems to be particularly well suited to

the solution of these problems. Multiple cone flow of solids with sequential

draw and gas injection through the walls of the cones provides good gas-solids

contacting. Since the bed consists of an array of cones and there is no particu

lar limit to the number of cones in the array, the retort size is not limited on

this account. Injecting gas through holes in the cone walls avoids the struc

tural problem of inserting a gas distributor into the flowing shale bed.

A brief description of the retort and cone flow may help show how this

works. Figure 2 is an elevation and plan view of a section of a 1,000 ton/

hour retort. The retort contains six cells 30 feet by 30 feet by 65 feet high.

Each cell contains two beds, one over the other, with the floor of each bed

consisting of 16 cones. Shale flows through the bed by gravity and is with

drawn sequentially from the cones in the lower bed by a rotating plate dis

charger. The use of sequential draw extends cone flow into the bed above the

cones themselves.
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Figure 3 is an isometric section of one of the cones of the upper bed. The

top of the cone is approximately 6 feet in diameter, tapering to 2 feet, and

the depth of the floor is about 6-1/2 feet. Air is carried through channels in

the floor to annular rings around the base of the cone. From there it flows

through tubular holes into the bed of shale. Hot recycle gas, from the lower

bed, flows through a set of channels, annular rings, and tubular holes into

the bed. The recycle gas enters above the air.

The effect of cone flow on the broken solids flow pattern is illustrated in

figure 4. The figure is a cross section of a cone with portions of the cones

on either side of it. Dotted lines show the extension of the floor cones into

the shale bed above. The flow path of 5 individual shale particles is shown

as they travel downward under the influence of sequential draw. The zigzag

motion is the result of flow toward the cone being discharged at a particular

time. Here the order of discharge was assumed to be right, middle, left, and

repeat. As long as a particle is within the extended cone, it will flow during

discharge of that cone. At some point the particle comes under the influence

of one cone only. Thereafter, it flows toward the outlet with a lateral compon

ent dependent on its distance from the axis of the cone. Shale flow along the

axis is faster than that along the cone wall so the relative vertical positions of

the particles change. It should be noted that the geometry of the system forces

all of the shale to pass through the gas injection zone at the base of the cones.

The combination of lateral flow and constant shifting of relative position con

tinually exposes new surface to the gas, prevents the formation of fixed

channels for gas flow, and results in efficient gas-solids contacting.

DESCRIPTION OF PLANT

A number of years ago several proposals for industrial scale oil shale pro

cessing methods were reviewed and compared by the Bureau of Mines. These

proposals were for the production of 250,000 B/D of crude shale oil, and in

cluded mining and crude oil refining as well as shale retorting. Since that

time, processes have come into widespread use in the oil refining industry

that can handle crude shale oil without difficulty. Shale oil of the same gravity

and boiling range should be worth nearly the same as petroleum crude.

For ease in making comparisons, the crude oil production rate for this

study was also set at 250,000 B/D. A material balance for one retort is shown

in table 1. The design criteria for the proposed retorting plants are:

1. A 3-inch crushed shale is available at themine site.

2. The 3-inch shale, including fines, is processed in the retort without

further preparation.

3. The shale has a Fischer assay of 30 gal/ton.
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FIGURE 3- RETORT CONE
FIGURE 4

BROKEN SOLIDS FLOW PATTERN

4. Oil recovery is 95 percent of Fischer assay.

5. 370,250 T/D of raw shale is required for the production of 250,000

B/D crude oil.

6. Shale is mined at four separate sites with a retorting plant located near

each site.

7. Each retorting plant has four identical retorts, with a shale require

ment of 23,140 T/D per retort.

8. Each retort contains six cells.

9. Heat balances are based on 60F entering shale and air, 220F spent

shale, 120F product and recycle gas, 900F maximum retorting zone

temperature, 1,000F maximum combustion zone temperature, and

5 percent carbonate decomposition.

10. From heat balances, the recycle gas rate 17,050 T/D per retort (or

19,126,000 SCFH per retort), and the combustion air required is

1,180,000 SCFH per retort.

11. The shale rate is 300 pounds per hour per square foot of retort cross-

sectional area.
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Table 1. Material balance

(One retort15,625 B/CD)

Lbs/Hr Tons/Day

INPUT

Raw shale

Organic 325,000

Carbonate 335,000

Inert 1,266,000

1,926,000 23,140

Air 89,960 1,080 19,670 SCFM

TOTAL 2,015,960 24,220

OUTPUT

Spent shale

Organic 88,940

Carbonate 318,250

Inert 1,266,000

1,673,190 20,100

Product gas 129,500 1,560 29,100 SCFM

Oil 213,270 2,560 457 GPM

TOTAL 2,015,960 24,220

Recycle gas 1,421,000 17,060 319,000 SCFM

It is of interest to note that the heat exchange requirement is such that the

flow rate of gas leaving the top of the retort is nearly equal to that of the

shale entering on a weight basis, that is 1.5 million pounds per hour gas versus

1.93 million pounds per hour shale per retort.

Handling these large quantities of gas is an important part of the retort

design and compression costs are a significant part of the overall cost of re

torting. The pressure drop in the recycle gas loop not only sets the power

requirement but also dictates the choice of compressor type. By using large

ducts and passage ways the calculated pressure drop is 30 inches of water,

permitting the use of a single stage blower. One recycle gas blower is re

quired per retort and the driver is 2,000 horsepower. Air is also handled with

a single stage blower. The air blower driver is 150 horsepower.
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The dimensions of the retort are set by the shale rate per square foot and

the contact time required for heat exchange and pyrolysis. The size and

number of cones per cell is not so clearly restricted. A reasonable design

appears to result from the use of 16 cones per bed arranged in a square pat

tern of four cones on a side. Each cell then contains two beds, 30 feet on a

side, arranged one above the other. The overall height of the upper bed is 19

feet, and that of the lower bed is 16 feet. One retort, containing 6 cells, is 96

feet long, by 65 feet wide, by 65 feet high.

Spent shale flow is controlled by rotating plate dischargers. Each set of

plates serves four cones so that there are four sets of plates per cell. The up

per plate of a set of two has holes spaced in such a way that rotating the plate

results in sequential withdrawal of shale. The quantity of shale withdrawn at

one time is set by the volume of spool pieces welded to the upper plate. The

contents of the spool piece is dumped when the rotation of the upper plate

brings it into line with holes in the bottom plate. The holes in the bottom

plate have the same spacing as the corresponding set of cones, but they are

offset so as to provide a gas seal. All four plates of one cell are chain driven

by one gear motor, so that the discharge patterns within one cell stay in

synchronization.

Although this discharge design appears to be simple, rugged, and low

in cost, other devices such as rotary vane feeders could be used. An advan

tage of the .cone flow retort is that solids are withdrawn from multiple, relative

ly small openings. This avoids the problem of removing solids uniformly from

a large cross section.

Spent shale from the dischargers is relatively cool, but still too hot for

handling with a standard rubber-coated belt. A vibrating conveyer is used

to carry the shale from the retort to the spent shale conveyer. At this point

the shale is cool enough to be handled by a standard belt conveyer.

One key to the successful operation of a gas-combustion retort is the form

ation of an oil mist in the retort off-gas. This mist makes it possible to re

move oil from the retort at a temperature well under its boiling point while

using the off-gas to heat the raw shale. The mist should be fine enough to

be carried in the off-gas but not so fine as to cause difficulty in the oil re

covery section. Satisfactory control of mist formation was obtained in the

smaller Bureau of Mines retorts indicating that with good gas-solids contacting

mist formation should not be a problem in larger units.

The oil recovery section of the retorting plant consists of a cyclone and

an electrostatic precipitator in series. The estimated efficiency of the cyclone

is 70 percent, and the electrostatic precipitator should recover over 95 percent

of the remainder. Dry gas from the precipitator is compressed by the recycle
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blower and returned to the retort or vented as product gas.

Product gas from a gas-combustion retort has a low Btu per cubic foot

value but is suitable for use in a gas turbine or steam boiler. Instead of esti

mating the cost of the equipment required for power generation, fuel credit

has been taken for the product gas, and costs have been based on purchased

power.

ECONOMICS

Capital Cost

Table 2 is a summary of the estimated capital cost for the retorting plants

required for producing 250,000 B/CD of shale oil. The total installed cost

of the retorting system is estimated to be $100,000,000. The estimate is based

on preliminary
vendors'

quotations for major equipment such as blowers,

cyclones, precipitators, and conveying equipment. The estimate of the cost

of the retorts is based upon engineering drawings from which material was

taken off and unit prices used to arrive at a total cost.

The updated Bureau of Mines estimate for retorting, table 4, shows a plant

cost of $206,000,000, compared to $100,000,000 for the sequential flow re-

Table 2. Retorting capital cost

(250,000 B/CD)

Major equipment

Retorts (16) $55,000,000

Conveyors 6,000,000

Cyclones and precipitators 12,000,000

Blowers and pumps 2,000,000

$75,000,000 $ 75,000,000

Electrical 2,700,000

Foundation 1,800,000

Tanks and bins 1,400,000

Buildings 1,400,000

Plant utilities 800,000

Instruments and controls 600,000

Engineering, overhead and profit 12,000,000

Other 4,300,000

Total plant cost $100,000,000
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tort. Capital cost in both cases includes all process equipment, buildings,

piping and storage vessels, site preparation, roads, utility air and steam units,

instruments, electrical equipment, painting, engineering costs, overhead and

profit. In short, all those items required for the processing plant itself. Not

included are community housing and facilities, general facilities and utilities,

and a power generating plant. The Bureau of Mines estimates were updated

from 1955 to date by using Nelson's cost
indexes.8

The resulting multiplying

factors are: labor, 1.82; materials, 1.41; and plant cost, 1.65.

The major difference between the two estimates of capital cost results from

using a factor of 1.65 to update Bureau of Mines estimates. Without updating,

the Bureau of Mines estimate would be about $125,000,000. Part of the

difference is due to the higher shale rates and yields used for the sequential

flow retort and part is a reflection of a simpler retort design. However, an

item by item re-estimate would have to be made of the Bureau of Mines retort

to get an accurate comparison.

Manufacturing Costs

Updated Bureau of Mines estimates of manufacturing costs for producing

shale oil are shown in tables 3 and 4. Items considered part of the manufac

turing cost are: raw materials, utilities, operating labor, maintenance, super

vision and clerical, payroll overhead, operating supplies, local taxes, insurance,

and depreciation. No cost was assigned for mining rights or land.

The manufacturing cost for mining and crushing, table 3, shows a plant

cost of $218,200,000 and a manufacturing cost of $0.82/ton of crushed shale.

For the Bureau of Mines estimate, this is equivalent to $1.26 per barrel of oil

for crushed shale.

Table 4 shows the updated Bureau of Mines retorting cost. The manu

facturing cost, including the $1.26/B for shale, is $1.58 per barrel of oil.

That is, retorting has added $0.32 per barrel of oil.

The estimated manufacturing cost for retorting with the sequential flow

retort is summarized in table 5. Lower plant cost and higher efficiency reduce

the manufacturing cost, relative to the Bureau of Mines estimate, to $1.39 per

barrel of oil. Cost of crushed shale accounts for $1.22 and retorting $0.17

per barrel of oil. If the cost of crushed shale can be reduced to $0.50/ton, the

cost of manufacturing shale oil would be $0.91 per barrel of oil.

Table 6 is a cost summary for oil delivered to Los Angeles for both retort

ing plants. The updated Bureau of Mines figures are $576,700,000 plant

cost and $1.89 per barrel of delivered oil. Using the sequential flow retort,

the plant cost is $470,700,000 and the delivered cost of oil is $1.70 per barrel.
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Table 3. Mining and crushing manufacturing cost

(Up-dated Bureau of Mines)

Plant cost: $218,200,000

Production rate: 384,000 Tons/Day Shale

$/Day

Raw materials (No cost assigned)

Utilities (166,000 KWH/Day at $0.01/KWH) 1,660

Operating labor 62,000

Maintenance

Labor 56,300

Materials 15,680

71,980 71,980

Supervision and clerical

(15%) ($62,000 + $56,300) 17,750

Payroll overhead

(20%) ($62,000 + $56,300 + $17,750) 27,210

Operating supplies 65,600

Local taxes and insurance

(1.5+) ( $218,200,000) /365 Days 8,980

Manufacturing cost excluding depreciation 255,180

Depreciation

(10%) ($218,200,000) /365 days 59,800

Total manufacturing cost 314,980

or $0.82/Ton shale

or $1.26/Bbl shale oil

Although 30 gallons per ton shale was used for estimating purposes, thsi

probably represents an upper limit. A shale quality of 20 gallons per ton is

more likely to be consistent with optimum exploitation of the shale deposits.

Also, recent advances in mining technology have reduced mining costs. The

effect of changes in these variables is shown graphically in figure 5. The manu

facturing cost for shale oil in dollars per barrel is for oil at the retorting plant

and assumes the use of the sequential flow retort. Since mining, crushing, and

retorting costs per ton of shale are relatively insensitive to shale quality, pro

cessing 15 gallons per ton shale results in an oil manufacturing cost of double
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Table 4. Retorting manufacturing cost

(Updated Bureau of Mines)

Plant cost: $206,000,000

Production rate: 250,000 B/CD shale oil

Raw materials Tons/Day $/Ton $/Day $/Day

Crushed shale 384,000 0.82 315,000

Product gas (credit) at $0.11/MM Btu (16,680)

298,320 298,320

Utilities (816,000 KWH/Day at $0.01/KWH) 8,160

Operating labor (44 men /shift) 16,620

Maintenance

Labor 12,560

Materials 9,120

21,680 21,680

Supervision and clerical

(15%) ($16,620 + $12,560) 4,370

Payroll overhead

(20%) (16,620 + $12,560 + $4,370) 6,710

Operating supplies 1,510

Local taxes and insurance

(1.5%) ($206,000,000) /365 Days 8,470

Manufacturing cost excluding depreciation 365,840

Depreciation

(5%) '($206,000,000) /365 days 28,250

Total manufacturing cost 394,090

or $1.58/Bbl shale oil

that for 30 gallons per ton shale. The cost of crushed shale has, of course, a

marked effect on the manufacturing cost of the oil. For instance, 20 gallons per

ton shale at $1.00 per ton gives an oil cost of $2.50 per barrel, while $0.50 per

ton shale of the same quality gives an oil cost of $1.37 per barrel.
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FIGURE 5- EFFECT OF SHALE COST

AND QUALITY

DISCUSSION AND CONCLUSIONS

The results of this study indicate that :

1. The gas-combustion retort is inherently the most efficient means of

aboveground retorting of oil shale.

2. The prevention of gas channeling in a large scale retort is a more

serious problem than has been generally recognized. In fact, serious

gas channeling may be expected in retorts designed to provide uniform

mass flow of the oil shale.

3. The sequential flow modifications to the gas-combustion retort should

solve the problem of gas channeling, thereby permitting the full reali

zation of the benefits of the gas-combustion principle.

4. The initial cost of a sequential flow retort should be substantially lower

than earlier projections of gas-combustion retort costs.
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Table 5. Retorting manufacturing cost

(Sequential flow oil shale retort)

51

Plant cost: $100,000,000

Production rate : 250,000 B/CD shale oil

Raw materials Tons/Day $/Ton

Crushed shale

Product gas (credit)

370,250 0.82

at $0.11 /MM Btu

$/Day

304,000

(19,600)

284,400

Utilities 816,000 KWH/day at $0.01 /KWH

Operating labor (44 men /shift)

Maintenance

Labor $4,380 ( 1.6% Plant Cost)
Materials 4,110 (1.5% Plant Cost)

$8,490

Supervision and clerical

(15%) ($16,620 + $4,380)

Payroll overhead

(20%) ($16,620 + $4,380 + $3,760)

Operating supplies

Local taxes and insurance

(1.5%) ($100,000,000) /365 days

Manufacturing cost excluding depreciation

Depreciation

(5%) ($100,000,000) /365 days

Total manufacturing cost

or $1.39/Bbl shale oil

(For $0.50/ton shale, manufacturing cost
= $0.91/Bbl)

284,400

8,160

16,620

8,490

3,760

5,780

1,510

4,110

332,830

13,700

346,530

Further expected advantages of the retort are :

1. Solids are withdrawn from multiple, relatively small openings, thereby

avoiding the problem of removing solids uniformly from a large

cross section and minimizing the problem of maintaining a gas seal.

2. No fines removal prior to retorting is required.
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Table 6. Cost summary

Capital cost

MM$

Manufacturing
cost $/bbl

Updated Bureau of Mines

Mining and crushing 218.2

Retorting 206.0

Transporting (pipeline) 152.5

1.26

0.32

0.31

576.7 1.89

Sequential flow oil shale retort

Mining and crushing 218.2 1.22

Retorting 100.0 0.17

Transporting (pipeline) 152.5 0.31

470.7 1.70

3. Good temperature control is achieved, thereby preventing overheating

the spent shale and, as a result, providing a spent shale which is suitable

for economic recovery of dawsonite and nahcolite.

4. No metal is exposed to high temperatures.

We did not attempt to develop a profitability statement and to estimate

return on investment for sequential flow retorting. This would involve a

number of other considerations such as :

1. The cost and availability of water.

2. The problem of disposal of spent shale.

3. The recovery of dawsonite and nahcolite.

4. The cost of refining the shale oil.

5. The value of refined shale oil and the products therefrom.

6. Government leasing, taxing, and crude import policy.

However, there appears to be ample margin between the estimated manu

facturing cost of shale oil ($0.91 to $1.39/B depending upon the cost of

mining) and the posted prices of 20API crude oil ($2.27 to $2.90/B) to

justify the investment without considering the additional benefits which might

result from recovery of the dawsonite and nahcolite values.
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WYOMING COREHOLE NO. 1A POTENTIAL SITE

FOR PRODUCTION OF SHALE OIL IN PLACE

John Ward
Smith1

and Laurence G.
Trudell2

ABSTRACT

Bureau of Mines Wyoming Corehole No. 1 drilled near Eden in Wyo

ming's Green River basin sampled Green River Formation oil shales repre

senting a potential of 200 million barrels of oil per square mile. In general

properties and gross mineralogy the sampled oil shales strongly resemble

Mahogany-zone oil shales of Colorado and Utah. Alternating thin beds of

tough, rich oil shale and brittle, lean oil shale at depths less than 700 feet

may offer advantages to in place shale oil production techniques, providing

possible access to at least 100,000 barrels of shale oil per acre in an area

greater than 100,000 acres.

INTRODUCTION

Possible production of oil from Green River Formation oil shales in Colo

rado and Utah has consistently raised questions on location and richness of

Wyoming's Green River oil shales. Wyoming's Green River Formation oc

curs in the state's southwestern corner, principally in Sweetwater County.

Figure 1 locates and outlines the nearly 9,500 square miles underlain by the

formation in three structural basins called Green River, Washakie, and Great

Divide. Oil shale occurs in every stratigraphic division of the formation, and

its presence has been described in every geologic study of Wyoming's Green

River Formation- However, oil-yield data published forWyoming's oil
shales10

are extremely limited. Smith and
Stanfield8

described problems met in col

lecting and evaluating meaningful oil-yield data for the Wyoming deposit. In

spite of the problem,
Culbertson3

estimated from the available data that Wyo

ming's shales represent 370 billion barrels of shale oil in place. A potential

resource this large warrants more detailed investigation. The U.S. Bureau

of Mines drilled Wyoming Corehole No. 1 to initiate such investigation.

^Project leader.

^Geologist.

Both authors are with the Laramie Petroleum Research Center, Bureau of

Mines, U.S. Department of the Interior, Laramie, Wyo.
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This paper characterizes the oil shales encountered, summarizing stratig

raphy, oil yields, oil shale distribution, and oil shale lithology and mineral

ogy, and outlining the possible advantages this Wyoming oil shale deposit

offers to production of shale oil in place.

COREHOLE LOCATION AND SAMPLING HISTORY

The U.S. Bureau of Mines drilled Wyoming Corehole No. 1 in NW1/4

SW1/4NW1/4 (1.328 feet N
21

5V E from Wl/4 corner), sec 30, T 23N,
R 107 W, Sweetwater County, Wyoming. Figure 1 locates this site and

illustrates its position in Wyoming's Green River Formation. Surface eleva

tion is 6,466 feet above sea level. Ground surface was used as the reference

point for all downhole measurements. This corehole was drilled during Octo

ber and November of 1965.

Drill-cutting samples were collected to represent 5-foot intervals from the

surface to a depth of 375 feet. Below 375 feet, 2-1/8-inch (NX) core was

cut continuously from a 4-inch hole to 1,279 feet, the hole's total depth. Vir

tually complete core recovery was achieved in the oil shale-bearing sections

of the formation. Core was recovered to 1,274.9 feet, the bottom of the

sampled interval. Between 845 feet and 1,279 feet (T.D.) core recovery was

only 80 percent. The core loss in this interval concentrated in loosely ce

mented, water-bearing sandstones.

STRATIGRAPHY, LITHOLOGY AND MINERALOGY

Wyoming's Green River Formation is a lacustrine deposit of Eocene

age.
Roehler5

concisely and comprehensively described the stratigraphic

relationships in the formation, classifying rocks composing the various units

by their apparent environment of deposition. In his recent detailed report,
Bradley1

discussed geology of the formation, summarizing historical and

current data on its stratigraphy and lithology.
Stuart15

described Green

River stratigraphy of an area near the core site. These three geologists indi

cate that Eocene rocks at the site of Wyoming Corehole No. 1 include Bridger

Formation at the surface, underlain successively by the Laney, Wilkins Peak,

and Tipton members of the Green River Formation and by the Wasatch For

mation. All of these were sampled in this corehole. The depth interval for

each stratigraphic unit is given below with a generalized description of the

lithic character of the unit in Wyoming Corehole No. 1.

Bridger Formation, 0 to 415.4 Feet

This unit is composed of massive to faintly bedded mudstones, siltstones, and sand

stones. Because satisfactory subsurface criteria for defining the Bridger-Green River

contact are not available (16, p. 41), selection of the contact at 415.4 feet is arbitrary.
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Green River Formation, 415.4 to 1,205.7 Feet

Laney Member, 415.4 to 488.3 Feet

This unit consists of light to dark olive-gray and brownish gray laminated (varved)

mudstone, marlstone, and oil shale. Thin tuffs are fairly common; two closely

spaced thick tuffs of possible reference value occur at 479.2 to 479.8 and 480.5 to

481.2 feet. Ostracods are common in the upper part of the member, and plant frag

ments were found occasionally throughout the unit. Fine streaks and laminae of

buff to nearly white aragonite are locally abundant from 439 to 479 feet. The lowest

10 feet are mostly dark oil shale.

Wilkins Peak Member, 488.3 to 813.0 Feet

This unit is composed predominantly of light to medium olive-gray irregularly bedded

marlstone and oil shale. Abundant calcite streaks, patches, and disseminated crystals

(shortite pseudomorphs) occur in thick zones in the upper part of this unit. Beds

of dark olive-gray and brownish-gray to black oil shale up to 2-1/2 feet thick are

fairly common in the upper part. The lower part contains thin to thick zones of

olive-gray to greenish-gray mudstone and also rare thin algal limestones. Thin tuffs

are fairly common. Two tuffs frequently used for correlation occur at 565.9 to 566.3

feet and 609.9 to 610.4 feet. The first has been called the banded tuff by W. C. Cul-

bertson of U.S. Geological Survey and the oil shale tuff by Stauffer Chemical Com

pany. Stauffer Chemical calls the second the main tuff.

Tipton Member, 813.0 to 1,205.7 Feet

This unit consists of a thick sequence of clastic sediments with relatively thin zones

of oil shale and limestone near the base. The clastic section from 813.0 to 1,171.3

feet is composed of faintly bedded to massive, light to medium gray, olive-gray,
gray-

green, and green micaceous sandstone, siltstone, and mudstone. Ostracods are very

common in the upper part. Gastropod, pelecypod, and fine bone fragments are locally

abundant.

Artesian water flowed from porous friable sandstones in this clastic section at a rate

greater than 200 gallons per minute. This water was judged not potable by the

Wyoming State Chemist's office because of excessive fluorine content (6.4 ppm) . It

contained 872 ppm total dissolved solids, chiefly sodium carbonate and bicarbonate.

At 1,171.3 to 1,183.8 feet is a zone of medium olive-gray and brownish-gray to black

laminated to faintly bedded oil shale with rare marlstone. Ostracods occur in occa

sional streaks. Gastropod and fish fragments are very rare. A 0.7-foot band of algal

limestone occurs at 1,181.8 feet.

Below the oil shale is a 6-foot section of light to medium gray and tan to buff ostra-

codal and coquinal limestone with locally abundant gastropod shell fragments. The

basal 14 feet of the Tipton member is composed of very calcareous ostracodal sand

stone.

Wasatch Formation, 1,205.7 to 1,274.5 Feet

The bottom 69 feet of the core consist of upper Wasatch rocks composed of gray to

gray-green and maroon to brown sandstone, siltstone, and mudstone.

Detailed lithologic descriptions of the Wyoming Corehole No. 1 samples

are included in a forthcoming Bureau of Mines Report of Investigations on

this corehole. (Note RI 7172 released September 1968.)

Mineral composition of rocks in the oil-yielding sections of the Green

River Formation is quite uniform. X-ray diffraction surveys for major min-
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erals found quartz, dolomite, calcite, and illite in every sample. Soda and

potash feldspars were present in most (85-95 percent) of the samples. Pyrite

was detected in more than one-half of the examined samples. Analcite oc

curred sporadically. Montmorillonite occurred in several samples. Aragonite,

present primarily in shells and shell fragments, was found in a few samples.

Trona was not found in the Wilkins Peak member, and trona brine did not

occur in the borehole. Although shortite (Na2C03 2CaC03) was expected,

it was not found. Calcite pseudomorphs after shortite, completely filling the

crystal cast, were found in the upper part, but tests of these detected no short

ite. No unusual minerals were detected, and no mineral concentrations of

possible economic importance were found.

OIL YIELDS

Core sample lengths were selected to include rock as similar in appearance

as possible in each sample. The short samples selected, averaging 1.14 feet in

length, provided detailed continuous representation of oil-yield variations

in the sampled core. Not assayed were sections of barren rock in the inter

vals 816.0 to 1,036.9, 1,038.0 to 1,055.0 and below 1,188.0 feet. Core samples

were crushed to pass an 8-mesh-per-inch screen, mixed, and air dried. Oil

yield for core samples from Wyoming Corehole No. 1 was determined by the

Fischer retort assay
method9

used extensively for oil-shale evaluation10"14.

Oil-yield histograms with depth (fig. 2) give assayed oil yields of oil

shales in the sampled interval from 439.0 to 1,188.0 feet. This histogram

form corresponds to the form used extensively to present oil yields of Green

River Formation oil shales 10"14. Symbols used in figure 2 have the following
meanings :

T/sp Top of samples

T/15, 20, 25 Top of selected section

T/Tgl Top of Tertiary Green River Formation, Laney member

T/Tgw Top of Tertiary Green River Formation, Wilkins Peak

member

T/Tgt Top of Tertiary Green River Formation, Tipton member

T/Tw Top of TertiaryWasatch Formation

B/15, 20, 25 Bottom of selection section

B/sp Bottom of samples

B Bottom of hole

Elev Elevation of designated point above sea level

*

(asterisk) Missing sample.
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OIL YIELD, gallons per ton

Surface, T/ip,-0

Elev

0 20 JO 40

lisriu^n

T/Tgw

530
0 10 20 30 40 SO 60

530

630
0 10 20 30 40

640-

650-

660-

670-

680-

700-

710-

720H

Total length of sampled section 1274.9 feet

SELECTED SECTIONS

Oil yield,
gal /ton

Length,
ft

Depth, ft Shale in place,

tons/sq mi

Oil in place,

bbl/sq miFrom To

2468 14.8 586.6 601.4 28,570,000 16,790,000

1985 44.7 523.3 568.0 88,600,000 41,870,000

15.00 2277 4638 691 5 471,200,000 168,300,000

\j Lett thon 3 gol/ton

Figure 2. Wyoming Corehole 1, Bureau of Mines, Sweetwater County Wyoming.

Average oil yields calculated for selected sections of samples from Wyo

ming Corehole No. 1 are given in figure 2 and table 1. Computed on a

volume basis instead of the weight basis provided by assay (gallons per ton),

these averages compensate for the large differences in rock density associated

with variations in organic
content.12

Sections selected to represent the maxi

mum continuous thickness of sample oil shale averaging approximately 25,
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20, and 15 gallons of oil per ton appear in the box in figure 2. Figure 2 also

gives depth to the top and bottom of each averaged section, the weight of oil

shale in tons, and the volume of potential shale oil in 42-gallon barrels present

in 1 square mile around the corehole for each averaged interval. Similar

average oil-yield data for the stratigraphically defined members of the Green

River Formation are given in table 1. The total potential shale oil represented

by the oil shales sampled by Wyoming Corehole No. 1 exceeds 200 million

barrels per square mile, but the average grade of the continuous oil shale is

relatively low.

SIMILARITY TO MAHOGANY-ZONE SHALES

Mineral composition of the oil shales sampled by Wyoming Corehole No.

1 strongly resembles that of the extensively investigated Mahogany-zone oil

Table 1. Average oil yields for Green River Formation members

Stratigraphic unit Depth,
from

feet

to

Average oil Shale

Length, yield, in place

feet gal/ton tons/sq mi

Oil

in place

bbls /sqmi

Laney member 439.0 488.3 49.3 8.77 107,200,000 22,380,000

Wilkins Peak member 488.3 813.0 324.7 11.75 689,100,000 192,800,000

Tipton member 1172.1 1183.8 11.7 13.94 24,400,000 8,098,000

shales in Colorado and Utah. Minerals ubiquitous in the Wyoming samples

(quartz, dolomite, calcite, and illite) occur ubiquitously in the Mahogany-

zone shales. Soda and potash feldspars, analcite, and pyrite occur commonly

in both. In general the mineral differences between the Wyoming shales and

the Mahogany-zone shales are small differences in mineral proportions. Mont-

morillonite, found in many of the Wyoming samples, occurs in Mahogany-

zone shales, where it appears primarily in sediments laid down near to shore.

The organic matter in the Wyoming shales resembles that in Mahogany-

zone shales in the fraction of organic matter converted to oil on Fischer assay.

The forthcoming Report of Investigation on this corehole reports empirical

development of an equation relating shale density to oil yield for the

sampled Wyoming shales, comparing this equation with one developed and

tested for Mahogany-zone
shales.7

Maximum difference between oil yields

estimated from shale density by these two equations is less than 2 gallons per

ton, and the difference is generally much less. This close agreement is possible

only if the same
proportion of organic matter in the two sample sets becomes
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oil on retorting. In addition the average assay oil specific gravity for these

Wyoming samples was 0.914 (60/60F), identical with the average gravity

of oil from shales in the 25-gallon-per-ton section of the Mahogany zone in

the Bureau of Mines demonstration mine. Similar oil gravities produced by

similar processes indicate similar starting materials.

DEVELOPMENT POSSIBILITIES

Oil shales around Wyoming Corehole No. 1 represent a large quantity

of potential oil over 200 million barrels per square mile. The deposit con

tains oil shale yielding over 50 gallons per ton. Unfortunately, where the rich

shales occur, the deposit consists of alternating thin beds of rich and lean shale,

and the average oil-shale grade is low in continuous sections (table 1 and fig.

2) . Mining oil shale from this deposit is less attractive than mining other areas

of the Green River Formation. Production of oil from the shales in place

offers the best development possibility for this deposit, even though these tech

niques are only in the early stages of development. The alternating rich and

lean beds around Wyoming Corehole No. 1 may actually prove an advantage

in developing techniques for producing shale oil from shales in place.

Creation of permeability and surface area adequate for efficient heat trans

fer is a first step in developing a system to produce shale oil in place. Pre

ferably it will be possible to develop a technique that will selectively fracture

the richer shales. In this case the unfractured lean beds may provide support

for the formation and a means of controlling flow of gases and liquids through

the formation. Currently, however, lean shales appear more amenable to

fracture. If lean shales fracture preferentially, the thin alternating rich and

lean beds in this Wyoming deposit may still permit development of a success

ful production technique using the lean beds for heat transfer to the richer

beds.

Two sections of the Wyoming deposit offering particularly suitable distri

bution of the rich and lean beds occur through the depth intervals 542.0 to

607.0 and 642.2 to 668.1 feet. Each is composed of thin beds of rich oil

shale separated by thin beds of very lean rock. The upper 65-foot section

shown in figure 3 consists of 40.1 feet of shale yielding more than 10 gallons

of oil per ton and 24.9 feet yielding less. The 40.1 -foot richer portion con

tains 87 percent of this section's oil in 61 percent of its thickness. Shale in

this richer portion represents about 50 million barrels of oil in place per

square mile. The lower 25.9-foot section, shown in figure 4, contains 17.5 feet

yielding more and 8.4 feet yielding less oil than 10 gallons per ton. The 17.5-

foot richer portion contains 89 percent of this section's oil in 68 percent of
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OIL YIELD, gallons per ton

10 20 30 40 50 60

63

607.0

610
"**

Figure 3. Oil yields ofWilkins Peak section from 542 to 607 feet
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OIL YIELD
,
gallons per Ion

670

Figure 4.Oil yields of Wilkins Peak section from 642.2 to 668.1 feet.

its thickness. Shale in the richer portion of this section represents about 22

million barrels of oil in place per square mile.

Richer shale in the upper section from 542.0 to 607.0 feet deep (fig. 3)
represents 78,000 barrels of oil per acre or about 1,950 barrels per acre foot

in place. In the lower section from 642.2 to 668.1 feet (fig. 4) , the rich shale

represents 34,000 barrels per acre or about 1,920 barrels per acre foot. Po

tential oil yield from the two sections is well over 100,000 barrels per acre.

The total area around Wyoming Corehole No. 1 underlain by oil-shale de

posits having this interbedding of rich and lean oil shales is not known, and

only coring can determine this. Oil-yield data determined on drill-cutting
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samples obtained in the northern part of the Green River Basin, however, in

dicate that the total area should easily exceed 100,000 acres.

The extreme difference in oil yield between the rich and lean beds in the

sections displayed in figures 3 and 4 defines the possibly exploitable differ

ence in shale characteristics existing in this deposit. Lean shale tends to be

brittle, fracturing under stress, while rich shale tends to be tough and resilient,

resisting fracture by bending and tending to yield plastically under
stress.2

The natural tension cracks in the oil-shale core shown in figure 5 contrast

the strength properties of rich and lean oil shales. The lighter colored layers

have been broken, but the resulting cracks are limited by the darker beds (a

core splitter generated the large full-length split) . Careful sampling of the

cracked and the non-cracked beds showed that their mineral composition was

the same and was quite typical of Mahogany zone and Wyoming Corehole

No. 1 oil shale. Organic content was the only real composition difference be

tween the cracked and the non-cracked layers. The cracked beds averaged

about 6 weight percent organic matter (nearly 10 gallons-per-ton oil yield).

The non-cracked layers limiting the fractures averaged about 15 weight per

cent organic matter (near 26 gallons-per-ton oil yield) . These richness levels

are very nearly the same as the rich and lean averages in the two sections se

lected (fig. 3 and 4) .

These richness levels bracket the point where organic matter becomes

the largest component by volume in the shale. In a paper on the relationship

between shale density and oil yield (to be presented to a United
Nations'

oil

shale symposium in September 1968), Smith develops a theoretical equation

relating organic content by weight to organic content by volume. By adding

a conversion constant developed for Mahogany-zone
shale6

to this theoretical

equation, the following expression suitable for estimating organic content

in volume percent of the rock from the oil yield in gallons per ton is ob

tained :

(1) Organic content (vol pet) =

58 DB P

0.58 (DB Da) P + 100 Da

where P = oil yield, gallons per ton,

Db mineral matter density, g/cm3, and

Da = organic matter density, g/cm3.

Table 2 shows organic volume contents estimated from this equation using

Db = 2.72
g/cm3

and Da L06 g/cm3, values approximately correct for

Mahogany-zone oil shale.
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In normally constituted Green River oil shale the volume fraction of shale

rock that is organic matter surpasses the fraction occupied by the next largest

component, dolomite, at an oil yield between 15 and 20 gallons per ton. In

shale richer than this, organic matter tends to dominate the rock's physical

properties. Oil yields of the rich beds in figures 3 and 4 lie substantially

above this range, while those of the lean beds lie substantially below.

Table 2. Organic volume content estimated from oil yield

Oil yield (P), Organic content of shale,

gallons per ton volume percent

5 7

10 14

15 20

20 25

25 30

30 35

35 40

40 44

45 48

50 52

55 55

60 58

Because of the sharp contrast in physical properties between its rich and

lean beds, this Wyoming deposit might preferentially fracture along its lean

beds rather than the preferred fracture of the rich beds. The broken lean beds

might then be used for heat transfer to the richer beds. By offering access to

both sides of the thin rich oil shale beds, this deposit would reduce the long

heating times calculated by Lesser and
Coworkers4

to be needed to retort

oil shale in place.

This area offers several additional possible advantages to production of

oil from the oil shale in place. The shale beds are relatively shallow with max

imum depth of the workable deposits about 670 feet at this site. While cover

is adequate to insure isolation of the shale beds, drill holes for development

and production of oil would be short. The shale beds dip gently and the de

posits are probably uniform laterally, indicating that processes developed for

a small area would be readily applied to shales in a large area. No joint system
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is apparent in aerial photographs, and no major structural contortions exist in

the area. The shale beds are probably neither stressed nor extensively jointed,

making underground fracturing techniques easier to predict and control. No

minerals of economic value are known to exist in the area. The land is used

only for grazing. Artesian water, not potable but suitable for shale oil pro

cessing, exists in substantial supply at depths of about 1,000 feet below the

surface.

Land in the area underlain by the interbedded rich and lean deposits is

almost entirely the property of the Federal Government or the State of

Wyoming.

CONCLUSIONS

Green River Formation oil shales sampled by Wyoming Corehole No. 1

represent more than 200 million barrels of potential shale oil per square

mile. Although the deposit does not appear particularly suitable for mining,

its alternating beds of rich and lean oil shale are a deposit characteristic

potentially exploitable for production of shale oil from the shales in place.
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APPLICATION OF ABOVEGROUND RETORTING

VARIABLES TO IN SITU OIL SHALE PROCESSING

Harry C.
Carpenter1

and Harold W.
Sohns2

INTRODUCTION

In situ retorting shows promise of becoming a technologically and econo

mically feasible method for producing shale oil. This method appears to be

economically attractive because it would eliminate mining costs which still

account for a major share of the cost of producing shale oil by previously

proposed processing methods.
12

It is also attractive because it may make

it possible to recover oil from formations that are too deeply buried to be

amenable to mining and above ground processing methods. Then, too, it

would eliminate the costly problem of spent shale disposal and many of the

potential problems of air and water pollution associated with aboveground

processing.

The permeability of oil shale is essentially zero. Therefore, a technique

must be developed that will create sufficient permeability in the oil shale for

mation to allow the hot retorting gases to pass through the bed. One method

of fracturing that has been examined and discussed in the literature for a

number of years
3> 4> 5> 6- 7> 8

is that of using nuclear explosions.

Although a nuclear explosion has not been used to fracture oil shale,

predictions of what would take place have been made on the basis of ex

perience in fracturing other rock types by this method. The best guesses are

that a large cylindrical chimney filled with broken oil shale would be formed.

The broken material is expected to vary from sand-grain size to pieces several

feet on a side. Although the characteristics of the material in the chimney

can be determined only by actual experiment, theoretical studies indicate that

pressure drop through the chimney should be low.

An experimental retort has been built and operated at the Laramie Petrol

eum Research Center to study the retorting characteristics of material that

might exist in a nuclear chimney. Studies to date have used mine-run shale

containing pieces as large as 20 inches in 2 dimensions. The third dimension

xProject leader.

Project coordinator.

Both authors are with the Laramie Petroleum Research Center, Bureau of

Mines, U.S. Department of the Interior, Laramie, Wyo.
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usually ranged from about 12 to 18 inches, but was sometimes as large as 36

inches. The oil content of the shale varied from 21 to 48 gallons per ton.

This series of retorting studies differed from earlier batch-retorting
studies1

in that the earlier studies were designed to optimize oil yield and not to

study the retorting characteristics of large pieces of shale. Particle-size range

of the material used in these earlier studies was from about 1/2 to 3-1/2

inches. Air rates used in these experiments ranged upward from 5 standard

cubic feet per minute per square foot (scfm/ft2) of retort cross section. Air

rates used in the present series of experiments varied from 0.5 to about 4

scfm/ft2

of retort cross section. Recycle gas rates varied from 0 to about

4 scfm/ft2. Energy for these experiments was supplied by combustion of

the carbonaceous residue remaining on the spent shale. A few experiments

were made using steam or a mixture of steam and air as the energy source.

EXPERIMENTAL PROCEDURE AND RESULTS

Apparatus

Complete descriptions of the equipment used for this study have been

published
previously.9

Figure 1 is a simplified flow diagram of the equip

ment. The retort is a small batch unit consisting of a cylindrical steel shell

6 feet in diameter by 12 feet tall. This shell surrounds a tapered refactory

lining 6 inches thick at the bottom and 9 inches thick at the top of the retort.

A 1-inch steel plate perforated with 3/8-inch holes is used as a grate.

Three tanks are used to hold liquid products and also to serve as phase

separators. Products leaving the retort are conducted to the first tank where

part of the oil mist is agglomerated mechanically with a small rotary blower

and collected. This is repeated in the second recovery tank. A rotary posi

tive displacement blower operates between the second and third recovery tanks.

This blower agglomerates mist and circulates recycle gas through the final

recovery tank back to the retort. The exit gas stream from the final recovery

tank is split, part going back to the retort with the remainder being discharged

through a stack. The small quantities of liquid oil present in the recycle gas

stream are recovered with a high velocity, rotoclone separator. Further loss

of oil in the gas stream is prevented with line skimmers.

Primary air for the process is supplied by a positive displacement blower.

Pressure drops through the entire system vary but are only a few inches of

water at most. Total pressure on the entire system is maintained at a few

inches ofmercury.

Primary air flow to the retort is measured with a positive displacement

meter. Recycle- and vent-gas flows are measured with orifice meters. Flow is
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Natural

Liquid product **#

Figure 1. Schematic diagram of 10-ton retort.

controlled by manual adjustment of these two streams.

Gas composition is determined with a multiple stream process chroma

tograph. Samples are obtained from top of the retort, three levels in the

shale bed, and from the recycle gas stream. The three levels were sampled at

the center and the edges of the shale bed.

Oil Shale Charge

Oil shale charges for each experiment were prepared from mine-run shale

obtained from a mine at Anvil Points, Colorado. The particle size selected for

these experiments ranged from sand-grain size up to 20 inches. Because of

this wide variation in size, obtaining a representative sample was difficult.

The smaller pieces, approximately 12 inches and under, were sampled by
cone and quarter methods. The larger pieces were broken perpendicular to

the bedding planes and approximately one-fourth of each piece was added to

the sample. This total sample was crushed to approximately 1 inch, and sam

ples for analysis were prepared from this material. All unused 1-inch material

was returned to the retort charge. Table 1 gives the results of analyses of the
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raw shale. Oil yield of the charges as determined by Fischer assay varied

from 21.7 to 48.0 gallons per ton.

Experimental Procedures

In charging the retort a
3- to 4-inch layer of crushed rock was placed on

top of the grate for all experiments. This rock was used not only to prevent

shale fines from falling through the holes but also to protect the grate from the

effects of combustion of the lower layers of the oil shale charge. Great care

was exercised during charging the shale to avoid breaking of the particles and

to achieve a random distribution of the large pieces.

Initial ignition of the charge was accomplished with a natural gas burner

at the top of the retort for most experiments. Combustion products from the

burner with a slight excess of air were passed through the shale charge until

the temperature at the top of the bed reached
300

to
400

F. At this point

combustion of the shale particles would start and natural gas flow was ter

minated. Following ignition, the combustion zone moved downward through

the retort. Mixtures of liquid products and gases, predominantly in the form

of a stable mist, were withdrawn from the bottom of the retort. Control of

the advance of the combustion zone and the retorting temperature was ac

complished by adjusting air and recycle gas rates. Retorting was considered

complete when the temperature at the bottom of the bed reached 900F.

Slightly different procedures were used on a few experiments. The natural

gas burner was used to supply extra energy during all of experiment 14. In

experiment 3, the shale was ignited in the usual manner, but approximately

500 pounds of steam from the Center heating plant was used as a heat trans

fer medium in place of recycle gas. In experiment 1, the shale was not ignited,

and superheated steam was used as a heat transfer medium.

After allowing the retort to cool, spent shale was discharged. Table 2

shows the results of analyses of the spent shale. As has been previously
shown,9

a large part of the available carbon is contained in the central part

of the larger pieces.

DISCUSSION

Oil Recovery

Maximum oil recovery from the operation of the retort to the present is

80.8 percent of Fischer assay. This yield is lower than the yield obtained by

more conventional internally heated retorts.1,
2

However, because of the

large variation in particle size used during the present study, some reduction

in oil yield was expected. Table 2 shows that complete retorting was not

attained in all experiments inasmuch as the Fischer assay of the spent shales
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ranged from 0 to 16 gallons per ton. In the early
experiments9

it was

found that about 5 pounds of oil per ton of shale were entrained in the vent

gas from this particular recovery system. Additional losses probably re

sulted from burning some of the product oil in the retort bed.

Control of these oil losses during the in situ retorting of a nuclear chimney

will be difficult. Incomplete retorting and burning of oil in the bed can be

caused by channeling or by excessive flow rates. Channeling will be a major

control problem over areas as large as those anticipated for nuclear chimneys

(230 feet in diameter for the 50 kiloton explosion proposed for Project

Bronco.3

Loss of oil as mist or entrained particles should be of minor im

portance during the retorting of a nuclear chimney in oil shale where several

hundred feet of broken material is available to agglomerate mist.

Estimates of oil recovery from a proposed nuclear fracturing in situ re

covery experiment in oil
shale3

assumed a yield of 80 percent of Fischer

assay. This laboratory study shows that a recovery of 80 percent of Fischer

assay may be possible. Variables, such as maximum particle size,
particle-

size distribution, and location of large particles, will have a major effect on

oil recovery from an actual nuclear chimney.

Liquid Product Properties

Properties of the crude shale oils produced during this investigation are

shown in table 3. These oils are similar to oils produced by the gas combus

tion process, the N-T-U process, or other internally heated retorts, in that they

are black, viscous oils which contain sulfur and nitrogen. As previously

shown9

differences occur in the specific gravities and pour points. Crude oil

from this study has a specific gravity of slightly over 0.9 and a pour point of

about
70

F, while oil from a gas combustion retort usually has a specific

gravity of about 0.95 and a pour point of about
90

F. Apparently this in

dicates the effects of additional thermal cracking.

Gas Composition

Typical gas analyses are shown in table 3. Generally the gas consists

mainly of nitrogen and oxides of carbon, with small amounts of oxygen,

methane, ethane, and ethylene. This gas has low fuel value so would be useful

in an in situ experiment, primarily as a heat transfer medium. The gas from

experiment 1 has a different analysis because heating was accomplished with

steam.

Energy Considerations

Approximate energy balances calculated for several experiments are
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Table 4. Sample energy balances, Btu/ton of charge

Experiment number: 6 13 16 17

Heat in:

Net heat of combustion 1,705,281 1,793,432 2,015,135 2,209,343

Raw shale 1,000 5,500 -9,500 1,500

Air 997 5,338 -10,125 1,589

Recycle gas 16,479 1,670 7,823 12,534

Total heat in 1,723,757 1,805,940 2,003,333 2,224,966

Heat out:

Carbonate decomposition 374,629 203,444 338,206 556,566

Vaporization of Fischer

assay water 21,182 27,537 15,886 27,537

Offgas 27,989 233,000 303,331 515,945

Retorted shale 261,030 278,286 317,198 177,911

Oil 23,821 23,527 27,064 45,809

Condensed water in oil 140 582 18,472 593

Calculated losses through

shell 389,080 429,110 469,485 519,680

Total heat out 1,097,871 1,195,486 1,489,642 1,844,041

Loss, unaccounted 625,886 610,454 513,691 380,925

shown in table 4 to illustrate the large heat loss. For these experiments up

to one-third of the available energy was lost through the retort shell and the

ends; slightly less was lost as unrecovered sensible heat in the retorted shale,

and still less was lost with the vent gas. Total losses ranged from 40 to 75

percent of the available energy. If most of this wasted energy could be re

covered, air requirements would be reduced substantially. In that event air re

quirements of less than 10,000 scf per ton would be likely.

Experience with the 10-ton retort shows that not all of the carbonaceous

residue remaining on the retorted shale is burned as fuel for the process. The

carbonaceous material has a heating value of 200 to 300 Btu per pound of

raw shale. Approximately 260 Btu are required to raise a pound of 28-

gallon-per-ton shale to 900F and retort it at that
temperature.9

Because

all of the residue is not burned in the larger pieces, efficient recovery of sen

sible heat must be achieved in an in situ recovery operation to assure of self-

sustaining heat supply.
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Effects of Retorting Variables

The economic feasibility of an in situ operation depends on oil recovery

which, in turn, is determined by proper control of the operating variables. Re

torting
experience1

has shown that oil yields are influenced by the grade or

assay of the oil shale charge, the air and recycle gas-flow rates, and the par

ticle size of the charge.

Examination of the data from the 10-ton retort seems to indicate that vari

ations in average shale bed temperature were accompanied by variations in

oil recovery. Bed temperature is not a primary variable because it is influenced

by gas-flow rates, particle size, and to some extent, by the grade of shale.

However, because it is also influenced by other factors such as heat loss to

the surroundings, it was decided to include temperature with the primary

variables in a statistical evaluation of the effects of retorting variables on oil

recovery.

Multiple regression analysis showed that over the ranges investigated the

most significant variables in this study were bed temperature, recycle gas rate,

and assay of the charge. Although previous studies showed that air rates and

particle size of the charge affected oil yield, these variables were not highly
significant for the ranges investigated in the present study. Least squares

methods were used to derive linear models relating these operating variables

to oil recovery.

In the following summary of this evaluation let :

y
= the oil yield, volume percent of Fischer assay,

Xx = Fischer assay of charge, gallons per ton,

X2 = air rate, scf/m/ft2,

X3 = recycle gas rate, scf/m/ft2,

X4 = average bed temperature,
F,4

X5 = average particle size, inches,

Bi = regression coefficients,

2 = experimental error.

Using the above terms the following models were derived :

(1) y
= B0 + BA + B2X2 + B3X3 + B4X4 + B5X5 + X

4Average bed temperature was calculated by adding all temperatures at 5-hour inter

vals and dividing by the total number of temperatures used.
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(2) y
= B0 + BxX3 + B2X4 + B3X2 + B4X2 + B5X3X4 + X

3 4

(3) y
= B0 + BA + B2X2 + B3X3 + B4X4 + B5X23 +

B6X2

+ B7XiX3 + BgXiX4 + B9X3X4 + 2

Approximate values of the coefficients for equations 1 through 3 were de

veloped using the raw data of tables 1 and 3.

Equation Equation number

coefficient 1 2 3

Bo 29.998 -124.111 25.627

Bx -0.061 101.500 7.750

B2 -0.984 0.542 -0.100

B3 1.247 -5.250 86.120

B4 0.078 -0.0003 -0.228

B5 -0.413 -0.155 -6.872

B6 0.0004

B7 -0.709

B8 -0.003

B9 -0.071

Variation correlated, pet 24. 79. 91.

Standard error 12.762 6.733 5.670

CONCLUSIONS

Retorting a chimney created by a nuclear explosion in oil shale should be

technically feasible. Experience with the Laramie 10-ton retort shows that

yields of 80 percent of Fischer assay can be attained when retorting oil-shale

particles varying from small grains to pieces as large as 20 inches in 2 dimen

sions. As much as one-third of the available energy was lost through the

sides and ends of the aboveground retort. Recovery of these losses and the

more efficient utilization of sensible heat that will be possible in the large

chimney resulting from a nuclear explosion should reduce air requirements

to less than 10,000 scf per ton. Some carbonaceous residue in the spent shale

may not be readily available for fuel; however, more efficient use of the

energy that is available will reduce the fuel requirements.

Statistical evaluation of data obtained from the aboveground retort in

dicates that oil yield is influenced mainly by recycle gas rate, shale bed tem

perature, and grade of shale. A model relating these parameters, their squares
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and cross products, accounts for 91 percent of the variability in oil yield

observed in these experiments. The standard error of this model is 5.67

percent.
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A LOOK AT IN SITU OIL SHALE RETORTING

METHODS BASED ON LIMITED HEAT TRANSFER

CONTACT SURFACES

Allen L.
Barnes1

and Rex T.
Ellington2

ABSTRACT

Mathematical analysis of in situ retorting of oil shale in deposits contain

ing wells interconnected by vertical fractures is used for economic analysis

of limited heat transfer surface systems. Hot gas is injected into the fracture

to supply the necessary sensible heat and heat of retorting.

The thermal conductivity and thermal capacity of the oil shale and endo

thermic heat losses due to chemical reaction were taken to be temperature-de

pendent. The vertical fractures were considered to be of finite height. Vertical

conduction of heat into the zone above and below the fracture was not con

sidered; however an estimate of the error resulting from this omission was

made. The effects of temperature of the injected gas, injection rate, system

geometry, cyclic injection, and time upon retorting efficiency were investigated.

Results from this study show that the rate of retorting oil shale around

the fracture is a direct function of both injection temperature and rate, and

the theoretical air-oil ratio at the producing well is an inverse function of tem

perature. Retorting rates are constant until
"breakthrough"

of the 700F iso

therm at the producing well, assuming constant injection parameters. Re

torting rates for bounded systems are higher than the analogous unbounded

systems and air-oil ratios are less. The use of an alternating injection-soak

routine with high injection rates is less efficient than continuous injection

at lower'rates.

Analyses based on the mathematical analysis show that under optimum

conditions this type in situ process could be economically marginal at best.

Heat transfer from vertical fractures should be superior to that from systems

of more limited areas such as those comprised entirely of well bores. Because

of this, it is concluded that the economics of in situ processes using even more

limited surface areas would be uneconomical. This work supports the con-

Wow; with Ashland Oil Company; formerly with Sinclair Oil and Gas Com

pany.

2Sinclair Oil and Gas Company.
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elusion that in situ oil shale retorting research should be directed toward pro

cesses conducted in multifractured or broken-up matrix systems.

INTRODUCTION

Over the years there has been continued interest in retorting oil shale

in place instead of mining it and effecting the processing at another location.

Many schemes which have been proposed can be characterized by lack of

consideration of the real properties of the material and the deposits. Some of

the cost estimates which have been made for these schemes are unrealistic. Un

fortunately, many headlines have been made in the political arena by use of

some of the poor estimates, much to the detriment of sound development of

a synthetic crude oil industry. To clarify the picture, there is need for publi

cation of careful analyses of many aspects of in place processing. This paper

presents results of some economic analyses of retorting systems based on pre

vious analyses of the use of conventional
wells.1,

2

One approach to exploiting oil shale deposits, particularly in the thick

portion which is overlain by some 1,000 feet of overburden, is to retort the

oil shale in place and produce the liquid and gaseous hydrocarbons through

wells drilled into the shale. Some research on this approach has been re

ported.3,
4
There are several variations to the in situ retorting approach. One

method of categorizing these variations is on the basis of the amount of sur

face area available to effect the transfer of heat required to carry out retorting.

One group of approaches is that in which there is large heat transfer contact

area and the retorting is conducted in a highly fractured or broken matrix.

The second is in situ retorting conducted in systems with limited heat transfer

contact area such as from connecting well bores or from single fractures be

tween producing and injection wells. Only the second group is considered in

this presentation.

Several
investigators5"8

have studied heat flow through horizontal frac

ture systems. The objective of this work was to make a heat transfer study of

in situ retorting of oil shale by injection of hot gas through wells interconnect

ed by single vertical fractures of finite height. It was believed that heat trans

fer from vertical fractures would be superior to heat transfer from systems

employing well bores as has been shown by
Duggan.9

It was also felt that

vertical fractures represented realistic systems because of natural fracturing

and the breakdown pressures involved. The oil shale thermal conductivity,

thermal heat capacity and heat of retorting (i.e., all endothermic heat losses)

were considered to be functions of
temperature.1, 2

The results of this heat

transfer study were then used to determine economic feasibility of an idealized

process using limited vertical fractures.
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DESCRIPTION OF PROBLEM

Retorting of oil shale in situ requires that communication be established

between wells drilled into the shale body since oil shale has no natural matrix

permeability. Fractures can be induced hydraulically with pressures in excess

of 2,000 psi at depths of approximately 2,400 feet and can be expected to

leave the well bore in a vertical orientation. Feasible fracture heights should

range up to 100 feet, with the actual height depending upon bedding charac

teristics and fracturing injection rates. Figure 1 illustrates the geometry of

this system. Gas injected into the center well is presumed to travel through

the fracture in both directions to two producing wells. A combustible gas

mixture could be burned at the surface and the hot products of combustion

injected or the combustible mixture could be injected and then ignited down-

hole near the fracture. In each case, the hot gases give up heat to the shale

body, or matrix, as they travel through the fracture.

Figure 2 is an areal view of the arrangement of a system of injection and

production wells as one might place them in a pattern in the deposit. Parallel

lines of wells would be drilled to the same horizon in the shale; alternate

wells would be producers and injection wells. Optimum well spacing would

be determined by optimizing the economics of the process. From basic heat

transfer considerations, it would seem that a staggered injection-producing

PRODUCING

WELL

TOP VIEW

INJECTION WELL

o~^ r~o

INTERCONNECTING VERTICAL FRACTURE

CROSS-SECTION VIEW

PRODUCING

WELL

o

500'-

INTERCONNECTING VERTICAL FRACTURE

Figure 1. Schematic diagram of in situ oil shale retorting arrangement.
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Figure 2. Pattern arrangement of wells.

well sequence from one line to the next, resulting in a countercurrent flow ar

rangement, would be the most efficient pattern.

The rate of movement of the 700F isotherm in the shale body or matrix

is an important consideration since oil shale releases essentially all of its liquid

and gaseous hydrocarbons if held at this temperature for a reasonable period

of time. This rate of movement is more complex than a simple function of the

injection well temperature and rate of heat injection. A complicated set of en

dothermic heat reactions takes place as oil shale is heated. Endothermic heat

of reaction, or loss, is experienced from
600

to 800F when the kerogen

decomposes into oil, gas, and coke. Also, endothermic heat of reaction, or loss,

occurs as the mineral carbonates of the shale decompose. Under surface re

torting conditions most of this carbonate decomposition takes place over

1,000F, and it is essentially complete above 1,600F. In underground re

torting, because of the long contact times, carbonate decomposition must be

considered at lower temperatures. In addition, the heat conductivity of sedi

mentary rocks is known to decrease significantly with temperature, while the

heat capacity of shale has been
shown10,

u
to increase somewhat with tempera

ture.

In considering the flow of gas, it should be remembered that retorted oil

shale can be expected to have a matrix permeability on the order of 10-15

md.12

This should be sufficient to permit gases and vapors from shale in the

interior shale of the body undergoing retorting to migrate to the fracture

and be carried to the producing well. Although a small fraction of the injected
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gas may flow through this low permeability zone, most of the gas flow is ex

pected to remain in the high capacity fracture until the retorted zone reaches

the producing well.

Finally, variables that have been found to affect the retorting efficiency of

an in situ retorting process are injection temperature, injection rate, system

geometry, cyclic injection, and project life.

1. Pressure was not considered a process variable. It was assumed that

the injection rates used in this study were possible mechanically. Any effect

of pressure on carbonate decomposition, retorting temperature, and rock and

fluid properties was not taken into account.

2. Retorting efficiency and ultimate recovery efficiency are extremely

important economically, but they were not studied.

3. Producing well temperatures were limited to approximately 900F.

This was done because it was recognized that sustained high temperatures

would crack heavy hydrocarbons to gases or even to carbon and hydrogen.

4. Oil shale richness was considered only with regard to heat of retorting

requirements. A 30-gpt sample as determined by Fischer assay was used

for this.

5. The effect of vaporization and condensation on heat transfer was not

considered explicitly. Mass transfer within or out of the shale was not taken

into account in the heat transfer equations written for this problem. Heats of

vaporization were implicitly included in the endothermic coefficient.

METHOD OF SOLUTION

Basic Mathematical Models

Figure 3 (Model I) is a schematic of one of the basic models used in

this work. Heat is moved by convection through the fracture from the in

jection well toward the producing well. Heat is given up to the shale by con

duction. Conductive heat transfer in the shale is considered in the horizontal

direction, both parallel and perpendicular to the fracture; vertical flow was

ignored. Figure 3 represents a symmetric element in a single linear array of

alternating injection and production wells. Therefore it is necessary to con

sider only one such element because adiabatic boundary conditions exist on

two sides and at the fracture centerline, and an infinite boundary exists in

the y direction perpendicular to the fracture. Model II, shown in figure 4,

is similar to Model I except two additional sides are bounded by fractures

which carry hot gas flowing in opposite directions. In this model only the

cross-hatched element between fracture centerlines is considered, as the no-

heat flow condition exists on all four sides. In both of these models the flow

rate of only one half the fracture is considered, as is demanded by the adi-
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INJ. WELL

FRACTURE

500'

Figure 3. Model I unbounded system.

PROD. WELL

INJ. WELL

PROD. WELL

INJ. WELL

PROD. WELL

Figure 4. Model II bounded system.

abatic boundary condition of the symmetric elements. Model II represents a

representative element in a symmetric areal array of wells.

Equation 1 (derived from heat balance considerations) describes con

vection heat transfer in the fractures with heat loss into the shale. The product

pgvg represents the mass velocity,
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. d)
h 3T, h 9Tg 3T8
-

PgcBvg + -

pgCs
= K(T)

y=7

and it is considered constant. The specific heat, cg, of the gas is considered

to be constant. Therefore the heat injection rate is constant. The heat transfer

coefficient between the gas stream and fracture surface is considered infinite.

This is equivalent to saying the rock surface and the gas stream temperatures

are identical at any point along the fracture.
Thomas6

has shown this assump

tion leads to negligible error. The Model I boundary condition for the frac

ture is :

At x = 0, T = T
injection

0 * y
-

T

ForModel II we have in addition :

At x = x
,
T = T. y h ^ y

^
y

1 injection J J

Equation 2 describes conduction heat transfer in the shale.

d 3TS
KX(T) +

9T_

Ky(T) -q(T)=Ps cs(T) Ts
dx

x

dx 3y L dy J dt
(2)

Thermal conductivity and heat capacity of the shale are considered to be

functions of temperature. Endothermic heat losses are represented by q, which

is also a function of temperature, q(T), which can be represented by

C'(T) - where C'(T) represents endothermic heat loss per unit mass

per F. Boundary and initial conditions in the shale for Model I are:

1. At t

2. At x

3. At x

4. At y

0, T = T0 0 ^ x ^ xi, 0 ^ y
^ oo.

=

0'ir
= 0 Y"y

00.

3T

XI'
"37

' y oo.

, T = fracture temperature

2

0 ^ x ^ xi.
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5. At y =
oo,

= 0 0 ^ x xi.

For Model II the boundary conditions are:

1. At t = 0, T = T0 0 ^ x ^ xt, 0 ^ y
^ yj.

3T h
2. At x = 0, -|- = 0

-

y-y h.
3x 2 J - -

3T h
3. At x =

xt,
= 0

it
-

y yT
h

3x 2 J - -

4. At y
=

,
T = fracture temperature 0 x xi-

5. At y
=

y h, T = fracture temperature 0 x x\.

J ~

~2

The equations describing these two models as well as those for the cross-

sectional model to be described were solved numerically. Details of these

solutions are reported by
Barnes.1

Cross-Sectional Model

This model was designed to evaluate the assumption of no vertical con

duction heat transfer in the basic models. In the real physical situation heat

conduction will occur in three directions and therefore the configuration of the

retorted zone (which is considered to be contained within the 700F isotherm)

will be a conical ellipsoid whose cross section diminishes in the downstream

fracture direction. A symmetric element of the ellipsoid is illustrated in figure

5. If it is assumed that there is no heat flow in the vertical direction, the

700F isotherm would be a straight line in the z direction. But if heat flow

occurs in the z direction, the resulting isotherm would be as illustrated. The

object of the model was to compare the relative magnitudes of cross-hatched

areas A and B and
A'

and B', etc. With this comparison, the effect of the

assumption that no heat flows vertically was evaluated qualitatively.

In order to determine the profiles in the y-z direction, a conduction model

was considered which used a heat source based on the temperature history at

selected positions along the fracture of Model I. The use of this temperature

history involves the assumption that the fracture temperature histories of a

two- and three-dimensional problem would be the same. Equation 3 describes

conduction heat transfer in this model.
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700

no heat

in z dir

Figure 5. Isometric schematic of symmetric element of conical ellipsoidal retorted

region.

dz [K.(T) +

3y
KV(T)

3y
-q(T)=Pi

A
c.(T) T8

00

Boundary and initial conditions are:

1. At t = 0, T = T0 0 ^ z
^

co, 0

3T h
2. At z = 0, -^ = 0 ^

y
^ oo.

T h
3. At z = oo,

= 0 y oo

9z 2

4. At y
=

,
T = fracture temperature from selected points in

Model I 0 ^ z
^ 25.

h 9T

5. At y
=

,

-2 = 0
2'

dy

6. At y
= oo

dy

= o

25 ^ z ^ oo.

0 z oo.

(3)
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Figure 6. Total heat requirement for retorting oil shale.

Variable Coefficients

The relation of oil shale thermal capacity, cs(T) , versus temperature is diffi

cult to describe over a wide temperature range. The capacity is easily meas

ured up to 450F. Beyond this temperature the character of the oil shale be

gins to change as liquids are driven off and the mineral composition of the

matrix rock is altered. In the
600

to 800F range, kerogen is distilled off

and there is a considerable endothermic reaction heat requirement. Carbon

ate decomposition begins at temperatures over
900

F and continues to at least

1,600F at atmospheric pressure. These endothermic heat requirements are

comparable to the total heat content of the rock and therefore must be con

sidered in this heat transfer problem.

Instead of obtaining a relationship of the thermal capacity of oil shale

versus temperature, it is more convenient to measure total heat requirement to

raise a unit mass of oil shale to a specific temperature. This total heat re

quirement represents the total heat content of the rock, endothermic heat losses,

as well as heats of vaporization and the heat content of gas and vapors driven

off. These quantities can be treated together as long as the temperature at any

point increases throughout the duration of an investigation. If temperature

decreases, only the total heat content of the rock can be considered. Curves

of total heat requirement and total oil shale heat content, shown in figure 6,

were constructed from information in the literature,10, n- 13"15
see

Barnes1 for

details.

A relationship for the thermal conductivity of oil shale as a function of

temperature is not available. Somerton and
Boozer16

found that all rocks

showed a similar dependency on temperature and most of them at 200F had
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thremal conductivities ranging from 0.8 to 1.09 Btu/ft-hrF. Their values

dropped to approximately 0.35 at 1,200F. Over 1,200F, conductivities were

constant. It was decided to use limestone conductivities presented by Somer-

ton and Boozer to represent oil shale thermal conductivities because of the sim

ilarity of the low temperature values of both limestone and oil shale as re

ported by Gavin and
Sharp.17

Also, the mineral content of limestone and re

torted oil shale are more alike than any of the other sedimentary rocks. The

thermal conductivity relationship of limestone (Kx and Ky) as a function of

temperature used for this research work is shown in figure 7. Kz was taken

to be equal to 0.71 Kx.

200 400 600 800 1000 1200 1400 1600 1800 2000

TEMPERATURE F

Figure 7. Thermal conductivity versus temperature.

RESULTS AND DISCUSSION

Table 1 summarizes some of the computer runs made to solve the three

mathematical models numerically for different sets of conditions. Several

injection temperatures, injection rates and well spacings were investigated.

All runs were carried out for 90,000 hours (10.3 years) or more. At high

injection rates where the producing well temperature exceeded 900F before

the end of the run, the computer programs for Models I and II were designed

to stop injection and production and to simply let the system
"soak."

When

the producing well temperature dropped below
800

F, injection was resumed.

This was done because it was recognized that temperatures in excess of 900F

would cause hydrocarbon gases to crack to carbon. This feature also permitted

study of soaking efficiency.
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Table 1. Summary of computer runs

L Injection

Injection rate

Rue

num Fracture tem MMSCF/

ber Model length, ft perature, F a* BTU/hr-ft SCF/hr-ft D-well

1 I 500 1000 5.00 5,000 278 1.33

2 I 500 1000 10.00 10,000 556 2.67

3 I 500 1500 6.67 10,000 370 1.78

4 I 500 2000 2.50 5,000 139 0.67

5 I 500 2000 5.00 10,000 278 1.33

6 I 500 2000 10.00 20,000 556 2.67

7 I 500 3000 3.33 10,000 156 0.75

8 I 1000 2000 10.00 20,000 556 2.67

9 II 500 2000 5.00 10,000 278 1.33

10 II 500 2000 10.00 20,000 556 2.67

11 Cross-section Profile at 0 feet along fracture of Run 6.

12 Cross-section Profile at 100 feet along fracture of Run 6.

13 Cross-section Profile at 200 feet along fracture of Run 6.

14 Cross-section Profile at 400 feet along fracture of Run 6.

*a = BTU/hr-ftF

Figures 8 and 9 illustrate examples of plots of the positions of the 700F

isotherms versus time (Runs 5 and 9). The areas under the isotherms at any

time equal the volumes of oil shale retorted per foot of fracture thickness as

calculated by the two-dimensional models. These volumes serve as a basis

to compare the relative effects of the controllable parameters which are dis

cussed below.

ioo 200 300

DISTANCE ALONG FRACTURE FEET

400 500

Figure 8. Position of
700

F isotherm versus time Run 5.
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100 200 300

DISTANCE ALONG THE FRACTURE - FEET

400 500

Figure 9. Positions of 700F isotherms versus time Run 9.

Effect of Injection Temperature

Figure 10 shows that the rate of retorting (at a constant heat injection

rate) increases as the injection temperature is raised; however, the rate of this

increase decreases at the higher temperatures. Rates of retorting at 1,500,

2,000

and 3,000F were 2.35, 2.80 and 2.94 times the rate at 1,000F. The

effect of injection temperature is more pronounced when comparison is made

at a constant gas injection rate as illustrated in figure 11. The rate of retorting

with gas at 2,000F is approximately 5.7 times that with gas at 1,000F when

compared at the same gas injection rate. The producing well temperature did

not reach 900F during the life of these runs.

Effect of Injection Rate

Figure 12 shows the effect of injection rate upon retorting rate for an in

jection temperature of 2000F. Up to the time the 700F isotherm reaches

the producing well, the retorting rate is a direct function of injection rate.

After
"breakthrough"

of the 700F isotherm, the retorting efficiency (oil pro

duced per Btu injected) falls off. At the highest rate, 20,000 Btu/hr-ft

of fracture height, the producing well reaches 900F after 34,500 hours.

After that time, the alternating
injection-soak routine was \ followed, keeping

the producing well temperature between
800

and
900

F. ^
Breakthrough of the 700F isotherm occurs at approximately 90,000 hours

for the 10,000 Btu/hr-ft rate with 500 feet between wells and 2,000F in

jection (fig. 8), and it occurs beyond 80,000 hours for the 120,000 Btu/hr-ft

rate with 1,000 feet between wells. This means that if the fracture length is
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Figure 10. Effect of temperature upon retorting rate with a heat injection rate of

10,000 Btu/hr-ft.

10 20 30 40 50 60

TIME IO3 HOURS

70 100

Figure 11. Effect of injection temperature upon retorting rate with an air injection

rate of 556 SCF/hr-ft.

doubled the injection rate must be doubled to achieve 700F isotherm break

through in about the same amount of time for the same injection temperature.

Effect of Soaking

The efficiency of the alternating injection-soak period is illustrated in figure

13. Cumulative volume of formation retorted is plotted versus cumulative heat
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Figure 12. Effect of injection rate upon retorting rate with an injection temperature

of2,000F.
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Figure 13. Effectiveness of soaking with injection temperature of
2,000

F.

injected. Prior to the soaking period, all runs showed comparable retorting

efficiences at the same injection temperature. After soaking starts, the retorting

efficiency of Run 6 decreases monotonically with cumulative heat injected. A

comparison at a cumulative heat injection of 120 x
10'

Btu/ft shows that

the alternating injection-soak
portion of Run 6 is only 70 percent as efficient as

the continuous injection portion using 2,000F injection temperature. This,
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therefore, suggests it is better to increase the length of the system or decrease

the injection rate rather than use the soak technique.

Effect of Bounded Systems

Figure 14 compares rates of retorting of a bounded (side-by-side) and

an unbounded system (Runs 5 and 9) at the same injection rate and tempera

ture. It shows that retorting rates for bounded systems increase monotonically

with time compared to unbounded systems, which is the expected result.

30 40 50 60

TIME 103HOURS

70 100 110

Figure 14. Comparison of bounded and unbounded systems.

Figure 9 shows the final positions of the
700

F isotherms after 109,100

hours for Run 9. The isotherms are very close and all temperatures at this

time were in excess of 650F. The entire volume can therefore be considered

to be retorted. This run began the alternating injection-soak routine after

104,000 hours which indicated the producer reached the maximum allowable

temperature of 900F near the end of the run. We can conclude, therefore, at

a rate of 278 SCF/hr-ft (1.33 MMSCF/D per well) with a 2,000F injection

temperature, it would take approximately 12 years to retort a symmetric ele

ment from a pattern array which had wells spaced 500 feet apart in lines

spaced 100 feet apart.

Air-Oil Ratios

Theoretical air-oil ratios were calculated for all of the runs for Models I

and II. In this test the term air-oil ratio means the ratio of the cubic feet of

air-inert gas-fuel mixture injected to the barrels of oil produced. The air-oil

ratio is an excellent yardstick for predicting process feasibility because the
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cost of air injection would be a principal expense in such a process. The

volume of oil shale retorted at any time represents a certain quantity of oil

based on the assay of the shale. If it is assumed that the average shale richness

is 30 gallons per ton and the oil is 100 percent recoverable, an optimum air-

oil ratio can be calculated by dividing the volume of air-fuel-inert gas mix

ture injected by the oil production during a selected period of time.

Figure 15 compares producing air-oil ratios calculated for unbounded runs

(Model I) using injection temperatures of 1,000, 1,500,
2,000

and

3,000

F. Constant air-oil ratios would be expected prior to breakthrough of

the 700F isotherms since the rates of retorting are constant. It can be seen

that the producing air-oil ratios are inversely proportional to the injection

temperatures prior to breakthrough of the
700

F isotherms at the producing

wells.

Air-oil ratios for six runs using an air injection temperature of 2,000F are

compared in figure 16. The air-oil ratio for all runs is 52,000 SCF/bbl prior

to breakthrough of the 700F isotherms. Results from the unbounded soak

run (Run 6) shows that the air-oil ratio increases to 86,000 SCF/bbl during
the remaining life of the run. The air-oil ratio of the bounded soak run (Run

10) decreased throughout the run to 15,000 SCF/bbl at 82,500 hours. Results

from the bounded run (Run 9) shows that the air-oil ratio decreases to 5,000

SCF/bbl at 104,000 hours. It is obvious that the bounded systems will yield

the lower average air-oil ratios. Run 9 was conducted 109,100 hours. At that

time all temperatures were greater than 650F, indicating the volume between

fractures would be completely retorted. Dividing this volume into the cumula

tive air injected gives an average theoretical air-oil ratio of 24,000 SCF/bbl

over the 12-year project life.
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Figure 15. Air-oil ratios at different injection temperatures.
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Figure 16. Air-oil ratios at injection temperature of 2,000F.

Results from Cross-Sectional Model

A qualitative estimate of the error involved when two-dimensional hori

zontal conduction heat transfer is assumed was made using results from Run

5 as source data. Vertical cross-sectional profiles were examined at 0, 100,

200 and 400 feet along the fracture using temperature histories at these posi

tions from Run 5. A fracture height of 50 feet was used. Four runs with the

cross-sectional model were necessary to determine these four profiles. Measured

vertical conductivities ( traverse to the bedding planes) of 30 gal/ton shale

samples were found to average 0.71 of the horizontal conductivities (parallel

with bedding planes) at room temperature. This ratio of vertical to horizontal

conductivity was used in the computations.

Final cross-sectional positions of the 700F isotherms as determined at

these four positions are shown in figure 17. The areas encompassed by the

700F isotherms were compared to the rectangular areas shown. These

rectangular areas represent the cross-sectional retorted areas assumed for the

case of the no vertical heat flow. At 0 feet down the fracture the cross-sectional

profile is 5 percent larger than the rectangular area. At 100, 200, and 400

feet down the fracture the cross-sectional profiles are 10, 17, and 21 percent

smaller than the rectangular areas. Applying these four errors to the final

retorted volume of Run 5 in a weighted average manner, it was determined

that the two-dimensional retorted volume determined in Run 5 was approxi

mately 12 percent higher than would be anticipated in an actual three-dimen

sional case.
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It must be remembered that this result is qualitative, since source tem

peratures for these profiles were taken from the two-dimensional solution for

which we are determining the error. At large times these two-dimensional

source temperatures should be near the average three-dimensional ones. In

true consideration of three dimensions the entire fracture height would not be

the same temperature as was assumed here.

Even though this is a qualitative result, it emphasizes two important

facts. First, retorted volumes calculated with the two-dimensional unbounded

models are high, on the order of 10 percent or more. Since heat balance

errors were all on the plus side, ranging from 2 to 10 percent, errors in re

torted volumes can no doubt be considered a few percent higher than this.

Secondly, results from Model II (bounded systems) would also be optimistic,

since interference between heat sources would occur later than predicted by
the two-dimensional model.

ECONOMIC EVALUATION

Operating Conditions

Adequate profitability of an in situ process would depend upon a num

ber of things; one of the most significant would be the injection pressure.

Results from this work show that retorting efficiency drops off when the

700F isotherm reaches the producing well. This indicates that a project

should be designed so that the 700F isotherm (leading edge of retorted zone)

reaches the producer near the end of the project life. Major operability prob

lems might be expected, however, because shale swelling, and plugging by

solids and oil would tend to seal off the fracture. This being the case, it might

be expected that high injection pressures (2,500 psi at depths of 2,000 to

2,500 ft) would be required during the entire life of a project in order to keep

the fracture opened ahead of the retorted region.

DISTANCES FROM FRACTURE OF
700=

F ISOTHERM AS CALCULATED BY RUN
5"

10 20

Figure 17.Vertical profiles of 700F isotherm after 89,000 hours.
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The high air-oil ratios for low injection temperatures make it clear that

low injection temperatures, i.e., 1,000F, would be uneconomical. From

equipment considerations, an injection temperature of 2,000F is considered

an upper limit.

Information from Run 9 was used as a basis for cost analysis. It was

assumed that the average air-oil ratio was 25,000 SCF/bbl; the injection

temperature was 2,000F; the injection rate was 1.33 MMSCF/D; and

spacing between rows of wells was 100 feet. A 50,000 BOPD operation with

a project life consisting of 2 years for installation and 12 years for operation,

for a total of 14 years, was used.

Using this information, a number of cases were run to cover a relatively

broad range of possible operating conditions. For all cases the injection

pressure was assumed to be 2,500 psi. It would be necessary to inject an inert

gas or other coolant along with a stoichiometric air-fuel mixture to maintain

a 2,000F injection temperature. It was assumed that gases produced from

the producing wells could be used as this coolant. Also, it was anticipated

these produced gases would have a sufficient heating value that outside fuel

would not have to be supplied. Approximately 60 percent produced gas and

40 percent air would yield a 2,000F injection temperature. A back pres

sure could be held on the producing wells so that produced gas compression

could be minimized. Economic cases assuming back pressures of 700 psi and

2,000 psi were run. Compression horsepower required for a 50,000 BOPD

operation, assuming a 700 psi back pressure, was found to be 272,500 hp;

only 209,000 hp would be required for a 2,000 psi back pressure.

Costs

The two main capital cost items are compressor installations and wells.

Figures 18-21 show curves labeled high capital and low capital. The high

capital cases were calculated assuming reciprocating compressors costing $200

per hp. Wells- were estimated to cost $27,500 and would operate in only one

horizon (one 50-ft high vertical fracture network). The low capital cases

were calculated on the basis of turbine compressor installations costing $150

per hp. For these cases, it was assumed that wells could be used for five hori

zons, thus reducing well costs by a factor of 5.

The principal operating costs are compressor fuel, compressor maintenance,
and lifting costs. Cost of compressor fuel was taken to be 30^ per MSCF of

natural gas. Compressor maintenance was set at $5 per hp per year. Two

lifting costs were used to take into account related operations: a low lifting
cost of 20^ per barrel of oil and high lifting cost of 40^ per barrel.

A one-eighth royalty was used and the selling price of oil was assumed

to be $1.75 per barrel of raw unhydrogenated shale oil.
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Results

Figures 18-21 show in graphical form the results of a number of differ

ent economic cases. All four figures are plots of the oil recovery efficiency

versus investor's rate of return. Thirty-gallon-per-ton oil shale was assumed.

They show under labeled conditions what oil recovery efficiency would be

required for a specified rate of return.

Figure 18 illustrates economic results obtained when a 700 psi producing

well back pressure is assumed along with low lifting cost (20^ per barrel).

It can be seen that to realize a 10 percent rate of return almost 80 percent

recovery efficiency would be required with the low capital and low lifting
cost case. This means that degradation in the matrix, combustion, loss in the

fracture and loss in the recovery system must add up to less than 20 percent

of the oil originally developed at the retorting front. It must be remembered

this low capital curve is based on the assumption that five horizons could be

retorted simultaneously.
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Figure 18. Economic prediction assuming a 700 psi producing well pressure and low

lifting costs.

The first curve under the high capital curve in figures 18 and 19 reflects

capital costs using reciprocating compressors and assuming either a two-hori

zon development or a spacing of 1,000 feet between wells. The second curve

reflects costs using turbine compressor and the two-horizon development.

Figure 19 shows results from runs assuming a 700 psi back pressure and

high lifting costs (40^ per barrel). For a 10 percent rate of return oil re-
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covery efficiency would have to be 90 percent with the lowest capital. A

10 percent investor's rate of return would not be possible for higher capital

requirements.

100i-
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Figure 19. Economic prediction assuming a 700 psi producing well pressure and high

lifting costs.

Figures 20 and 21 show results assuming a 2,000 psi back pressure at the

producing wells. Figure 20 illustrates the most optimistic cases calculated.

For the lowest capital ($150 per hp compressors and five horizon produc

tion ) , the lowest lifting costs and the most optimistic pressure situation a 10

percent investor's rate of return could be realized with a 65 percent recovery

of the oil in 30 gpt shale. Figure 21 shows that an 80 percent recovery

would be necessary if lifting costs were 40^ per barrel.

The results illustrated by these four figures indicate rather strongly that

in situ retorting oil shale through the type of vertical fracture system illustrat

ed would be economically marginal at best.

Feasibility of Other Limited Surface Systems

Interpretation and limited extension of the above analysis permit important

conclusions to be drawn about other in situ schemes based on use of con

ventional wells. The mathematical
analyses,1,

2
show that the rate at which

heat can be absorbed by the shale body determines the rate at which raw shale

oil is created. The rate of absorption is determined by the area of the surface

in contact with the heating gas and the geometry of the shale body. The verti-



Retorting Methods Based on Limited Heat Transfer Contacts 105

100

80

60

I
>-

<_>

ii 40
o

20

5 10

INVESTOR'S RATE OF RETURN-PER CENT

15

Figure 20.Economic prediction assuming a 2,000 psi producing well pressure and

low lifting costs.
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Figure 21. Economic prediction assuming a 2,000 psi production well pressure and

high lifting costs.
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cal fracture connecting wells in this analysis presents a large but still limited

area for heat transfer, hence the large number of wells required to achieve

the stipulated production. Heat transfer systems based on connecting systems

with more limited
area9

would have less favorable economics:

1. The well density might have to be an order of magnitude greater for

wells connected simply by deviated holes to obtain equal surface area.

2. Further increase would be necessitated by the relative inefficiency of

radial flow to heat a given mass of shale.

Further rationalization would indicate that broken or multifractured shale

bodies would improve the economics if all the oil created could be produced

from the producer wells. We wish to caution, however, the simple extension

of this logic is not valid for projecting favorable economics for the nuclear

fracturing proposals.

CONCLUSIONS

1. Results from this heat transfer study show that the rate of retorting oil

shale is a function of the injection temperature; however, as the injection

temperature is increased, the retorting rate increases to a lesser extent.

2. The air-oil ratio is an inverse function of the injection temperature.

3. The rate of retorting is constant at a constant injection temperature

and rate until the 700F isotherm "breaks
through"

at the producing well.

At that time the retorting efficiency decreases.

4. The retorting rate with a constant injection temperature is a direct

function of the heat injection rate.

5. High injection rates with the use of an alternating injection-soak

routine are less efficient than lower continuous injection rates.

6. Retorting efficiences are improved for bounded systems compared to

analogous unbounded systems and likewise air-oil ratios are lower.

7. It was found that with an injection temperature of 2,000F and an

injection rate of 1.33 MMSCF/D per well, it would take approximately 12

years to retort a shale section developed with a pattern array of wells spaced

500 feet from producer to injector and 100 feet between rows of wells.

8. In situ retorting of oil shale by hot gas injection through wells inter

connected by single vertical fractures appears to be economically marginal

at best.

9. As a result of this work it is concluded that in situ retorting through

more limited heat transfer configurations would not be economical.

10. In situ oil shale retorting research should be oriented towards multi-

fractured or broken-up matrix systems.
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NOMENCLATURE

h = fracture thickness, feet

pg
= gas density,

lbs/ft3

cg
= gas thermal capacity, Btu/lb

vg
= gas velocity, ft3/hr

pg
= shale density,

lbs/ft3

cs(T)
= shale thermal capacity, Btu/lbF

q(T)
= endothermic heat loss, Btu/lb

c'(T)
= endothermic heat less per degree, Btu/lbF

t time, hr

Q
= rate of heat flow, ft3/hr

T =
temperature, F

Tg
= temperature of gas, F

Ts = temperature of shale, F

T0 = initial temperature, F

x
= horizontal distance from injection well along fracture, ft

y
= horizontal distance from fracture perpendicular to fracture, ft

z = vertical distance from fracture centerline, ft

KX(T) = thermal conductivity in x direction, Btu/ft2-hrF

K(T) = thermal conductivity, Btu/ft2-hrF

K2(T) = thermal conductivity in z direction, Btu/ft2-hrF

I = number of grid points in x direction

J = number of grid points in y direction

M = number of grid points in z direction

i =
subscript, refers to point location in x direction

j =
subscript, refers to point location in y direction

m =
subscript, refers to point location in z direction

n =
superscript, refers to time step

k =
superscript, refers to iteration step
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AVAILABILITY OF WATER FOR OIL SHALE

DEVELOPMENT

Kenneth Balcomb

Whenever in some circles I mention the need and availability of water

for the development of oil shale, I am reminded by those interests that there

are other minerals present in the oil shale in the Piceance Basin reputed by
them to be of more value than the oil recoverable from the shale. Some one

or more of these minerals are now imported into the United States, and their

development in the Piceance Basin could reverse this situation. However, oil

production from shale has been a subject of discussion for more than one-

half a century, and for the purposes of this paper, use of water for develop
ment of any and all the minerals associated with oil shale, including oil shale,

will be lumped generally though inaccurately in the term "water for oil
shale."

As all of you know, for a good many years it was assumed that produc

tion of oil from shale would largely be on the Colorado River front, that is,
the area north of and adjacent to the Colorado River generally from Rifle to

DeBeque, Colorado. Subsequent investigations disclosed that apparently the

richest and thickest shale beds lay in the Piceance Basin, not readily accessible

to mining from the shale bluffs over the Colorado River. Some of these

subsequent investigations disclosed the presence of the associated mineral

sources. Necessarily this has caused some change in the area of interest in

water supply.

The map that I have here shows generally the water sheds in the geo

graphic area of the Colorado River Water Conservation District and the

operating and proposed water development projects within that area. Those

developments are either completed or proposed U. S. Bureau of Reclamation

projects or developments proposed by the Colorado River Water Conserva

tion District.

There are a great many water filings along the Colorado and White Rivers

by persons or companies interested in shale oil and other development. Most

of these along the Colorado River are pumping plant situations between Grand

Valley and DeBeque, and most were filed with the realization that diversions

could not be made as continuously as would be needed for a commercial plant

Attorney, Delaney and Balcomb; General Counsel for Colorado River Water

Conservation District
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unless storage incidental thereto was provided or acquired. Though the pat

tern of filings on White River is not identical, it is similar. Anyone can, of

course, make a direct flow filing and some diversion would be permissible

during peak runoff periods. But locating an adequate storage site at this

late date, especially where sufficient water supplies would be available to store

is another matter. It is in this area that the Bureau of Reclamation and the

Colorado River Water Conservation District can be of assistance to the oil

shale industry.

Referring then to the map, the three most obvious sources of storage

or of water availability are Green Mountain Reservoir on the Blue River,

Ruedi Reservoir on the Frying Pan River, and the proposed West Divide

Project, the available industrial-municipal water being from the Crystal River.

Green Mountain Reservoir stores about 100,000 acre feet of water for such

purposes and has heretofore delivered to the Colorado River a maximum of

about 63,000 acre feet largely for perfected irrigation rights. Any contract

for industrial uses from this reservoir would be subject to pre-emptive agri

cultural-domestic uses.

Ruedi Reservoir will provide in all about 100,000 acre feet of water. No

division of that storage, however, has yet been made between replacement

water for Frying Pan-Arkansas diversions out of priority and water for use

on the Western Slope. Until this has been done, it is doubtful that effective

contracts can be negotiated.

The Bureau of Reclamation has planned into the West Divide Project as

now before Congress for authorization some 34,500 acre feet of high quality

water and 43,000 acre feet of lower quality water delivered to most any point

on the Colorado River. If the West Divide Project was now authorized and

money for advance planning was made available, you could expect water

deliveries from the project about ten years from now.

Additionally, in the Colorado River area, reservoir storage is available

in the Una Reservoir, Toponas Reservoir, the Snowmass Project, and Wolcott

Reservoir. There are other smaller reservoirs or replacement situations which

could be developed.

On the White River the Bureau is about to complete the feasibility study

and report on the proposed Yellow Jacket Reclamation Project. It is estimated

that this project will make available approximately 55,000 acre feet of water

for industrial and municipal purposes. Additionally, there is capacity as yet

available from the proposed Rio Blanco Reservoir on the South Fork of White

River, a part of the Flattops Project. On lower White River, Rangely Reser

voir presents replacement possibilities, and there are other small storage or

replacement situations available.



Availability of Water for Oil Shale Development 111

On the Yampa River there is at least one excellent source for water, the

proposed Juniper Reservoir planned by the Bureau of Reclamation with some

770,000 acre feet of active capacity. Water from this reservoir will be de

liverable to the confluence of Piceance Creek and White River.

The foregoing is a but limited inventory of the facilities presently avail

able for storage or replacement purposes for an oil shale industry. There are

several other facilities being developed by private industry, and there are

other facilities planned by the District to furnish water for the industry pre

sently under option.

Because of the competitive nature of the oil industry, the requirements of

planned water developments exceed the water supply, and, as and if the in

dustry develops much cooperation planning and use of facilities will emerge.

Let me again emphasize that storage during the limited period of high

runoff is one important key to an adequate supply of water.

Having quickly examined some potential storage sites, let us now take a

quick look at some of the other factors affecting the availability of water for

storage and thus for use.

First among these factors though not standing alone is mother nature's

participation in the form of snow. Little else can be said on this point, because

even the United States Government cannot have much real effect on this.

Second is what I will generally call the law of the river. The law of the

Colorado being what it is, the snow pack in our high mountains takes on deep
significance. An example of this is the apparent annual average Lee Ferry

delivery requirement of 7,500,000 acre feet of water. In general, the law of

the river is composed of a combination of the doctrine of appropriation as ex

pressed by our Colorado Constitution, our present as well as past water and

adjudication statutes, the Colorado River Compact of 1922, the 1944 treaty

with the United Mexican states, the Upper Colorado River Basin Compact of

1948, and court decisions applying or construing one or more of the forego

ing, or applying equitable principles to the division and distribution of water.

Pollution control is a new factor of law which much be considered, and con

servation practices are playing an evermore important part.

Opinions differ as to the effect of various parts of this law of the river

on the availability of water for use in Colorado. Opinions likewise differ as

to where Colorado's entitlement can best be used and even as to what is to

be considered the best use. It is sufficient, I think, to say that the law of the

river must be considered when an investment in extensive water development

is contemplated.

The third, and last, item on water availability I wish to discuss is the

question of time. Almost everyone agrees that the quantity of water available
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to Colorado for beneficial consumptive use is limited. Competition in the

whole river basin, between the eastern and western slopes in Colorado, and

in the Western Slope itself is keen. If others get the water to use first, the

problems of getting a sufficient supply for oil shale development will be com

pounded. Delay in firming up supplies now can only lead to additional ex

pense in the acquisition of water rights.

I have deliberately avoided estimates of quantities available let alone

estimates of requirements. Such estimates depend upon answers to many

questions I do not have. Much of what I have said has been said before, and

the message I would give you is the message heretofore given you. Reasonably
prompt and diligent action is necessary on the part of all of those parties in

terested in shale if adequate supplies of water are to be made available for

an oil shale industry at a reasonable cost.



A SIMULTANEOUS CAVING AND SURFACE

RESTORATION SYSTEM FOR OIL SHALE
MINING1

Paul T. Allsman

INTRODUCTION

This paper introduces a concept comprising a modified caving method for

mining oil shale and simultaneous restoration of the land surface by return

of spent shale onto the subsided area. Other methods have been designed to

mine the relatively thin richer beds occurring near outcrops in the Piceance

Creek Basin of northwestern Colorado. (See fig. 1.) Since the discovery of

the much thicker beds in the north central part of the basin, some attention

has focused on in situ and open-pit methods of recovery. As far as I have

learned it has not been proved that caving is unfeasible or impractical as a

means of mining the shale.

Although caving has been recognized as a possible means of mining shale,

most of us have been skeptical of its success. This stems from the unknown

and salient factors of cavability and size of broken rock with caving. At one

time block caving was a widely used method of mining porphyry copper and

iron ore, but most of these early operations were abandoned in favor of open-

pit mining. In the face of this trend toward open-pit mining, successful caving

persists at San Manuel, Climax, and a few iron mines in the United States.

Wisdom would seem to dictate that serious evaluation of the caving method

be made along with the other methods.

SHALE DEPOSIT CHARACTERISTICS AFFECTING

A CHOICE OF CAVING

Sketchy information accumulated from drilling for petroleum and gas

along with a few core holes indicates that a minimum of 150 square miles in

the northern area of the Piceance Creek Basin (fig. 2) may contain an aver

age of 25 gallons of crude oil per ton of shale ranging from 1,000 to 2,000 feet

thick with an estimated 1,000 feet of overburden. The apparently persistent

thickness of oil shale and the thick capping are favorable for caving. How-

1The opinion expressed in this paper are those of the author and do not represent

an official expression by the Bureau of Mines.

Mining Engineer, U.S. Bureau ofMines, Retired.
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IS0PACH0US MAP OF 25-GALLON /TON OIL SHALE

PICEANCE CREEK BASIN, COLORADO
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Figure 2.

R95W R94W

ever, too little is known about the cavability of the shale, particularly the ex

tent and density of the occurrence of joints in the beds upon which successful

caving is greatly
dependent.

Visual inspection of the oil shale for bedding and joint planes has been

limited to surface and relatively near surface excavations. Earlier research

was directed toward finding massive beds with minimum defects for the roof

of underground rooms. It is a fact supported by observation and the litera

ture that no brittle rock is without some joints.
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I have reviewed the literature on oil shale and have re-examined many

good original close-up photographs taken both at surface and underground.

From these observations, it is my opinion that bedding plane weakness is ade

quate for successful caving. Few beds can be considered as massive with

thickness greater than a few feet. Most beds are relatively thin. Joints, as

would be expected in a sedimentary formation, are nearly vertical and tend

to form rectangular slabs in breaking. Also, as would be expected, joints

are wider spaced in the thicker more massive beds. It is in caving these mas

sive beds, where joint planes are wider spaced, that difficulty must be antici

pated in developing successful caving techniques.

The pressure from the weight of overlying strata could be expected to

vary from 3,000 to 1,000 psi, and its effect should contribute to caving of

the oil shale. If it is feasible to emplace the spent shale over the caving block

during caving, its weight will tend to maintain the maximum pressure. Far

greater pressures than these minimum amounts will result from transfer of

loads to the abutments of mine openings. The size of openings, size of under

cut area, spacing and size of pillars, thickness of shale support between open

ings, and the fragmentation from subsidence all are affected by these pressures.

The size of the coarse slabs and the related problems of handling must also

be considered. Thus, before the caving method can be proven as feasible

for mining oil shale, considerable research and application of the best in

formation available on mine design will be necessary to evolve an optimum

mining system.

GENERALIZED SCHEME OF MINING

Table 1 presents the assumed conditions for a hypothetical mining sys

tem for mining oil shale. The scheme for mining by a caving method en

visioned here would comprise a mining complex of nine mines (figs. 3 and 4)
each capable of producing 30 million tons of shale annually at a rate of

100,000 tons a day from the 25-gallon-per-ton shale. This is equivalent to in

excess of 50,000 barrels of crude a day for each mine unit. This arrangement

would allow for flexibility and expansion starting with one unit.

The areal extent of the complex would cover 4 square miles plus adjacent

plant site. Each mine would be 3,000 feet square allowing for a protective

fender of about 500 feet. Undercutting and development workings for gather

ing could be excavated within the lower 300 feet of the 25-gallon shale if

critical to achieving lower costs and if the loss of those reserves is permissible

or recovery of this section can be accomplished later by another method. With

this arrangement the excavated shale would partly defray the cost of the

development for the caving method. The entire column of shale above the floor
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Table 1. Assumed conditions for hypothetical caving method for mining

oil shale

General

Areal extent Square miles 150

Grade Gal. crude oil per ton shale 25

Thickness shale range Feet 1000-2000

Thickness waste capping average Feet 1000

Nine unit mining complex

Areal extent Square miles 4

Mineable shale Billion tons 5-10

Recoverable crude oil Billions bbls. 3-6

Potential annual production shale Million tons 270

Potential annual production crude oil Million bbls. 160

Single unit mine

Areal extent Feet square 3000

Average thickness shale Feet 1500

Average thickness waste capping Feet 1000

Shale content Million tons 828

Crude oil content Million bbls. 490

Annual production shale Million tons 30

Annual production crude oil Million bbls. 18

Daily production shale Tons 100,000

Daily production crude oil Bbls. 50,000-60,000

Life of mine Years 27.6

of the undercut level would be drawn entirely by gravity flow from the haul

age level allowing the waste capping to subside to the undercut level. The

mined shale would be hauled to an underground plant where it would be

screened and the oversize crushed to suitable size for retorting. The mine

fines and the crusher product would be conveyed to surface retorts and the

spent shale would be returned to the area above the subsided or subsiding

capping. The surface could be leveled and forested if this is desirable.

The details for this scheme are discussed subsequently for a single mine

which is considered as a basic unit.

DESCRIPTION OF THE RASIC UNIT

Figure 5 is a plan of the 3,000-foot-square basic unit showing the sequence

of initial undercutting and caving proceeding from the central block outward

to the periphery. The section (fig. 4) shows the final position of the waste

capping and spent shale when mining of the unit is completed.

The natural tendency when a block is undercut and caved in a homo

geneous formation is for the cave to assume a circular horizontal shape. The
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PLAN AND CAVING SEQUENCE FOR SINGLE MINE

Figure 5.Scale:
1" = 450'.

purpose of this modified system is to accommodate operations more nearly to

the natural tendency for subsidence to assume a circular horizontal outline.

Ry starting with a central square block and expanding it concentrically

into successively larger blocks as proposed, it is believed that the undercut

area will reach a size where caving will be induced and maintained at a satis

factory rate.

The first block (No. 1 shown in plan figure 5) is 600 feet square in

horizontal dimensions. Caving of this block is initiated after preparation.

Experimentation will be necessary to determine the number of undercut pil

lars that should be blasted at one time and proper timing and
sequence.2

"Bureau of Mines, Inf. Cir. 7838, Block Caving in Limestone at the Crestmore Mine,
Riverside Cement Co., Riverside, Calif., by Albert E. Long and Leonard Obert.
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The axes comprising the four sections of block 2 are shifted
45

in relation

to block 1 and after preparation caving in these sections is done simultane

ously. Next, sections 3a and 3b of the next block, the axes of which are

shifted back 45, are prepared and broken followed by section 4a and 4b.

The process is continued in sequence as shown in plan (fig. 5).

This progressive shifting of the axes of succeeding blocks
45

develops

a horizontal pattern which should conform with the natural tendency of the

expanding break line to be nearly circular. Only through experience will

it be possible to know what the final configuration of the subsided column

will be at surface.

DEVELOPMENT

Figure 6 is an idealized isometric showing the dimensions and configur

ation of the proposed development from undercutting to the haulage level

for block No. 1. The block is 600 feet square and 300 feet thick from the

bottom of the haulage level to the top of the undercut level. The total de

velopment for the mine unit would be 25 times that shown for this block. As

stated earlier the development could be in the lower horizon of the 25-gallon

shale column. Table 2 shows the development dimensions of workings and

quantities of shale required to be excavated for the entire mine unit 3,000 feet

square.

Table 2. Development elements for conceptual caving method for single

unit mine

Dimension Thousand Million Million

Development elements feet linear feet cubic feet tons

Undercut slots 20 by 50 150.0 10.0

Undercut pillars 80 by 80 by 50 300.0 20.0

Draw holes and raises 80 by 80 to 25 dia. 176.0 11.8

Haulage drifts 25 dia. 225 110.5 7.4

Grizzley and ventilation drifts 10 dia. 450 35.3 2.4

Outside mining block haulage drifts 25 dia. & 10 dia. 90 31.8 2.1

Crushing and service rooms 6.0 .4

Incline shafts ( 10 dia. 12 .9 .06

( 25 dia. 6 3.0 .2

Totals 813.5 54.2

Approximately a third of the material in the undercut horizon would be

removed and transported to surface by excavating slots 20 feet wide by 50 feet

high (fig. 6) thus allowing space for expansion when the remaining pillars

are broken and the raises are widened at the top to form the draw holes. Ex

perimentation will be necessary to establish optimum width and height of
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the undercut
slots.3

These 80 by 80-foot pillars and belling of raises would

be completely drilled in the 600-foot-square block prior to initiation of caving.

The draw holes and connecting gathering raises would be excavated as shown

in figure 6. The draw holes are 80 by 80 feet at the top tapering to 25-foot

diameter raises.

The design of the draw holes and connecting raises is dependent upon the

maximum size of slabs to be drawn from the subsiding column. Adequate

preparation of shale in the undercut and careful control of drawing are crucial

to success. If it is determined that raises could be reduced from 25 to 20 feet

in diameter the amount of this development excavation could be reduced by a

third.

Provision is made for inspection and control of drawing at the junction of

each set of two draw holes by excavating 10-foot diameter drifts in one di

rection connecting them, with these drifts in turn interconnected by fringe

drifts. These drifts would also be an important part of the ventilation system.

Shale from the junctions at the control level pass into a surge pocket in readi

ness for loading with each loading chute serving four draw holes. There would

be 9 loading points in each 600-foot-square block. New techniques for main

taining an even flow of broken shale and loading into the transportation

vehicles must be evolved.

The layout of the development starting with the loading points and pro

ceeding to surface is dependent upon the physical condition of the shale

and the choice of a transportation system. No detailed analysis has been

made of the various possible combinations, but a system comprising truck

haulage to underground screening and crushing followed by belt conveyance

to surface plant for moving raw shale and to subsidence area for spent shale

appears to fit the conditions nicely.

Large trucks (50 to 65 ton capacity) appear to be best suited for primary

underground haulage because of the anticipated coarseness of the shale and

the need for flexibility. However, because of the large tonnages involved, a

detailed analysis of all possibilities should be made. Since the shale must

eventually be reduced in size for retorting, at least a minimum amount of

crushing should be done underground to improve materials handling.

A single belt system must move about 7,000 tons per hour on two shifts

on an incline ranging up to 18, the maximum effective inclination of belt

haulage. The vertical lift from the bottom of the crusher to the subsidence

area is approximately 3,000 feet. Belt system design already appears to have

advanced to where meeting the requirements are feasible.

3Ibid.
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The size of equipment and ease of handling also must be considered in

design and layout of access workings. The writer has made no detailed ana

lysis, but recent improvements in boring machines suggest that they may prove

to be the most advantageous means of development excavation. The hori

zontal roadways, most of the raises, the control and ventilation network and

inclined shafts could be bored. The conceptual layout of development (fig. 6)

provides that these openings be 10 and 25 feet in diameter. Probably the

undercut also could be bored.

The discussion naturally leads to the design of access from surface to the

mining horizon. Considering the factors of size of equipment, belt conveyance,

quantities of shale, and other materials to be handled, and simplicity, an in

clined complex would appear to be most advantageous. The concept for ac

cess presented here would comprise a 25-foot diameter shaft and 2 or more

10-foot diameter shafts, all inclined at about 18. The former essentially

is for handling trucks, boring machines, and crusher parts and the latter for

conveying, ventilation and services.

If the surface plant is located at the same elevation at the top of the mine

the inclines would be about 2 miles long. Considering the life of the enter

prise, the quantities to be moved and the trend in transportation technology,

the inclined accessways and belt haulage should be amply justified.

Table 2 shows an item of development "outside mining block haulage
drifts."

This estimate is made to provide 10-foot and 25-foot-diameter open

ings for access from the incline shafts to appropriate levels of the mine and

between draw points and the crushing plant. An estimate is also made for

crushing and service rooms. It would be expected that servicing and minor

repairs would be done underground, but equipment would be transferred to

surface for major overhaul.

ESTIMATED TOTAL COST

A paper of this nature would not be complete without attempting to draw

some conclusions regarding cost. Presuming that the many problems dis

cussed in this paper can be satisfactorily resolved, it is my opinion that oil

shale can be economically mined by the system described and under the con

ditions of grade, quantity and dimension assumed in the analysis. Table 3

is a summary of my best estimate of the distribution of total current value.

Value of crude is the nominal average current price of petroleum at the well

head. Thirty percent is allowed for profit and undistributed expenses not

directly associated with operations. Capital development and equipment for

mining includes the total development of a single mine unit as shown in table

2 plus initial equipment and facilities for mining up to delivery of crushed
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shale to the retort and transporting spent shale to the subsidence area. This

capital is approximately equivalent to $1,000 per ton of daily production or

$100 million distributed to the total estimated recoverable shale in the mine.

The capital was split 65 percent for development and 35 percent for equipment

based upon an analysis of published data on development costs and estimated

cost of major equipment such as trucks, boring machines and conveyor sys-

stems. Capital development and equipment for retorting per ton of shale and

per barrel of crude is based upon an estimate of $40 million for a 50 to 60

thousand barrel per day capacity retort plant. Because of the preliminary na

ture of these estimates further refinement related to capital expense was not

warranted. Per ton and per barrel cost of capital expense varies with the

thickness of the shale. The figure in table 3 is based upon average thickness

(1,500 feet).

Operating costs are independent of the reserve. In determining operating

cost for mining about 20 percent is allowed for miscellaneous or general ex

penses and 80 percent principally for drawing, haulage, crushing, and con

veying to the plant and from plant to the subsidence area. These are the major

items of expense. The development and operating costs are based upon in

formation from numerous sources in the literature and the best of these have

been used. Because of the potential magnitude of the oil shale mining industry
and size of the mines, it seems reasonable to expect every performance record

can be bettered.

Table 3. Distribution of total current value

Per unit of production

Shale-ton Oil-bbl

Value of Crude $1.70 $2.85

Profit and undistributed expense .51 .86

(30% of value)

Mining costs

Capital development & equipment .12 .20

Operating expense .30 .50

Retorting cost

Capital development & equipment .05 .08

Operating expense .24 .40

Contingencies .48 .81
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The writer is responsible for the estimated costs in table 3 except for re

torting. The capital cost for retorting was made by Bureau of Mines Petro

leum Research personnel and the operating expense for retorting is taken

from an article by Dr. Tel
Ertl.4

Exploration of Colorado's Oil Shale, Western Oil Reporter, July 1962, p. 32-34.



SHALE OILWILL IT EVER BE A REALITY?

Michel T. Halbouty

Man's progress today is directly related to his ability to utilize energy.

Because of our technological advance in harnessing various forms of energy,

the United States has the distinction of being one of the most advanced

societies in the world.

National productivity is directly related to our energy consumption. The

economic security and social welfare of the United States demand that ade

quate low-cost energy resources be available at all times.

The most abundant energy resources in the United States are hydrocarbon

fossil fuels, consisting of oil, gas, oil shale, and coal. Currently the most im

portant of these energy sources are crude oil and natural gas. Although our

supply of oil and gas is adequate today, we must recognize that they are

depletable substances. Within the next few years, the increasing demand for

liquid fuels will make it necessary to supplement supplies of domestic energy

from crude oil and natural gas with synthetic fuels such as those from oil shale.

Before getting specifically into the role of oil shale, we might first take a

look at the over-all energy picture, which is affected by two factors. The first

factor is ever-increasing population; the second factor is the increase in per

capita consumption of energy. From 1920 to the present, population in the

United States has increased from 106 million to more than 200 million. An

nual energy use during the same period has increased from 20 quadrillion

Btu to more than 57 quadrillion Btu.

Because of our rapid growth in energy use, the United States is by far

the most prosperous nation in the world, with the highest standard of living.

With only 7 percent of the world's population and 6 percent of its land space,

we currently produce about one-third
of the world's total output of goods and

services. On a per capita basis, we consume oil at a rate that would provide

more than 900 gallons a year for every man, woman, and child in this coun

try about 8 times the per capita figure for the rest of the Free World.

Oil and gas began to account for one-third of the total energy consumed

in this country by the late 1920's. By the mid-1940's, oil and gas began to

Consulting Geologist and Petroleum Engineer, Independent Producer and

Operator, Houston, Texas.
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provide one-half of our energy needs; they account for three-fourths of our

energy needs today.

And still the demand goes up. While we consume petroleum products at

a rate of almost 12 million barrels a day at present, it has been forecast that

we shall consume 50 percent more petroleum by 1980. Eighteen million bar

rels a day is a lot of oil. This means that if we are to meet demand, the pe

troleum industry must come up with more than 75 billion barrels of products

between now and 1980 and that is twice the present proved crude oil re

serves in the United States. This explains why we have to keep on hunting

so hard for new reserves. Even though our supplies are adequate now, there

is not too far off a time when consumption will begin to outstrip additions to

reserves.

What must we do if we are to keep pace with these mushrooming de

mands? It seems that three basic ways are open to us and we may have to

use all three. The most important way is to increase domestic exploration for

oil and gas. The second is to increase imports. And the third is to develop
production of synthetic fuels as a reserve force of energy fuel supply for the

future along with coal and nuclear energy.

We cannot rely on the first way alone to supply our increasing energy

needs. It is already clear that future oil and gas discoveries are not going

to keep up with future demand unless an immediate expanded exploration

program is begun and is successful in finding large reserves at an accelerated

rate. And we cannot allow ourselves to become as dependent on foreign oil

as increased imports would make us. If foreign supplies ever "got us over a
barrel"

in this respect, we will find ourselves paying a great deal more for

foreign oil than we pay now not only in money, but in national prestige and

security.
So*

by far the most attractive and feasible way of supplementing our

energy needs would appear to be synthetic fuels such as could be derived from

oil shale in addition to coal and nuclear energy.

Oil shale is abundant, and it certainly could become a major source of

synthetic fuel. Important domestic deposits are in Colorado, Wyoming, and

Utah where shale deposits are estimated to contain some 2 trillion barrels of

oil in place. The most important of these areas is the Piceance Basin in north

western Colorado which includes 1,380 square miles underlain with potentially

commercial shale beds; that is, deposits 10 feet thick or greater that yield 25

gallons or more of oil per ton of shale.

Now I would like to emphasize some important figures. The oil shale in

Colorado alone has been estimated as high as 1.5 trillion barrels. The minable

portion which averages 25 gallons per ton or more is estimated to contain 480

billion barrels of oil of which 60 percent or 280 billion barrels might be re-
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covered using present day technology. There is a growing public misconcep

tion that there are trillions of barrels to be recovered from oil shale. If we can

recover 280 billion it would be phenomenal. Every effort should be made to

dispel the trillions of barrels rumor that not only the public but unknowledge-

able persons in important positions are assuming as a fact.

Therefore, with the public believing such large figures, it is not surprising

that a number of the critics of free enterprise would rally under the banner

of public ownership and federal control and wave the red flags of
"scandal"

and
"fear"

before the people claiming that fabulous wealth which belongs to

the people will be given away. For example, former Senator Paul Douglas

of Illinois, an honorary chairman of the Public Resources Association head

quartered in Denver, had this to say about the oil shale deposits on publicly

owned lands :

"Every man, woman, and child of our country owns a share of the vast

resources of recoverable oil, and the value to each in terms of total sales

volume is at least
$25,000.'n

Douglas warns of a possible
"giveaway"

of a

great resource which he says is owned by all the people.

This sounds as if the shale oil had already been developed and sold and the

money set aside in some communal warehouse or deposited in a bank. All

each of us has to do, Douglas implies, is write a check or get a shovel and

withdraw our personal share.

What nonsense! By similar reasoning, each of us could take an axe into

our national forests, mark off our
"personal"

trees, chop down our share, and

put the lumber to our own uses.

The Public Resources Association is staffed and led by men of much

the same persuasion as ex-Senator Douglas. Its other honorary co-chairman

is Dr. John Kenneth Galbraith of Harvard University, who has voiced the

determination to see that shale oil is developed by the government to "protect

the public interest as opposed to the selfish and speculative
interest"

of private

business. Again what nonsense! Whatever private business does with oil

shale accrues to the benefit of the public. It certainly is not selfish ; however,

I do agree that it is speculative. Private industry could lose its
"shirt"

and

"pants"

in this oil shale venture !

One of the more outspoken advocates of government control and develop

ment of shale oil is Professor Morris Garnsey of the University of Colorado.

Dr. Garnsey has argued bitterly against what he calls "development of a vast

resource by the monopolistic oil
interest."

He says : "The oil industry in the

United States is so highly monopolized that we can't trust the development of

*A "dear
friend"

broadside, undated letter on the stationery of the Public Resources

Association and signed by Senator Paul Douglas.
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this resource to that industry. We must avoid the greatest giveaway in the

history of our
nation."2

In my opinion this is silly! Who else can develop

this resource? In the first place, there is still a question if oil from shale will

ever be developed by anybody ! This I'll discuss later.

Critics favoring government development and control, as opposed to pri

vate development, know how to appeal to the public imagination and in

fluence the public mind. They raise the spector of another "Teapot Dome

Scandal"3
and speak of "stealing a public

treasure"3

and of the "multi-trillion

dollar
value"3

of a shale oil industry. This doesn't hold up when even gram

mar school arithmetic is applied. The value of all the land in this country, plus

all the surface improvements, is estimated to be no more than 1.5 trillion

dollars !

If we could get out 2 trillion barrels of oil and sell them at $3.00 a barrel,

we might have a "multi-trillion dollar
industry."

But we are not going to get

that much oil. As I said earlier, we will do well to expect a production of

280 billion barrels of recoverable oil from an estimated 480 billion barrels

in commercial grade shale. This is still a large amount of oil but nothing to

generate a "multi-trillion
dollar"

value.

Not all leaders in the academic world lack so much basic knowledge of

shale oil or distort the facts in an appeal to naive minds. Dr. Orlo Childs,

president of the Colorado School of Mines, speaks more knowledgeably and

in sounder terms. To Dr. Childs, a view that a substantial shale oil production

doesn't need to be developed in the United States is "not only shortsighted as

to the oncoming energy requirements of our citizens but ... is also dangerous

to the military and economic security of our
nation."4

"At this critical time of need for rational decision, it's inappropriate to

fan the emotional fires of fear and endanger long-range values to our na

tional
economy,"

Dr. Childs declared. "Let's not be beguiled by those who be

lieve that the government is all wise and all seeing and that total administra

tive regulation of our energy resources is the best answer. Let's not be charmed

by those who not only say they can best determine what is in the public interest

but also insist on the right to enforce their decisions by direct and indirect con

trol over operations of the
marketplace,"

Dr. Childs concludes.

Another authority speaking out for the free enterprise system in develop

ing oil shale is Dr. Charles H. Prien, head of the chemical division, Denver

Research Institute of the University of Denver. Dr. Prien is one of the
fore-

2Denver Post, July 17, 1967; also in report of Senate Subcommittee on Interior and

Insular Affairs hearing, April, 1967.

3Saturday Evening Post, December 30, 1967.
4Denver Post, July 18, 1967; also testimony before the Senate Subcommittee on In

terior and Insular Affairs, February 1967 and September 1967.
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most authorities on the advancing technology and economics of the emerging

shale oil industry. He lines up squarely against those who shout about "give

aways, who say that reserves on public lands aren't needed now for a viable

shale oil industry, and who contend that private industry can't be trusted

with a resource owned by all the people.

Dr. Prien has been personally active in oil shale research for a quarter of a

century. He has written some 35 technical papers and portions of books on

oil shale technology, and he has been the advisor on oil shale to the President's

Office of Science and Technology. Dr. Prien thus speaks with the weight of

authority when he says: "The era for development of our oil shale resource

is now, to supplement our natural resources in meeting our burgeoning energy

needs. Shale oil will never dominate the energy market or displace conven

tional petroleum, but will simply take its proper position in the highly com

petitive total energy
mix."

Dr. Prien goes on to say: "The potential contribution of an oil shale

industry to our national economy is enormous in creating new jobs, new tax

sources, new byproduct industries, new national wealth. None of these bene

fits can be realized while the shale deposits remain undeveloped in the

ground."5

Production of oil from shale will be costly. The per barrel investment in

a commercial mining and retorting operation may be lower than for liquid

petroleum, but unit operating costs will be considerably higher. One reason

for this is that shale oil cannot be refined by conventional means. Oil from

shale is deficient in hydrogen, and hydrogen will have to be manufactured

and added during the refining process. Shale oil also contains relatively large

amounts of such elements as sulfur and nitrogen, and these will have to be

removed during the upgrading process, which is going to be especially ex

pensive. Shale oil produced in commercial operations involving mining,

crushing,8

retorting, and processing and under reasonable royalty and tax pro

visions would have about the same book rate of return as the national average

for mining and manufacturing generally. The proposed Department of the

Interior regulations, however, set forth terms under which these returns would

be substantially lower. Nothing in the studies of shale oil operations suggests

windfall profits, and shale oil operations are not going to offer any
get-rich-

quick opportunities. It is most peculiar that the critics of the free enterprise

system don't know this fact. Frankly, I think they believe the oil from shale

will gush forth like the old oil gushers at Spindletop, Signal Hill, and El Do

rado at 100,000 barrels per day without any expense.

5Denver Post Interview, July 27, 1967.
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Let's review another problem. The ownership and leasing situation with

regard to oil shale lands is unusual. These lands are from 80 to 90 percent

owned by the Federal Government, and it is obvious that a satisfactory basis

for leasing the federal lands must be devised soon.

Oil shale lands should be leased on a competitive bid basis, preferably by
public auction, using a bonus system with a moderate, fixed royalty. The bonus

system will result in the maximum leasing income to the federal treasury, will

preclude political or other forms of favoritism, and will avoid speculation in

leasing. Competitive pressures will insure that the lease bonuses reflect the

profitability of shale oil operations; therefore, the royalty should be held to

a relatively low, fixed amount so that shale oil will not be at a cost disadvan

tage compared with competing energy sources.

Bidding for leases should be open to all potential participants on a com

petitive basis with no discrimination in respect to firms in any particular in

dustry, size category, or other classification. Unitization of lands into efficient

conservation or production units should be permitted. It is not necessary that

an extensive amount of acreage be leased currently. Oil shale lands should

be researched and developed at once therefore, leasing procedures should be

adopted and the lands leased out for development. Now what entity will do

this the government or private industry?

Frankly and unequivocally, this is a job for private industry. Private

enterprise has repeatedly demonstrated that under a minimum of federal con

trols, it can beat the Federal Government by providing better operations, better

research, and at the same time provide a soure of taxation. The offshore oil

and gas operations in federal waters is an excellent example. This is a re

public. Federal operations of such enterprises impede individual efforts and

are inconsistent with our way of life and our form of government.

So that there is absolutely no misunderstanding by the critics of free enter

prise of what I have just said, I will bluntly state it another way:

The research and development of shale oil should be the responsibility of

private industry. It has repeatedly been proven in this country that private-

capital investments based on the free enterprise system is most efficient and

productive. Our whole nation has prospered under this concept and anything

contrary to it borders on socialism and other
"isms"

which I know our people

do not desire. It has also been proven that the greater the federal control on

operations of this kind, the less the efficiency, the less the productive capacity,

and the greater the cost to the taxpayer.

The availability of dependable, low-cost energy is basic to national security

and welfare. The petroleum industry has established a remarkable record

for providing the energy needed at quite reasonable prices. Gasoline is an ex-
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cellent case to support this point. It is a remarkable revelation to know that

the gasoline sold today is not only a higher quality product than gasoline sold

in the 1920's, but it is also cheaper, excluding taxes.

Energy needs are growing so fast that, within the next 8 to 10 years,

energy from conventional hydrocarbons will need to be supplemented with

synthetic fuels from shale oil, coal, and /or nuclear means. Gasoline from

shale oil will require large commitments of technical talent, significant capital

expenditures for research and development, and a substantial period of time.

Timely action by government in establishing a framework within which a

shale oil industry can function is essential, and given the proper incentives,

private industry may be able to make commercial production during the next

decade a reality. And I want you to know I stress the
"may.''

I would like to summarize my remarks on shale by emphasizing the fol

lowing points and comments :

Synthetic liquid fuels could be needed in the next 10 years or so, and oil

shale could become an important source of those fuels provided large scale

operations to recover this oil are begun immediately.

Because of the lead time requirements, steps should be taken now to en

courage the necessary research and development of oil shale, or it will be too

late for this source to be of any assistance to us in an emergency or when the

demand for more oil grows so great that we would have an immediate need

for a supplement.

Oil shale can best be developed by private enterprise, wherever it is located,

whether on public or private lands.

Clear title to the public domain oil shale lands is essential to such develop

ment.

Regulations proposed by the Department of the Interior do not provide

the necessary encouragement and incentives for private enterprise to commit

its technical and capital resources to the important task of developing this in

dustry on the public domain.

Revised regulations should be issued by the Department of the Interior

without delay. These regulations should encourage the advancement of re

search and development by private enterprise so that shale oil can make its

proper contribution as a supplemental energy source when the need arises.

And last, but most important, is that the technology for commercial opera

tion of oil from shale is still uncertain and unproven and we cannot sit

around for another decade or more waiting for a definite answer to this ques

tion.

Those who oppose private industry's role in the attempt to develop oil from

shale speak as if the end product is already a commercial reality. There is
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absolutely no proof that oil from shale can be extracted economically. Experi

ments and tests which may work in the laboratory, or in a small pilot plant,

may be most difficult to put in actual, large-scale, field, commercial operation.

Furthermore, I am disgusted with picking up some newspaper or magazine

and reading where one or more of these self-appointed oil shale experts declare

"it should be a comfort to us that domestic oil reserves in shale can supply

the deficit of our future
needs."

What future? How many years from now? Ten 20 30 40 or 50?

How much longer do we have to wait ?

I haven't heard anyone yet give an exact date for the economic manufac

turing of such reserves! !

Twenty-five years ago, we were told that oil from shale would be a reality

in 5 years. Twenty years ago, we were told it would be in 5 years. And for

each successive 5-year period, it was still 5 years away. And today, we hear

oil from shale will be a reality in the next 5 years. I am beginning to doubt

that it will ever be a reality. In fact, if private industry is not given the im

mediate opportunity to determine whether or not oil from shale on a large

scale operation is economically feasible, it will turn its efforts to other sources

of supply, and the reality of large oil reserves from shale may never occur.

And what a great loss this would be to the people of the oil shale states and

our nation !

Let us not be lulled into a sense of apathy by the hopes that these shale

oil reserves will be readily available to us when we need them especially in

times of an emergency. This is wishful thinking on still unproved economics

and unproved profitable foundations. Billions of barrels of oil are worthless

if it costs one penny per barrel more than its returned sale value.

Until costs of such manufactured oil reserves are reasonably profitable,

we should orient our thinking to find the natural petroleum reserves we

know still exist and can be found in this vast country of ours. There is no

doubt that there is several times as much oil and gas that remains to be found

in this country as we have found and produced since 1859. Our task is simply

to find and produce it.

Therefore, our current responsibilities are two-fold: first, to accelerate

in every possible manner and by every possible method a daring, imaginative,

and greatly expanded program of exploration for natural (conventional) pe

troleum reserves; and second, it is exceedingly important that shale oil lands

be immediately leased to private industry for research and development to

determine once and for all whether or not such shale oil can be economically

produced and whether or not shale oil reserves can be included in estimates

for our future energy requirements.



EVOLUTION OF UNDERGROUND MINING EQUIPMENT

James C. Allen

INTRODUCTION

Equipment developed for open-pit mining adapted to large room and pil

lar underground work and new innovations in high speed drilling and blast

hole loading is increasing production which in turn, under proper manage

ment and labor climate, will reduce mining costs.

An economical mining operation does not just happen any more than

does success in any other business. Some basic criteria must be followed in

making mining economic feasibility studies whether it is a study of a coal,

zinc, iron ore, or an oil shale property. These studies often disclose conditions

in extreme variance to initial published data on a mineralized area and its

quoted reserves.

RESERVES

The United States Geological Survey, in the reserve publications, have

used a minimum thickness of 5 feet for 45 gallon-per-ton and 15 feet for other

grades of oil shale to arrive at an average 15 gpt production. For their pur

pose, which is to provide general information, the criteria is not questionable.

However, in initial valuation of an ore body, or mineralized area, it must be

reanalyzed by mining engineers to determine the practicability of mining and

to arrive at an estimated cost, and by chemical engineers relative to usable

grades and required refining processes consistent with today's technology.

Any other basis used to arrive at a value for a mineral or an oil shale deposit

is erroneous and without economic foundation. For example:

A thickness of 15 feet of oil shale cannot be economically mined under

ground with today's tools and knowledge. It is doubtful that continuous

beds less than 25 feet in thickness can be mined at prices compatible with the

overall cost of producing synthetic crude from oil shale.

Also, until a great deal more is learned about retorting and associated

processes, it appears uneconomical to mine, retort, and hydrogenate a product

containing less than 25 gpt and very likely for the first few years the bottom

grade will be in the vicinity of 30 gpt.

Project Engineer, Oil Shale, Coal, Tar Sands, Utah Construction and Mining

Company.
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In view of the foregoing, I would like to see some words of caution added

to statements of reserves for the unenlightened. It is known by engineers that

only a fraction of the huge tonnage of oil shale contained in the Green River

Formation of Colorado, Utah, and Wyoming is exploitable on the basis of

present or future projected technology.

MINE FEASIBILITY STUDIES

Typical room and pillar mining procedures have been worn out at these

symposiums. Maybe you'll agree with me that we could have an oil shale

industry in operation if all the words expended on the subject had been turned

into useful energy. I'll try to refrain from repetition of details except that

some points covered in mining studies must be repeated. We find that large

rooms are essential to generate low mining costs. Large rooms permit the use

of high capacity equipment. Often the same equipment is used in large

volume open-pit mines except that it is modified to work under a roof and un

der adverse ventilation conditions.

Any consideration of mining must assess the thickness, extent, and quality

of the product to be mined. Possibility of encountering any appreciable

amount of water must be determined ; haul grades to be negotiated, hardness

of material to be mined, and the ability of the material to maintain a stable

configuration during mining must be ascertained. Underground the stability

of roof rock must be known. After all necessary physical knowledge is

gained from a mineable property, it is assessed in conjunction with types of

machinery most suitable for the type of mining required.

A revolutionary change in mining machinery has developed in the past

decade with the most outstanding changes coming in the last half. In under

ground mining it might be more appropriate to say the application of ma

chinery has been revolutionary.

DRILLING AND BLASTING

For many years underground mining tools were more or less standard
"off-

the
shelf"

items with little change in design from model to model. Operators

were reluctant to risk down time and resultant loss of production often ex

perienced with new tools. Manufacturers knowing the difficulty encountered

selling an unknown model of drill or excavating machine did not push for

changes which were expensive for them in retooling. A new educated breed

of operator has come of age in recent years with demands for more sophisti

cated and better tools. Not long ago drills were so cumbersome both an opera

tor and a steel and bit tender were required for each drill. Blast holes were
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hand loaded with expensive explosives and were usually fired with electric

blasting caps. In addition to being expensive, often costing 12^-15^ and

higher per ton blasted, the operation was hazardous through the use of the

highly explosive blasting caps, electrically detonated, and the use of dynamite

which in itself is not an entirely stable commodity. The use of fertilizer grade

ammonium nitrate and oil with primacord has lessened the hazard to a great

extent. Accidents from drilling a missed hole, an extreme hazard in past

years, are almost non-existent.

BLAST DETONATOR

For those present who are unfamiliar with mining and its terms, prima

cord is a detonating fuse used primarily for initiating commercial explosives.

It is a very strong, flexible cord with a core containing an explosive. When

initiated with a blasting cap it detonates along its entire length at a velocity

of nearly 21,000 feet per second and has the initiating energy of a blasting

cap at all points, it will initiate branch lines, when used as a trunk and will

detonate all cap-sensitive explosives with which it comes in contact. Thus

the numerous loads of explosive in a mine face can be exploded with this

product from a remote position with assurance that all loads will detonate

if properly loaded and connected.

Very recently non-electric millisecond delays have come on the market

for use with primacord. These delays are small interrupters varying in time

of interruption. The explosive engineer can blast one load or string of loads

according to his requirements by placing these delays in branch lines to fire

in the desired sequence. If this were not done and all holes exploded simul

taneously, extensive damage by fracturing could be done to roof and side

walls. The damage could have the unhappy effect of requiring an excessive

amount of time to scale the walls and roof; that is, remove loose pieces that

could fall and damage equipment or injure men. Another result could be

the fracturing of the face ahead to a point where drilling would be slow and

would promote sticking of steel and bit breakage, or progressive damage could

be so great that the mine would have to be closed for safety reasons.

By one of several
ways' holes are drilled in such a manner as to force the

center section of a face out into the mined area to leave a void into which

successive blasted material can fall; then holes surrounding this so-called

relief cut are blasted in a predetermined sequence to shape the advance head

ing. Complete explanation of the many systems of relief cuts and direction

and spacing of
perimeter blast holes could take up another symposium session.

Every miner has his own pet scheme for drilling and blasting. Oil shale is

uniform enough in density so that a pattern can be devised and programmed
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into a drill that will make the same cut day after day. Sounds monotonous

but again it must be remembered that machines and not men will do oil shale

mining. Of course, when large nacolite pockets are encountered an operator

with experience must take over from the machine and use his judgment on

procedure. The few operators required will need skills in electronics and as

sociated subjects never dreamed of by miners 20 years ago.

Ammonium nitrate with about 5 percent diesel fuel was pioneered as a

blasting agent in open-pit mines in 6-inch to 12-inch diameter blastholes. In

the beginning a large charge of dynamite was placed in the bottom of the

hole with its blasting cap and the ammonium nitrate was poured in rather

haphazardly. Continued use, experimenting with the oil mix, amount of ex

plosive required to detonate the ammonium nitrate, and assessment of results

led to today's refinement. Today, trucks equipped with mixers, scales, and

conveyors load a precise predetermined amount of explosive in each hole.

It was thought that ammonium nitrate wrould not propagate in small 1-1/2-

inch to 2-3/4-inch blast holes used in underground work. However, it was

learned by trial and error that the AN/FO would propagate and break the

rock in a commendable manner in 2-1/2-inch holes provided the AN/FO could

be well compacted into the blast hole. This was done by the simple expedient

of building a typical sand blasting nozzle and blowing the AN/FO and stem

ming through a hose inserted into the hole. These early experiments were

carried on while still using electric blasting caps and dynamite as an initiating
agent for the ammonium nitrate and oil mix. One day someone detected a

blue static spark generated by blowing the material through the hose . . .

needless to say, further experiments were suspended pending investigation into

grounding blow hoses and other components. As stated electric blasting is no

longer necessary or desirable underground and hole-loading tools have become

quite sophisticated.

It is expected that a fully automated blast hole loading machine will be

designed and used in oil shale; a machine with components to mix, weigh

both explosive and stemming and load the holes by push button and requiring

only a minimum of operator guidance.

SCALING

After blasting, loose rock must be pried down from walls, roof, and face

to make a safe mine in which to operate and to prepare as smooth a face as

possible for the next round of drilling. Until recently this was a hand job

with bars used to pry the loose pieces down. Men worked from the top of a

drill jumbo or other platform. With the increases in labor cost, an effort has

been made to adapt machines to the work. One machine which does a satis-
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factory job is the Gradall: another is the adaption of a backhoe to the work

by removing the bucket and substituting a tooth. Both of these machines

have well articulated booms attached to heavy bases. The booms can be

manuevered by a skilled operator to pry the loose rock down using power from

the engine and do so much faster than men with bars.

ROOF BOLTING

In haulways particularly, and any other obvious danger spots, scaling is

followed by roof bolting as an extra safety measure. A good description of

roof bolting is in an advertisement by Republic Steel which says: "Mine

roofs can be compared to a triple decker sandwich in many ways with materials

of different kinds laying one on top of the other and nothing to hold them in
place"

so long as there is bottom support everything stays in place but

remove the plate, so to speak, and the bottom layer will deform. If fracturing
occurs in the right zone, the bottom layer will fall thus exposing the next layer

with no support and so on. Roof bolts then function like the fancy tooth

picks stuck through the triple decker holding the layers in position thus keep

ing the bottom layer from deforming or fracturing and finally falling.

Roof bolting until recently was a two-man job. One man drilled the hole

then two men pushed the bolt into place, one holding while the other turned

the bolt into its anchor. With new tools this has become a one-man job and

is accomplished a great deal faster. A drill is fastened to the man platform,

usually on a boom of the type used by power people to change bulbs on high

poles. The operator turns a handle to activate the drill after manual position

ing. When the hole is drilled the machine is retracted and bolt with anchor

and nut is placed in an air powered wrench arranged alongside of the drill.

The operator then activates the machine to push the bolt into the hole and

tighten the nut with a pre-selected amount of torque. One man can drill and

install more than double the number of bolts installed in a shift by the old

two-man method.

LOADING BLASTED MATERIAL

Loading of blasted material onto conveyances underground has been done

with electric power shovels where the area was large enough for a shovel to

turn and where the back was high enough to accommodate the boom and stick.

In fact, this has been the prime way to excavate underground even though there

were limitations. A shovel has the advantage of being able to tip and pry the

blasted mass and come up with an almost full bucket without undue wear on

the shovel. Also, in a limited way, scaling could be done with a shovel. But a

shovel is a slow moving beast and is an almost stationary piece of equipment

when loading. Hauling equipment must be brought to the shovel. Due to the
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fact that a shovel, after excavating blasted material from one room, moves on

to another, and each time the hauling medium must be brought to the shovel,

the use of conveyors and also stationary equipment is precluded.

Recently tractor manufacturers decided to try for some of the shovel busi

ness with their front-end loaders. They articulated rubber tired tractors to

greatly reduce the turning radius thus reducing front wheel scrubbing and

resultant tire wear. Turning time from excavation pile to conveyance and

return was also greatly reduced. Heavier and more cut-resistant tires were

obtained from manufacturers and buckets were shaped for rock loading. These

innovations were first applied to medium sized tractors with such outstanding

success that today many huge machines are appearing on the market. Recently
a 20-cubic-yard bucket mounted on a large KW Dart tractor was used to load

coal in a western mine. The machine idled one power shovel with an 11 -cubic-

yard bucket and a smaller front end loader used for cleanup and part-time

loading. The big rig had sufficient time to clean up and prepare its own roads.

Implementation of these machines in oil shale, underground mining, should

show beneficial effects on loading costs. In developing a mine, one machine

can excavate and tram material from a face to a dump or stockpile up to 500

feet in distance at less cost than those required to operate a shovel and trucks.

We have not made detail studies, but we believe favorable costs will result

from the use of front-end loaders teamed with conveyors. The ability to tram

material can revolutionize this operation. When material is loaded on a truck,

the cost of hauling a mile or so is usually no more, and more likely less, than

the cost of making a short haul and dumping onto a secondary hauling device.

It can be seen that conveyors loaded with the front-end loader, in spite of

their high capital cost, might haul at more attractive unit prices than those de

veloped using trucks, provided an economical means is developed to move

conveyors as mining progresses.

An 11-cubic-yard shovel costs 5 times as much as front-end loader of the

same capacity and useful life is about 5 times that of the loader. But the dif

ference in operating cost between the two will pay for a loader in 18 months

to 2 years. There is also an appreciable saving in capital investment. An

11 -cubic-yard shovel is too large to modify for underground work. Generally
a shovel rated at 2-1/2-to 3-cubic yards is electrified and modified for this

purpose. Such a shovel still carries a price tag substantially higher than the

cost of a front-end loader and the operating cost also exceeds the cost of the

loader.

HAULING

No conclusive assessment of hauling economics for an oil shale mine has

been made by our people, therefore at this time all that can be said is that
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there are several methods with promise. Diesel-electric trucks operating in

open-pit mines are showing excellent operating cost savings over all diesel

models. All electric trucks receiving power from trolleys are operating in

open-pit and underground mines and are receiving praise from operators for

their efficiency. Conveyors show promise for developing reduced hauling
costs. Generally hauling equipment is tailored to a particular mine to best

serve the physical operating conditions.

CONCLUSION

When the need for a supplementary supply of fuel from oil shale becomes

critical, the mentality of men, money, machinery, and methods will put an

oil shale industry into operation.

It is entirely possible, using costs generated in similar work and knowledge

of the product, to evaluate drilling, blasting, loading, hauling, crushing, stor

ing, and reclaiming costs within plus or minus 5 percent of actual generated

cost.

Of course, these efforts must be keyed to a property sufficiently explored

by core drilling, geological analysis, and topographic configuration to reduce

unknown physical hazards to a minimum.

With complete understanding and cooperation between government, busi

ness, management, and labor, using highly sophisticated machines, oil shale

mining costs will be achieved that will be attractive to the petroleum industry
in their oil shale development. If following processes can make the same

strides in reduction of costs on a percentage basis as appears to be possible

with advanced developments in tools for mining oil shale, then there should

be no appreciable increase in cost to the public for fuels from this source.

Salaries of machine operators will probably be relatively high but operators

must have skill, knowledge of machinery, and the willingness to keep the min

ing machines producing at their highest possible potential.

So many new innovations are in the minds of men, on drafting tables, and

in manufacturers proving grounds that it is presumptuous to try to outline

the evolution of mining equipment as it will apply to large operations as

far away as 5 years. Considerable effort is being directed toward lowering

the cost of mining by the creative thinking of mechanical engineers and

operators.



 



INVESTIGATIONS INTO THE NATURE OF DAWSONITE

IN THE GREEN RIVER FORMATIONS

Josef J. Schmidt-Collerus, and Robert D. Hollingshead

I. ABSTRACT

Colorado oil shale samples from a drill core (John Savage Core No. 24)

from the Rio Blanco County, Colorado, containing from 10 to 12 percent

dawsonite, were used to characterize the latter by thermal analysis and to in

vestigate the possibility of an alternate method of analysis for this mineral in

oil shale.

During the concentration and separation of dawsonite from the oil shale

by density gradient centrifugation, two fractions were obtained which show

notable differences in physical properties and thermal behavior and could point

to the possible presence of two different aluminum carbonate minerals in the

core sample. The type of compounds and their decomposition mechanism are

discussed and related to the thermal method developed for dawnsonite analysis.

An analytical procedure, based on the combination of differential thermal

analysis with GLC methods was developed and found satisfactory for certain

dawnsonite samples. However, the accuracy is limited by the adsorption of

water or the possible presence of other aluminum carbonates.

II. INTRODUCTION

The more recent discovery of large quantities of dawsonite

[NaAl(OH)2C03], nahcolite (NaHCOs), halite and other sodium minerals in

the facies of the oil shale of the Parachute Creek Member of the Green River

Formation and the potential economic importance of these minerals as valu

able sources of alumina and soda ash, has triggered an intensified investiga

tion of these minerals and and their deposits.

The reported investigations by Smith and
Milton,1

Hite and
Dyni2

and

other workers in the field explored various aspects of the geology, mineralogy,

and geochemistry of dawsonite and the feasibility of various extraction

methods for these minerals from the deposits in conjunction with the possible

simultaneous recovery of shale oil. From these investigations and from the

results of earlier investigations on the constitution of natural and synthetic

dawsonite (notably by
Bader3

and Bader and Esch4), it appeared that a more

Denver Research Institute, University of Denver

143



144 Quarterly of the Colorado School of Mines

detailed evaluation of the sodium minerals in these deposits notably of the

carbonate minerals would require the development of new quantitative ana

lytical methods of analysis to complement the X-ray diffraction analysis for

the positive identification of these minerals. While X-ray diffraction is in

most cases a convenient and satisfactory method for the qualitative identifica

tion of dawsonite and intensity measurements of the strongest lines of its dif

fraction pattern (5.69 A) has been used for the estimation of the percentage

present in oil
shale,5

difficulties may arise in the accuracy of the quantitative

determination because of the extremely fine-grained size of the dawnsonite

present in the oil shale. It has also been shown by the investigations of Bader

and
Esch3

that the intensity and the diffusiveness of the X-ray pattern of

natural and/or synthetic dawnsonite depends on the degree of aging, the

degree of hydration and the presence of lattice imperfection in the mineral.

Furthermore the possible presence in the deposits of aluminum in the form

of other carbonates and/or other (perhaps amorphous) compounds cannot

be assayed by this method. Experimental data reported in the literature indi

cate possible presence in these deposits of extractable aluminum from sub

stances other than
dawsonite2

and our own experimental investigations point

in the same direction.

The qualitative and quantitative evaluation of the detailed composition of

the aluminum compounds and the sodium compounds in these deposits on the

other hand has become of considerable importance because the type of alumi

num compounds present in the oil shale will (a) influence their reaction me

chanism and their fate during the in situ or above ground retorting process,

(b) determine (as a consequence of the above) the solubility, i.e., extracta-

bility of the aluminum from the raw or spent shale and, last but not least, it

may be of great importance in the legal realm, i.e., in the differentiation be

tween sodium minerals or aluminum minerals, etc.

The initial scope of our research program was to investigate possible new

avenues for the qualitative and quantitative determination of dawsonite in

Colorado oil shale. The more specific objective of the investigation was to

evaluate the feasibility of the combination of differential scanning calorimetry

with gas chromatography for the quantitative determination of this mineral

in the oil shale.

In the course of these investigations it was necessary to first separate and

concentrate the dawsonite present in the oil shale core samples available. Dur

ing this phase of the program, it became apparent that the concentrated ma

terial may consist of two different fractions differing in physical properties

and thermal behavior possibly due to the presence of two different aluminum

compounds. A more detailed investigation of this aspect revealed indeed
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the possible presence of at least two distinct aluminum compounds in the oil

shale sample investigated.

Because of the potential interest in this finding to other investigators in

the field we report at this time these preliminary findings. This paper dis

cusses the occurrence, separation and characterization of these fractions from

the available core samples and summarizes the results of the analytical in

vestigations carried out by differential scanning calorimetry and gas chroma

tography.

The authors are indebted to John W. Savage for allowing us to use the drill

core for these studies. These investigations are of preliminary nature and

will be continued.

III. SEPARATION STUDIES

The core samples used in these investigations represented part of a drill

core (John Savage Core No. 24) from the Rio Blanco County. Colorado, from

a depth of 2,243 feet. Although the average dawsonite content of the core

sample was estimated to be approximately 10-12 percent it was desirable for

the planned analytical investigations to concentrate this mineral as much as

possible. A modification of a sink and float method coupled with a density
gradient separation (which previously proved very successful in the separa

tion of kerogen from Colorado Oil Shale) was adopted for this purpose.
Dana6

gives the density of dawsonite as 2.44 and this determined the density range of

the gradient fluid. Since no suitable rapid quantitative procedures were avail

able to evaluate the progress of concentration procedure the measurement of

the decomposition endotherm of dawsonite itself was used as an indicator.

This endotherm appears between 550-750K (277C-547C) on the Perkin

Elmer Differential Scanning Calorimeter Model DSC-1. This provided a semi

quantitative measure of the amount of dawsonite present in the concentrates.

Already during the preliminary concentration experiment it became evident

that the presumed dawsonite fraction, (which was supposed to concentrate

at the density level of about 2.44) appeared to be separating into two sub-

fractions of different density values. In order to pursue the separation of

these two sub-fractions a concentration of the material by the sink and float

centrifugation was used. The latter was carried out in such fashion that in

one (the first procedure) mostly the higher density material was removed.

Conversely, in the second procedure the majority of the lower density material

was removed.

The first step in the concentration procedure involved the removal of the

soluble organic
bitumen of oil shale. Since the bitumen is quite evenly distri

buted it could envelop a considerable fraction of the fine grained dawsonite
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and this makes separation quite difficult, if not impossible. Therefore the core

sample was first ground to -200 mesh size and subjected to benzene extraction

in a Soxhlet. Part of the material had to be ground by hand in a sapphire

mortar and pestle because the organics prevented some of the material from

grinding in the ball mill. The benzene extraction removed 1.95 percent by
weight of soluble bitumen from the original material after 60 hours of con

tinuous extraction. The benzene leached ore was used as starting material for

the subsequent density separations.

A number of density fluids were investigated in preliminary experiments.

Of these mixtures of tetrabromoethane and cyclohexane in various per

centages proved to be the most suitable ones for this type material.

The schematic diagram of the concentration and separation procedure No.

1 is shown in figure 1. The progress of the separation procedure was moni

tored by differential scanning calorimetry. The thermograms of the original

core material and of the various fractions are indicated in figure 1 as Thermo

grams No. 1-7. The actual DSC curves are shown in figure 2 and figure 3.

Thermogram No. 1 represents the original -200 mesh core sample. After re

moval of the soluble bitumen the DSC curve (Thermogram No. 2) indicates

already the presence of two endotherms at about 327C (600K) and 347C

(630K). The material was subjected to separation step I in a density fluid

with p = 2.03 to remove most of the material of density below 2.00 notably

most of the organic kerogen. Inspection of Float I (Thermogram No. 2) in

dicated that it contained some dawsonite material. No attempt was made

during these separations to recover the losses from the discarded fractions

(which would have improved the yield of the concentrate) except in separa

tion step IV (fig. 1) when the relative amount of material in the sink and

float became of the same order of magnitude. The fraction Sink I was then

subjected to separation step II at p = 2.93 in order to remove the major

part of the more dense material and bracket thus the concentrate towards the

literature value of 2.44.

Examination of fraction Float II, Thermogram No. 4, indicated an in

crease in the separation of the two components and relative increase in con

centration of the 347C component. Sink II was discarded and Float II redis-

persed for separation step III in a density fluid of p = 2.50. At this point

the distribution of the material in fractions Sink III and Float III was about

equal and less pronounced. In order to improve the separation both fractions

after separation were rerun at the same density. The float fractions from these

two separations were combined to give fraction Float IV and the two sink

fractions Sink IV and Sink IV were discarded. The DSC curve of Fraction

IV (Thermogram No. 7) shows a considerable enrichment in the 347C com-
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Figure 1. Schematic Diagram of Separation Procedure No. 1 for

Dawsonite from Oil Shale.
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Thermogram No. 1

347C

Figure 2. Thermograms of Fractions from Separation Procedure No. 1 for

Dawsonite from Oil Shale (Fig. 1).

ponent, with the peak maximum at 352C (625K). Furthermore the con

centration of dawsonite in this fraction had increased to about 40 percent by
weight.

In order to achieve further separation and concentration of this material,

Fraction IV was subsequently placed in a density gradient column. A larger

number of density gradient columns of varying composition and gradation
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Thermogram No. 5

347C

Figure 3. Thermograms of Fractions from Separation Procedure No. 1 for

Dawsonite from Oil Shale (Fig. 1) and of Fractionation Procedure No. 2

(Fig. 7).

were tested in some preliminary experiments. Of these only two proved suc

cessful for the separation of dawsonite concentrates from oil shale.

Density Gradient Column
"A"

which was used for the further concentra

tion and purification of Fraction IV, was prepared using a density gradient

fluid prepared by the combination of bromoform and carbon tetrachloride.

The column so prepared was thermostated, had a density range from 2.502 to
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2.330 and had a relatively flat slope. It was hoped that this column would

separate Fraction IV into fairly narrow density bands.

Actual distribution of the material from Fraction IV was much more

broad and very diffuse bands developed. Figure 4 shows a diagramatic pre

sentation of the gradient column. Recause of the lack of more distinct gradient

bands several cuts between density ranges were taken after the column was

allowed to develop over several days. These cuts are also indicated in figure

4. After washing and drying the progress of the separation and concentration

was monitored again by DSC. The DSC curves of the various cuts (Thermo

grams No. A1-A5) are shown in figure 5 and figure 6.

Thermogram Al represents the material contained in the float on the top

of the gradient column (Cut #1) containing mainly residual organic matter.

The major concentration of the 352C (625K) fraction appears in Cut #3

represented by Thermogram No. A3. The concentration of dawsonite in this

fraction is approximately 600 percent of that in the original core sample and

represents about 67 percent by weight. The amount of the second (327C)

component in this fraction was estimated to be approximately 5-7 percent

and the average density of this fraction was 2.368.

From a closer evaluation of this data it appeared that a density gradient

column with a steeper gradient would be more advantageous for the separation

because of probable sharpening of the bands for the various fractions. Such

a density gradient column
"B"

was used in conjunction with the separation

procedure No. 2.

The second preconcentration procedure was designed to concentrate pre

dominantly the second component apparently present in the core sample.

From the previous runs and from the results of concentration procedure

No. 1, it appeared that the minimum of the endotherm peak of the second

component is at approximately 327C (600K) and the average density of

this component may be about 2.30. A steeper gradient was therefore used

in both the sink and float preconcentration and in the final concentration in the

density gradient column.

The concentration procedure No. 2 is shown schematically in figure 7

and the corresponding Thermograms No. 1 and No. 9 respectively (represent

ing the original starting material and the final fraction Float (c) respectively)

are shown in figure 2 and figure 3 respectively. Thermogram No. 9 (fig. 3)

indicates the preconcentration of the 327C component of the dawsonite.

This material which contained about 21 percent dawsonite was subsequently

further separated in the density gradient column
"B"

prepared from bromo-

form and carbon tetrachloride. It had a steeper gradient and ranged between

the density values 2.51 and 2.34. After several days the column showed much
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better stratification of the material than column "A". This is shown sche

matically in figure 8. The various bands were collected in seven fractions

(Cut #1-7). The corresponding DSC curves of these fractions are presented

as Thermograms No. B1-B4 in figure 9 and Thermograms No. B5-B7 in

figure 10.

Cut #1 again contained some organic material. The band in Cut #1 and

#2 contained mainly the 327C (600K) component which appeared to be

fairly pure in Cut #1. Cuts #3-5 represented unresolved mixtures of the two

components. Finally Cut #6 and #7 also represent mixture of the two com

ponents, however, with a distinct excess of the 357C material. No attempt

was made at this stage of the separation to further improve the separation of

these latter mixtures in order to increase the yield of the 327C component.

The average density of fractions #1 and #2 was 2.340.

Comparison of this component with other available dawsonite samples

is shown in figure 11. Thermogram Cl represents Cut #1 from the density
gradient column

"B"

with a minimum of the endotherm at 327C (600K).

Thermogram No. C2 represents the DSC curve of a "hard grade
dawsonite"

( HGD ) from the Green River Formation, i.e., well defined crystalline material

found in fissures and pockets of the Parachute Creek Member and showing

well defined X-ray diffraction patterns. Thermogram No. C3 is that of a

synthetic dawsonite and Thermogram C4 is the DSC curve of African Daw

sonite. All these samples show the endotherm minimum at about 347C

(620K). Extraction with benzene or subjection to the same
prefractiona-

tion procedure by the sink and float method and to the density gradient

separation of these compounds did not yield a second component with a

different density or decomposition temperature.

Analysis of the two dawsonite compounds separated by the two procedures

described above was made using a titration method with EDTA described

further below.

This gave the following values:

1. Cut#3 from DG-Column
"A"

DSC Endotherm: 357C (630K)

Density Range: 2.36-2.42

Percent Dawsonite: 59.8%

2. Cut #1 from DG-Column
"B"

DSC Endotherm: 327C (600K)

Density Range: 2.35-2.40

Percent Dawsonite : 23.7%
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Figure 4. Schematic Diagram of Density Gradient Column
"A"

and

Separation of Dawsonite Concentrate (Float IV, Fig. 1).
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Thermogram No. Al

347C

307C

Thermogram No. A4 Thermogram No. A2

347C

327C

307C

Figure 5. Thermograms of Cuts #1-4 from Density Gradient Column
"A"

Used

for the Concentration and Separation of Dawsonite in Oil Shale

(Float IV, Fig. 1).
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Thermogram No. A5

347C

327C

307C

Figure 6. Thermogram of Cut #5 from Density

Gradient Column
"A"

(Fig. 4) Used

for the Concentration and Separation

of Dawsonite in Oil Shale (Float IV,

Fig. 1).
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Thermogram No. B3 Thermogram No. BI
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327C

307C

Thermogram No. B4 Thermogram No. B2

347C

327C

307C

Figure 9. Thermograms of Cuts #1-4 from Density Gradient Column
"B"

(Fig. 8)

Used for the Concentration and Separation of Dawsonite in Oil Shale

(Float (C) Fig. 7).
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Thermogram No. B5

347C

Thermogram No. B6

347C

327C

307C

Figure 10. Thermograms of Cut #5-7 from Density Gradient Column
"B"

Used for the

Concentration and Separation of Dawsonite in Oil Shale (Float (C) Fig. 7).
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Figure 11. Thermograms of Dawsonite Samples of Various Origin.



160 Quarterly of the Colorado School of Mines

Summarizing the results of these investigations it can be concluded that

the density gradient concentration experiments indicate the presence of two

distinct fractions of material both analyzing for a sodium aluminum carbonate

compound [NaAlC03(OH)2] but differing in decomposition temperature and

probably also in density. The material of apparent higher density also shows

a higher decomposition temperature characterized by a DSC-endotherm mini

mum at
357

C (630K).

The material of apparent lower density value shows an endotherm mini

mum at 327C (600K). The ratio of these two components in the original

drill core could not be determined quantitatively because the separation by the

sink and float method or the density gradient column was not complete. How

ever, overall evaluation of the fractions obtained from the drill core would

indicate a ratio of about 1:1/3 of higher density vs. the lower density material.

The nature of these two aluminum compounds or minerals has not been

determined in detail during the preliminary investigations presented above

and is under study at the present time. A number of possible interpretations

offer themselves which could be compatible with the properties of the two

components determined during the separation and concentration procedure

and additional investigations carried out subsequent to the concentration phase

of the research program. These, although at this point necessarily speculative

in nature, are presented briefly below.

One possible interpretation for the two fractions is the assumption that

dawsonite is present in two different degrees of hydration in the natural de

posit, or dehydration is caused by the chemical and physical treatment to

which the original material is exposed during the concentration process. The

compound of higher degree of hydration could show a lower decomposition

temperature and lower density. However, a number of arguments makes this

interpretation doubtful. The case of possible induced changes in the degree

of hydration in dawsonite during treatment was tested by utilizing synthetic

dawsonite and African dawsonite and subjecting these samples to the same

treatment as the drill core samples. No changes or fractionation could be ob

served either after benzene extraction or during density gradient centrifuga-

tion.

In the case of the naturally occurring dawsonite in the drill core, the fine

grained mineral appears to be quite uniformly distributed in the sample.

Therefore, geochemical changes such as temperature, pressure, etc. would

affect the mineral to the same extent at least in the sample volume under in

vestigation. While slow dehydration is possible during geologic aging and

may lead to improved crystallinity one would expect that this would affect

all of the dawsonite present in the sample. Neither does the quantitative
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analysis of dawsonite for C02 and H20 by gas chromatography (see further

below) indicate any difference in water of hydration.
The second possible interpretation assumes the presence of another alumi

num carbonate mineral closely related to dawsonite.

If dawsonite can be considered as a basic sodium aluminum salt of car

bonic acid as was proposed by
Rader,3

i.e., having the chemical structure (A) :

OH

0 Al^
0 = C ^

^
OH (A)

0 Na

2

then a very closely related compound of identical composition could be pre

sent having structure (R) :

OH

0 Al C^
0 = C ^ ONa (R)

0 H

This structure represents the bicarbonate form of the compound and was ori

ginally proposed by
Graham7

for the constitution of dawsonite proper. The

possible formation of this compound under natural conditions cannot be ex

cluded. The experimental investigation by
Rader3

and particularly Rader

and
Esch4

on the synthesis of dawsonite under pressure demonstrated the

rather narrow range of chemical and physical parameters which have to pre

vail for the formation of dawsonite; and that even moderate changes in tem

perature and pressure can lead to an aggressive reaction between carbonic

acid and the dawsonite already formed or in the stage of genesis. The forma

tion of a bicarbonate compound is therefore not improbable. Changes of this

type may have occurred during sedimentation and the formation period of the

dawsonite in the lacustrine lakes.

Presently we have obtained some experimental data which support to an

extent this possibility, however, more definitive evidence is still required.

Quantitative decomposition studies on the two separated fractions (in particu

lar the COo evolution at the decomposition temperature) were performed by

differential scanning
calorimetry.

A bicarbonate compound of structure (R) would release more C02 per

mole than structure (A). If one assigns structure (A) to the more dense
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fraction and (R) to the lighter fraction this is in agreement with the experi

mental data obtained in our DSC experiments. It is very likely that structure

(A) decomposes at a higher temperature than structure (R) ; again this is

corroborated in the assigned fractions. Finally, the X-ray diffraction pattern

of the more dense component (to which structure (A) was assigned) is identi

cal with that obtained from synthetic and African dawsonite. The X-ray dif

fraction pattern of the lighter component on the other hand shows a number

of deviations from this pattern and the lines are weaker and diffused com

pared with those of the dense fraction. This is of course also characteristic

for dawsonite with higher degree of hydration and for crystals with high de

gree of lattice imperfections. Therefore more detailed studies are needed on

this aspect of the problem.

Further evidence for the second alternative mentioned above can be

gained from a study of the possible decomposition mechanisms for the two

structures A and R by the following chemical equations.

/ \ 357C

(A) 0 = C ^ OH > Na-CO., + A120., + C02 + 2 H20

^0 Na

2

s
^

\ 327C

(B) 0 = C
'

ONa > NaA102 + C02 +H20

^0 H

The assumed decomposition mechanism for dawsonite (A) yields water,

soluble sodium carbonate and probably fairly insoluble aluminum oxide (or

some hydrated oxide). The assumed decomposition for the bicarbonate

compound (R) on the other hand, leads to the formation of water-soluble

sodium aluminate, with the exclusion of sodium carbonate formation.

Preliminary experimental data in fact indicate that the decomposition of

the 357C component (assigned the structure (A) ) leaves a residue which

contains carbonate and a water insoluble aluminum compound, whereas the

decomposition of the 327C fraction is nearly completely water soluble and

contains only a small amount of residual carbonate. However, the available

material was not sufficient to complete a detailed analysis of these decom

position reactions.

In summary it can be stated that the float and sink and density gradient

separation method used in the concentration of dawsonite in the oil shale from
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the drill core sample, yielded two aluminum carbonate fractions of different

density and different decomposition temperatures. The fraction of higher

density and a 357C DSC endotherm, represents dawsonite. The fraction of

lower density and a 327C DSC endotherm also represents a basic aluminum

carbonate closely related in structure to that of dawsonite. A bicarbonate

compound of alumina could represent such a structure, which is compatible

with physical and chemical data available at the present time. However, until
more experimental evidence is available, this interpretation is still conjectural.

IV. ANALYTICAL STUDIES

As pointed out further above the original objective of our investigations

was the development of a relatively fast and uncomplicated analytical method

for the determination of dawsonite in oil shale of sufficient accuracy to be

used as a complimentary or alternate method to other analytical methods no

tably X-ray diffraction. Among a number of possible avenues the combination

of differential scanning calorimetry with gas chromatography appeared to be

promising. This was based on the assumption that dawsonite as represented

by the more general formula [Al(OH)2C03Na] would decompose upon heat

ing according to the equation :

[Al(OH)2C03Na] -> NaA102 + C02 + H20

The quantitative determination of the carbon dioxide and water evolved dur

ing this decomposition could therefore be utilized for the evaluation of daw

sonite, since none of the other carbonates normally present in Colorado oil

shale, (e.g., nahcolite, dolomite, calcite and/or trona) will decompose in this

temperature range (approx. 357C). For this purpose the C02 and H20

evolved during the programmed run of the differential scanning calorimeter

were collected in a cold trap and subsequently analyzed in a gas chromato

graph. Helium or nitrogen was used as carrier gas in these experiments.

Several methods were tried for the calibration of the DSC-Gas Analyzer

for C02 and H20. This included sodium bicarbonate (NaHC03), carbon

dioxide (C02), silver carbonate (Ag2C03) containing 0.5 percent yttrium as

catalyst and iron sulfate (FeS04 7H20). Of these silver carbonate and the

iron sulfate gave satisfactory calibration curves for C02 and H20 respectively

based on the integrated peak areas. Calibration curves were prepared for two

flow rates, 34 ml/min. and 16 ml/min. In order to analyze qualitatively for

the C02 and H20 formed simultaneously in the decomposition of dawsonite

and bicarbonates, the two components had to be separated from each other

prior to detection in the DSC-Gas Analyzer. Several separation systems were

tried including CaClo traps. The best success was achieved with a silica gel
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trap immersed in dry-ice-acetone. This trapped quantitatively all the C02

and H20 from the thermal decomposition of the sample in the DSC experi

ment. The course of the decomposition was followed by recording the decom

position endotherm. After completion of the thermal decomposition the trap

was heated and C02 only was desorbed first giving a very sharp peak, followed

by H20 which gave a broader peak. The integrated area under the curves

was used as a measure for the amount of compound detected. Initially some

erroneous values resulted from a change of the gas flow rate upon heating
and cooling the silica gel trap. This source of error was eliminated by using a

silica gel column of 1/4-inch tubing in place of the 1/8-inch tubing used previ

ously. With this correction in the system the sensitivity and accuracy of the

method was increased to the point at which the water present as moisture or

held by adsorption could be separated and determined by the same procedure

used for the measurement of the decomposition products. In the first series of

tests the following average percentages of moisture or adsorbed water were

found in the three dawsonite compounds used in these analytical studies: Afri

can drawsonite 1.81 percent, Synthetic dawsonite 3.34 percent and hard grade

dawsonite 0.62 percent.

In order to have an independent control method available for the analyti

cal investigations of the alumina carbonates, i.e., dawsonite, a modification of

the EDTA titration method described by Dinnin and
Kinser8

was used for the

determination of the aluminum content.

Aluminum present in various samples was determined as acid soluble

aluminum and total aluminum solubilized by NaOH fusion. Samples with

organic matter present were first wet ashed with hot H2S04 and HN03 by
standard procedures. Samples which showed the presence of Fe were treated

with a 6 percent cupferron solution and the complexed Fe removed by filtra

tion. Endpoints in the EDTA titrations were determined visually rather than

photometrically.

Test runs were made with the developed DSC-Gas Analysis method using

carbonates and bicarbonates of known composition as samples and utilizing

the C02 and H20 calibration curves determined previously. The results are

given in table 1.

Subsequently the dawsonite test samples of various origin were analyzed

by this method and compared with the data obtained by the EDTA titration.

However, since at the time the decomposition mechanism of dawsonite

was not yet ascertained, the theoretical percent C02 could not be used in

evaluating the percent dawsonite present in the sample. Therefore the alumi

num content obtained from the EDTA titration was assumed to be present

entirely as dawsonite. EDTA determination of the synthetic dawsonite gave
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Table 1. Determination of carbonates and bicarbonates by the DSC-Gas

Analysis method

%C02 %C02 %H20 %H20

Compound Calculated Determined Calculated Determined

Ag2C03 16.1 15.9

NaHC03 52.5 52.3 10.7 10.3

FeS04 7H20 45.2
46.1*

Higher value probably due to adsorbed H20.

a calculated value of 98 percent purity. The average percent C02 determined

from the DSC decomposition of synthetic dawsonite was therefore set to be

equivalent to 98 percent pure dawsonite. Rased on this normalization factor

the dawsonite content in the available test samples, in the drill core samples,

and in the fractions obtained from the concentration procedures discussed in

the preceding paragraph was determined.

The average values of a larger number of determinations are presented in

Table 2.

The agreement between the values for the test samples (synthetic and

African dawsonite) is fairly good. The values obtained from the original

drill core sample would indicate that the sample used for the EDTA determin

ation picked up some additional soluble aluminum compounds, present in the

sample, during the acid leach treatment.

The large differences in the concentrate fractions not only corroborate this

fact but are also indicative of a different decomposition mechanism of the two

fractions. In the case of the 357C fraction, the difference between the DSC

value and the EDTA value (if it is assumed that this fraction is identical with

dawsonite) is about 8 percent. This may be due to the presence of other acid

soluble aluminum compounds in this fraction. In the case of the 327C frac

tion the larger difference may in addition be due to differences in the mechan

ism of thermal decomposition.

Combination of the DSC-Gas Analysis method in conjunction with the

weight loss determination and the analysis of the residue after the DSC run

indicated that the decomposition of the 372C fraction would be in better

agreement with
experimental data if one would assume a bicarbonate struc-
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Table 2. Determination of dawsonite in various samples by the DSC-Gas

Analysis
method*

Reference substance: Synth, dawsonite = 98% pure

Sample

Synthetic

dawsonite

African

dawsonite

% Dawsonite based on % Dawsonite based on

DSC determination EDTA titration

98

95.3

98

97.8

Hard grade

dawsonite

Savage core 20-1

70.5

Sample #1 12.5
14.1**

Fraction of 357C

Component of concentrate 17.8
23.8**

Fraction of 327C

Component of concentrate 51.8
59.8**

*Based on samples dried at 105C for 10 minutes in the DSC instrument and in a

drying oven respectively.

**Contains also any additional soluble aluminum dissolved by the acid leach of the

drill core sample.

ture decomposition mechanism. Recause of the small amount of material

available no additional data could be obtained at the time.

Summarizing the results on the analytical procedure, the experimental

data show that the DSC-Gas Analysis method is usable for dawsonite analysis

with a 1-2 percent deviation for naturally occurring dawsonite and about 9

percent deviation for synthetic dawsonite. The latter can probably be related

to the inability of the method to differentiate between adsorbed H20 and H20

formed during the reaction. This is borne out by the fact that the non-aged

synthetic dawsonite releases H20 continuously from 100C up through the

decomposition temperature. Although this phenomena may be present in the

natural dawsonites it is certainly not as pronounced. One can therefore ex

pect an increased accuracy in determinations of natural dawsonite.
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The accuracy of this method can probably be improved by more precise

control of the heating and cooling cycles used to collect and desorb the gases

from the silica gel column. Reproducibility could also be increased through

use of a recorder with an automatic integrator. However, even with these

improvements, accuracy will probably still be limited by the variations in the

amount of H20 adsorbed on the dawsonite sample.

The possible presence of another type of aluminum carbonate in the oil

shale, the decomposition mechanism of which is different from that of daw

sonite, would interfere with the quantitative accuracy of the method and the

present method will have to be modified. In the absence of such compounds

the DSC-Gas Analysis method could be further developed for the simultaneous

analysis of nahcolite, dawsonite and possibly trona. While the anticipated

obtainable accuracy may be only within 1-2 percent, the sensitivity of the

C02 and H20 detection and the small amount of material needed could make

it a micro method and the relatively simple detection system combined with

solid state electronics could result in a reliable and easily transportable instru

ment for field application.
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